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Abstract: Fiber-reinforced polymer (FRP) materials have been introduced recently in the construction
of new structural systems, particularly in footbridge systems. Innovative systems that combine
concrete with FRP materials lead to lighter and more slender structures as compared to conventional
reinforced concrete structures, which can bring about vibration problems. In this work, a vibration
analysis of a composite slab subjected to human activities is performed, both experimentally and
numerically. The slab is composed of a concrete top laid on glass fiber-reinforced polymer (GFRP)
I-section pultruded profiles. In the experimental analysis, two prototypes of 0.80 m width and 4.00 m
span, representing a slab strip, were subjected to walking and jumping by several volunteers. In the
numerical analysis, the slab was modeled by finite elements under dynamic loadings that simulate
walking and jumping. Both the experimental and numerical results have indicated that the dynamic
behavior under human activities of the composite slab must be considered in the design.

Keywords: composite slab; GFRP profiles; vibrations

1. Introduction

Among the advanced composite materials, fiber-reinforced polymers (FRPs) stand out, due to
some favorable characteristics such as light weight, high specific strength and stiffness, as well as high
resistance to corrosion and fatigue. These characteristics encouraged the engineers to use FRP not just
for strengthening, but also to build new structures, particularly in the case of structures located near
maritime shores or those exposed to aggressive atmospheric agents. There are several examples of
application of FRP materials to footbridges, such as the Aberfeldy Footbridge in Scotland, and the one
over the rail system in Kolding, Denmark [1].

Starting from the 1990s, engineers and researchers awake to the advantages of combining concrete
and FRP materials. While concrete aids in compressive resistance and stability, FRPs provide tensile
resistance and can be used as permanent formwork to the fresh concrete. By combining these materials,
the overall cost of the innovative system is reduced as compared to systems built only with FRP.

Following this research line on innovative systems, a composite slab made of a fiber-reinforced
concrete top laid on glass fiber reinforced polymer (GFRP) I-section profiles is being developed at the
Federal University of Santa Catarina, Brazil (UFSC), for footbridge deck applications. The slab consists
of a concrete top laid on GFRP I-section pultruded profiles, filled in with foam blocks, as shown
in Figure 1. In previous works, this slab system was verified under static loads, both numerically
and experimentally [1,2], showing very good results under bending for two systems, with different
I-section profiles. Initial studies on the slab durability and its behavior under concentrated loads have
also been performed [3]. As this slab system is lighter and slenderer as compared to conventional
reinforced concrete slabs, it becomes necessary to verify its behavior under dynamic loading.
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Figure 1. Composite slab concrete/glass fiber-reinforced polymer (GFRP) profiles. Reproduced with
permission from Santos Neto, A.B.S., published by Federal University of Santa Catarina, 2006.

The aim of this work is to investigate the dynamic behavior of the slab system under development
at UFSC, regarding to vibrations induced by human activities such as walking and jumping. Initially,
a brief literature review on modeling of the dynamic loads caused by human activities such as walking
and jumping is presented, describing the mathematical models used in the numerical analysis of
the slab system. Next, the slab system and the material properties of its components are described.
The dynamic behavior of the slab system was verified by means of experimental and numerical
analyses. In the experimental analysis, two prototypes of 0.80 m width and 4.00 m span were subjected
to walking and jumping by several volunteers. In the numerical analysis, the slab prototype was
modeled by finite elements, using SAP2000 software [4]. The slab was subjected to dynamic loads
representing the experimental testing, applying mathematical models developed by other authors.
The elastic properties of concrete were estimated using equations given in design codes, whereas the
elastic properties of the GFRP profiles were obtained analytically and also experimentally.

Results of the experimental and of the numerical analysis showed that even though the
fundamental frequency of the slab under study is much larger than the limit recommended by
international codes regarding human comfort criteria, a dynamic analysis of the slab still needs to
be performed.

2. Human Sensitivity to Vibrations—Brief Literature Review

The development of structural systems as well as of advanced materials in the past decades gave
rise to the construction of lighter and more slender structures with larger spans. Such structures are
in general more susceptible to vibration effects caused by dynamic actions, such as wind, traffic of
vehicles and people, earthquakes, as well as equipment in nearby construction sites.

People are daily exposed to vibrations on floor slabs and on footbridges, caused by different
sources of excitation. The evaluation of human sensitivity to these vibrations involves psychological
and physical aspects [5]. As for footbridges and walkways, the most import dynamic actions are the
ones related to human activities like walking and jumping. The resultant human-induced vibrations
may cause serviceability problems as well as discomfort to the users [6]. The main factors that
may influence human sensitivity are the position (standing, sitting or lying), the type of activity
being performed, age, gender, mood, vibration frequency, displacement amplitudes, damping, and
acceleration of the dynamic excitation.

Reiher and Meister [7] investigated the effect of harmonic vibrations on people in different
postures on a test platform, subjected to various excitation frequencies, amplitudes and directions.
Results from this study were presented in a scale graph of human perception as a function of excitation
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frequency and amplitude. Similar scales based on experiments of vertical short-duration vibration,
like the one experienced by footbridge users, have also been proposed. Figure 2 presents the scale
graph proposed by Goldman [8]. This scale shows an interaction between the peak acceleration and
the frequency to human perception.
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Figure 2. Scale used to measure human sensitivity to vibrations suggested by [8].

Other design guidelines, however, do not use peak acceleration, but rather, apply the
root-mean-square (RMS) acceleration to verify the level of admissible vibrations. EN 1990 [9],
the Eurocode basis of structural design, allows a maximum RMS acceleration of 0.7 m/ s2, and a
smallest natural frequency of 5 Hz for comfort criteria. ISO 10137 [10] guidelines for serviceability
in buildings suggests using the curves presented in Figure 3. This guideline permits higher RMS
accelerations when a general assessment of footbridge vibrations is performed than to the scenario of a
person standing at midspan while another crosses the footbridge.

Dynamic Loads Generated by Human Activities

The dynamic loads generated by human activities can be separated into two groups, according to
the person-structure interaction: (a) when there is loss of contact with the structure, like in running
and jumping; (b) when there is not a loss of contact with the structure, like in walking.

While walking or running, a human being produces a dynamic loading that can be represented by
a force varying in time with components in three directions: vertical, lateral and frontal. The vertical
component has been the most investigated one, since it presents greater amplitudes as compared to
the other components [5]. This dynamic force is produced by the acceleration and deceleration of the
body mass. For walking, it has been stated that its frequency range is between 1.6 to 2.4 Hz [11].

Even though there has not been the same comprehensive investigation for running or jumping
activities, it is considered that the typical frequency range for running is 2.0 to 3.5 Hz while for jumping
is 1.8 to 3.4 Hz [11].
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Figure 3. Curves for level of vibrations in the vertical direction for walkways of [10].

Mathematical Modeling for Walking and Jumping

To describe loads induced by walking and jumping, mathematical models in the frequency
domain as well as in the time domain can be found in the literature. In this work, only a deterministic
time domain model that aims to establish a general load model for each type of human activity is
considered. It is assumed that the induced force is equal in both feet. This force can be represented by
a Fourier series as described by Equation (1):

Pp(t) =G + Z?:lecisen(?.m'fPt — (Pz')/ 1)

where Fp(t) is the resulting transient load; f is the time in seconds; G represents the person’s weight; i
is the number of the ith harmonic; n is the number of harmonics to be considered; «; represents the
dynamic coefficient for the i harmonic; fp is the step frequency and ¢; is the phase angle, between
the i" harmonic and the first one.

For walking, Varella [12] proposed a modification of Equation (1), as presented in Equations (2)
to (5). He considered that the human induced loads can be appropriately described by considering
the first four harmonics of the Fourier series. This load model considers that the generated time
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function has a space and time description. This more realistic load model has been used in similar
studies [13,14], and therefore is adopted here.

(Lo )t + G for0 < t < 0.04Tp
Foni Fm{w + 1} for 0.04Tp < t < 0.06Tp
Fp(t) = F,, for 0.06Tp < t < 0.15Tp )

n
G + Y. Gajsen[27if p(t + 0.1Tp) — ¢;]  for0.15Tp < t < 0.90Tp
i=1

106G - G)(f —1) + G for 0.90Tp < t < Tp

Fu = G(l + foq> 3)

c = (fi - 1) )

C, = { G(l — op)ifn =3

G(1 — xp+ayg)ifn = 4 ®)

In Equation (2), F, is the maximum value of the Fourier series, which is given by Equation (3);
fmi is the amplification factor due to heel impact; T}, is the step period; and C; and C; are coefficients
defined by Equations (4) and (5), respectively.

A value of 1.12 may be used for the amplification factor due to heel impact even though this value
could vary according to the walking person [13]. For the dynamic coefficients «;, Varela [12] presented
the best-fit polynomial functions (Equations (6) to (9)) obtained from the data presented by Rainer,
Pernica and Allen [15]:

o = — 022169 fp° + 1.11946 f,° — 1.44748 f, + 0.5967 ©)

oy = —0.012037 (2fp)° + 0.1494 (2fp)* — 0.53146 (2f) + 0.6285 )
®3 = 0.00009068 (3fp)° — 0.0021066 (3fp)* + 0.018364 (3fp)° — 0.077278 (3fp)> + 0.17593 (3fp) — 0.1477  (8)
ay = — 0.00051715 (4fp)* — 0.014388 (4f5)° + 0.14562 (4fp)* — 0.62994 (4fp) — 1.018469 (9)

The phase angles are equal to: ¢1 =0; ¢ = 71/2; @3 = 7; @4 = 3t/2. By using this model, the loads
induced by walking observed by Ohlsson [16] could be appropriately described, as can be seen in
Figure 4. In this work, Equations (2) to (9) will be used to model the walking load in the numerical
analysis (subsection 4.2).

David et al. [17] modeled the force generated by a vigorous jumping action, based on
Bachmann et al. [11], by considering a frequency of jumping of 3 Hz, and the first three harmonics
with dynamic coefficients of 1.7, 1.1, and 0.5, respectively. The phase angles were ¢1 = 0; g2 = @3 =
7t [1 — (fp tc)] = 1, with the contact time with the structure, t. as 0.2 s. Figure 5 presents the resultant
load function proposed, F;(t). The jumping transient load can then be obtained by multiplying F;(t) by
the person’s weight, G. This resulting load will be used in the numerical analysis (subsection 4.3) to
model the jumping cases.
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Figure 4. Load function induced by walking proposed by [12], compared to results obtained
by [16].Reproduced with permission from Varela, W.D., published by Federal University of Rio de
Janeiro, 2004.
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Figure 5. Load function induced by jumping used by [17].

3. Composite Slab Concrete/GFRP Profiles

The slab system used in this study is shown schematically in Figure 6. Narrow flanged (NF)
I-section GFRP profiles with the dimensions shown in Figure 6a have been selected. The foam
(expanded polystyrene or EPS) blocks used for filling are non-structural and have been cut for a perfect
fit; they have the usual dimensions employed in precast concrete slabs. The profiles and the foam
blocks serve also as formwork for the wet concrete. They are designed to sustain constructive loads,
avoiding thus the use of bracing.
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Figure 6. (a) Dimension of I-section GFRP profile; (b) Cross-section of the representative strip utilized

to study the composite slab behavior.

In order to restrain cracking due to plastic shrinkage, short polypropylene fibers are added to the
concrete top, with a volume fraction of 0.1% [1,18]. An epoxy-based resin is utilized for bonding the
concrete to the profiles at the interface. This resin avoids water penetration, and thus aids to prevent
alkali attack in the profile glass fibers.

After curing of concrete, the two components, concrete and GFRP profiles, are joined together
and behave structurally as a precast slab. A spacing of 400 mm was defined between the profile axes,
while the concrete top thickness was chosen to be 40 mm, based on the recommendations for precast
slabs given in the Brazilian Code NBR 14859-1 [19]. These dimensions avoid buckling of the profile
walls and shear failure of the concrete top [20].

A one-way action was assumed for the flexure design of the composite slab system. A strip of
0.80m width was taken as a representative section, as displayed in Figure 6b. In the design, care was
taken to keep the profiles working in tension and the concrete top almost entirely in compression,
taking at the most advantage of both materials.

This slab system can be employed either supported by longitudinal beams, with the profiles axis
disposed perpendicular to the footbridge longitudinal axis, or supported by transverse beams, with the
profiles axis disposed parallel to the footbridge longitudinal axis.

3.1. Material Properties

The selected GFRP profiles are composed of fiber glass rovings (disposed parallel to the profile
longitudinal axis) embedded in a polyester matrix, with a fiber volume fraction of 60%, and of laminates
made of continuous strand mats (CSM), consisting of randomly-oriented fibers.

It is initially assumed that the profile web and flanges are laminated composites with the same
lay-up and equivalent orthotropic mechanical properties. The mechanical elastic properties of each
individual laminae can be obtained using the Rule of Mixtures by using the elastic properties of
the fibers, resin, and mats as given by the fabricator [21]. The profile elastic properties can then be
estimated from the laminae properties by using the Classical Lamination Theory with results shown in

Table 1.

Table 1. Elastic properties of the laminates that form the GFRP profile web and flanges (considered as

an equivalent orthotropic material) 2.

Elastic Properties E; (GPa) E; (GPa) Gq12 (GPa) wvqp (GPa)

Laminates of qFRP profiles 26.73 719 544 0.341
(I section)
2 where 1 is the longitudinal direction, parallel to the longitudinal profile axis, and 2 is the transversal direction of
the profile web and flanges.
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The elastic properties of the GFRP profiles were also obtained experimentally from three-point
bending tests by following a procedure proposed by Bank [22] based on the Timoshenko Beam Theory.
It considers that the profile behaves as an equivalent isotropic material. The equivalent longitudinal
(E) and shear (G) moduli of the GFRP profiles were found to be 26.21 and 4.29 GPa, respectively.
A more detailed description of this procedure and experiments can be found in Santos Neto and La
Rovere [23].

Concrete was designed for a compressive strength of 30 MPa at 28 days. The secant modulus of
elasticity (E.) was obtained according to ACI 318 recommendation [24] yielding a value of 26.07 GPa.
The usual value of 0.2 was adopted for Poisson’s coefficient, resulting in a shear modulus (G¢) of
10.86 GPa.

3.2. Design and Static Analysis

Previous studies [1] have shown that the Serviceability Limit State (SLS) tends to govern the
design of composite slabs made of concrete and GFRP materials for footbridge deck applications. The
composite slab under study was then initially designed under bending for service loads, without
considering long term effects. A representative slab strip of 0.8 m width (see section shown in Figure 6)
was selected for the analysis. A total dead load (DL) equal to the self-weight (0.846 kN /m) plus an
additional load of 1.2 kN/m, due to wearing surface and guardrails, plus a live load (LL) of 4 kN/m
corresponding to the usual pedestrian load of 5 kN/m?, were considered acting along the span of
the simply supported slab strip. One-way action was assumed and the deflections in the slab were
calculated using the Timoshenko Beam Theory (TBT), combined with the Transformed Area Approach.
The maximum deflection in the slab, at midspan, considering shear deformation, can be found by
Equation (10):

5qL* gL f;

U= 384E1 T 8GA (10)

where: v is the maximum displacement; L is the span; g is the design service load uniformly distributed
along the span; EI is the flexural stiffness of the transformed section; GA/fs is the shear stiffness of the
transformed section, in which f; is the shear factor.

The design service load was found considering the quasi-permanent load combination
(9 = DL + 0.4LL) [9]. The slab section shown in Figure 6 was transformed into an equivalent GFRP
section, by assuming that concrete and GFRP were perfectly bonded and behaved linear-elastically.
It was also assumed that concrete remains uncracked under service loads. By using the equivalent
isotropic moduli of the GFRP profiles E, G and the estimated values for the concrete moduli E., G,
defined in Section 3.1, the resulting properties of the transformed section were calculated in Table 2.

Table 2. Transformed section properties °.

x (mm) EI (kNm?) GA (kN) n
30.04 1.263 x 103 1.376 x 10* 0.995

b where x is the neutral axis depth; EI is the flexural stiffness; GA is the shear stiffness, in which A = A/f; and fs is
the shear factor; n = E./Egrgrp is the moduli ratio.

By inserting all of these values in Equation (10), and by adopting the allowable limit of L/250
given in the Brazilian code NBR 6118 [15] recommendations, a maximum allowable span of 4.65 m
was found for the composite slab strip. It then verified the assumption that the concrete top does not
crack under service loads.

Next, the composite slab was verified at the Ultimate Limit State (ULS). Three possible failure
modes were considered: (1) flexural failure caused by crushing of the extreme compression fiber in
the concrete top; (2) shear failure in the GFRP profile at the top flange /web intersection, and (3) bond
failure at the GFRP profiles/concrete top interface. For flexural failure, the ultimate bending moment
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Mu can be calculated from force equilibrium, strain-compatibility conditions and the constitutive
behavior of the materials. It was assumed that GFRP materials behave linear-elastically and that
concrete was a nonlinear elastic material. The concrete top and the GFRP profiles were assumed to be
perfectly bonded and the tensile strength of concrete was neglected. The equivalent rectangular stress
block as defined by the ACI 318 [24] was adopted. Results of ultimate efforts are shown in Table 3.
In this table, the ultimate shear V,; was obtained using an estimated theoretical value for the ultimate
shear stress in the GFRP laminae, obtained from Halphin-Tsai equations [21], and V,;; was found from
the bond strength at the interface concrete/ GFRP, which has been measured experimentally [1].

Table 3. Ultimate Limit State (ULS): Design and ultimate efforts for the composite slab under uniform
load (L = 4.65 m).

Effort (a) Bending (b) Shear Web/Flange (c) Bond Shear (Interface)
Design Effort Mg =23.93 kN-m V41 =20.60 kN V42 =20.60 kN
Ultimate Effort My =92.26 kKN-m Va1 =40.10 kN Vo =58.02 kN
Safety Factor D, =0.26 o, =0.51 &, =0.36

For the maximum span of 4.65 m, the design efforts in the simply supported slab strip were found
by considering the load combination 1.2DL + 1.6LL [24]. These efforts are shown in Table 3, with the
resulting safety factors (design/ultimate efforts). As it can be observed from Table 3, the critical failure
mode is shear failure in the GFRP profile at the top flange/web intersection (safety factor ®4; = 0.51).
Although the required safety factors have not yet been established in the Design Codes for the case of
concrete/ GFRP composite slabs, a safety factor of at most 0.50 should be adopted, since a brittle kind
of failure is expected in such structures. Hence, in order to attend both serviceability and ultimate
limit states, the span of the composite slab was reduced to 4.0 m ($g; = 0.44).

In order to verify the stiffness and the ultimate efforts estimated in the design of the composite
slab under static bending, experimental tests were also carried out. Two slab prototypes of 0.8 m width
and 4.0 m of span were tested under 4-point test bending. The loads (P) were applied at a distance (a)
of 1.575 m from the supports.

Initially the slab stiffness was investigated by applying on the prototypes two concentrated loads
(P) of 4.63 kN, in such a way to obtain the same maximum bending moment produced by a uniformly
distributed load (3.646 kN/m) for the service load combination (DL + 0.4 LL). It was observed during
the tests that the slab behavior was basically linear elastic under service.

The maximum displacement at midspan can be obtained theoretically using TBT, by means of
Equation (11):

Pa(3L% —4a®)  py

v = + £

24 EI GA

where: v is the maximum displacement; L is the span; P are the concentrated loads applied

symmetrically on the slab; a is the distance between the applied loads and the supports; EI is the
flexural stiffness and GA/f; is the shear stiffness of the transformed section (see Table 2).

Comparison between theoretical and experimental values of maximum displacement is shown
in Table 4. It can be observed from the table that the theoretical value gives a good estimate for the
average value obtained experimentally from the slab prototypes.

(11)

Table 4. Serviceability Limit State (SLS): Comparison of maximum displacement obtained theoretically
and experimentally for the composite slab under 4-point bending (L = 4.00 m; P = 4.63 kN).

Theoretical (TBT) Experimental Limit (L/250)

Prototype I = 10.00 mm
Prototype II = 7.92 mm
- Average value = 8.96 mm -

9.69 mm 16.00 mm
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Next, the loads were increased on the prototypes (I and II) until failure. Comparison between
ultimate efforts estimated theoretically and obtained experimentally is summarized in Table 5. It can
be observed that the prototypes showed different failure modes (I showed bond shear failure, and
II showed shear failure in the profile at the web/flange interface). In prototype I, a premature bond
shear failure occurred at the interface of the concrete top and only one of the GFRP profiles, which
was probably due to bad finishing of the concrete top observed in a small region, giving rise to a
non-uniform load application along the slab width. Nevertheless, in spite of the different failure
modes, both prototypes fail at a load (V1 = 38.5 kN and Vy; = 39.0 kN), close to the estimated one
(Vu=40.1kN).

In the following, the dynamic behavior of the composite slab will be investigated.

Table 5. ULS: Comparison between ultimate efforts obtained theoretically and experimentally for the
composite slab under 4-point bending (L = 4.00 m).

Effort (a) Bending (b) Shear Web/Flange () Bond Shear

(Interface)
Theoretical Ultimate effort My =92.26 kN.m Va1 =40.10 kN Ve =58.02 kN
Experimental Ultimate - - V1 =38.50 kN
Effort? - Vi = 39.00 kN€ -

¢ Iand II refer to Prototype I and II, respectively.

4. Dynamic Behavior of the Composite Slab

The dynamic behavior of the composite slab under human activities was investigated both
experimentally and numerically. For the experimental analysis, two prototypes of 0.8 m width and
4.0 m of span, representing a slab strip (same geometry as used for the static tests), have been built and
subjected to walking and jumping by several volunteers. In the numerical analysis, the slab prototype
was modeled by finite elements and subjected to transient loads that simulate the tests, using the
mathematical models already described in Section 2.

4.1. Theoretical Fundamental Frequency of the Composite Slab

In order to aid planning the dynamic experimental program, the fundamental frequency of the
composite slab was initially estimated by a simplified theoretical model based on beam analogy
combined with the Transformed Section approach. The composite slab is considered as a linear
element (beam) of equivalent homogenous and isotropic material, with distributed mass along its
length. Thus, the beam equivalent fundamental frequency (w;) can be obtained from Equation (12),
using the equation based on Fourier series [25].

EI

2./

w1 =T , 12
1 1A (12)

where: EI is the flexural stiffness of the transformed or homogenized section; L is the beam length; and
m is the beam mass per unit length.

By introducing the flexural stiffness of the homogenized section given in Table 2, the mass per
unit length (0.0863 ton/m) is found from the slab total self-weight, and the length L = 4.00 m in
Equation (12), the value of 74.66 rad /s is found for the fundamental angular frequency (w;), which
corresponds to a frequency f1 of 11.88 Hz.

4.2. Experimental Analysis of the Composite Slab

Three types of vibration tests were performed on the slab prototypes: (i) heel-drop, (ii) walking
and (iii) jumping. The test setup and instrumentation utilized are illustrated in Figure 7. Vertical
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accelerations were measured at midspan by means of two accelerometers, placed at the bottom of the
GEFRP profiles, connected to a data acquisition system. Data were acquired at a time interval of 0.01s,
thus, frequencies up to 50 Hz could have been recorded. A total of five volunteers, whose characteristic
data are given in Table 6, participated in the tests. All volunteers used soft sole shoes during the tests.

Data logger

Support across the  Accelerometer
[] width of the slab  HBM 2210-002

F4) o
_______ '___'_4_______________._. LI
» , GFRP Proﬁle P 9
T e B I S ——
4 -4
L oa Concrete top
..__'____'_'___- _______________________ - N—
[ L. .4 ____ GFRPProfile DOb——7" " . _____._._ by
L Accelerometer Support across the U
HBM 2210-002 width of the slab
SUPERIOR VIEW
Concrete top
Foam GFRP Proﬁles: Foaﬁi
Measurement block /ﬂ ﬁ L block
directios \j Accelerometers
DETAIL Detail FRONT VIEW

Figure 7. Test set-up and instrumentation for the dynamic tests on the composite slab.

Table 6. Characteristics of the volunteers that participated in the tests.

Volunteer Mass (kg) Height (m) Gender
1 70 1.83 M
2 67 1.70 M
3 83 1.92 M
4 53 1.63 F
5 66 1.72 M

Initially, the fundamental frequency and the damping factor of the composite slab were
experimentally obtained through the heel-drop test. The average value obtained for the damping
factor was utilized later in the numerical analysis (see subsection 4.3). In the sequence, the composite
slab was submitted to walking and jumping tests.

4.2.1. Heel-Drop Test

To obtain the fundamental frequency of the structure, the prototypes of the experimental
program were initially subjected to the heel-drop test, as recommended by the Canadian Code
CAN3-516.1-M84 [26]. The test consisted of a person standing on his toes and letting himself fall
on his heels on the slab. Figure 8 presents the time-domain response as well as the amplitude peak
response of the slab in the frequency-domain for one prototype, obtained from the test performed
by Volunteer 4. Similar graphs not shown here were obtained from the tests performed by the other



J. Compos. Sci. 2017, 1,11 12 of 20

volunteers. The damping factor was found by means of the logarithmic decrement method in the
time-domain response.

6 r . : 02 :
1 : : 129333
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r:n (/‘\ 3 5= ) SEEEEETRR X \ T ............. / .............
2 ] : : : :
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Figure 8. Response of Prototype II to heel-drop performed by Volunteer 4 in terms of graphs:
(a) acceleration along time; (b) respective spectrum.

Table 7 presents the fundamental frequency and the damping factor obtained for each prototype,
from each volunteer test. It can be seen that the results in terms of fundamental frequency are
quite uniform, whereas in terms of damping factor some variation is observed among the different
volunteers. Average values of 12.64 Hz and 4.96% were obtained for the fundamental frequency and
the damping factor, respectively. This value of damping factor falls between the interval (1.5% to 5.0%)
given in ISO 10137 [10] for fully composite concrete/steel beams with shear connectors, which is a
similar structure to the composite slab studied in this work.

Table 7. Fundamental frequency and damping factor from heel-drop test.

Natural Frequency (Hz) Damping Factor (%)

Volunteer Prototype I Prototype II Prototype I Prototype II

1 11.61 12.86 4.50 2.88

2 13.03 12.79 4.81 6.11

3 12.86 13.02 6.31 4.85

4 12.30 12.93 4.48 5.44

5 12.63 12.36 3.77 6.42
Mean value 12.64 Hz 4.96%

4.2.2. Walking Test

The walking test consisted of a volunteer walking on the slab prototype, as shown in Figure 9,
resulting in an excitation frequency of about 2 Hz. To allow an interaction person-structure, i.e., that
the volunteer gets in rhythm with the slab, a total of eight walks on each prototype were performed.
Results of the slab response to the walking tests are given in terms of graphs of acceleration (average
value obtained from the measurements of the two accelerometers) versus time, with its respective
spectrum. Figure 10 shows the results obtained from the test performed by Volunteer 4. Similar results,
not shown here, were obtained from the tests performed by the other volunteers. Table 8 presents the
high peak accelerations and the RMS accelerations obtained from the tests performed by all volunteers.
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Figure 9. Walking test on the composite slab performed by Volunteer 3.
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Figure 10. Response of Prototype I to walking performed by Volunteer 4 in terms of graphs:
(a) acceleration along time; (b) respective spectrum.

Table 8. Accelerations from walking tests (m/ s2).

High Peak Accelerations RMS Accelerations
Volunteer Prototype I Prototype II Prototype I Prototype II
1 5.27 4.86 0.86 0.83
2 4.37 3.49 0.95 0.52
3 6.43 6.10 1.25 1.09
4 5.03 4.85 1.28 1.30
5 5.56 3.51 1.41 0.94
Mean 533 4.56 1.15 0.94

Regarding human-sensitivity, high peak accelerations between 3.5 to 6.4 m/s? (=~ 0.4 to 0.7 g) were
attained in both prototype responses, considering all the volunteers, which for a frequency around
12 Hz lie in the unbearable range of vibration perception in Goldman’s scale (see Figure 2). In terms
of RMS accelerations, the results varied from 0.5 to 1.4 m/s2, with an average of 1.05 m/ s2 for both
prototypes. These results are above the RMS acceleration limit (using general assessment) for human
comfort by ISO 10137 [10], according to Figure 3.

4.2.3. Jumping Test

For this test, the volunteers applied about 30 jumps in 10 seconds on the prototypes at the center,
as shown in Figure 11, seeking to apply a jumping load with a frequency of around 3.0 Hz. Results from
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the test performed by Volunteer 4, in terms of response acceleration in time and frequency domain,
can be seen in Figure 12. Table 9 presents the high peak accelerations and the RMS accelerations
obtained from the tests performed by each volunteer.

?)

Acceleration (m/s

Figure 11. Jumping test on the composite slab performed by Volunteer 4.
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Figure 12. Response of Prototype II to jumping performed by Volunteer 4 in terms of graphs:
(a) acceleration along time; (b) respective spectrum.

Table 9. Accelerations from jumping tests (m/ s2).

Vol High Peak Accelerations RMS Accelerations
. Prototype I Prototype II Prototype I Prototype II
1 9.82 14.71 2.09 3.04
2 14.26 12.46 3.36 2.69
3 7.70 11.42 1.41 2.03
4 14.38 17.74 3.26 494
5 5.09 10.83 1.19 2.06
Mean 10.25 13.43 2.26 2.95

Higher peak accelerations (around 0.5 to 1.8 g) were attained as compared to the ones observed

in the walking tests. For a frequency of about 12 Hz, these accelerations are classified as unbearable
according to the scale presented in Figure 2. By means of RMS accelerations, the results varied from
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1.2 to 5.0 m/s? for both prototypes. Again, all the values are above the limit recommended for human
comfort by ISO 10137 [10], as shown in Figure 3.

4.3. Numerical Analysis

For the numerical analysis of the slab prototypes, the Finite Element Method (FEM) was applied.
The slab prototypes were modeled by finite elements as shown in Figure 13, with 8-node solid elements
(with incompatible Wilson modes) used to model the concrete top and 4-node Discrete Kirchhoff
Quadrilateral (DKQ) shell elements to model the GFRP profiles (the foam blocks were disregarded).
Care was taken in the modeling to represent accurately the same boundary conditions as those in the
experimental analysis. The analyses were carried out using SAP 2000 [4] computer program.

Figure 13. Finite element model of the composite slab prototype.

Materials were assumed to behave linear-elastically. The equivalent orthotropic elastic properties
of the GFRP profiles utilized are shown in Table 1, and the elastic properties adopted for concrete were
described in subsection 3.1. A damping coefficient of 4.96%, derived from the heel-drop tests, was
adopted in all analyses.

The mathematical models for the dynamic loads used to simulate the walking and jumping tests
were the ones aforementioned described. In both loadings, three harmonics (n = 3), and the weight of
each volunteer were considered. The mode-superposition procedure was utilized in the numerical
analyses, considering 20 vibration modes.

The natural frequencies and respective vibration modes of the slab prototype were obtained using
the modal analysis option in SAP2000 [4] program. Figure 14 displays the first three natural frequencies
found for the composite slab (11.63, 26.00 and 41.08 Hz) and their respective vibration modes.

f, = 26,00 Hz

Figure 14. Natural frequencies and respective vibration modes of the composite slab: (a) first mode
(bending about y axis); (b) second mode (torsion about x axis) and; (c) third mode (bending about
y axis).
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The response from all numerical analyses was extracted at the same position of the accelerometers,
i.e., at the slab midspan, in the center of the bottom flanges of the GFRP profiles.

In order to simulate the eight turns performed by the volunteers on the composite slab prototype
during the test, the walking load, described by Equations (2) to (9), was applied at eight positions along
the slab’s span, with a time interval of 0.5 s. Figure 15 shows the slab response for walking obtained
numerically, in terms of graphs of acceleration along time and its respective spectrum, considering the
weight of Volunteer 4. The acceleration spectrum indicates that the structure responds predominantly
in the fundamental frequency, approximately 12 Hz. Peak accelerations of 3.6 m/s? (around 0.4 g), and
corresponding RMS acceleration of 0.97 m/s? were obtained. These values lie in the unbearable range
of vibration perception in Goldman’s scale (Figure 2) for a structure with fundamental frequency of
12 Hz. The RMS value is much higher than the limit given by ISO 10137 [10].
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Figure 15. Numerical response of the composite slab to walking loading in terms of graphs:
(a) acceleration along time; (b) respective spectrum.

The jumping load described in Section 2 (obtained by multiplying F;(t), shown in Figure 5, by
the person’s weight, G) was applied distributed over two areas, corresponding to the shoe/slab
contact area, at the center of the numerical model, in the same position as applied in the experiments.
The results for jumping are shown in Figure 16, for the test performed by Volunteer 4, in terms of
graphs of acceleration along time and its respective spectrum. From the acceleration spectrum it can
be observed, again, that the slab responds primarily at its fundamental mode. The peak accelerations
obtained numerically reached at most 9.47 m/s? with RMS of 3.29 m/s?. These values are much higher
than the limit values given by Figures 2 and 3.
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Figure 16. Numerical response of the composite slab to jumping loading in terms of graphs:

(a) acceleration along time; (b) respective spectrum.
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5. Analysis and Discussion of Results

The three methods used to estimate the fundamental frequency of the composite slab yielded
similar values. The simplified theoretical method, based on beam analogy combined with the
Transformed Section approach resulted in a value of 11.88 Hz; the heel impact tests yielded an
average value of 12.64 Hz, while the numerical analysis based on the Finite Element Method provided
a value of 11.63 Hz. Thus, it can be inferred that the fundamental frequency of the slab prototype
is about 12 Hz. According to EN 1990 [9], verification of the comfort criteria should be performed
if the fundamental frequency is less than 5 Hz. The composite slab studied here has a fundamental
frequency of 12 Hz, and therefore should not present any vibration problem regarding human comfort.
However, results of the experimental and numerical analyses have shown the opposite.

The experimental and numerical analyses indicated that the composite slab responded primarily
in the first vibration mode (flexural mode), as can be seen from the frequency spectrum shown in
Figures 10, 12, 15 and 16. The natural frequencies for the second and third modes of vibration (26.00
and 41.08 Hz) did not show significant amplitudes.

The comparison between the experimental and the numerical results in terms of accelerations
obtained for the walking load from Volunteer 4 can be visualized in Figure 17 for the initial cycles.
Despite the good agreement, the results from the experimental test in terms of high peak acceleration
(5.03 and 4.85 m/s?) are around 35% greater than the results from the numerical model (3.6 m/s?).
This difference is also observed for the RMS accelerations, when comparing 1.30 to 0.97 m/s?, found
from the experimental and numerical analysis, respectively.

Numeric e Experimental

?)

Acceleration (m/s

Time (s)

Figure 17. Comparison between acceleration graphs obtained numerically and experimentally from
the test on Prototype I performed by Volunteer 4 walking.

For the jumping loading, the numerical results did not show a good approximation to the
experimental results for the initial cycles. Figure 18 displays the comparison between numerical and
experimental accelerations obtained from the test performed by Volunteer 4. Although the high peak
accelerations from the numerical model are much smaller than the ones from the experimental test
(9.47 m/s? as compared to 14.38 and 17.74 m/ s2), the RMS accelerations are similar (3.29 m/s? for the
numerical model and 3.26 and 4.94 m/s? for the experimental test). This similarity in RMS values may
be due to the difficulty of imposing a constant load rhythm on the slab by the volunteers, which does
not occur when the slab was analyzed numerically.
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Figure 18. Comparison between acceleration graphs obtained numerically and experimentally from
test on Prototype II performed by Volunteer 4 jumping.

Nonetheless, from both the experimental and numerical analyses, the composite slab showed
vibrations above the limit of human comfort according to Goodman'’s scale (Figure 2) for peak
acceleration and also according to ISO 10137 [10] for RMS acceleration. This result indicates that
the comfort criteria should be taken into account in the slab design, even though its fundamental
frequency is above 5 Hz.

These results have shown that, in spite of their good performance under static loads, composite
slabs made of concrete and GFRP profiles tend to be more flexible and slender, and therefore
their dynamic behavior under human activities must be considered in the design. Regarding the
particular composed slab being developed, a greater efficiency is expected if wide flange GFRP profiles
and/or reduced spans are utilized, since that would increase the slab rigidity and consequently its
fundamental frequency.

It should be noted that in small specimens, as the ones used in this work, the mass of the person
on the slab may have some influence in the results; also, for the walking case, it takes some time until
the structure “gets in rhythm” with the applying load.

6. Conclusions

This work investigated the dynamic behavior of a composite concrete/GFRP slab, under
development at UFSC, subjected to human activities. By considering a representative slab strip,
two prototypes were constructed for the experimental program. A numerical finite element analysis
was also performed. From the analyses, the following conclusions could be drawn:

The fundamental frequency of the composite slab is approximately 12 Hz. Although this value is
more than twice the limit indicated by EN 1990 (5 Hz), below which a dynamic analysis is required,
it was observed that the composite slab showed vibrations above the limit for human comfort.

e  The slab responds primarily at its first vibration mode (flexural). The other vibration modes did
not show significant amplitudes. This indicates that in a simplified approach, even considering
just the first mode in the analysis, should lead to good results.

o Results from experimental tests in terms of accelerations were always higher than the ones
obtained from the numerical model. In addition, in the experimental tests the peak accelerations
did not follow a uniform pattern as the ones observed in the numerical analysis. This may be due
to the fact that the volunteers were not able to maintain a constant load rhythm.



J. Compos. Sci. 2017, 1,11 19 of 20

The composite slab was designed under static loads to attend both ULS and SLS requirements,
and it was verified experimentally under 4-point bending tests. However, in spite of its apparent
stiffness, with a fundamental frequency above 5 Hz, the concrete/ GFRP composite slab under
study was shown to be sensitive to human activities. Therefore, in addition to the usual verification
of ultimate and serviceability limit states, the dynamic behavior of the slab must also be considered
in the design.
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