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,e large-span floor system being lightweight with low frequency and low damping is prone to suffer severe vibration under
human excitations. In this research, the vibration performance of an innovative large-span U-shaped steel-concrete composite
hollow waffle (CHW) slab was studied based on field testing and theoretical analysis. First, the modal properties of CHW slab
including mode shapes, frequencies, and damping ratio were captured by on-site tests and validated by the finite element method,
indicating the CHW slab is a low-frequency floor system with a low damping ratio. Second, the vibration responses of CHW slab
under heel-drop and jumping excitations were studied considering the impacts of spatial position, tester number, and activity
types. ,ird, the CHW slab shows excellent vibration serviceability proved by the frequency, accelerations, and human per-
ceptions threshold with the current codes. Meanwhile, the paper gives appropriate threshold values for the CHW slab under
impulsive excitation. Finally, the natural frequency formula for the CHW slab derived by the Rayleigh–Ritz energy method agrees
well with the measurements.

1. Introduction

Owing to the growing demand for large space and flexible
layout of the buildings, large-span floor structures have been
widely used in gymnasiums, open buildings, and industrial
buildings. ,e floor height and self-weight increase signif-
icantly with the rising spans in traditional floors, such as
reinforced concrete (RC) floors, steel-concrete composite
floors [1, 2], prestressed concrete floors [3], and waffle slab
[4], yielding high material usage and poor economic effi-
ciency. Researchers have studied new types of long-span
floor systems with the good structural performance [5–7].
,e CHW slab is an innovative floor system (Figure 1)
containing the RC slab, upper beams, lower beams, and web
members. ,e three-dimensional floor system presents ex-
cellent mechanical performance, where the upper beams and
slab are in pressure, and the lower beams are in tensile when

suffering vertical load.,e U-shaped steel plates that wrap at
the side and bottom of the lower beams enhance the tensile
strength, hence enlarging the span length. Additionally, the
U-shaped steel plates can be used as formwork during
construction. ,e ample openings between web numbers
supply space to accommodate ducts and pipes without
compromising the story height; meanwhile, the floor self-
weight and earthquake action decrease.,e upper and lower
beams are connected by large shear stiffness web members
with a small height-width ratio (less than 1), which makes
the floor form good integrity.

Lightweight, low frequency, and low damping are the
main properties of large span floor systems. ,us, the CHW
slab is prone to vibrate largely under excitations. Typical
vibration sources are vehicles on nearby roads, large ma-
chinery in nearby construction sites, and human activities.
Human activities are the most common ones, among which
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heel-drop and jumping excitations are more drastic. Reso-
nance happens when the frequency of human activity ap-
proaches the floor fundamental frequency [8, 9]. Excessive
vibration makes people feel uncomfortable or even panic
[10]. Once the vibration serviceability problem occurs, the
maintenance cost is huge [11]. ,us, it means to study the
floor vibration response due to human activities before
putting the floor into use.

Over the past decades, the vibration performances under
human-induced excitations for various kinds of floors were
studied [12–14], yielding several acceptable design codes
[15–20] for vibration evaluation and control. Generally, the
frequency threshold and amplitude threshold are used for
vibration evaluation. ,e frequency threshold is simple at
the design stage, and the codes give theoretical formulas for
frequency calculation, assuming that the beams or plates are
simply supported. However, prediction accuracy decreases
as the complexity of the floors increases, with ribbed slabs,
composite materials, and variable boundary conditions [21].
,e amplitude threshold is more accurate as the value di-
rectly relates to the vibration response.

Researchers have either used on-site tests or finite ele-
ment analysis (FEA) to study floor vibrations. FEA is ac-
curate to obtain mode shapes and frequencies of the floor;
however, it is difficult to simulate all sorts of human activities
and time-consuming [22]. Meanwhile, the vibration re-
sponse largely depends on the damping, and no empirical
damping ratio is recommended for the new floor. On-site
tests are effective. ,e static tests [23, 24] have shown that
the CHW slab has large rigidity with good bearing capacity.
However, large-span floor systems are governed by ser-
viceability requirements rather than strength requirements
[25]. Few studies [26] regarding the dynamic properties of
the CHW slab and none on-site heel-drop and jumping tests
have been conducted. ,erefore, both on-site tests and
theoretical analyses were conducted in this paper to study
the dynamic behavior of the CHW slab.

,e aims of this research are as follows:

(i) To obtain the accurate damping ratio, frequencies,
and mode shapes of CHW slab from the ambient
vibration tests (AVT)

(ii) To capture the dynamic behavior of CHW slab
under heel-drop and jumping tests considering the
influence of spatial position, tester number, and
activity type

(iii) To appraise the vibration serviceability of the CHW
slab with the ISO maximum 10 s RMS acceleration

and AISC peak acceleration and provide appro-
priate threshold values for CHW slab

(iv) To derive the natural frequencies formula for the
CHW slab based on the Rayleigh–Ritz energy
method

2. Description of Study Floor

Field tests were conducted on the Dzong commercial office
building (Figure 2) to study the vibration response of the
CHW slab. ,e as-built building located in Beijing is a twin-
tower building with a skirt. ,e CHW slab is adopted as a
floor hanging garden with open-air restaurants and coffee
houses on the roof floor of the skirt building. ,e 1.4-meter-
high floor has a rectangular plan of 27m by 36m, supported
by perimeter frames spaced at 9m. ,e floor consists of
80mm thick RC slab and multiple equal-spaced (about
2.4m) hollow beams; the latter includes the upper beams,
lower beams, and 0.7-meter-high web members. Shear studs
connect the lower beams and U-shaped steel plates as a
whole. Design details of the floor are shown in Figure 3. ,e
side and bottom steel plates of the U-shaped steel plates are
connected by high strength bolts initially under construc-
tion; then, the floor system was poured together. During the
test, the structural frame was completed before the instal-
lation of any nonstructural components. ,e on-site tests
were divided into the ambient vibration tests and human-
induced tests as follows.

3. Modal Parameter Characterization

3.1.AmbientVibrationTests. AVTis a powerful and accurate
approach for the estimation of the modal properties of the
long-span floor system [27]. Hence, AVTwas conducted on
the CHW slab. Pretest analyses were performed to determine
suitable measurement points (MPs) for the AVT. Simulated
mode shapes were studied using the finite element program
ABAQUS (version 6.14) [28]. ,irty-five uniform grids of
MPs spaced at 4.5m were chosen based on the auto modal
assurance criterion (MAC) values of the simulatedmode sets
to ensure that the mode shapes separate from each other and
show accurate modal properties.

,e dynamic response of the CHW slab was recorded
by using five magnetoelectric accelerometers (TST126, Test
Electron, Jingjiang, Jiangsu, China) with a bandwidth
ranging from 0.25 to 100Hz, a sensitivity of 3 V/g, and a
mass of 0.80 kg. A sixteen-channel data acquisition system
(TST3827E, Test Electron, Jingjiang, Jiangsu, China) was
used to record the response signals. Figure 4 shows the
measurement locations and testing devices. All the MPs
were accurately positioned and numbered with chalk. For
the limitation of accelerometers, nine sets were taken for
the measurements. Each set had one mutual reference
sensor (large dot in Figure 4(a)) near the midspan of the
floor and four roving sensors (small dot in Figure 4(a)),
where the last set had only three roving sensors. ,e du-
ration for each set was 300 seconds with a sampling fre-
quency of 200Hz.

Web members

RC slab
Upper beams

U-shaped steel plate
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beams

Figure 1: U-shaped steel-concrete composite hollow waffle floor.
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3.2. Modal Parameter Characterization. ,e measurements
were filtered to eliminate the static component below 0.5Hz
and the burrs caused by mixed noises above 40Hz [29]. ,e
enhanced frequency domain decomposition (EFDD) tech-
nique was used to conduct operational modal analysis
(OMA) [30, 31]. ,e EFDD overcomes the limitations of
frequency-domain decomposition with accurate damping
ratios, as implemented by TSTMP (Test Electron, Jingjiang,
Jiangsu, China). Initially, the single degree-of-freedom
(SDOF) equivalent power spectral density function (Bell
function) was calculated around the peak value using the fast
Fourier transform (FFT) of the measurements, where the
peak value was the damped frequency and the left singular
vector was the corresponding mode shape. ,e bell function
was designated by these singular values, where the corre-
sponding singular vectors had a high MAC value (greater
than 0.9) with the mode shape vector [32]. Next, the inverse
FFT was performed on the bell function to obtain the

autocorrelation curve (Figure 5). ,en, the associated
damping ratio was calculated by the logarithmic decay
method from the autocorrelation curve [33]. ,e first three
modes were considered, each set of the nine test groups had
one correlation function for each mode, the natural fre-
quency and the corresponding damping ratio of each mode
from the nine group EFDD analysis were averaged as the
final values.

AISC DG11 suggests that the damping ratio of the steel-
concrete composite floor without furniture and nonstruc-
tural components should be 2%. CCIP-016 suggests that the
damping ratio of the steel-concrete composite floor without
decoration surface should be between 0.8% and 1.5%. ISO
10137 suggests that the damping ratio of the bare steel-
concrete composite floor connected by shear bolts should be
1.8%. ,e damping ratio of the first three modes obtained
from the EFDD method is 2.35%, 1.86%, and 1.34%, re-
spectively. ,e damping ratio of the first mode of the CHW

(a) (b)

Figure 2: Photos of the tested building: (a) overview of the building; (b) on-site photo of the CHW slab system.
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Figure 3: ,e CHW slab: (a) overview structural layout of the floor; (b) detailed layout of the floor.
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slab is slightly larger than the above codes. Meanwhile, the
fundamental frequency of the floor is 6.25Hz, indicating
that the CHW slab is a low-frequency floor systemwith a low
damping ratio.

ABAQUS FEA program was used to compare the modal
parameters with OMA results. ,e concrete was simulated by
eight-node linear brick elements with reduced integration and
hourglass control (C3D8R). Four-node elements with reduced
integration and hourglass control (S4R) were used for the
simulation of U-shaped steel plates. ,e concrete parts were

merged with the boundary conditions fixing at the bottoms of
the columns. ,e U-shaped plates were tied to the concrete.
,e global size of 0.1m was chosen for accurate calculation;
moreover, the RC slabwas divided into threemeshes along the
thickness to ensure the accuracy of the analysis.

,e normalized relative frequency difference (NRFD)
and MAC are used for comparisons between simulated and
measured results. ,e eigenfrequencies from simulations
and measurements were compared by using NRFD values
expressed as follows:
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Figure 4: Testing devices and measurement locations: (a) measurement locations, (b) dynamic acquisition instrument, and
(c) accelerometer.
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Figure 5: EFDD modal analysis: (a) singular values of the decomposed power spectral density matrices and the BF identification;
(b) normalized SDOF autocorrelation curve of the first mode.
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where Φsimi is the ith simulated mode shape and Φexpj is the
jth measured mode shape. ,e MAC value falls between 0
and 1, where 1 implies a perfect correlation between the two
mode shapes.

Table 1 shows the mode shapes, frequencies, the NRFD,
and MAC values from OMA and FEA. ,e mode shapes
show that the floor behaves like a plate in free vibration.
Specifically, the first mode is one single waveform in both x
direction and y direction; the second mode is one waveform
associated with x direction and two waveforms associated
with y direction; the third mode is one waveform associated
with x direction and three waveforms associated with y
direction. ,e frequencies of the first three modes obtained
from FEA are slightly smaller than OMAwith the maximum
NRFD value smaller than 5%. ,e MAC values of the EFDD
and FEA methods are very close to 1 where spectral peaks
occur. Specifically, the value is 0.951, 0.942, and 0.936 for the
first three modes, which provides further evidence of the
vibration modes and suggests a good quality of data.

4. Human-Induced Vibration Tests
and Discussion

Note that heel-drop is recommended by AISC for frequency
prediction, and jumping is the most vigorous human ex-
citation [34]. Heel-drop and the jumping tests were con-
ducted on the floor center (at A3). Five accelerometers were
placed with an adjacent distance of 6m (Figure 6(a)). First,
single-person heel-drop and jumping tests were undertaken
for many times, taking 5 effective acceleration time history
curves and recording the human perception during the tests.
,en, the multiperson (2, 3, 4, and 5) heel-drop and jumping
tests were performed by adding one more person each time
(Figure 6) to study the influence of multiperson excitation.

,e peak acceleration and the root mean square (RMS)
acceleration are widely used for vibration assessment. AISC
Design Guide 11 recommends the peak acceleration to
evaluate floor vibrations. To consider the influence of du-
ration and frequency, IS0 10137 adopts the RMS acceleration
which can be calculated according to

aRMS �

������������

1
T


T

0
a
2
w(t)dt,



(3)

where αw(t) � frequency weighted acceleration; T�duration
of the response; and t� time. In this paper, the peak ac-
celeration and the peak 1 s RMS suggested by ISO 10137

panic criterion are used to evaluate the vibration responses
caused by human activities.

4.1.Heel-DropTests. Heel-drop tests were first conducted by
a person weighing 70 kg. Figure 7 shows the typical accel-
eration time history curves and the corresponding spectrum
curves. Heel-drop excitation is transient response. Although
the tester was requested to heel-drop at the same height
(80mm), the peak acceleration varies. ,e spectrum curve
shows the constant maximum peak amplitudes at the fun-
damental frequency of 6.25Hz despite the diversity of
amplitudes, indicating that heel-drop excitations generate
the most significant energy at the fundamental frequency.

,e most dramatic responses happen at the floor center
(Figure 8). ,e average maximum acceleration and 1s RMS
acceleration are 30.62mm2 s− 1 and 5.11mm2 s− 1, respec-
tively. ,e floor vibration response gradually weakens from
the center to the edge. When the distance to the floor center
(d0) increases from 6m (at A2) to 12m (at A1), the peak
accelerations are 23.02% and 6.27% of the floor center. ,e
layout of the CHW slab influences the acceleration distri-
bution. Larger stiffness in the short span causes weaker
vibration response. Particularly, when d0 � 6m, the peak
accelerations at location A2 (along the short span) and A4
(along the long span) are 23.02% and 30.62% of the central
floor.,e same conclusions can be reached from the peak 1 s
RMS accelerations.

As shown in Table 2, the average peak accelerations of
heel-drop tests at floor center with n (n� 1, 2.3, 4.5) par-
ticipants are 30.64mm2 s− 1, 37.33mm2 s− 1, 43.79mm2 s− 1,
47.78mm2 s− 1, and 51.76mm2 s− 1. ,e measurements show
that more participants lead to a larger floor vibration re-
sponse. Although the testers were requested to heel-drop
simultaneously with a height of 80mm following the music
beat, it is harder for the testers to heel-drop at the same time,
height, and frequency with larger group sizes. ,e fastest
growth occurs when the tester number increases from one to
two. However, the growth slows down as the tester number
rises.

Damping determines the dissipation of structural energy
and significantly influences the amplitude and duration of
the floor vibration response. ,e damping ratio of a low-
damped floor system can be determined using the time-
domain logarithmic decay method as follows:

ξ �
1

2πk
ln

A1

Ai

, (4)

where A1 and Ai are the maximum peak accelerations and
the ith peak accelerations. ,e paper takes i� 8 for the
calculation of the damping ratio under impulsive excita-
tions. ,e measurements were filtered to pass frequency
exceeding 1.5 to 2 times the fundamental frequency before
calculation. As a floor with a fundamental frequency of
6.25Hz, only the frequency below 10Hz is kept.

Table 3 indicates that a larger d0 causes a smaller
damping ratio; nevertheless, the decline of damping ratio
occurs much more gently compared to the acceleration.
Specifically, the minimum damping ratio caused by single-
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Table 1: Comparation between OMA and FEA of the CHW slab.

Mode OMA FEA MAC NFRD (%)

Mode 1

Frequency: 6.25Hz
Frequency: 5.99Hz

0.951 4.16

Mode 2

Frequency: 10.35Hz Frequency: 9.89Hz

0.942 4.44

Mode 3

Frequency: 13.89Hz
Frequency: 13.89Hz

0.923 3.17
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Figure 6: Continued.
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(d) (e)

Figure 6: Human-induced vibration tests: (a) measurement locations; (b) single-person heel-drop tests; (c) five-persons heel-drop tests;
(d) single-person jumping tests; and (e) five-persons jumping tests.
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Figure 7: Typical time-domain curve and frequency-domain curve induced by single-person heel-drop tests: (a) acceleration responses;
(b) corresponding power spectrum.
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Figure 8: Acceleration distributions under single-person heel-dropping tests: (a) peak acceleration distributions; (b) peak 1 s RMS ac-
celeration distributions.
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person heel-drop tests at location A1 is still 87.69% of A3
(floor center); meanwhile, the peak acceleration is merely
6.27% of A3.With the same d0, the damping ratio of the long
span is slightly larger than the short span.,e damping ratio
increases slightly with the rising group sizes. Particularly, the
damping ratio of n (n� 2, 3, 4, 5) person heel-drop tests
increases by 4.54%, 8.73%, 10.65%, and 10.79%, respectively,
at the floor center compared to one person.

4.2. Jumping Tests. Jumping activity is the most violent
human-induced excitation. ,us, it is beneficial to carry out
jumping tests for a comprehensive vibration evaluation of
the CHW slab. Typical acceleration responses and the
corresponding spectrum curves caused by a person
(weighing 70 kg) jumping are seen in Figure 9.,e spectrum
curve shows that the maximum peak amplitudes occur at the
fundamental frequency of 6.25Hz, indicating that both heel-
drop and jumping tests are accurate in predicting the natural
frequency of the floor.

Figure 10 shows that the vibration response caused by
person jumping tests is much more severe than heel-drop
tests. Specifically, the average maximum acceleration and
maximum 1 s RMS acceleration due to jumping are
74.196mm2 s− 1 and 11.348mm2 s− 1 at the central floor,
which is 2.42 and 2.22 times the value of heel-drop tests.
Consistent with heel-drop tests, the floor vibration response
decreases as d0 increases. ,e vibration decreases sharply
along the short span and gently along the long span. ,e
acceleration amplitude is not linearly increasing with the
rising group sizes (Table 4). For instance, the acceleration
owing to n (n= 2, 3, 4, 5) persons jumping is 1.28, 1.47, 1.65,
and 1.79 times of the value under a person.

,e force peak amplitude per person decreased with
increasing numbers of people and even synchronization
within a crowd took place [35]. A particular example is the
research of Ebrahimpour [36]. He conducted jumping tests
in a large number of people in the crowd for 2Hz periodic
load; when the tester number increased from one to four, the
load amplitude per person decreased from 110 psf to 80 psf.
Periodic jumping models can be stimulated by the Fourier

series. Ellis and Ji [37] gave the first three Fourier coefficients
for the dynamic load factor (DLF) by the research of groups
of people (up to 64 people) jumping rhythmically. ,e data
showed that the DLF values decrease with the rising tester
numbers. Guo [38] studied the crowd jumping (up to 48
people) using 3D motion capture technique, and he indi-
cated that the DLFs largely depend on the jumping fre-
quency. He compared the DLF curves of 2.0Hz and 2.5Hz
test cases with the results from Ellis. ,e DLF values under
single-person jumping excitations are nearly the same, with
the values of 1.61, 0.94, and 0.44 for the first three harmonics.
However, when the tester numbers reached five, the DLF
values decrease sharply. Specifically, the study at 2Hz
jumping tests is much smaller, with the values of 0.97, 0.4,
and 0.20 for the first three harmonics, and the values are
1.16, 0.61, and 0.22 for the first three harmonics at 2.5Hz.
However, even the crowd jumps were conducted following a
music beat with a constant frequency (2Hz) and height
(400mm), and perfect synchronization is unlikely to be
achieved.

,e damping ratio obtained from multiperson jumping
tests. Table 5 shows the same tendency as heel-drop tests.
Nevertheless, the damping ratio is 8% higher than the value
of heel-drop at the floor center. ,e damping ratio of n
(n� 2, 3, 4, 5) person jumping tests at the floor center in-
creases by 2.10%, 3.64%, 3.76%, and 4.25% compared to
single-person tests. However, the growth is smaller than the
heel-drop.

4.3. Summary and Discussion. As mentioned above, fre-
quency is the natural characteristics of the CHW slab, the
value being constant despite the excitations. Jumping ex-
citation is more severe, and the acceleration is twice more
than heel-drop with the same person at the floor center. ,e
vibration response increases notably with the rising num-
bers. ,e vibration response largely depends on the
boundary condition and structural layout of the floor sys-
tem. In short, the vibration response weakens from the
center to the edge. With the same distance from the central
floor, larger vibration happens along the long span.

Table 2: ,e peak acceleration due to multiperson heel-drop tests.

Acceleration (mm2 s− 1) A1 A2 A3 A4 A5
1 person 1.76 7.05 30.64 9.42 7.72
2 persons 1.82 8.18 37.33 10.75 8.36
3 persons 3.63 13.20 43.79 17.88 13.99
4 persons 3.69 14.45 47.78 18.02 14.07
5 persons 3.67 16.70 51.76 18.75 16.83

Table 3: Damping ratio (%) owing to multiperson heel-drop tests.

Damping ratio (%) A1 A2 A3 A4 A5
1 person 2.52 2.73 2.91 2.85 2.72
2 persons 2.55 2.86 3.04 2.92 2.83
3 persons 2.67 2.96 3.16 3.02 2.91
4 persons 2.72 2.99 3.22 3.08 2.95
5 persons 2.85 3.09 3.22 3.13 3.05
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Figure 9: Typical time-domain curve and frequency-domain curve induced by single-person jumping tests: (a) acceleration responses;
(b) corresponding frequency responses.
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Figure 10: Acceleration distributions under single-person jumping tests: (a) peak acceleration distributions; (b) peak 1 s RMS acceleration
distributions.

Table 4: ,e peak accelerations due to multiperson jumping tests.

Acceleration (mm2 s− 1) A1 A2 A3 A4 A5
1 person 3.84 17.44 74.20 19.71 17.16
2 persons 6.05 23.25 94.84 24.35 20.63
3 persons 8.11 31.92 109.11 34.40 28.31
4 persons 8.30 32.25 122.66 36.47 29.42
5 persons 8.32 33.71 133.14 38.14 29.86

Table 5: Damping ratio obtained from multiperson jumping tests.

Damping ratio (%) A1 A2 A3 A4 A5
1 person 2.77 2.92 3.24 3.04 2.93
2 persons 2.78 2.97 3.31 3.09 2.99
3 persons 2.88 3.03 3.36 3.18 3.04
4 persons 2.92 3.15 3.37 3.23 3.08
5 persons 2.94 3.18 3.38 3.24 3.11
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,e damping ratio owing to a person jumping is 1.08
times the value of heel-drop, showing the increasing am-
plitude of vibration response leading to a larger damping
ratio [33]. ,e tester is the vibration inducer and the energy
absorber. ,e damping ratio increases slightly for the rising
mass and amplitude. However, compared to the real
damping ratio from the ambient tests, both heel-drop and
jumping tests overestimate the value for containing the true
damping and the transmission of vibration energy to other
structural components [20]. Specifically, the damping ratio
owing to single-person heel-drop and jumping tests at the
central floor is 1.24 times and 1.35 times of the real damping
value. Based on the measurements, the paper suggests a
reduction factor of 0.7 for the damping ratio of the CHW
slab under single-person heel-drop or jumping excitations.

5. Vibration Serviceability Assessment

,e frequency threshold, acceleration threshold, and person
perception suggested by current codes are taken to give a
comprehensive vibration assessment for the CHW slab.

5.1. Frequency:reshold Criterion. ,e frequency threshold
aims to control the frequency higher than a certain value to
avoid the floor fundamental frequency falling into the range
of human activities. It plays a key role in vibration control.
,e Chinese Code GB 50010-2010 recommends that the
fundamental frequency of large-span public buildings
should be larger than 3Hz. In British codes CCIP-016,
BS6472-1, and ISO 10137, they divide the floors into the
high-frequency floor and low-frequency floor with a
boundary ranging from 8 to 10Hz. ,e frequency threshold
recommended by AISC DG 11 is 9Hz. ,e fundamental
frequency of the CHW slab is 6.25Hz, the value only meets
the requirement of GB 50010-2010, as to American and
British codes, and the floor is sensitive to excitation.

5.2. Acceleration :reshold Criteria. ,e traditional fre-
quency threshold cannot reflect the diversity of human
excitations, high-order components, and the influence of the
damping ratio. ,e amplitude threshold is more reliable for
vibration serviceability assessment, among which the ac-
celeration threshold is the most widely used. ,e Chinese
code [17] only stipulates the acceleration threshold for one
person walking which is not suitable for impulsive excita-
tions like heel-drop and jumping. ISO 10137 and AISC DG
11 are chosen to assess the vibration performance of the
CHW slab under heel-drop and jumping activities.

ISO 10137 uses the RMS acceleration value as vibration
intensity and gives a base curve considering frequency-
weighting functions. Different multiplying factors to the
base curve are suggested considering building functions and
durations. Multiplying factors to the base curve are between
60 and 128 for open office buildings under impulsive ex-
citation. ,e 10 s RMS acceleration suggested by ISO for
comfort criterion is used for the CHW SLAB. Figure 11
shows the peak 10 s RMS accelerations measured from the
heel-drop tests in the range of 0.5 to 1 times the value of the

base curve. Jumping is the most severe human-induced
excitation. However, the multiplying factors merely range
from 1.5 to 3, and the multiplying factors are far below the
range of 60 to 128 suggested by ISO for impulsive excitation.
,e CHW slab can easily satisfy the threshold of ISO 10137;
meanwhile, the code is too conservative for the vibration
evaluation of the CHW slab. ,e paper suggests a multi-
plying factor of 10 to the base curve for vibration evaluation
of the CHW slab under impulsive excitation.

AISC DG 11 also takes the ISO base curve with a
multiplying factor. Differently, AISC takes the peak accel-
eration threshold for vibration serviceability. A multiplying
factor of 10 is recommended for the residential and office
buildings and 30 for the shopping malls and dance halls. For
rhythmic activities and outdoor footbridges, the multiplying
factor is 100. Figure 12 shows that only five-person heel-
drop excitation results exceed the bottom line of the resi-
dential and office buildings (multiplier 10). All results ob-
tained from jumping tests are in the range of multiplying
factors between 10 and 30, which satisfy the request for
shopping malls and dance halls. ,e values suggested by
AISC are more reasonable than by ISO; however, the
measurements are much lower than the multiplying factor of
100 for rhythmic activities. ,e paper suggests a multiplying
factor of 60 for vibration evaluation of the CHW slab under
impulsive excitation.

5.3. Human Perceptions. Humans are the user and receiver
of the floor system. Note that the frequency threshold and
the acceleration threshold cannot reflect the diversity of
person perception, and person perceptions during the tests
were recorded by a questionnaire. Human sensitivity is
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Figure 11: Vibration serviceability assessment by ISO-10137.
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divided into four groups: A for senseless vibration, B for
slight vibration, C for medium vibration, and D for strong
vibration. ,e statistics include 10 persons, five of whom
participated in the test. Most people felt senseless vibration
during heel-drop tests, and most people felt slight vibration
during jumping tests (Table 6). ,e peak acceleration
boundary between senseless vibration and slight vibration is
about 0.05mm2 s− 1. During the whole tests, no one felt
uncomfortable, and the CHW slab showed good vibration
performance. Meanwhile, the paper suggests the peak ac-
celeration threshold of 0.05mm2 s− 1 for the slight vibration
of the CHW slab under impulsive excitation.

6. Analytical Prediction forNatural Frequencies

Natural frequencies are critical dynamical properties of a
floor. However, the assumption of simply supported beam or
plate models is not suitable for a complicate floor like the
CHW slab. As a large-span floor system constrained by
dense columns and deep beams, the natural frequency
formula of the CHW slab can be derived using the Ray-
leigh–Ritz energy method with four built-in edges.

6.1. Simplified Calculation and Basic Assumptions. ,e
U-shaped steel-concrete composite hollow waffle floor is a
three-dimensional composite floor system; to simplify the
calculation, the beams with openings below the RC slab are
equivalent to solid beams with the same flexural rigidity
(Figure 13).

Basic assumptions are used to predict natural frequency
formula as follows:

(i) ,e normal strains perpendicular to the neutral
plane are negligible according to the thin plate
theory [39]. Namely, the vertical displacement of the
beams and plate along the thickness direction is
equal to the deflection w.

(ii) ,ere is no relative displacement between the beam
and plate.

(iii) ,e web member is simplified as a concentrated
mass.

6.2. Free Vibration of Isotropic Plates. ,e mode function
meeting the boundary conditions of four clamped edges is

w(x, y) � amn 1 − cos
2mπx

a
  1 − cos

2nπy

b
 , (5)

where amn is a constant; a and b are the floor dimensions;
and m and n are the wavenumbers of a half sinusoid along
the x and y directions (Figure 14).
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Figure 12: Vibration serviceability assessment by AISC DG-11.

Table 6: Results of questionnaires.

Excitation Testers αpeak (mm2 s− 1) A B C D

Heel-drop

1 person 30.64 10 0 0 0
2 persons 37.33 9 1 0 0
3 persons 43.80 8 2 0 0
4 persons 47.78 7 3 0 0
5 persons 51.76 7 3 0 0

Jump

1 person 74.20 5 5 0 0
2 persons 94.84 4 6 0 0
3 persons 109.11 3 7 0 0
4 persons 122.66 2 8 0 0
5 persons 133.15 0 9 1 0

Shock and Vibration 11



Assuming Ai � amn(1 − cos(2mπxi/a)) and Aj � amn(1
− cos(2nπyj/b)), the deflection at location x� xi parallel to
the y-direction can be expressed by

w xi, y(  � Ai 1 − cos
2nπy

b
 . (6)

,e deflection at location y� yi parallel to the x direction
can be expressed by

w x, yj  � Aj 1 − cos
2mπx

a
 . (7)

,e maximum potential energy of the floor Umax con-
tains the maximum potential energy of equivalent cross
beam system UBmax and RC slab USmax as follows:

Umax � UBmax + USmax. (8)

,e maximum potential energy of the equivalent cross
beam system can be expressed as

UBmax � 
r

j�1

D1

2


a

0

z2w

zx2 

2

y�yj

dx + 
s

i�1

D2

2


b

0

z2w

zy2 

2

x�xi

dy

� 4π4
m4D1

a3 

r

j�1
A
2
j +

n4D2

b3


s

i�1
A
2
i

⎛⎝ ⎞⎠,

(9)

where D1 and D2 are the flexural rigidity along the x and y
directions.

Since the distance between each beam is equal, the
following formulas can be expressed as

Ai � amn 1 − cos
2mπxi

a
  � amn 1 − cos

2mπid1

(s + 1)d1
  � amn 1 − cos

2mπ
s + 1

i ,

Aj � amn 1 − cos
2nπyi

b
  � amn 1 − cos

2nπjd2

(r + 1)d2
  � amn 1 − cos

2nπ
r + 1

j ,
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where r and s are the numbers of the equivalent beam and d1
and d2 are the distance between each beam along the x and y
directions.

Substituting equations (10) into (9), the maximum po-
tential energy of the equivalent cross beam system can be
expressed as

UBmax � 6a
2
mnπ

4 m4D1

a3 (r + 1) +
n4D2

b3
(s + 1) . (11)

,emaximum potential energy of equivalent cross beam
system is given by

USmax �
Ds

2


a

0


b

0

z2w

zx2 +
z2w

zy2 

2

dx dy

� 2a
2
mmπ

4
abDs

3m4

a4 +
3n4

b4
+
2m2n2

a2b2
 ,

(12)

where Ds is the flexural rigidity of the slab.
,e maximum kinetic energy of the floor Tmax include

the maximum kinetic energy of the upper beams and lower
beams TBmax, web members TWmax, and RC floor TSmax as
follows:

Tmax � TBmax + TWmax + TSmax. (13)

,e maximum kinetic energy of the upper beams and
lower beams considering equation (10) can be written as

TBmax �
M1

2a


r

j�1


a

0
w

2
x, yi( dx +

M2

2b


s

i�1


b

0
w

2
xi, y( dy⎡⎢⎢⎣ ⎤⎥⎥⎦ω2

mn

�
9
8
a
2
mn M1(r + 1) + M2(s + 1) ω2

mn,

(14)

whereM1 andM2 are the total masses of the upper beam and
lower beam parallel to the x direction and y direction and
ωmn is the natural frequency of the floor system.

,e maximum kinetic energy of the web members using
equation (10) is

TWmax �
M3

2


s

i�1


r

j�1
w

2
xi, yi( ⎡⎢⎢⎣ ⎤⎥⎥⎦ω2

mn

�
9
8
a
2
mnM3(s + 1)(r + 1)ω2

mn,

(15)

where M3 is the mass of a web member.
,e maximum kinetic energy of the RC floor using

equation (10) is

TPmax �
ω2

mn

2


a

0


b

0
mSw

2
(x, y)dx dy �

9
8
a
2
mnω

2
mnMS,

(16)

whereMS is the total mass of the slab and mS is the mass per
unit area of the slab.

,us, ωmn can be obtained by setting

z

zamm

Umax − Tmax(  � 0. (17)

Substituting the maximum potential energy in equations
(8) and (13) into equation (17), the natural frequencies of the
CHW slab can be expressed as

ωmn �
4π2

3

����������������������������������������������������������������������
3 m4D1/a3( (r + 1) + n4D2/b3( (s + 1)  + ab D 3m4/a4(  + 3n4/b4(  + 2m2n2/a2b2(  

M1(r + 1) + M2(s + 1) + M3(s + 1)(r + 1) + MP 



,

m<(s + 1)/2, n<(r + 1)/2{ }.

(18)

,e natural frequencies of the CHW slab can be cal-
culated by taking different m and n values. For instance,
m � 1 and n � 2 denote only one waveform along the x
direction and two waveforms along the y direction. ,e
frequencies of the first three modes calculated by equation
(18) are 6.05Hz, 9.98Hz, and 13.15Hz, which are 96.8%,
94.7%, and 93.7% of the values obtained by EMA.,e small
error between the two verifies the accuracy of theoretical
formulas.

7. Summary and Conclusions

,e vibration performance of an innovative long-span
U-shaped steel-concrete composite hollow waffle floor is

studied based on experimental and theoretical analysis. ,e
conclusions and suggestions are described as follows:

(i) ,e CHW slab shows the behavior of a plate in free
vibration with low frequency (6.25Hz) and low
damping ratio (2.35%). ,e mode shapes and fre-
quencies from the OMA and EMA method match
well.

(ii) ,emeasurements from heel-drop and jumping tests
are accurate for frequency prediction. However, both
heel-drop and jumping tests overestimate the value
compared to the real damping ratio from the OMA
method. ,e paper suggests a reduction factor of 0.7
for the damping ratio of the CHW slab under single
person heel-drop or jumping excitations.
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(iii) Jumping is much more severe than heel-drop with
the same person undertaking the tests at the floor
center. ,e vibration response increases notably
with the rising tester numbers. ,e vibration re-
sponse weakens from the center to the edge. When
the distance to the floor center is the same, larger
vibration happens along the long span with the
same distance from the central floor.

(iv) ,e vibration performance satisfies ISO maximum
10 s RMS acceleration and AISC peak acceleration
threshold, and no one felt uncomfortable during the
tests. However, the threshold values are too con-
servative; the paper suggests a multiplying factor of
10 for vibration evaluation of the CHW slab by the
threshold of the peak 10 s RMS acceleration and a
multiplying factor of 60 by the threshold of peak
acceleration under impulsive excitation.

(v) ,e natural frequency formula for the CHW slab
derived by the energy method is in good agreement
with the test results. Meanwhile, it is also suitable for
waffle slabs.
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