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While modern building floors feature lightweight materials and slender structural ele-
ments, their dynamic interaction with walking occupants has not been quantified. This is
despite the proven and significant influence of this interaction on human-induced vibra-
tion levels of other types of lightweight structures, such as footbridges. This work presents
an experimental study to quantify the effect of walking pedestrians on the frequency
response functions (FRFs), which are dependant on the corresponding modal properties,
of two floors, a relatively light floor with low fundamental frequency and a heavier floor
with higher fundamental frequency. It also proposes an improved methodology to take into
account the interaction between walking pedestrians and supporting floors in the response
calculation of human-induced vibrations. Instead of the conventional mass-spring-damper
or inverted-pendulum models, the proposed model utilises two experimentally-driven
transfer functions, related to the dynamics of walking individuals, over a range of frequen-
cies between 1 Hz and 10 Hz, to mathematically describe the dynamics of this interaction.
Hence, the proposed model is relevant to floors with fundamental frequency less than
10 Hz (i.e. low-frequency floors). The results show that walking occupants can cause signif-
icant reduction in the amplitudes of the FRFs. This reduction ranges from 44% and 62% for a
floor occupied by two or six walking pedestrians, respectively, to 10% for a heavier floor
with a higher fundamental frequency occupied by six walking pedestrians. This implies
that ignoring this phenomenon in the design can result in an overestimation of the pre-
dicted vibration levels. This is especially the case for floors with relatively low fundamental
frequency and modal mass. Furthermore, the derived transfer functions related to the
dynamics of walking individuals indicated the existence of three whole-body modes of
vibration with frequency less than 10 Hz. The performance of the proposed human-
structure interaction model is verified with experimental measurements of vibration
responses related to individual occupants walking on three floors. The simulated vibration
levels are consistent with their measured counterparts indicating the applicability of the
proposed model.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The new generation of building floors feature more slender structural elements and larger column-free areas than ever
before [1,2]. This is due to architectural trends and the recent development of lightweight construction materials and design
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tools. The design of such floors is increasingly governed by vibration serviceability criteria related to human activities, such
as walking [3].

These trends in building floor design mean that they are livelier and have lower modal mass than typical older floors.
Therefore, their dynamic interaction with walking occupants in the vertical direction is more likely to influence their vibra-
tion serviceability performance than previously. Such interaction is not taken into account in any of the current vibration
serviceability design guidelines used worldwide and pertinent to building floors [4-9]. This is because, when most of these
guidelines were published, more than 10 years ago, floors were generally heavier and stiffer than modern floors, and there-
fore, human-structure interaction (HSI) did not have a significant influence on their dynamic performance. However,
neglecting HSI for modern floors could result in a significant overestimation of human-induced vibrations.

Currently available HSI models are related to pedestrians walking on footbridges. The majority of them are based on mod-
elling the walking individual as either an inverted pendulum (IP) [10,11] or a mass-spring-damper (MSD) [12-15]. IP models
are generally complex to implement in the design and have limited robustness [16]. MSD models are more common and
easier to use. Their corresponding single-degree-of-freedom (SDOF) natural frequency, 2-4 Hz, is close to the fundamental
frequency of a typical footbridge, and therefore, they are proven to be useful and reliable in the design of such structures for
vibration serviceability. However, their natural frequency is considerably lower than the fundamental frequency of building
floors (typically higher than 4-5 Hz). While the existence of higher order human whole-body mode of vibration for walking
individuals, as well as for standing individuals, was reported in the literature [15], reliable quantification of its parameters is
a difficult process and is generally missing. Consequently, there is a need for a revised approach to model HSI between walk-
ing individuals and supporting floors, taking into account the whole-body dynamics of walking individuals in frequency
ranges relevant to dominant modes of vibration for building floors. Such a model currently does not exist in the literature.
Therefore, this paper addresses this problem by:

¢ Quantifying the influence of HSI between single or multiple walking pedestrians and supporting floors, and
e Proposing a HSI model for individuals walking on floors with a fundamental frequency below 10 Hz.

Two floors were tested when they were empty and occupied by single or multiple walking occupants. The influence of the
walking occupants on the frequency response function (FRF) magnitude is quantified. The proposed HSI model considers
whole-body dynamics of walking individuals for frequency range 1-10 Hz where the fundamental frequency of most floors
lies. Hence, the proposed model is relevant to floors with fundamental frequency less than 10 Hz (i.e. low-frequency floors).
It is represented by two functions describing the transmissibility of structural acceleration to the human body and the cor-
responding interaction force applied on the floor. The functions were derived from two separate sets of experimental mea-
surements available in the literature [17,18]. The measurements involve individual test subjects (TSs) instrumented with
sensors and walking on an instrumented treadmill or standing on an instrumented force plate shaking in the vertical direc-
tion, to study their whole-body dynamics. These measurements (Section 3.2 and Section 3.3 ) were only used for the model
development. The performance of the proposed HSI model is verified by comparing simulated human-induced structural
vibration using the proposed HSI model with corresponding measurements, conducted by the authors, of individuals walking
on the two floors.

Section 2 in this paper quantifies the effect of HSI on the FRF of two floors before proposing a methodology to model this
phenomenon in Section 3. Section 4 validates the proposed model, while Section 5 presents a parametric study regarding the
influence of dynamic properties of the structure on HSI. Finally, Section 6 presents the concluding remarks.

2. Influence of HSI on the FRFs of floors

It has been widely reported that the influence of HSI on human-induced vibration of structures is equivalent to the mod-
ification of dynamic properties of the supporting structure, namely, natural frequencies and damping ratios [19,16]. This can
be referred to as 'passive’ HSI effect, as it does not involve changing the walking behaviour of the occupant. 'Active’ HSI effect
refers to self-changing of walking behaviour due to the vibration of the supporting structure (which is reported for pedes-
trians walking on footbridges) [10,20]. However, here it is assumed that vibration levels of floors are not high enough to
change the walking behaviour of the occupants.

The modal properties of a structure are closely related to its FRFs. Hence, this section quantifies the influence of HSI on the
FRF magnitude of two floors. This was done by conducting a modal testing on the two floors to identify the modal properties
of their dominant modes of vibration. This is followed by measuring the magnitude of the FRFs at specific test points (TPs) of
the floors when they were empty and occupied by single or multiple walking occupants. The FRFs corresponding to empty
and occupied structures were compared, and relevant discussion about the results is provided at the end of this section.

2.1. Modal testing

Modal testing was conducted to measure the FRFs which are used to estimate natural frequency, mode shape, damping
ratio and modal mass corresponding to modes of vibration of interest for the two structures explained in this study. Multi-
input multi-output (MIMO) modal testing was conducted where multiple APS400 [21] and APS113 [22] electrodynamic
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shakers were used to apply uncorrelated random forces on the floor structure. Their input force was calculated by multiply-
ing the acceleration of the moving armature, measured using an Endevco 7754A-1000 piezoelectric accelerometer, by its
mass. The corresponding structural response was measured by Honeywell QA750 accelerometers placed on specific TPs in
the vertical direction.

The floor input force and output acceleration signals were processed using Data Physics Spectrum Analyser DP730 to cal-
culate the FRFs [23]. A Hanning window with a 75% overlap was used for this purpose. Curve fitting of the calculated FRFs
was carried out using ME'scope software [24] to estimate the natural frequency, mode shape, damping ratio and modal mass
corresponding to modes of vibration of interest. The software utilises the Rational Fraction Polynomial (RFP) algorithm in the
fitting process [25]. The RFP is a multi-degree-of-freedom (MDOF) method that fits an analytical expression to a FRF mea-
surement. The coefficients of the numerator and denominator polynomials are estimated using a minimization process
between the measurements and the fitted model. The duration of each test and other test-specific details are explained
below.

2.2. Floor A

The laboratory full-scale test floor (Fig. 1) is a reconfigurable structure weighting 15 tonnes located at the University of
Exeter and dedicated to research purposes. It comprises Sandwich Plate System (SPS) plates attached to each other, using
steel splices, and supported by steel beams. The steel beams are connected to each other using bolts and they are resting
on four columns (Fig. 2). The columns are attached to a stiff floor surface using bolts. A detailed description of the structure
is available elsewhere [26]. The configuration of the floor, shown in Fig. 1, was not changed or dismantled between different
measurements.

2.2.1. FRF measurements of the empty and occupied floor

The test grid corresponding to this floor comprises 21 TPs, as shown in Fig. 3. Two APS400 shakers [21] were placed at
TP11 and TP17 (green dots in Fig. 3) and 21 Honeywell QA750 accelerometers were placed at the test grid (Fig. 3). The
FRF measurements were conducted when the floor was empty of occupants [27]. The test lasted approximately eight min-
utes, during which six data blocks, each lasting 80 s, were recorded. The maximum sampling frequency was set to be 80 Hz
and the number of spectral lines was 3200 resulting in a frequency resolution of 0.0125 Hz. The mode shapes of the lowest
four vertical modes of vibration corresponding to the empty floor are shown in Fig. 4.

A nominally identical measurement of the FRFs, as for the empty floor, was conducted when the floor was occupied by
two (TSs 1 and 2), four (TSs 1-4) or six (TSs 1-6) pedestrians walking on Floor A (Fig. 5). The test was conducted once for each
group size apart from the test which involved six TSs which was repeated twice to test the repeatability of such measure-
ments, as explained below. Before each test, the occupants were asked to walk continuously in random walking paths on
Floor A and avoid colliding with each other during the measurements. The aim of these tests was to study whether walking
occupants have an effect on the FRF magnitude of the floor for various walking paths and scenarios, rather than targeting a
walking path related to the highest influence of walking occupants on the FRF magnitude.

It is worth mentioning that the input for the FRF measurements was only the shakers’ forces (the moving masses of the
shakers multiplied by their vertical acceleration) while the footfall loading of the walking occupants was assumed to be a

Fig. 1. Overview of Floor A [27].
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Fig. 2. Key structural elements of Floor A. Red squares represent columns locations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Test grid used for the FRF measurements of Floor A. Green dots represent shakers locations (TP11 and TP17). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

background noise that can be averaged out throughout the FRF measurements. This also implies that the influence of vibra-
tion of the floor caused by footfall loading on the shaker was not taken into account. However, it is believed that such effect is
small in comparison with vibration of the floor caused by the shaker forces. This assumption was utilised previously by Ziva-
novic et al. [28] while conducting similar measurements on a footbridge. The magnitude of the FRFs measured in this study is
shown in Fig. 6.

Fig. 6a shows that there was a significant reduction in the FRF magnitude at the fundamental frequency (up to around
50%) even when only two pedestrians were walking on the floor. A slight increase of the fundamental frequency could also
be noticed as the number of walking occupants increased (Fig. 6b). Interestingly, the reduction in FRF magnitude at the fun-
damental frequency was apparently similar when two and four pedestrians were walking on the floor. The reason for this
could be explained by the random walking path followed by the walking pedestrians during each test and the corresponding
mode shape amplitude for the first mode of vibration (Fig. 4a). In essence, walking close to the edges of the floor could
involve less interaction between the walking occupants and the first mode of the floor, but more interaction between the

occupants and the second and third modes (Fig. 4).
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Fig. 4. Mode shapes of the lowest four modes of vibration for Floor A when it was empty from occupants.

Fig. 5. FRF measurement of Floor A when occupied by six pedestrians [27].

To assess how repeating these tests can affect the measured FRF magnitude, the measurement related to six TSs were
repeated twice, and the corresponding results are shown in Fig. 7. Fig. 7 shows that while the FRF magnitude related to
the two tests, when six TSs were walking on the floor, are not identical, they are quite similar.

It is worth mentioning that while the mechanical properties of human body may slightly differ between different people,
their interaction with the supporting structure may also differ when different people or a combination of people walk on a
floor structure. Therefore, the reductions in the FRF magnitude reported in this section may differ if different TSs or a differ-
ent combination of them walk on the same floor. However, the TSs participated in these tests were chosen randomly, and
therefore, it is expected that such a difference may not be significant.
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Fig. 6. FRF magnitude measured at (a) TP11 and (b) TP17 (Fig. 3) on Floor A when it was empty and occupied by walking pedestrians.

2.3. Floor B

The floor (level 1 of the building shown in Fig. 8) is a normal weight steel-concrete composite system, having 130 mm
deck thickness, under construction. The floor was tested as a bare structure and before installing facade, raised floors, ceiling
panels and other mechanical ducts. As the west and east wings of the first floor are almost identical, only the west wing was
tested. Fig. 9 shows the testing area and its corresponding key structural elements.

2.3.1. FRF measurements of the empty and occupied floor

The test grid used for modal testing of Floor B is shown in Fig. 10. Three shakers — two APS400 [21] and one APS113 [22],
were placed at TP24, TP42 and TP64, respectively, and 20 Honeywell QA750 accelerometers were used to measure the cor-
responding structural acceleration at the test grid in five ‘swipes’ (Fig. 10). The measurements of the FRFs were conducted
when the floor was empty. Each test took about ten minutes, during which 20 data blocks, each lasting 40 s, were collected.
The maximum frequency was set to be 40 Hz and the number of spectral lines was 3200 resulting in a frequency resolution
of 0.025 Hz. The corresponding mode shapes of the lowest four modes of vibration corresponding to an empty floor are
shown in Fig. 11.

To measure the FRF corresponding to an empty and an occupied floor, one accelerometer and the three shakers were
placed at TP44 (the anti-node of the first, third and fourth modes of vibration). This test set-up was made to maximize
the excitation energy applied to these modes. A swept sine excitation with a frequency spanning between 8 Hz and
11 Hz, which covers the range of frequencies of the lowest four modes of vibration (Fig. 11), was used to drive the synchro-
nised shakers with the same signal. Each test lasted about five minutes, during which 10 data blocks, each lasting 40 s, were
collected with frequency resolution of 0.025 Hz.

The FRF was measured three times, during which the testing area was empty and occupied by six pedestrians walking in
two walking paths (Fig. 12). In the first test (Fig. 12a), the pedestrians were walking along a circular walking path around the
shakers (WP1), while in the second test (Fig. 12b) they were walking along WP2 and WP3 in two groups. The reason behind
utilising these WPs, rather than random WPs as for Floor A, is that Floor B has higher fundamental frequency and mass than
that for Floor A, and therefore, the influence of HSI on FRF magnitude may not be obvious. Hence it was decided to focus on
’extreme’ walking scenarios where the occupants were walking close to the antinodes of the dominant modes of vibration to
maximise the interaction with these modes. Nevertheless, the focus here was to observe if HSI does have a significant influ-
ence on the floor’s FRF magnitude rather than to directly compare that with Floor A.
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Fig. 7. FRF magnitude for two nominally identical tests related to six TSs walking on Floor A at (a) TP11 and (b) TP17 (Fig. 3).

Fig. 8. Panoramic view of the building containing Floor B (The far half of the first floor).

Fig. 13 shows the FRF magnitude at TP44 when the testing area was empty and when it was occupied by the walking
pedestrians. The reduction in FRF magnitude at the fundamental frequency (9.47 Hz) was approximately 10% and 22% when
the pedestrians were walking along WP1 and when they were walking along WP2 and WP3, respectively, compared to that
when the testing area was empty.

2.4. Discussion

Table 1 summarises the approximate reductions in FRF magnitudes at the fundamental frequency of the two floors when
occupied by walking pedestrians compared to those when the floors were empty. The results summarised in Table 1 show
that the influence of HSI on the FRF magnitude of floors varies between different types of floor systems. The highest reduc-
tion in FRF magnitude at the fundamental frequency was noticed for Floor A (62%) (Table 1).
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Fig. 9. (a) Testing area of Floor B and (b) the corresponding key structural elements. Red, blue and green squares refer to columns locations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Floor B had a limited influence of walking pedestrians on its FRF magnitude at the fundamental frequency despite the fact
that the six pedestrians were walking close to its anti-node. This could be related to its relatively high fundamental fre-
quency and modal mass compared to that for Floor A.

Despite having different WPs and number of pedestrians to quantify the effect of HSI on the two floors, certain trends can
be observed. It is apparent that the reduction in the FRF magnitude at fundamental frequency is higher for floors with lower
natural frequency and modal mass. It is not obvious whether the same trend applies to modal damping ratios as the lowest
modes for Floor A and Floor B have similar modal damping ratios. Nevertheless, by curve-fitting the FRFs related to Floor A, it
is apparent that the damping ratio related to the first mode was increased from 0.52% for the empty structure to 0.95%, 0.99%
and 1.38% when the floor was occupied by two, four or six walking pedestrians, respectively. Hence, a higher reduction in FRF
magnitude at the fundamental frequency was also noticed when a higher number of pedestrians were walking on the floor
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Fig. 10. Test grid used for modal testing of Floor B.
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Fig. 11. Mode shapes of the lowest four modes of vibration for Floor B when it was empty from occupants.

(Table 1). The reduction in the FRF magnitude at fundamental frequency for Floor A was 62% when the floor was occupied by
six pedestrians, compared to 44% when it was occupied by two pedestrians. Hence, it is apparent that the reduction in the
magnitude of the FRFs depends on the modal properties of the floor and the number of walking occupants. This reduction in
FRF magnitude can result in a significant reduction in the corresponding human-induced vibration of floors. Therefore, the
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(a) Walking in on WP1. (b) Walking across WP2 and WP3.

Fig. 12. FRF measurement of Floor B (at TP44) when occupied by six pedestrians walking (a) on WP1 or (b) along WP2 and WP3 (Fig. 10).
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Fig. 13. FRF magnitude at TP44 on Floor B when it was empty and occupied by six walking pedestrians (Fig. 12).

Table 1
Reduction in FRF magnitude at the fundamental frequency of two floors when occupied by walking pedestrians.
Floor Fundamental frequency [Hz] No. of pedestrians Mode of walking Reduction in FRF magnitude at fundamental frequency [%]
Floor A 6.36 2 Random 44
4 Random 46
6 Random 62
Floor B 9.47 6 Along WP1 22
(Fig. 11a)
Along WP2 and 10
WP3 (Fig. 11a)

next section describes a novel methodology to consider HSI in the calculation of footfall-induced vibration specifically of
floors.

3. Modelling of HSI between walking occupants and the supporting floors

This section describes an improved methodology to take into account HSI between walking pedestrians and the support-
ing floors in the vibration response calculations. An overview of the methodology is presented, followed by a description of
how it is derived before explaining its implementation.

3.1. Overview

When a pedestrian walks on a flexible floor structure, the corresponding structural acceleration of the vibrating floor can
be transmitted to their body which accelerates and applies an interaction force back to the floor (Fig. 14). Hence, if the
ground reaction force (GRF) is to be measured for a pedestrian walking on a vibrating surface, then it will include the inter-
action force and, therefore, such force does not exist for individuals walking on a rigid surface. This ’exchange’ of structural
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Fig. 14. 'Exchange’ of structural acceleration and interaction force between a walking pedestrian and a supporting structure.

acceleration and interaction force between the vibrating floor and a walking occupant form the HSI. Its effect is equivalent to
the modification of the modal properties or FRF of the floor, as reported in the literature [18,15]. In essence, the modal prop-
erties of the occupied floor can be considered the same as that for an empty floor if structural acceleration and the corre-
sponding interaction force 'exchanged’ between the floor and a walking occupant are addressed adequately. This is the
basis of the HSI simulation methodology explained in this section.

Previous studies showed that the vertical acceleration of the 7th cervical vertebrae (C7) is well correlated with the cor-
responding GRF [18,29]. Hence, the proposed HSI methodology assumes that human body mass can be treated as a concen-
trated mass at the location of C7. The elements of the proposed HSI model are (Fig. 15):

¢ A single mass representing the mass of a human body,

e The supporting structure,

e A function (Hq.(f;)) to calculate the vertical acceleration of the human body mass transmitted from the vibrating struc-
ture, where a (in Hq4(f;)) refers to acceleration of both the input (structural acceleration) and the output (acceleration of
human body mass) to Hy4(f;) and f; is the frequency of mode i of an empty structure [Hz], and

e Afunction (Hqf(f;)) to calculate the interaction force from the relative vertical acceleration (a) between human body mass
and the structure at the point of contact between them, where F denotes the force as an output of Hyr(f;). It is assumed
that this function can be used to calculate the ground reaction force (related to the desire of the walker to walk on a rigid
surface) and the interaction force (related to the acceleration of the supporting surface and, subsequently, the relative
acceleration between the walker’s body and the supporting surface).

A detailed description of Hqq(f;), Hor(f;) and the implementation of the proposed HSI methodology is presented below. It
is worth mentioning that the HSI methodology presented in this section assumes linear behaviour for both human and struc-
tural dynamics.

3.2. Acceleration of human body mass
Following the principle of superposition, GRF related to an individual walking on a flexible structure can be treated as a

summation of two components (Fig. 16) [14,30]:

Human mass
lumped at C7

EFGIREG)

Structural acceleration | | Interaction force

Point of contact between pedestrian
and supporting structure

Fig. 15. Components of the proposed HSI model.
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Fig. 16. Schematic representation of C7 acceleration and the corresponding ground reaction force for an individual walking on a flexible structure.

e Ground reaction force component, related to walking on a rigid surface (GRF,(t)), where r denotes a rigid surface and t is
time, and
o Interaction force between the walking individual and the structure (F;,(t)), where int denotes the interaction term.

Similarly, this study assumes that the acceleration of human body mass has two components:

o Acceleration related to walking on a rigid surface (GRF,(t)) (Fig. 16). It is worth mentioning that humans are sensitive to
vibration and they adapt their gait, when walking on a vibrating surface [31]. However this study assumes that vibration
levels of floors are not high enough to affect the gait of the occupants significantly. Therefore, it is assumed that the accel-
eration of human body related to the desire to walk on a vibrating surface is the same as that related to walking on a rigid
surface.

e Acceleration caused by vibration of the supporting surface which corresponds to the interaction force (Fi,(t)) (Fig. 16).

The former component of acceleration is implicitly taken into account in GRF,(t) while the later is calculated as described
in the rest of this subsection.

Matsomoto and Griffin [17] measured the transmissibility of vertical acceleration between a vibrating platform and the
fourth lumbar vertebrae (L4) for 12 individual test subjects standing on it. They described the transmissibility mathemati-
cally as in Eq. (1).

Ha.,a(f) :Ssl(f)/sss(f)v (1)

where, H,,(f) is the transmissibility at frequency f, Sy (f), in [(m/s?)?/Hz], is the cross spectral density between vertical accel-
eration of the supporting surface (platform) and vertical acceleration of L4, where, s and [ denote the supporting surface and
L4, respectively. Si(f), in [(m/s?)?/Hz], is the power spectral density of the vertical acceleration of the supporting surface.

Power spectral density S (f) is the Fourier transform of the auto-correlation function R(7) of the acceleration at the sup-
porting surface s(t) as mathematically described in Egs. (2) and (3). Ss(f) describes how the power of a signal is distributed in
the frequency domain [32].

Sss(f) :2]_71 / Ry(1) e7 @7 dr, 2)

Res(T) = E[s(t) s(t + 7)), 3)

where, 7 is time lag and w = 27tf is the angular frequency [rad/s].
Cross spectral density Sy (f) is the Fourier transform of the cross-correlation Ry(7) between s(t) and I(t), where, I(t) is the
acceleration at L4. Sq(f) can be mathematically described in Egs. (4) and (5) [32].

1 * ;
Sulf) =5z [ Ralv) €707 d. )

Rq(t) = E[s(t) I(t + 7)), (5)

Fig. 17 shows the transmissibility magnitude and its corresponding phase for the 12 test subjects, as presented by Mat-
somoto and Griffin [17]. In this study, the median transmissibility magnitude and phase were calculated at each frequency
and elaborated in the same figure (Fig. 17) in red. As the data in Fig. 17 correspond to an even number of test subjects (12),
the median can be obtained by sorting the values related to each frequency in ascending order and calculating the average of
the two values in the middle. The advantage of using the median, instead of the total average, is that it does not significantly
change with extreme values of some of the data (outliers).
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Fig. 17. (a) Transmissibility magnitude of vertical acceleration between the vibrating platform and the L4 and (b) the corresponding phase lag for 12
standing test subjects [17].

Our study utilises the above mentioned transmissibility Hq(f) to calculate the acceleration at C7, instead of L4, of walk-
ing, instead of standing, individuals. These assumptions were made due to the lack of similar data related to C7 and walking
individuals. If such measurements become available in the future, they can improve the proposed HSI model. Hence, the
acceleration of human body mass can be calculated as follows:

e Calculate modal acceleration of the structure anm;(t), for mode i, where m denotes the modal acceleration.
e Calculate the contribution of mode i to the physical response a,;(t) using Eq. (6), where p denotes the physical response.
pi(t) = ¢i(v.t) ami(t), (6)

where, ¢;(v.t) is the mode shape amplitude of mode i at a location of a moving pedestrian walking at a constant speed v
[m/s] at time t.

e The acceleration of human body mass at C7, related to mode i, a;(t), can be obtained after calculating the impulse
response function hy4(t), related to Hqq(f), as mathematically described in Eqs. (7) and (8) [32].

ah,i(t) = [m ap’,l(‘c) ha.a(t — T) dT, (7)

o0

ha.a(t) = 2‘177_5 /7.% Ha,a(f) eiwt df7 (8)
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where, 7 is the time step of the integration.

The impulse response function h,,(t) describes the response of a system H,,(f) in the time domain. Hence, there is no
need to convert to the frequency domain. Eq. (7) is based on the convolution technique to find the time history response
of the system Hgq(f) [32].

3.3. Interaction force

In this section, the calculation of the interaction force applied by a walking pedestrian on the supporting structure is
described. This interaction force was assumed to be a function of the relative vertical acceleration between human body
mass and the supporting structure at the point of contact between them (Fig. 15). This function (H,f(f)) was derived by util-
ising previously conducted measurements [18] of vertical acceleration of:

e human body at C7 (and three other locations on a human body not utilised in this study [18]), using inertial measurement
units (IMUs), and,
o the corresponding ground reaction force, for individuals walking on an instrumented treadmill.

Fig. 18 shows test set-up for one test subject. Each TS performed at least eight minutes of walking on the treadmill as a
‘warm up’ before conducting the tests. Six walking tests, at the constant speed of the treadmill belt (between 0.6 m/s and
1.4 m/s), were carried out by each TS. The duration of each test was about three minutes. A detailed description of the exper-
iments is available elsewhere [18].

In the analysis described in this section, only two minutes of data (taken at the middle of each measurement), corre-
sponding to five TSs, were considered. Fig. 19 shows one measured time history of vertical acceleration at C7 and the cor-
responding ground reaction force for one TS.

A system identification process was carried out to derive a transfer function H,r(f) between vertical acceleration at C7
and the corresponding ground reaction force as an input and output for H, ¢ (f), respectively. Both signals were passband fil-
tered between 1 and 10 Hz where most of the energy was embedded and the ground reaction forces were normalised by the
corresponding human body weight. To simplify the identification process, Hqr(f) corresponding to each test subject was
assumed to be independent from the walking speed. Hence, one H, r(f) was derived for each TS, using data from five walking
tests, as explained below.

After initially repeating the identification process for different forms of transfer function (related to different number of
poles and zeros) and assessing the curve fitting, the mathematical form described in Eq. (9) was used to derive Hq(f) [33].

P1(j)° + Py(j) + Ps(j)* + Pa(jo)’ + Ps(jw)* + Ps(jo)' + Py
Ps(j)® + Po(j)® + P1o(je)* + Py1 (j)? + Pia(j)* + Ps(j) + Pyg’

where, P1,__14 are the constants to be obtained in the system identification by minimising the objective function described in
Eq. (10) (based on the Non-linear Least Squares method).

Hor(f) = 9)

E=

n

> (Fm(ti,n) = Fo(ti,m))?, (10)

6 T
150

Fig. 18. Test set-up showing the location of the IMUs [18].
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Fig. 19. Sample of vertical acceleration measured at C7 and the corresponding GRF for one test subject while walking at a pacing frequency of 1.9 Hz.

where, E is a scalar value to be minimised, n refers to each walking test conducted by a TS, t; is time step, T is the time dura-
tion of the signal, F,(t;,n) is the measured ground reaction force at time step t; for walking test n. F,(t;,n) is the simulated
ground reaction force at time step t; for walking test n, which can be obtained by simulating the discrete-time response of
the transfer function H,r(f) when subjected to an input signal (vertical measured acceleration of C7) [33]. The transfer func-
tions Hqr(f) corresponding to the fitted parameters are shown in Fig. 20.

Interestingly, the frequency of the first peak in the magnitude of H,¢(f) (Fig. 20) is around 3-3.5 Hz which is within the
range of frequency reported in the literature for walking individuals (2-4 Hz) [12,13,15]. The second and third peaks, at
around 7-7.5 Hz and 9.5-10 Hz, respectively, could refer to possible whole-body modes of vibration for walking individuals
at these frequency ranges.

To verify the applicability of the derived transfer function Hr(f), one H, r(f) was utilised to simulate the ground reaction
force by using the acceleration measured at C7 as an input to Hqr(f). Fig. 21 shows that the simulated ground reaction force
is quite comparable to its measured counterpart on the treadmill, especially at frequencies close to the pacing frequency.
This indicates that the proposed model can work best in the case of low fundamental frequency for the floor. However,
the fitting of H,r(f) can be enhanced if further experimental measurements are to be conducted in the future and incorpo-
rated into the fitting process. The utilisation of H,¢(f) in the proposed HSI model is explained in the next subsection.

It is assumed that these transfer functions can be used to calculate both the ground reaction force related to the desire to
walk on a rigid surface (from the acceleration of body mass) and the interaction force related to vibration of the supporting
surface. This assumption is based on that the proposed model is related to floor structures where vibration levels are not
expected to be extremely high, as for some flexible footbridges, and therefore, the transfer functions can be used for both
of the above cases.
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Fig. 20. The derived transfer functions (Hqr(f)) between vertical acceleration of C7 and the corresponding ground reaction force.
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Fig. 21. Measured and simulated ground reaction force using measured acceleration at C7 and one derived transfer function (Hgr(f)).

3.4. Implementation

The two above mentioned transfer functions, Hq4(f;) and Hqr(f;), are to be used in each time step to simulate the inter-
action between the walking individual and the supporting floor. The step-by-step procedure to implement the proposed HSI
methodology in the response calculation of human-induced vibration is presented below and illustrated in Fig. 22.

1. Calculate the modal acceleration response an;(t), for mode i and time step t, by solving the equation of motion, as
described in Eq. (11). Note that F, ;(t — dt) is equal to zero at t = 0.

Ml i(t) + Civmi(t) + Kidpmi(t) = GRF(t) ¢;(v.t) + Finei(t — dt), (11)

where, M;, C; and K; are the modal mass [kg], damping coefficient [N.s/m] and stiffness [m/N] related to mode i, ¢;(v.t) is the
mode shape amplitude of mode iat a location of moving pedestrian and vy,;(t) and d,;(t) are the modal velocity [m/s] and
modal displacement [m] responses related to mode i and time step t.
2. Calculate the contribution of mode i in the physical response at time step t (a,;(t)) using Eq. (6).
3. Calculate the vertical acceleration of human body mass related to mode i at time step t (a,;(t)), as mathematically
described in Eq. (7).
4, Calculate the relative vertical acceleration a,.;(t) between human body mass and the supporting structure (at the point
of contact between them) related to mode i and time step ¢, using Eq. (12).

reti(t) = Ani(t) — api(t)), (12)

5. Calculate the interaction force related to mode i and time step t (Fi,;i(t)), using Eqs. (13) and (14).
Fuci®) = [ () has (13)
hor(0) == [ Har(f 14
) =5z [ Harl) (14)

here, 7 is the time step of the integration.
6. Repeat steps 1-4 for all time steps until t = T, where T is the total duration of the simulation [s].
7. Repeat the above mentioned steps for all modes of vibration.
8. Calculate the total physical response of the floor at a location of interest (a(t)) using Eq. (15).

N
at) =y ami(t) ¢ilk), (15)
i=1

where, N is the number of modes considered in the analysis and ¢;(k) is the mode shape amplitude corresponding to mode i
at the node of interest (k).

4. Experimental verification

This section verifies the performance of the proposed HSI methodology using experimental acceleration response
obtained from floors A and B. Simulations were carried out to calculate the corresponding vibration responses when HSI
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Fig. 22. Flowchart showing the steps of implementing the proposed HSI methodology.

was neglected or taken into account using the proposed methodology. The calculated responses were compared with the
measurements using their maximum transient vibration value (MTVV), in [m/s?], which is equal to the maximum 1 s
root-mean-square (RMS). A brief discussion of the results is presented at the end of this section.

4.1. Floor A

A walking test was conducted by an individual walking along WP1 (Fig. 3). The test subject conducted a controlled walk-
ing test at a pacing frequency f, of 1.6 Hz to achieve resonant response. The corresponding vibration response was measured
at the centre of the floor (TP11 in Fig. 3). The measured response was low-pass filtered to eliminate the contribution of
modes of vibration other than the first mode. This is to simplify the verification and focus on the vibration response related
to the lowest mode of vibration.

The corresponding response calculation was conducted when HSI was taken into account or neglected. Previously mea-
sured ground reaction force for the same test subject while walking on an instrumented treadmill [34,3] (at the same f, as
mentioned above - 1.6 Hz) was available to be utilised for this analysis. The modal force corresponding to the first mode of
vibration (Fig. 4a) was obtained by multiplying the ground reaction force of the walking pedestrian by mode shape ampli-
tudes corresponding to WP1 (Fig. 3). The modal vibration response related to the neglected effect of HSI was calculated
directly using the Newmark integration method [35]. The corresponding physical response was calculated by multiplying
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the modal accelerations by the mode shape amplitude corresponding to TP11 (Fig. 3). Vibration response was also calculated
using the proposed HSI methodology, as explained in Section 3.4.

The W, weighting curve was used to obtain the weighted acceleration response (ay(t)), where t is time [s] [36]. The run-
ning RMS acceleration (a ms(t)) was calculated using Eq. (16).

Ay rms(t) = U% /Taﬁv(t)dt, (16)
0

where, T is the RMS duration (1 s) and dt is the duration of each time step [s].
The peak ayyms(t) (@uw.rmspeat) is €qual to the MTVV [m/s?] which can be used to calculate the R factor, as described in Eq.
(17).

. MIW
7 0.005 m/s?’

Fig. 23 shows the calculated and measured vibration responses. Fig. 23 shows that there is a significant overestimation of
the vibration response when the influence of HSI was neglected. Implementing the proposed methodology has reduced the
MTVV by around 30% and resulted in much closer vibration responses to their measured counterparts (Fig. 23).

R (17)

4.2. Floor B

Walking tests were conducted by six individual test subjects, with known body mass, walking on Floor B along WP2
(Fig. 10). f, for each test was 1.9 Hz, where its fifth integer multiple (9.5 Hz) is close to the measured fundamental frequency
(9.47 Hz). The responses were measured at TP42 (Fig. 10), which is the anti-node of the first mode of vibration (Fig. 10), and
low-pass filtered to eliminate the contribution of all modes of vibration other than the first mode. As no treadmill force data
exists for the six test subjects, 20 measured ground reaction forces related to other people, chosen randomly, walking at the
same f, (1.9 Hz) were used in the response calculations. This was repeated when the effect of HSI was neglected and when
taken into account in the response calculations. The MTVV corresponding to the measured and simulated responses is pre-
sented as a box plot in Fig. 24.

Fig. 24 shows that when HSI was taken into account using the proposed method, there was an average reduction in MTVV
of about 10% compared to that when HSI was neglected. Both cases have resulted in an overestimation of the vibration
responses.
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Fig. 23. (a) Vibration response related to walking along WP1 on Floor A (TP11) at f,, of 1.6 Hz (resonance) and (b) the corresponding running RMS.
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Fig. 24. MTVV corresponding to measured and simulated responses for six individuals walking on Floor B along WP2 (Fig. 10).

4.3. Discussion

The results presented in this section show that, in most cases, utilising the proposed HSI methodology has resulted in
reduced vibration levels and more accurate prediction of vibration responses than that when HSI was neglected.

The average reduction in MTVV for Floor B when HSI was taken into account (10%, as shown in Fig. 24) was less than that
for Floor A (30%, as shown in Fig. 4a). Interestingly, the maximum reduction in MTVV for each floor is comparable to the
reduction of its FRF magnitude at the fundamental frequency when occupied by single or multiple pedestrians (Table 1)
despite the differences between the two concepts.

The results presented in this section show that utilising the proposed HSI methodology has resulted in an improved estimation
of human-induced vibration levels for floors. This is confirmed by the tests conducted on the two floors discussed in this paper.

5. Parametric study

In this section, a parametric study was conducted to examine how the dynamic properties of a floor modelled as SDOF
oscillator (natural frequency, modal mass and modal damping ratio) affect the influence of HSI on the vibration responses.
This was achieved by calculating vibration response, corresponding to the lowest mode of vibration, related to an imaginary
scenario of a pedestrian walking on Floor A and across WP1 (Fig. 3). For each case explained below, the MTVV was calculated
when HSI was neglected and when it was taken into account using the proposed HSI method, and the reduction in MTVV was
utilised for comparison, as explained below.

5.1. Natural frequency effects

The influence of the natural frequency on HSI can be examined by using the same modal mass (3,019 kg) and modal
damping ratio (0.5%) as measured for Floor A (Fig. 4a) but with different natural frequencies. The choice of natural frequen-
cies is explained below.

Six ground reaction forces, measured previously using an instrumented treadmill [34,3], were chosen for random individ-
uals walking at different f, (1.6, 1.75, 1.85, 1.9, 2.1 and 2.3 Hz). As the influence of HSI on vibration responses is relatively
high in the case of a resonant response, it was decided to make the natural frequency equal to an integer multiple of f, but
below 10 Hz. Table 2 shows the natural frequencies used with each f,. The reduction in MTVV was calculated for each pair of
f, and a corresponding natural frequency (Table 2), and the results are shown in Fig. 25a.

Table 2
f, and the corresponding natural frequencies used in the parametric study.
fp [Hz] Corresponding natural frequencies [Hz]

1.60 1.60, 3.20, 4.80, 6.40, 8.00 and 9.60
1.75 1.75, 3.5, 5.25, 7.0 and 8.75
1.85 1.85, 3.7, 5.85, 7.4 and 9.25
1.90 1.90, 3.80, 5.70, 7.60 and 9.50
2.10 2.10, 4.20, 6.30 and 8.40

2.30 2.30, 4.60, 6.90 and 9.20
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Fig. 25. The influence of (a) natural frequency, (b) modal mass and (c) modal damping ratio of a floor on the reduction in MTVV when HSI was taken into
account.

5.2. Modal mass and modal damping ratio effects

The influence of the modal mass on HSI was examined by using the measured fundamental frequency (6.36 Hz) and
modal damping ratio of the first mode of vibration (0.5%) (Fig. 4a) but with varying value of modal mass between
3,000 kg and 30,000 kg. The range of the chosen modal mass corresponds to a mass ratio, the ratio between human body
mass and the modal mass for the lowest mode of vibration, between 2.5% and 0.25%. The corresponding reduction of MTVV
is shown in Fig. 25b.

Similarly, the influence of the modal damping ratio on HSI was examined by using the measured fundamental frequency

(6.36 Hz) and modal mass (3,019 kg) of the first mode (Fig. 4a) but with varying value of modal damping ratio between 0.5%
and 5%. The corresponding reduction of MTVV is shown in Fig. 25c.
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5.3. Discussion

Fig. 25a shows that maximum reduction in MTVV, related to utilising the proposed HSI model, appears at 3-4 Hz and
around 7 Hz. This is comparable with the peaks of H,r(f) magnitude as shown in Fig. 20. Furthermore, higher modal mass
(i.e. lower mass ratio) and/or damping ratio has resulted in less reduction in MTVV (Fig. 25b and Fig. 25c).

The results presented in Fig. 25 can assist designers in estimating the range of reduction in MTVV for a floor. For example,
Fig. 25 can be used to estimate the reduction in MTVV for Floor B when only the first mode of vibration is considered
(Fig. 11a) as follows:

¢ An initial reduction in MTVV can be picked from Fig. 25a as around 18% (average reduction in MTVV corresponding to a
fundamental frequency of 9.47 Hz)

o As the data presented in Fig. 25a corresponds to a modal mass and damping ratio of 22,478 kg and 0.4%, respectively
(Fig. 11a), interpolation should be made (using Fig. 25b and Fig. 25c) to adjust the initial reduction in MTVV accordingly.
This will result in an around 5% reduction in MTVV.

This estimated small reduction in MTVV related to Floor B is consistent with the relatively small reduction of MTVV for the
simulations conducted for the same floor, as shown in Fig. 24.

6. Conclusions

This work quantifies the effect of walking pedestrians on the FRF magnitude for two floors and presents a methodology
that takes HSI into account in the response calculation of human-induced vibration of floors. Experimental measurements of
two floors show the potential for a significant reduction in their FRF magnitude when they are occupied by walking pedes-
trians. The amount of this reduction is apparently affected by the natural frequency and modal mass.

In contrast to other HSI models available in the literature, the proposed model takes into account human dynamics using
two transfer functions and over a range of frequencies (1-10 Hz) rather than using MSD or IP models. The advantage of this
modelling approach is that it takes into account the complexity of human whole-body dynamics using simple
experimentally-based transfer functions that can be used to calculate:

e Acceleration of the human body due to structural acceleration of the supporting structure, and
e The corresponding interaction force acting on the structure.

The performance of the proposed model was verified using experimental measurements of individuals walking on two
floors. Consistent results were observed between measured and simulated responses. The responses calculated using the
proposed model were lower than those calculated when HSI was neglected but still higher than their measured counterparts.
This implies that the proposed model can be utilised to predict reliable and conservative estimation of the vibration levels.

The derivation of the two transfer functions, related to the proposed HSI model, was not based on a specific type of floor
as they were obtained from measurements conducted, in previous studies, for people walking on an instrumented treadmill
or standing on a vibrating platform. Hence, it is believed that the proposed method can be used for any type of floor. How-
ever, this method should be used only for floor modes of vibrations with a natural frequency of less than 10 Hz (i.e. low-
frequency floors). This is so because the proposed HSI methodology was derived for this range of frequencies due to inaccu-
racies related to higher frequencies for C7 vertical acceleration measurements caused by skin movement artefacts during
walking. Furthermore, it is expected that the methodology works best for floors with relatively low fundamental frequencies
where the fitting of the transfer functions appears to be better than that close to 10 Hz. Furthermore, this study utilises a
limited amount of experimental data related to a small number of test subjects to derive the transfer functions. Further mea-
surements related to higher number of test subjects walking on a vibrating surface can be conducted in the future to enhance
the fitting of the derived transfer functions and ensure the statistical reliability of the proposed HSI model.
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