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Abstract: Many studies in the literature have already evidenced that pedestrians are able to change
the dynamic properties of slender structures (e.g., footbridges and staircases). The aim of this paper
is to analyse which pedestrians’ features mostly affect the structure behaviour, in order to properly
account for them in a human–structure interaction problem, while disregarding the less relevant
ones. This is accomplished by measuring the apparent mass (i.e., the frequency response function
between the vibration of the structure at the contact point and the consequent force exerted by the
pedestrian to the structure itself) curves of human bodies and coupling them to the dynamics of a
slender structure. In more detail, this paper aims at analysing which factors must be accounted for
among intra-subject variability (i.e., the dynamic behaviour of the same subject can change because it
is characterised by a natural dispersion), inter-subject variability (i.e., different subjects have different
dynamic behaviours) and the posture (i.e., the same subject changes posture during motion and this
causes a change of his/her dynamic features). The influence of the apparent mass properties on the
modal parameters of the hosting structure is addressed by means of a modal approach.

Keywords: human–structure interaction; human-induced vibrations; apparent mass; measurement;
dynamics

1. Introduction

Nowadays, the evaluation of the dynamic behaviour of civil structures is an important
aspect, especially at the design stage. Such an issue is even more complex if structures
characterised by light and slender profiles are considered. Indeed, this type of structure
can be affected by the presence of occupants, leading to a dynamic interaction between
the occupants and structure itself, the so-called human–structure interaction (HSI). In the
literature, the most studied HSI cases are those related to the interaction of people/crowd
with civil structures, such as footbridges [1–5], pedestrian structures [6–9], staircases [10–13]
and grandstands [14–16].

Since a serviceability assessment accounting for the HSI is not an easy task to be
performed at the design stage of a new structure, guidelines have been disposed to help
designers [17–22]. However, despite the use of such regulations, the HSI problem is
still under discussion in the scientific community. Indeed, different studies reported
disagreements between the guidelines-based serviceability checks performed at the design
stage and the experimental evidence [23].

Pushed by the need of a proper model to foresee the structural response under HSI,
many research studies have been published on this topic (see [15,24–28]). Furthermore,
some reviews are also present in the literature [29–31].
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Among the possible ways in which the HSI can be treated, one is related to the idea
of splitting the human effect in two parts, an active one and a passive one: active ground
reaction force (AGRF) and passive ground reaction force (PGRF), respectively [11,13,32–35].
The AGRF is defined as the ground reaction force (GRF) exerted by a person while he/she
walks along a structure with infinite stiffness, while the PGRF is defined as the GRF exerted
by a pedestrian as a response to the vibration of the structure. The definition of PGRF can
be seen as coincident with that of the dynamic stiffness of the human body [36], which
is the frequency response function (FRF) [37] between the structural displacement at the
contact point and the consequent force exerted by the pedestrian on the structure itself.

Such an approach relies on two assumptions: (a) the vibration of the host structure
does not affect the AGRFs exerted by the pedestrians that are present on the structure, and
(b) non-linear phenomena are negligible. Fulfilment of points (a) and (b) allows for the
application of the superimposition principle.

As for point (b), it is well known that, in the case of low lateral stiffness of the structure,
a crowd-structure synchronisation may occur. Particularly, the phenomenon is triggered
when a perceptible level of lateral vibration is reached, leading to a complex non-linear
interaction (lock-in effect [38]). Conversely, for the vertical direction, the vibration levels
usually observed in practical cases do not reach values able to either trigger non-linear
interactions (fulfilment of point (b)) or alter the AGRF (fulfilment of point (a)).

To summarise, in order to apply the superimposition principle (AGRF + PGRF), it
is necessary to have negligible lateral vibrations, i.e., high lateral stiffness or low lateral
excitation. Such a case is often met in practice, and different works in the literature report
successful comparisons with experimental results in terms of vibration prediction for
structures occupied by moving people (e.g., [11,13,32]). The applicability conditions for the
superimposition principle are assumed to be here satisfied. The discussion now focuses on
the treatment of the active and passive components.

As for the AGRF, its implementation in the HSI models is well established. It is usually
approximated by the first harmonics of its Fourier series, both in the literature [1,8,39]
and by regulations [17,18,20,22]; alternatively, its force time history, acquired through a
force platform [11], is directly applied in the HSI model. Sometimes, a statistical approach
is adopted for the selection of the Fourier series parameters [28,32,33], or the acquired
force time histories are further elaborated to develop statistical generators of vertical active
forces [34,40].

Regarding the passive contribution, the PGRF represents the response given by the
human body when exposed to the vibration of the structure, i.e., the human body dynamic
stiffness, as aforementioned. Therefore, it can be experimentally identified. Once the
dynamic stiffness curve is obtained, it can be directly applied in the HSI model [10,11]
or used to tune a chosen passive model (e.g., a lumped mechanical system [41]) to be
then applied to the model of the empty structure. In practical cases, the apparent mass
(AM), which is the FRF [37] between the structural acceleration at the contact point and
the consequent force exerted by the pedestrian on the structure itself, is usually measured
in place of the dynamic stiffness [36,41]. The dynamic stiffness H and the AM Ma for a
generic subject are defined as

H(jω) =
FPGR(jω)

x(jω)
(1)

Ma(jω) =
FPGR(jω)

..
x(jω)

(2)

where j is the imaginary unit, ω is the angular frequency, x is the structure displacement,
..
x

is the structure acceleration, and FPGR is the force exerted by the pedestrian on the structure
(i.e., PGRF) in response to structure vibration (see also Section 4.1 for further details).

A question arises about which AM curves must be considered in an HSI model. Indeed,
different factors must be taken into consideration:
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1. Intra-subject variability: the AM curve of the same person in a given posture is affected
by a natural dispersion;

2. Inter-subject variability: the AM curves of different people in the same posture
are different;

3. Posture: the AM curve of the same person changes when the posture changes (e.g.,
during the motion). Indeed, the AM has been found to depend on the body character-
istics and, consequently, the posture [11,36].

Actually, there is no study that fully analyses the effects of the previous points and
indicates which of them should be considered more than the others, but this aspect is
important to develop a reliable and accurate HSI model. For this reason, the present work
aims at verifying which aspects have more influence on the passive pedestrian interaction.

For example, in the case of a relevant contribution of all the previous three points (see
the previous numbered list), a long experimental campaign will be required to properly
reproduce the passive behaviour of a crowd. Conversely, if one of them results in being
predominant over the others, that will simplify the crowd characterisation. For instance,
if a predominant effect of the body posture is found, a low number of tested subjects will
be required, but more care should be paid in the analysis of the single-step motion. On
the other hand, if a dominant contribution of either the intra- or inter-subject variability is
discovered, either a large number of tests per subject or a large number of involved subjects
in the tests will be required, respectively.

It is recalled that the aim of the HSI study is the assessment of the effect that people
have on the characteristics of the host structure, and hence, on its dynamic properties. For
this reason, the evaluation of the effects of the above-mentioned factors on the PGRF (see
the numbered list discussed previously) is performed here by looking at the variations of
the modal parameters (i.e., eigenfrequencies and non-dimensional damping ratios) of the
structure. Thus, all the measured AM curves are herein applied to a reference structure,
and then the modal parameters of the occupied structure are assessed. In more detail, a
staircase is taken as a reference structure because, with this type of structure, the variability
of the human body posture, and hence of the AM, is greater than the one that occurs
while walking over a flat surface [11]. Thus, a staircase allows for considering a more
general case.

The structure of the paper is as follows. At first, the characterisation of the passive
pedestrian contribution is reported in Section 2. Then, the structure used as a reference is
presented in Section 3, followed by the description of the mathematical treatment used to
reproduce the HSI coupling and the statistical treatment of the results in Section 4. Finally,
all the results and their discussion are presented in Section 5.

2. Passive Pedestrian Contribution

The passive contribution exerted by a pedestrian on the structure is represented by
the dynamic response of the body to the vibration of the ground, that is, the AM of her/his
body. Hence, to analyse the passive pedestrian contribution, the AM curves must be
measured. For this purpose, an experimental campaign was executed to identify the AM
curves of five subjects (Sections 2.2 and 2.3). However, since the AM strongly depends on
the posture of the body, a motion analysis is performed before in order to identify the most
significant positions assumed by the body during walking along a staircase (Section 2.1).

2.1. Motion Analysis

With the goal of identifying the main positions assumed during walking, a motion
analysis was executed. It is worth mentioning that the change of posture within a single
step is more evident in the case of people who cross staircases rather than flat surfaces. In
more detail, both the ascent and the descent were analysed since the postures assumed
within the single step are different for the two crossing directions. Figure 1 shows an
example of motion analysis for one of the subjects involved in the tests (subject 3 of Table 1).
For each crossing direction, the motion of the single step was split in three phases, and a
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position per phase was taken: positions 1a, 2a and 3a for the ascent; and positions 1d, 2d
and 3d for the descent. The positions denoted by 1 represent the first part of the step, those
denoted by 2 the central part of the step, and those denoted by 3 the last part.
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Figure 1. Motion analysis of subject 3 ascending and descending a staircase. The numbered green
squares are in correspondence of the selected positions for the ascent (1a, 2a, 3a) and for the descent
(1d, 2d, 3d).

Table 1. Subjects involved in the tests.

Subject Gender Height (cm) Mass (kg)

1 male 175 85
2 male 185 90
3 female 165 55
4 male 185 80
5 male 180 70

It is pointed out that, from the motion analysis, it was observed that during the ascent,
two types of foot-stair step contacts may occur: full contact of the foot with the step or
partial contact of the foot with the step (only the tip part). Consequently, both types of
contacts were considered in the investigation of the AM curves for the positions of the
ascent. They were named f-type and t-type, which stand for full contact and tip contact,
respectively. No significant differences were observed for the descent, where full contact
only occurred. Summarizing, three positions were considered for the descent and six for
the ascent of the staircase (see Table 2).

Table 2. List of the postures.

Direction Foot-Step Contact Position Labels

ascent full 1af 2af 3af
ascent tip 1at 2at 3at

descent full 1d 2d 3d

2.2. Number and Types of Tests

In order to consider the intra- and the inter-subject variability, the AM curves were mea-
sured a different number of times for the same position, for both the feet (intra-variability)
and for different subjects (inter-variability).
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The whole experimental campaign involved five subjects, whose characteristics are
provided in Table 1. The limited number of involved subjects was due to the amount of
time required to perform the experimental tests. Indeed, a large number of AM curve
measurements were performed for each subject. The subjects were chosen in order to show
different combinations of height and mass. It will be shown in Sections 5.1.1 and 5.1.2 that
some conclusions can be reached, even with this low number of tested subjects.

2.3. Measurement of AM Curves

In this section, the acquisition system designed to measure the AM curve is shown,
along with a description of the performed tests and the post processing of the data.

2.3.1. Set-Up Description

To measure the AM curves of the involved subjects, the ad hoc set-up shown in
Figure 2 was developed. The input vibration of the ground to the body was reproduced
by means of an electro-dynamic shaker (LDS, model V875), while the exerted PGRF was
measured through a force plate located over the shaker. For more details on the set-up,
refer to [42]. Each subject was placed over the dynamometric plate for the measurements.
Note that the dynamic contribution of the force plate was filtered out from the acquired
measurements during data post-processing. The acceleration profile supplied by the electro-
dynamic shaker was set to be a white noise profile with a root mean square (RMS) value of
0.25 ms−2, in a frequency range between 3.5 and 20 Hz. This RMS value was set in agree-
ment with the ones adopted in the literature, and it is close to those observed in practical
cases. As for the frequency range, it was chosen to include the modes of the studied
structure that are influenced by the PGRF (i.e., the ones within the range 0–20 Hz [10,36];
see Section 3). Indeed, the influence of the PGRF is mainly evident at resonance [10].
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plate and accelerometers.

Figure 3 shows the tests for the measurement of the AM curves for subject 5 in
different postures.

2.3.2. Description of the Test

With the equipment just described above (Section 2.3.1), the AM curves of the nine
positions (see Table 2) were measured for each of the five subjects. For all the selected
positions, the corresponding AM curves were acquired for both the feet, leading to a total
of 18 AM curves per subject. All these 18 curves per subject were acquired different times
in order to assess the intra-subject variability. The time length of the collected signals was
20 s for each test.
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2.3.3. Post-Processing of Data

The estimator H1 [43] was used to estimate the AM curves. The frequency resolution
of the resulting AM curves was 0.5 Hz because sub-records of 2 s were extracted from the
whole time-history and used for the averaging process [43]. The length of 2 s was selected
to have enough sub-time-histories for the averaging process.

Figure 4 reports an example of H1 estimation (dashed line) of the AM curve of subject
5 in position 3af on the left foot. The whole set of measured AM curves of the five subjects,
for the different positions, are reported in “Appendix A”. For the sake of clearness of the
plots, the AM curves reported in the Appendix A are the average AM curves per position
of each subject.
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Figure 3. Subject 5 during the tests for the measurement of the AM curves in different postures.
Letter “d” indicates the postures related to the descent, while “af” and “at” are related to the ascent.

The frequency resolution of the AM curves was then increased in order to allow for
the applicability of the procedure for the numerical simulation of the passive HSI, as will
be later explained in Section 4. Hence, the AM curves were resampled with a frequency
resolution of 0.01 Hz by means of a cubic smoothing spline interpolation in the frequency
domain. Such a procedure was allowed by the regularity of the AM curves with 0.5 Hz
of resolution. Thus, no change of information was experienced by resampling, as proved
by the superposition of the solid (resolution of 0.01 Hz) and dashed (resolution of 0.5 Hz)
curves in Figure 4.

As examples, some of the measured AM curves are reported in the following. Figure 5a,b
shows two measurements of the AM curve of subject 1 in position 2d. The differences
between the two AM curves are due to the intra-subject variability. Then, the AM curves of
subject 1 and 3, always for position 2d, are reported in Figure 5c,d. Now the differences are
due to the inter-subject variability. Finally, comparisons among the measured AM curves
of subject 1 for different postures are reported in Figure 5e,f (position 2d and position 1at)
and Figure 5g,h (position 2d and position 2af).
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Figure 5. AM curves: two measurements of the same AM curve of subject 1 in position 2d in terms of
magnitude (a) and phase (b), comparison with subject 3 (c,d), comparison between posture 2d with
posture 1at (e,f) and posture 2af (g,h). The solid curves are always related to the same test.

3. Reference Structure

The structure taken into consideration was a staircase already studied in [44,45]. This
staircase was suitable for the HSI analysis since it is characterised by the lively dynam-
ics of its first modes, given by its geometry and material composition (steel core and
marble steps).

Since the HSI was numerically simulated by coupling the measured AM curves with
the model of the empty structure, a modal description of the latter was required. Thus, an ex-
perimental campaign for the evaluation of the eigenfrequencies, non-dimensional damping
ratios and scaled mode shapes was performed. The considered frequency range was chosen
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to include the modes of the structure influenced by the presence of the pedestrians. The
structure was instrumented with accelerometers and excited through an electro-dynamic
shaker (LDS, model V406). The acquired data were processed by means of experimental
modal analysis (EMA) (least square complex frequency domain estimation [46]), and the
modal parameters were extracted. Table 3 shows the eigenfrequencies fi and the non-
dimensional damping ratios ξi of the first two modes of the structure. The eigenfrequencies
are indicated as fi (expressed in Hertz) or ωi (where fi = ωi/2π) in the following. Just the
first two modes were considered since they are the ones in the frequency range significantly
affected by the PGRFs. Even if the third one was found to be around 16 Hz, it was discarded
since its eigenvector components were found to be significantly lower than those of the
first two modes. Moreover, the AM magnitude strongly decreases at that frequency. These
two points together imply a negligible variation of the modal parameters due to HSI [10].

Table 3. First two eigenfrequencies and non-dimensional damping ratios of the reference structure.

Mode ξi (%) fi (Hz)

1st 0.38 7.81
2nd 0.35 8.87

4. Pedestrian–Structure Coupling

To evaluate the effect of the different AM curves on the HSI problem, changes in the
modal parameters due to the presence of pedestrians were considered. Therefore, the
empty structure was numerically simulated by means of its modal parameters, and the AM
curves of each subject in the different postures were applied in turn to it.

At first, a point of the structure was selected for coupling the AM curves. For this
purpose, node 12 of the discretised structure (Figure 6) was selected. Such a point, which
belongs to the second staircase landing, is characterised by high mode shape components
of the two considered modes. This increases the HSI effect.
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4.1. Analytical Model and Its Implementation

From the modal parameters of the empty structure (Section 3), the FRFs of the empty
staircase between the generic external force F applied to the structure and the structural
displacement x, for the nodes in which the structure was discretised (Figure 6), are available
and stored in the following G matrix [37]:

G(jω) =
x(jω)

F(jω)
=

N

∑
i=1

φiφ
T
i

−ω2 + j2ξiωiω + ω2
i

(3)

where x(jω) and F(jω) are the column vectors that contain the x and F spectra, respectively,
for each node of the structure, φi is the i-th mode shape vector normalised to the unit
modal mass, N is the number of modes taken into consideration (i.e., N = 2 in this case),
and the superscript T indicates the transposed matrix. The generic element of G will be
referred to as G.

Adopting the approach introduced in [10], it is possible to account for the passive
contribution of a generic number of pedestrians placed at any points of the discretised
structure. The expression of the new FRFs of the occupied structure (i.e., structure under
HSI), which are stored in the GH(jω) matrix, is

GH = [G−1 + WHWT]−1 = G−GW[H−1 + WTGW]−1WTG (4)

The convention of sign adopted is shown in Figure 7a. The generic element of GH will
be referred to as GH.
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The right-hand term of Equation (4) is derived by means of the Woodbury identity [47].
In Equation (4), W is an auxiliary matrix used to couple each pedestrian with a given node
of the structure, while H is a diagonal matrix containing the dynamic stiffness curves of the
pedestrians. The dynamic stiffnesses can be replaced by the AMs in the matrix H, noticing
that for the k-th pedestrian,

Hk(jω) = −ω2Ma,k(jω) (5)

It is noticed that such an approach applies to time-invariant AM curves of the involved
subjects and, therefore, for fixed body postures, like a frame of the whole motion.

Since the final aim is to assess the effect of each AM on the modal parameters of the
structure, one AM at a time was coupled with node 12 of the structure (i.e., supposing a
single subject on the structure). The same node was taken to evaluate the FRFs between F
and x of the occupied structure (i.e., co-located FRFs were considered). However, since the
eigenfrequencies and non-dimensional damping ratios do not change with the considered
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FRF, any other FRF could be used. Therefore, for the studied case (i.e., single input-single
output FRF at node 12 and one pedestrian at a time), Equation (3) reduces to

G(jω) =
N

∑
i=1

Φ2
r,i

−ω2 + j2ξiωiω + ω2
i

(6)

where Φr,i is the eigenvector component at node r = 12 for the i-th mode (scaled to the unit
modal mass). Furthermore, Equation (4) reduces to

GH(jω) = [G−1 + Hk]
−1 =

G
1 + GHk

=
G

1−ω2GMa,k
(7)

The third term of Equation (7) clearly highlights the nature of the passive HSI, which
is a negative feedback loop through Hk on the displacement of the structure (see Figure 7b).

This analytical procedure was implemented and applied to all the measured AM
curves to numerically reproduce the reference structure occupied by a pedestrian in a
still position, obtaining in this way a series of GH(jω). Figure 8 shows an example of
the co-located FRF of the occupied structure GH(jω) computed with Equation (7) (solid
line), compared with the equivalent FRF of the empty structure G(jω) (dashed line). It is
possible to prove that the contribution of a single subject is able to significantly increase the
non-dimensional damping ratios of the structure.

Once all the FRFs GH(jω) were available, the EMA [46] was performed on them to
evaluate the new modal parameters of the occupied structure (i.e., eigenfrequencies and
non-dimensional damping ratios).
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In this section, the analytical procedure to reproduce the passive HSI coupling is
shown. Regarding its experimental validation, it was already performed in [10]. Therefore,
no further validation was carried out, and the analytical procedure was considered correct.

4.2. Statistical Treatment

The analytical procedure described in Section 4.1 was performed for all the measured
AM curves. Then, the estimation of the new modal parameters was performed for each
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of them. Since for a specific subject (five in total; see Table 1), and for a specific position
(nine positions in total; see Table 2), the corresponding AM curve was identified a different
number of times (ten on average, see Sections 2.3.2 and 2.3.3), an equivalent number of
modal parameters (i.e., eigenfrequencies f̂1 and f̂2 and non-dimensional damping ratios ξ̂1
and ξ̂2) of the occupied structure were identified. It is noted that to distinguish between
modal parameters of the empty and occupied structure, a hat was added to the latter ones.

In order to represent the statistical distribution of a new modal parameter, the distri-
bution of the sample mean was described through its mean (i.e., mean of the sample mean:
µ) and dispersion (i.e., dispersion of the sample mean). Such a distribution results in being
normal because of the central limit theorem [48]. However, if the normal distribution of a
parameter is obtained starting from a sample of small size (as it is in the present study),
the guide [48] suggests to use a Student’s t-distribution. Therefore, the boundaries of the
dispersion interval of the sample mean value were obtained as follows:

µ± tα,νs√
n

(8)

where s is the sample standard deviation, n is the number of tests for a subject in a posture,
tα,ν is the coverage factor of the Student’s t-distribution with ν degrees of freedom (equal
to n − 1) and a probability equal to α. In the present study, α was set in order to have a 95%
confidence interval.

5. Tests and Results
5.1. Passive HSI Effect

In the following subsections, the obtained eigenfrequencies (Section 5.1.1) and non-
dimensional damping ratios (Section 5.1.2) are reported for the reference structure coupled
with the pedestrians adopting the procedure shown in Section 4.1. For each modal parame-
ter, the results are displayed for each subject (see Table 1 for the list of the subjects) and for
each position (see Table 2 for the list of the positions).

5.1.1. Change in Eigenfrequencies

Figures 9 and 10 report the intervals of f̂1 and f̂2, respectively. Along with the results of
the simulations, the values of the empty structure (see Table 3) are shown with dash-dotted
lines. The values of the single tests are reported with plus signs (+), without indications
about µ and µ± tα,νs√

n , in case fewer than four tests were available for a position of a subject.
This sometimes occurred because of the difficulty in keeping an uncomfortable still posture
during the measurements.

The figures show that a single pedestrian is able to change the first eigenfrequencies
of the considered structure.

If the same subject is considered, significant shifts of the intervals are evident when
changing the posture. Sometimes, also the widths of the intervals change. This is due
to the different dynamic behaviours of each pedestrian in different positions and to the
different intra-subject variability of each subject in different postures. If the same posture is
taken into consideration, the subjects are characterised by different intervals, and this is
related to the inter-subject variability. Considering positions 1af, 2af, 3af, 1d, 2d and 3d,
no evident differences exist among the frequency ranges covered by their intervals. The
only systematic effect related to the posture is evident when comparing the postures on
the tip (“at” postures) and those with the full contact of the foot (“af” and “d” postures).
Therefore, if full contact is considered, it is not worth developing specific average AM
models for each posture. It is enough to carry out few tests per subject with many subjects
in either two or three postures with full contact of the foot. The corresponding mean AM
curve, together with its dispersion curves, would be enough to obtain a general average
model for describing the effect of HSI due to a full contact of the foot. The importance
of the posture seems to be mostly related to the type of contact between the foot and the
structure. Indeed, Figures 9 and 10 show an evident shift of the intervals related to the



Vibration 2022, 5 132

postures on the tip, compared to the postures with full contact. When the foot is just on
the tip, the eigenfrequencies increase, while they tend to decrease with full contact. The
reason for such a difference is explained in the following; however, looking at the AM plots
in Appendix A, it can be deduced that the main difference between the postures on the tip
and those with full contact is in the trend of the phase: with full contact, it is not far from
−90◦ in the frequency range of the two resonances of Table 3, while it is about −150◦ (thus,
not far from −180◦) for the postures on the tip. Before entering into details for this point, it
is underlined that, in order to have a general statistical model for PGRFs, it is important to
characterise the AM of different subjects with the two different types of contact.

For the sake of clarity of the following dissertation, the approximation to a single
degree-of-freedom (SDOF) system is used for the structure. This simplification is considered
a reliable approximation of the response of a structure in the case of low modal density [37].
As a consequence, the FRF of the empty structure G(jω) (see Equation (6)), in the frequency
range around one of its eigenfrequencies, can be reduced to

G(jω) =
Φ2

r,i

−ω2 + j2ξiωiω + ω2
i

(9)

Substituting Equations (9) and (5) in Equation (7), GH(jω) can be rewritten as

GH(jω) =
Φ2

r,i

−ω2 + j2ξiωiω + ω2
i −ω2Ma,k(jω)Φ2

r,i
(10)
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Figure 9. First eigenfrequency of the occupied structure. (�): µ; (N): µ + tα,νs√
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Being that the AM is an FRF, it is possible to look at it as the sum of a real and an
imaginary part:

Ma,k(jω) = Re(Ma,k(jω)) + jIm(Ma,k(jω)) (11)
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By replacing Equation (11) into Equation (10), it is possible to highlight the effect of
the passive pedestrian contribution on the FRF of the occupied structure:

GH(jω) =

Φ2
r,i

1+Φ2
r,iRe(Ma,k(jω))[

−ω2 +
ω2

i
1+Φ2

r,iRe(Ma,k(jω))
+

j(2ωωiξi−Φ2
r,iω

2Im(Ma,k(jω)))
1+Φ2

r,iRe(Ma,k(jω))

] (12)

Since the eigenfrequency is the frequency for which the denominator of the FRF
becomes purely imaginary, the new eigenfrequency of the occupied SDOF structure
is obtained:

ω̂i
∼=

ωi√
1 + Φ2

r,iRe(Ma,k(jωi))
(13)

The latter is an approximation since the value of Ma,k changes in frequency. Therefore,
to assess ω̂i, the value of Ma,k is assumed constant in the frequency range around ωi and
equivalent to the value assumed in ωi: Ma,k(jω) ∼= Ma,k(jωi). From Equation (13), it
results that the value of ω̂i depends upon the real part of the AM of subject k. Therefore,
looking at the value of Re(Ma,k) at ωi, it is possible to determine if there would be either
an increase or a decrease in the i-th eigenfrequency of the occupied structure ω̂i:

Re(Ma,k(jωi)) < 0 ⇒ ω̂i > ωi
Re(Ma,k(jωi)) > 0 ⇒ ω̂i < ωi

(14)

Therefore, the trends of the eigenfrequencies depicted in Figures 9 and 10 for full and
partial contact of the foot can be explained. Figure 11 reports an example of AM curves
for the two types of contact of the foot for subject 1. It shows that, around the first two
eigenfrequencies of the staircase (7.81 and 8.87 Hz), the AM curve for full contact of the foot
is characterised by a phase value above −90◦ (i.e., Re(Ma,k) > 0), while the AM curve for
partial contact of the foot (tip of the foot) by a phase value below −90◦ (i.e., Re(Ma,k) < 0).
This explains why an increase in the eigenfrequencies occurs for positions with partial
contact of the foot (positions 1at, 2at and 3at), and why instead they decrease for positions
with full contact of the foot (positions 1af, 2af and 3af for the ascent and positions 1d, 2d
and 3d for the descent).
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Figure 11. AM curves of subject 1 in postures 3af and 3at. (a) Magnitudes of the AM curves; (b) phases
of the AM curves. The dash-dotted line in plot (b) indicates −90◦.

5.1.2. Change in Non-Dimensional Damping Ratio

The results of the simulations for the non-dimensional damping ratios are reported
in Figures 12 and 13 for ξ̂1 and ξ̂2, respectively. The damping changes (which can be
higher than 100%) evidenced by these figures are obtained with the presence of just a single
pedestrian over the structure. This is a desirable result in terms of structural dynamics
because an increase in the non-dimensional damping ratio implies a lower magnitude of
the structural response, as well as a faster decay of the free response of the structure. It is
worth noticing that an increase occurs for the non-dimensional damping ratios in almost
all the cases.
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Additionally, in the case of the non-dimensional damping ratios, a low relevance of
the intra-subject variability is observed, compared to the influence of the posture and the
inter-subject variability. Furthermore, even if a single subject is characterised by different
damping intervals when changing the posture, the only systematic effect of the posture
is related to the type of contact (i.e., full contact or contact on the foot tip). Therefore, it is
confirmed that it is enough to perform few tests per subject with many subjects in either
two or three postures for the full contact of the foot. The corresponding mean AM curve,
together with its dispersion curves, would be enough to achieve a general average model
for describing the effect of HSI due to a full contact of the foot, while the importance of the
posture is mostly related to the type of contact between the foot and the structure.

The different effects of the postures related to full and tip contacts are now addressed
by using the SDOF approximation already used in Section 5.1.1. Evaluating Equation (12)
for ω = ω̂i, the following expression is derived:

GH(jω̂i) =

Φ2
r,i

1+Φ2
r,iRe(Ma,k(jω̂i))[

j(2ω̂iωiξi−Φ2
r,iω̂i

2Im(Ma,k(jω̂i)))
1+Φ2

r,iRe(Ma,k(jω̂i))

] (15)

Equation (15) can be rearranged using Equation (13), obtaining

GH(jω̂i) =

Φ2
r,i

1+Φ2
r,iRe(Ma,k(jω̂i))[

2jω̂i
2

(
ξi√

1+Φ2
r,iRe(Ma,k(jω̂i))

− 0.5Φ2
r,iIm(Ma,k(jω̂i))

1+Φ2
r,iRe(Ma,k(jω̂i))

)] (16)

and therefore,

ξ̂i
∼=

ξi√
1 + Φ2

r,iRe(Ma,k(jω̂i))
−

Φ2
r,iIm(Ma,k(jω̂i))

2
[
1 + Φ2

r,iRe(Ma,k(jω̂i))
] (17)
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According to Appendix A, the phases of the AM curves for full contact at frequency
values close to the eigenfrequencies of Table 3 are close to−90◦. This implies that the values
of (Ma,k(jω̂i)) are almost imaginary (with negative sign). According to Equation (17), this
implies that ξ̂i is increased compared to ξi. Considering the contact with the tip, the phases
are close to −150◦, which in turn implies a decrease in the weight of the imaginary part
compared to that of the real part. This leads to a less relevant increase in ξ̂i. Similarly, being
that the phase value of the FRF G(jω) is −90◦ at resonance, if Hk(jω) assumes at resonance
a phase of +90◦ (which corresponds to an AM phase equal to −90◦, see Equation (5)),
f PGR
k results in being a pure damping force, leading to an increase in the damping of

the structure.
Before concluding this section, it is important to notice that two further studies were

conducted. The first one relates to the influence of the body mass. The previous simulations
(this section and Section 5.1.1) were repeated with scaled AM curves, which are the AM
curves normalised over the mass [41] of the subject and rescaled to a common body mass
of 75 kg. Such a procedure was performed to further study the inter-subject variability.
Indeed, one of the results of Section 5.1 is the significance of the inter-subject variability in
the HSI problem (i.e., different modal parameters of the occupied structure as a function of
the considered subject for the same position). These further tests were carried out to assess
whether the mass of the subject is the main driving parameter in the inter-subject variability
of the PGRFs, being that the body mass is one of the main features among the physical
characteristics of a subject. Since the results of these further simulations still showed results
similar to those discussed in Sections 5.1.1 and 5.1.2, they are not shown here for the sake of
conciseness; their main outcome is that the subject mass provides a marginal contribution
in the inter-subject variability of the PGRF.

The second further study is related to the effect of muscle fatigue. Indeed, some of
the subjects were tested for a different number of times in sequence in order to increase
the level of fatigue and see its effects of the AM curves. Since these tests did not show any
significant trend, they are not further discussed here.

6. Conclusions

In this paper, the passive pedestrian contribution in an HSI problem was addressed.
This was done since a lack of knowledge was found in the literature about the main factors
that drive the passive pedestrian contribution in the HSI problem. To study the passive
contribution, the attention was focused on the following factors: the intra-subject variability,
the inter-subject variability and the posture of the body.

The passive pedestrian contribution was analysed through the AM curves of five
subjects. The evaluation of the driving parameters in the passive HSI was done by nu-
merically coupling the measured AM curves with a reference structure and by evaluat-
ing the variations of its modal parameters (i.e., eigenfrequencies and non-dimensional
damping ratios).

From the results, both positive and negative variations of the eigenfrequencies are
observed, whereas significant increments of the non-dimensional damping ratios are
reported for all the tested postures.

In summary, the intra-subject variability was found to have a lower effect on the PGRF
than the other considered factors. Instead, different results were observed for different
subjects in the same postures, leading to consider the inter-subject variability as a factor
that must be carefully considered in the passive contribution modelling. The same follows
for the discretisation of the single footstep in many positions: different modal parameters
are reported as a function of the consider posture. However, greater variations are observed
comparing postures with full contact of the foot and with contact on the tip. The different
effects caused by the two posture types were explained by an SDOF mathematical approach
based on the analysis of the measured AM curves.

All tests were carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans.
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Appendix A

This appendix reports the measured AM curves of the five subjects of Table 1 in the
different postures of Table 2. Even if different measurements for the same posture were
carried out for each subject, their average is here reported for the sake of clarity of the plots.
Figures A1 and A2 show the measured AM curves for the ascent postures with full contact
of the foot with the step (postures 1af, 2af and 3af) and partial contact (tip of the foot) with
the step (postures 1at, 2at and 3at), respectively. The measured AM curves of the descent
postures (postures 1d, 2d and 3d) are instead reported in Figure A3.
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Figure A1. Measured AM curves for the five test subjects for postures 1af, 2af and 3af (list of the
postures in Table 2). Top plots, amplitude; bottom plots, phase. (a,b): Subject 1; (c,d): Subject 2;
(e,f): Subject 3; (g,h): Subject 4; (i,j): Subject 5.
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Figure A2. Measured AM curves for the five test subjects for postures 1at, 2at and 3at (list of the
postures in Table 2). Top plots, amplitude; bottom plots, phase. (a,b): Subject 1; (c,d): Subject 2;
(e,f): Subject 3; (g,h): Subject 4; (i,j): Subject 5.
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Figure A3. Measured AM curves for the five test subjects for postures 1d, 2d and 3d (list of the
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