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Abstract: Smartphone technology is rapidly evolving, adding sensors of growing accuracy and
precision. Structural engineers are among customers who indirectly benefit from such technological
advances. This paper tests whether accelerometers installed in new generations of smartphones
can reach the accuracy of professional accelerometers created for vibration monitoring of civil
engineering structures, and how they can be useful. The paper describes an experimental study
designed to measure walking-induced vibrations of a slender prefabricated prestressed concrete slab.
Both traditional, high-accuracy, accelerometers and those integrated into commercial smartphones
were used for experimental data collection. Direct comparison of the recordings yielded two key
findings: the accuracy of smartphone accelerometers largely depends on the specific smartphone
model, and nevertheless is satisfactory for preliminary modal testing at the very least. Furthermore,
the smartphone measured accelerations of the lower back were used successfully to indirectly measure
pedestrian walking loads.

Keywords: smart sensors; MEMS; accelerometers; structural vibrations; human-induced loading;
ground reaction forces; mechatronics

1. Introduction

Vibration serviceability governs the design of contemporary civil engineering structures, such as
footbridges and floors [1]. This is because modern structures tend to be increasingly slender and
lighter, thus responding more easily to various dynamic excitation. Active people, such as pedestrians
and joggers, are the most commonly reported source of structural vibrations; this is not surprising
considering that majority of civil structures are by their very purpose occupied, and dynamically
excited by people. Yet, to date, the relevant design guidelines have all failed to provide a quality model
of human-induced forces that can be used to reliably predict vibrations at design stage. The lack of
quality models is mainly due to the lack of adequate experimental force records, which in turn is due
to the lack of adequate data acquisition technology.

Walking, jogging, running and jumping forces in sport and clinical biomechanics are traditionally
measured directly using force plates and instrumented treadmills [2]. The common laboratory setup is
a single measuring unit mounted on a rigid floor (as commonly required by manufacturers) which can
process a single individual at a time. Apart from high costs and constrained laboratory environment,
that excludes more or less vibrating surfaces, the lack of interaction with the surrounding individuals
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and monitoring crowds of people labelled direct force measurements very limited for civil engineering
purposes [3].

The source of human-induced loading on a structure is in the body motion. There have been
notable attempts to reproduce the forces from the measured body kinematics [2]. The range of data
acquisition technologies include video-based motion tracking systems ([4–6]) and inertial wireless
sensors ([7–9]). The video-based technologies often interact with daily light and have problems with
image processing of video frames yielding false body detection and occlusion of motion trajectories.
On the other hand, wireless networks can synchronize a very limited number of inertial sensors
([8]). As motion tracking each individual needs at least one sensor, simultaneous monitoring of large
groups and crowds is virtually impossible ([3]). Furthermore, both direct and indirect force measuring
technologies require instrumentation of test subjects which makes people aware of being observed and
measured. All this can influence human behavior yielding biased data records [3].

Another key reason for the lack of reliable guidance in vibration serviceability assessment is the
missing link between design calculations and the actual vibration performance of as built structures.
Unlike mechanical engineering structures, such as cars and airplanes, civil structures are tested to
vibrations only in case issues are reported upon completion of construction. This is partly the matter
of the ethos of ever conservative construction industry, and mainly because vibration testing of civil
structures is expensive and time consuming. There is a very little opportunity to study and understand
which aspects of vibration serviceability assessment at design stage are characterized with the greatest
uncertainty, so that future similar design could be carried out with more confidence and less errors.

Some of these limitations might, however, change thanks to the widespread availability of
smartphones. Smartphones are integrated part of modern life. People use them routinely in
various situations, from mobile banking to navigation. Each new generation of smartphones brings
an increasing spectrum of embedded sensors, such as cameras, global positioning system (GPS)
receivers, accelerometers, gyroscopes and pedometers [10]. Recent studies (e.g., [11–14]) on shaking
table have shown that typical accelerometers inside high-end smartphones are capable of recording
motions in a frequency range of interest for many civil structures (0.2–20 Hz), with an acceleration
amplitude range (10–2000 mg) [14] sufficient for practical applications in the field of vibration
monitoring and modal testing. Successful utilization of such sensors in structural health monitoring of
large civil structures has been indeed confirmed in a few studies (e.g., in [6,10,15–18]). All this can
make vibration survey cheap from both time and cost perspective.

The potential advantages of smartphones are that there is no cabling, they are readily available,
contain data storage and allow easy data transfer for post-processing. Some even come with software
that can process data locally. In conjunction with the accompanying apps they have the great potential
to revolutionize structural dynamics, especially to reduce the cost and labor of data acquisition [15].
However, studies on the capability and implementation of smartphones and, in particular, of embedded
accelerometers in the measurements of pedestrian’s loads are still scarce and limited. Several aspects
are involved in using smartphones for the definition of pedestrians’ loads, the main ones are the
accuracy of the sensors (dealt with in, e.g., [19,20]), the performance of the operating system in collecting
the sensor data (e.g., [21,22]), the accuracy of the actual application ran to collect the measurements
(dealt with in [23]), the model used to reconstruct the loading form the measurements (dealt with
in, e.g., [7,8,24–26] sometimes using a biomechanical model). The first aspect and the last one have
collected more attention; the first since it is not limited to the definition of pedestrians loads while the
last one since is not limited to use of smartphones data to reconstruct the load. Among the few directly
related to the use of smartphones there are, e.g., [24,27–30].

This work presents a study designed to investigate first the possibility, and the accuracy, of using
smartphones to identify the modal properties of a civil structure, and, secondly, to indirectly measure
the forces exerted by pedestrians walking on the same, using non specialized hardware and software
and a simple loading model. The proposed loading model is compared to the forces generated by
popular models featured in the technical literature, and it is proven to be superior. The smartphones
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used in this study, which feature accelerometers of different capabilities, were selected to have a range
of possible price points. The base-line accelerometers, against which they are compared, are routinely
used in commercial practice for investigation of the vibrational properties of civil structures. The intent
is to tests whether accelerometers installed on smartphones can reach the accuracy of professional
accelerometers created for vibration monitoring of civil engineering structures, and how they can be
useful to structural engineers. Should a serious vibration problem be picked up with smartphones,
a costlier and more time-consuming survey, using full professional modal testing equipment, could then
be subsequently carried out.

2. Evolution of Phone Used Sensors for Acceleration Measurement and Issues Related to Their
Practical Use

Contemporary smartphones contain about half a dozen sensors, such as accelerometer, gyroscope,
magnetometer, GPS, etc. Several of them can identify and record vibrations. Earlier models
contained just a single MEMS (Micro Electro-Mechanical Systems) accelerometer sensor able to
measure acceleration along three orthogonal axes. More recent models add a triaxial gyroscope,
that also measures angular velocity along three orthogonal axes, as well as a magnetometer. In this
work, as a first step, only accelerometers will be considered.

Shaking table tests with accelerometers inside smartphones ([11–14]) showed that acceleration as
low as 10 mg (g = 9.81 m/s2) can be detected and recorded with acceptable errors within a 0.2–20 Hz
frequency band, which is of interest for most vibrations of civil structures. In a study by Ozer ([18])
a small scale shaking table test gave an error 17.5% for amplitude of peak horizontal acceleration
(using iPhone 3GS), while the error 3.10% was reported for iPhone 5. The error for the dominant
frequency of the signal was about 0.96% for the last smartphone, whereas the older generation had
significantly larger errors, ranging between 4% and 5%. The shaking table was driven from 1 Hz (Peak
Acceleration 0.04 g) to 20 Hz (Peak Acceleration 0.29 g). In a shaker test of low frequency vibrations
(about 1.4 Hz) of the Millikan Library building on the Caltech campus, Kong et al. [14] proposed
to place several phones at the same location. The aim was to improve the signal-to-noise ratio by
averaging the recordings at post-processing time. This assumes that noise recorded by different phones
is truly random, and averaging through different phones will cancel the noise but not the coherent
signal. However, because the phones were not synchronized with each other (each phone had its own
network time), they had to use cross correlation to find the best alignment of the recordings from
different phones. They concluded that seven phones gave optimal results.

An idea of what can be expected from accelerometer sensors integrated in state-of-the-art
smartphones can be obtained by looking Table 1, compiled from data reported in several works of the
literature. Table 2 reports the properties of the accelerometers in the smartphones used in this work.
On average, a mid-range smartphone is likely to be equipped with an accelerometer sensor capable to
resolve accelerations as low as 1 mg up to 400 Hz, at least.

Table 1. Accelerometer sensors in recent smartphones.

Phone Sensor Model Sensitivity ±2 g
[m/s2]

Measurement
Range

Frequency Range
[Hz]

Noise Density
[mg(Hzˆ0.5)]

iPhone 3GS 1 STM LIS331DL 18 mg/digit 2 g 0–400 NA
iPhone 5 1 STM LIS331DLH 1 mg/digit 2 g 1 0–1000 0.218

Samsung Galaxy S4 1 Bosch Sensortec SMB380 3.9 mg/digit 2 g 0–3000 0.50
Samsung S3 2 InvenSense MPL 0.0383 2 g
Samsung S4 2 STM K330 0.000599 2 g
Samsung S5 2 InvenSense MPU6500 0.000599 2 g
Samsung S6 2 InvenSense MPU6500 0.000599 2 g

Samsung Note2 2 STM LSM330DLC 0.00958 2 g
Samsung Note4 2 InvenSense LCM20610 0.0012 4 g
Samsung Note5 2 STM K6DSTR 0.0012 4 g
Samsung Exibit-II Bosh BMA222 0.153 2 g
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Table 1. Cont.

Phone Sensor Model Sensitivity ±2 g
[m/s2]

Measurement
Range

Frequency Range
[Hz]

Noise Density
[mg(Hzˆ0.5)]

Nexus 5 2 InvenSense MPU6515 0.153 4 g
LG-G2 2 STM LGE 0.0012 4 g

LG-G-Stylo 2 Bosh LGE 0.0012 16 g
LG-Leon 2 Bosh LGE 0.00956 16 g
LG-G4 2 Bosh LGE 0.00958 16 g

HTC-One-M9 2 HTC Corp N/A 0.01 4 g
MotoX 2 STM LIS3DH 0.00479 16 g

Huawei Prism 2 Bosh BMA150 0.153 4 g
Sony Xperia 2 InvenSense MPL 0.0383 2 g
HTc Amaze 2 Panasonic N/A 0.012 2 g

Galaxy Nexus 3 N/A 0.61 2 g
HTC One 3 N/A 0.039 4 g

Samsung S4 3 N/A 0.001 2 g
Samsung S3 3 N/A 0.01 2 g
Samsung S2 3 N/A 0.002 2 g
iPhone 6/6+ 3 N/A 0.002 8 g
iPhone 5/5s 3 N/A 0.002 8 g
iPhone 4/4s 3 N/A 0.002 2 g
LG Nexus 4 3 N/A 0.001 4 g

1 From [27]. 2 From [14]. 3 From [19].

Table 2. Accelerometer sensors considered for this study.

Type Sensor Model Sensitivity
at ±2 g

Measurement
Range

Frequency Range
[Hz]

Noise Density
[µg(Hzˆ0.5)]

Phone 1: Xiaomi Redmi Note 4 1 BOSCH BMI160 0.0012 m/s2 2 g N/A 180
Phone 2: Huawei P20 Pro 1 ST LSM6DSM ver:1 0.0006 m/s2 2 g N/A 75
Phone 3: Huawei Y5 2018 MTK-ver1 0.0012 m/s2 2 g N/A N/A

Baseline: Wilcoxon Research Model 731A 10V/g 1 g 0.05–450 N/A
1 Actually used for the results presented in this work.

3. Classification of Floor Systems for Vibration Serviceability Assessment and Normative
Vibration Limits

Based on experimental observations of vibration response due to individuals walking, floors
are in codes commonly categorized as either low-frequency floors (LFFs) or high-frequency floors
(HFFs). When dynamically excited by a pedestrian, LFFs show steady-state (ultimately resonant)
vibration response (Figure 1a) while HFFs show a series of transients due to each successive footfall
(Figure 1b). The formal classification is based on the frequency of their first vertical mode of vibration.
Each design code has its value of so called “cut-off” frequency that sets a borderline between low
frequency and high frequency floors. The value across different codes and studies falls in the range
8–10 Hz (see e.g., [31–33]). Key assumptions behind the cut-off are that the average pacing frequency
of a healthy pedestrian is about 2 Hz and that the resonant response can be induced by the first four
harmonics of the corresponding waling force. The higher harmonics have not enough power. Note that
in case of LFFs structural damping is an important factor which controls the peak amplitude of the
resonant response. A detail procedure for checking floors for vibrations in different codes is elaborated
elsewhere (see e.g., [31]).

HFFs, on the other end, do not have a resonant response ([34]) since their modal frequencies and
the structural damping are normally large enough to generate a transient decaying response for each
successive individual footfall, as depicted in Figure 1b.
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Figure 1. Example of the response in terms of vertical acceleration of (a) a low-frequency floor (e.g.,
2 Hz) and, (b), a high-frequency floor (e.g., 11 Hz). Adapted from [35].

4. Models of Walking Loading

Generally speaking, the most widely used models of pedestrian loading (also known as
“ground reaction force” or GRF) fall into two broad categories: time domain and frequency domain
representations. Models in time domain can be further subdivided into deterministic models and
stochastic (e.g., probabilistic) models.

Time domain deterministic models are used in the present study since this representation
traditionally features popular codes and guidelines. Such models will be compared with a very
simple reproduction of the pedestrian loading derived from body accelerations recorded by
smartphones attached to walking persons, hence to highlight how easily smartphones can enhance the
vibrations assessment.

For LFFs, the loading model found in codes is typically concerned only with the vertically exerted
component of the interaction force Fp(t), and is mathematically described via the Fourier series using
a limited number N of harmonics (typically less than 5):

Fp(t) = G
[
1 +

∑N

n=1
αn sin

(
n2π fpt + Φn

)]
. (1)

where G is the person weight, n is the order of a harmonic (n = 1, 2, 3, ...), αn is the Fourier amplitude
for the n-th harmonic normalized to G (also known as the Dynamic Load Factor—DLF), fp is the pacing
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frequency (in Hz), Φn is the phase angle for the n-th harmonic. The number N of harmonics that should
to be considered in vibration analysis is specific to each code. A summary of models has been collected
in [1].

For HFFs the forcing function is approximated as a series of successive impulses, each representing
a footfall. In such cases an effective impulse Ieff [Ns] is used to represent the loading. In European
practice (e.g., [31]) so called “effective impulse” Ieff takes the following form:

Ie f f = a
f 1.43

f 1.30
0

Q
700

, (2)

where a is constant related to the weight of the person (values in the range from 42 to 60 can be found
in the literature), f is the footfall rate in Hz, f0 is the natural frequency of the structure in Hz and Q is
the static force exerted by an average person (normally taken as 746 N) [31].

None of the force models described by Equations (1) and (2) provides reliable predictions of
vibration response for floors with the first vertical natural frequency in the narrow range around the
cut-off frequency [26]. Such floors usually show vibration response that cannot be clearly classified as
steady-state or transient, but rather something in between. Moreover, in this case all relevant design
guideline and codes commonly fail to provide adequate model of pedestrian loading. Having force
records made on actual structures and coupled with vibration data are needed for future improvements.
This is exactly what the present study aims to achieve.

A further possibility, for LFFs and HFFs alike, is by giving a time-history approximation
representing the GRF of each footfall (e.g., the polynomial model in the HiVoss [36] research program,
or the older model suggested by Baumann and Bachmann [37] in a form analogous to Equation (1)).
The advantage is that the force can be applied at (or close to) the locations where the footfalls happen,
accounting for spatial variability of the loading. This is one of the models from the literature adopted
in the numerical simulations presented in the following.

The GRF of a footfall can be measured directly ([2]), using e.g., force plates, treadmills, insole
sensors, or it can be obtained indirectly, based on reproduction from measured body kinematics.
Indirect computation provides more freedom and force measurements in natural environments, on real
structures rather than in laboratories. All these methods have disadvantages, and data collection is not
always easy while the specialized technology required (e.g., [8,25,38,39]) might not be readily available,
so this study aims to test if accelerometers in smartphones can be used to this purpose.

To this end, the acceleration at the fifth lumbar vertebra, position LB in Figure 2, is used in this
work. The underlying assumption is that the recorded motion represents the motion of the center of
mass (CoM) of the whole body, so that the pedestrian force can be computed by applying Newton’s
second law of motion [2]:

Fp(t) = mp aM(t), (3)

where mp is the pedestrian mass, and aM is the measured acceleration (including the gravity g).
As studies by Bocian et al. [8], Shahabpoor and Pavic [40], Van Nimmen et al. [25] showed that a single
point inertial measurement of the sacrum (i.e., the lower back) can be used to reproduce the vertical
force of a pedestrian with enough detail to simulate reliably structural vibrations.
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Figure 2. (a) Sensor positions (LB = fifth lumbar vertebra, used in this work; N = navel). (b) Comparison
of ground reaction force (GRF, adapted from [8]).

5. Tested Structure

The structure tested for human-induced vibrations is a long span (L = 11 m), very slender,
floor system, part of a prototype building (see Figure 3) of a novel precast construction system for
housing [41,42] (see Figure 4a). The testing campaign is described in Section 5.

The floor is made of precast and prestressed girders having boxed cross-section (see Figure 4).
The depth is h = 35 cm, and the slenderness of the floor is consequently λ = L/h = 31.4 for a weight of
3.52 kN/m2. A particular feature of this completely prefabricated system is that there is a large number
of dry connections between structural components. For example, the ribbed plates that complete the
formation of the smooth extrados are simply supported on recesses of the boxed girders ribs.
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Figure 4. Prototype of a completely prefabricated system (DOMUS DRY® SYSTEM) using dry
connections between components (a), and details of the floor system (b) (images used with permission
of DLC Consulting).

6. Testing Campaign

To measure the modal properties and vibrations under human excitation, the structure described
in Section 4 was instrumented with 4 reference accelerometers (Wilcoxon Research, Model 731A)
arranged in two different configurations (see Figure 5). Three smartphones, positioned close to the
reference accelerometers complemented the instrumentation for some tests. For others the smartphones
were attached to the pedestrian walking to record his acceleration. Locations A1-A4 in Figure 5 mark
the position of accelerometers. Locations A1–A3 also mark the position of the smartphones when used
to record the acceleration of the structure. The arrangement in Figure 5a has all the accelerometers
on the same girder. They are distributed over one half of it to better capture the modal shapes.
The arrangement in Figure 5b has one accelerometer per girder, and was meant to investigate the
redistribution capacity of the floor system. In both arrangements, the walking excitation is applied
only on one girder. A partial list of tests performed is reported in Table 3. The results analyzed in the
following refer to the layout shown in Figure 5a.

The testing sequence reported in Table 3 lists two different types of tests: heel drop tests and
walking tests. In heel drop tests the testing person raised high on his toes, then hit the structure
with his heels, to induce an impulsive excitation having a spectrum wide enough to excite the largest
possible number of structural modes. From these tests is relatively easy to derive reliable estimates of
the structural modal properties, as described in the following section.

Walking tests enable measurements of the actual structural response and a direct comparison with
vibration limits reported in design codes, as it will be elaborated in Section 7.
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Figure 5. Plan view of the tested floor with the two arrangements of sensors used in the testing
campaign (a,b). Locations A1–A4 mark the position of the reference accelerometers and of smartphones.
A moment of Test 3. The person walking wears a smartphone at position LB of Figure 2, while a second
smartphone is visible just in front of the person, near one of the reference accelerometers (c).

Table 3. Tests performed with the arrangement in Figure 5a.

Test Position Type Person Notes

1 P2 Heel Drop Person 1
2 P2 In-place Walk “
3 T1 Walk the girder length “ Smartphone on Person 1 LB
4 T1 Walk the girder length Person 2 Smartphone on Person 2 LB
5 T1 Walk the girder length Person 1 Person 2 in A2 while Person 1 walks
6 P4 Heel Drop “
7 P3 Heel Drop “
8 P1 Heel Drop “
9 T2 Walk the girder length “

7. Heel Drop Tests

The frequency of the first vibration mode of the floor system is important to classify the floor either
as a LFF or a HFF. Moreover, the modal damping is important as discussed in Section 3. The natural
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frequencies and the damping ratios for the first mode shapes were estimated from the experimental
results of the heel drop tests. As an example of the data recorded, Figure 6a depicts the time-history
trace recorded at position A1 (see Figure 5) during Test 7 using the reference accelerometer (Wilcoxon
Research Model 731A, sensitivity 10V/g) and smartphone Phone 2 (Huawey P20 Pro, equipped with
an accelerometer sensor ST LSM6DSM ver:1, with resolution of 18 bit, range: ±2 g, noise density
75 µg/

√
Hz). Figure 7 depicts similar data for position A2 using the reference accelerometer (Wilcoxon

Research Model 731A, sensitivity 10V/g) and smartphone Phone 1 (Xiaomi Redmi Note 4 2016, equipped
with an accelerometer sensor BOSCH BMI160, with resolution of 16 bit, range: ±2 g, noise density
180 µg/

√
Hz). Smartphones and the reference accelerometers were simply positioned beside each other

on the floor, following the test grid (Figure 5).
The acceleration signals recorded simultaneously by the two types of sensors closely match in

time domain (Figures 6a and 7a). The corresponding Fourier amplitude spectra shown in Figures 6b
and 7b, show the same in frequency domain for Phone 2. However, for Phone 1 it can be observed that
the Fourier amplitudes are slightly offset to the right as the frequency increases. This phenomenon
is due to the jitter in sampling frequency typical of android devices (see e.g., [21,22]). Although the
sampling frequency was set to 200 Hz for Phone 1, in reality it was varying slightly during the data
collection around this frequency, yielding the slight shift in the FFT.
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Figure 6. Time history of recorded vertical acceleration by base-line accelerometer A1 during heel drop
test Test 7, and corresponding recording by the nearby smartphone Phone 2 (a). Fourier amplitude
spectrum of recordings of Test 7, showing the resonance frequency of the first four structural modes (b).
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A detail analysis of the actual sampling time derived from the time stamp of each data point
of Phone 1 and Phone 2, gave the results depicted in Figure 8 in terms of jitter of the sampling time
interval. For Phone 1 the average dt in Test 7 was dt = 0.005042 s, corresponding to the average
sampling frequency fs = 198.3339944 Hz versus the nominal 200 Hz used in computing the Fourier
amplitude spectrum in Figure 7. Phone2 showed better quality both from the point of view of the
sampling frequency, which was higher, and of its stability. The average dt in Test 7 was dt = 0.0019985 s,
which corresponds to the average sampling frequency of 500.3753 Hz versus nominal 500 Hz used to
derive the Fourier amplitude spectrum in Figure 6.
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Figure 7. Time history of recorded vertical acceleration by baseline accelerometer A2 during heel drop
test Test 7, and corresponding recording by the nearby smartphone Phone 1 (a). Fourier amplitude
spectrum of recordings of Test 7, showing the resonance frequency of the first four structural modes (b).
Note the shift with respect to the baseline accelerometer A2.

Nevertheless, despite apparent noise present in the smartphone Phone 1 signals, once corrected
(see Figure 9) the data from this smartphone identified reliably the dominant vibration modes of the
structure. Using the baseline sensors, the estimated natural frequencies of the first four modes are
f 1 = 8.296 Hz; f 2 = 10.695 Hz; f 3 = 14.692 Hz; f 4 = 19.390 Hz.

The damping ratios were estimated using the logarithmic decay technique from the tail of the
Heel Drop tests recordings, filtering the recorded signal with a 0.5 Hz band pass filter centered at the
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resonance frequency. The identified damping ratios are: ζ = 1.10%, 1.04%, 0.90%, and 0.80% for the
first four modes, respectively.

Based on the results obtained in the heel drop tests, the floor can be classified at the transition
from LFF to HFF, but it is still a LFF according to the standards. This is an odd region for a numerical
simulation of the floor vertical acceleration, as already mentioned above.
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Figure 8. Variation of the sampling time interval for Smartphone 1, (a), and Smartphone 2, (b), during
Test 7. The nominal sampling interval was dt = 0.005 s for Phone 1 and dt = 0.002 s for Phone 2.
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Figure 9. Recomputed Fourier amplitude spectrum for Test 7 and Phone 1 on the base of the average
sampling frequency, fs, computed from recorded time stamps: fs = 198.33 Hz.

8. Walking Tests Test 3 and Test 4 and Numerical Modelling

In Section 6, the capability of smartphone acceleration records to identify modal parameters was
assessed. They can also be very useful to obtain a better representation of the actual loading due to
walking by placing the phone on the walking person to record its vertical acceleration. This will be
presented in relation to Tests 3 and 4.

During Test 3 and 4, simultaneously with the structural response the acceleration of the walking
person also was recorded using a smartphone. The phone was securely fixed to the lower back of the
person (the LB position in Figure 2) using a tight belt. This is a position where during the motion the
smartphone stays fairly vertical and aligned with the spinal cord, so no particular post-processing of
the recorded acceleration was required [2,8].

Among the test performed, Test 3 and Test 4 are of special interest for assessing the vibrations of
the floor system under human-induced excitation, since these tests reproduce more closely the actual
loading on a floor in normal use. Figures 10 and 11 depict the time history of the vertical component
of the acceleration recorded, respectively, during Test 3 and Test 4 at stations from A1 to A4 with the
baseline accelerometers. The transition situation from LFF to HFF of the floor system under study can
be clearly seen in these figures, which depict traces more resembling the one in Figure 1b, rather than
Figure 1a. A detailed analysis of the recorded values will be postponed until after the presentation of
the numerical simulations of these two tests and of the structural model.

A validated structural model is essential should a mitigation of excessive vibrations would be
required. In such a case a numerical model of the floor would be needed, along with an appropriate
description of the loading. A representative numerical model of the floor system was developed
using a well-known finite element (FE) software (Midas Gen). The nominal dimensions and material
properties are read from the design drawings of the prototype structure. Figure 12 reports a view of
the developed numerical model.
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Figure 10. Measured accelerations at stations from A1 to A4 for Test 3.
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Figure 11. Measured accelerations at stations from A1 to A4 for Test 4.
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Figure 12. Numerical model of the floor system, developed inside the Midas Finite Element system.
The marks highlight the position of the accelerometers in Figure 5.
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The dynamic properties of the numerical model strongly depend on the boundary conditions.
For the purposes of checking the structural safety of the structure, the ground floor would be considered
as an assembly of girders, simply supported at the ends. However, for a vibration analysis under
human induced vibrations, considering the boundary conditions as simple supports may lead to
an insufficiently rigid structure. The small displacements at the restraints are in this case not sufficient
to overcome the static adhesion between the girders and its supports. For this reason, the deck girders
are assumed at each end as fully restrained at the nodal position shown in Figure 13. With this
assumption of the boundary conditions the frequencies associated to the first mode shapes reported in
Table 4 were obtained from a modal analysis. In Table 4, the modal frequencies identified from the heel
drop tests are reported as a validation.
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Table 4. Modal frequencies obtained from tests and from the numerical model.

Test Mode 1 Mode 2 Mode 3 Mode 4

Experimental 8.30 10.69 14.69 19.39
Numerical 8.30 9.70 14.08 18.73

The strategies used for the numerical reproduction of the continuous walking tests. Test 3 and
Test 4 of Table 3, change according to the loading model used. These models are:

- L1: Discontinuous forcing load (Baumann and Bachmann step loading [37]).
- L2: Continuous periodic forcing load (Ammann and Bachmann trigonometric representation [43]).
- L3: Continuous forcing load derived from measurements by a smartphone device located at the

LB of the waking person.

The response parameters used in the comparison with the experimental measurements are the
positive and negative peak values of the vertical acceleration and the root mean square (RMS) value of
the same, calculated on a reference time window. This statistic is commonly adopted in codes and
guidelines to assess if a vibration level is perceptible to humans.

Model L1 and L2 are adopted since they have become well accepted, and are included into several
FE analysis codes. Model L3, which is at the base of this work, is innovative for this type of structure.

In model L1 the load is due to a series of independent consecutive steps. The loading consists in
the GRFs depicted in Figure 14. These were computed inside the Midas Gen FE code on the base of
the weight of the person walking and on its pace frequency fp. The GRF computed for the test was
then applied at a set of discrete positions along the path by shifting it in time. The procedure to define
the application points of the GRFs is the same for Test 3 and Test 4. First, the peaks corresponding
to the impulses generated by the steps of the pedestrian were identified in the recorded time history,
and the average pace frequency fp for the test was calculated. Then, the number of steps performed to
cover the length of the instrumented girder was established. Finally, from the length of the girder and
the number of steps, the average length of each step was estimated, and the position of each footfall
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determined. Positions similar to those marked by the arrows in Figure 15a results from the procedure.
The parameters related to the two tests analyzed are reported in Table 5.
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Figure 14. GRF of each step from the Bachmann and Baumann model used in load model L1 for the
numerical simulation of Test 3 and Test 4.
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Figure 15. Loading scheme for the Bachmann and Baumann L1 load model (a) and for model L2 and
L3 (b).

Table 5. Parameters for loading model L1.

Loading
History Duration Number of

Steps
Step

Length Pacing Frequency fp
Width of

Pedestrian G

Test 3 8 s 13 0.84 m 1.625 Hz (one step every 0.615 s) 0.903 kN
Test 4 6 s 12 0.91 m 2.03 Hz (one step every 0.491 s) 0.883 kN

The loading models L2 and L3 are more approximate in this respect, since assume that the
pedestrian is continuously walking on the same spot. The load, which varies in time, is applied at
a single position in space, as marked by the arrow in Figure 15b.

Loading L2 is computed as per Equation (1), with α1 = 0.4, α2 = α3 = 0.1, Φ2 = Φ3 = π
2 , and G

and fp are as previously reported in Table 5 for model L1.
Loading L3 is computed as per Equation (3), with mp = G/g and G as previously reported for

model L1. In this loading aM(t) is not the true vertical acceleration but the vertical, with respect to
the smartphone orientation, acceleration recoded on the lower back (position LB in Figure 2) of the
walking person with the smartphone. The nominal sampling rate was 200 Hz. The corresponding
GRFs are depicted in Figure 16 for both tests Test 3 and Test 4.
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Figure 16. GRF obtained from recorded vertical acceleration near the center of mass (CoM) of the
walking person, for Test 3 (a), for Test 4 (b).

Table 6 reports the experimental values of the peak vertical acceleration measured on the structure
with the reference accelerometers during Test 3 and Test 4. In the same table also the RMS value
is reported. These values would set the floor in between what acceptable for office buildings and
for workshops.

Table 6. Experimental peak values and root mean square (RMS) of vertical acceleration for Test 3 (left)
and Test 4 (right). Units: m/s2.

Position Negative Peak Positive Peak RMS Negative Peak Positive Peak RMS

A1 −0.0602 0.0942 0.0136 −0.1608 0.2093 0.0327
A2 −0.0668 0.0795 0.0132 −0.1742 0.1504 0.0304
A3 −0.0872 0.0822 0.0117 −0.2288 0.1594 0.0266
A3 −0.0887 0.0920 0.0096 −0.1225 0.1347 0.0202

Figures 17 and 18 and Table 7 report the numerically predicted vertical accelerations of the floor
system at locations A1 to A4 for load model L1. From the qualitative point of view, the acceleration
trend follows the experimental one. However, from a quantitative point of view (compare Tables 6
and 7), the model is not adequate to represent the walking tests. It significantly underestimates both
peak acceleration and RMS values of the actual vibration response. The latter differs from the numerical
response by about an order of magnitude.
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Figure 17. Numerically computed accelerations, with loading function L1, at stations from A1 to A4
for Test 3.
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Figure 18. Numerically computed accelerations, with loading function L1, at stations from A1 to A4
for Test 4.

Table 7. Numerical peak values and RMS of vertical acceleration for Test 3 (left) and Test 4 (right) for
loading model L1. Units: m/s2.

Position Negative Peak Positive Peak RMS Negative Peak Positive Peak RMS

A1 −0.0100 0.0110 0.0028 −0.0154 0.0111 0.0034
A2 −0.0130 0.0088 0.0025 −0.0157 0.0113 0.0034
A3 −0.0127 0.0072 0.0020 −0.0161 0.0108 0.0029
A3 −0.0070 0.0038 0.0010 −0.0090 0.0064 0.0015

Table 8 reports the vertical accelerations of the floor system for load model L2. In this case,
the forcing load was applied at the midspan of the girder. Being also the point with the maximum
recorded acceleration response (see Figures 10 and 11 for response at A1), one could expect a greater
response from the numerical model than that actually measured. However, as in the case of load model
L1, the accelerations are far lower than measured, both in terms of extreme values (maximum and
minimum peaks) and in terms of RMS value. Furthermore, they are even less than those obtained with
loading model L1.
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Table 8. Numerical peak values and RMS of vertical acceleration for Test 3 (left) and Test 4 (right) for
loading model L2. Units: m/s2.

Position Negative Peak Positive Peak RMS Negative Peak Positive Peak RMS

A1 −0.0061 0.0058 0.0021 −0.0083 0.0105 0.0040
A2 −0.0051 0.0050 0.0018 −0.0069 0.0089 0.0034
A3 −0.0035 0.0035 0.0013 −0.0048 0.0062 0.0024
A3 −0.0016 0.0016 0.0006 −0.0022 0.0028 0.0011

Finally, Figures 19 and 20 and Table 9 depict the vertical accelerations of the floor system for
loading model L3. From a qualitative point of view, it can be observed that the overall trend of the
response is closer to the measured than in case of models L1 and L2. From a quantitative point of
view (see Table 6), it can be observed that the values of the acceleration at the positive and negative
peaks and RMS value are, among the considered loading models, the one most in agreement with
the measured results. The error depends on the person walking and on the station. For station A1,
which is the one of most interest since it has the largest vibration amplitude, the numerical simulation
underestimates the experimental response of about 30%, on average.
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Figure 19. Numerically computed accelerations, with loading L3, at stations from A1 to A4 for Test 3.
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Figure 20. Numerically computed accelerations, with loading L3, at stations from A1 to A4 for Test 4.
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Table 9. Numerical peak values and RMS of vertical acceleration for Test 3 (left) and Test 4 (right) for
loading model L3. Units: m/s2.

Position Negative Peak Positive Peak RMS Negative Peak Positive Peak RMS

A1 −0.0524 0.0711 0.0131 −0.0948 0.1088 0.0276
A2 −0.0441 0.0587 0.0111 −0.0852 0.0948 0.0236
A3 −0.0304 0.0402 0.0078 −0.0622 0.0696 0.0166
A3 −0.0138 0.0180 0.0035 −0.0291 0.0327 0.0075

9. Conclusions

This paper studies performance of accelerometers integrated in state-of-the-art smartphones in
vibration serviceability assessment of a slender prefabricated prestressed concrete slab. The focus
of this work is on investigating the capacity of using smartphones as sensors to carry out modal
testing of the structure, extract meaningful modal parameters useful for validating numerical models,
and estimate pedestrian loading.

The advantage of smartphones over traditionally used accelerometers designed for vibration
testing of civil structure is that they are readily available, require no cabling, contain data storage
and allow easy data transfer to a personal computer for further data post processing. All these make
vibration survey cheap from both time and cost perspective.

Although they still cannot reach the accuracy and precision of specialized accelerometers,
the results presented in this study show sufficient level of reliability.

Analysis and comparison of experimental recordings performed with two smartphones with
baseline professional accelerometers yielded the following specific findings:

• The accuracy of smartphone accelerometers largely depends on the specific smartphone model,
particularly with respect to jitter of the sampling interval.

• The accuracy of the measurements is satisfactory for preliminary modal testing of a structure,
at the very least.

• Accelerations measured with a smartphone located at the lower back of a walking pedestrian can
be used reliably to indirectly measure pedestrian walking loads.

Using a smartphone might not be the best solution, but it is good enough to identify the problem of
excessive vibrations and can assist in preliminary vibration serviceability assessment, at the very least.
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