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,e excessive vertical vibration of structures induced by walking pedestrians has attracted considerable attention in the past
decades. ,e bipedal walking models proposed previously, however, merely focus on the effects generated by legs and ignore the
effects of the dynamics of body parts on pedestrian-structure interactions. ,e contribution of this paper is proposing a novel
pedestrian-structure interaction system by introducing the concept of the continuum and a different variable stiffness strategy.
,e dynamic model of pedestrian-structure coupling system is established using the Lagrange method. ,e classical mode
superposition method is utilized to calculate the response of the structure. ,e state-space method is employed to determine
natural frequencies and damping ratio of the coupled system. Based on the proposed model, numerical simulations and
parametric analysis are conducted. Numerical simulations have shown that the continuum enables the pedestrian-structure
system to achieve the stable state more efficiently than the classic model does, which idealizes the body as a concentrated or
lumped mass. ,e parametric study reveals that the presence of pedestrians is proved to significantly decrease the frequency of
human-structure interaction system and improve its damping ratio. Moreover, the parameters of the bipedal model have a
noticeable influence on the dynamic properties and response of the pedestrian-structure system. ,e bipedal walking model
proposed in this paper depicts a pattern of pedestrian-structure interactions with different parameter settings and has a great
potential for a wide range of practical applications.

1. Introduction

In recent years, the problem of human-induced vibration in
flexible bridges has attracted extensive attention, which
makes the improvement of bridge vibration serviceability a
necessary consideration in new structure design [1]. To meet
the architectural requirement of aesthetics, footbridges that
only bear pedestrian loads tend to exhibit long, light, flexible,
and fewer degrees of freedom, which makes footbridges
more sensitive to human-induced vibration.

To assess the vibration serviceability of new footbridges,
the moving force (MF) model is generally adopted by many
guidelines (e.g., OHBDC [2], BS 5400 [3], ISO-10137 [4],
Eurocode 5 [5], Setra [6], and HIVOSS [7]). However, this

approach does not consider the impact of pedestrians on the
properties of the structural system (such as frequency and
damping), nor does it consider the impact of structural
vibrations upon pedestrian gait, as excessive vibrations
would produce panic among pedestrians [8–10]. Later, new
human-structure models are updated to simulate the in-
teractions between humans and structure to further evaluate
pedestrian-induced structural responses. To explore the
contribution of the pedestrian mass to the structure, Biggs
[11] simulates the human body as a moving mass, which
fully accounts for the mass coupling between the human
body and the structure, known as the MM (moving mass)
model. Although the MM model can interpret the effect of
the crowd on the frequency of the structure, it fails to explain
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the additional damping of the structure induced by the
crowd, and the dynamic behaviours of the crowd-structure
system are quite distinct from those of the unloaded
structure [12–14]. Several studies have shown that pedes-
trians provide negligible additional damping to structures
subjected to vertical vibration [14–17]. ,erefore, to depict
the dynamic behaviour of the human body, some researchers
have equated pedestrians to SMD system, which accounts
for the effects of human mass, stiffness, and damping on the
structure [18–22]. ,e moving SMD, introduced by Arch-
bold [18], is applied into the HSI area and the SMD model
has a better predictability in vibration response as compared
to the MF model [20]. Although the SMD model considers
the dynamic properties of the human body and replaces GRF
with a predefined mobility force with double-peak charac-
teristics, it ignores the gait characteristics of the human body
with switching legs in the walking process.

In the field of biomechanics, the inverted pendulum
model is commonly applied to the study of human gait and
GRF. ,e bipedal walking model yields a GRF with a twin
peaks feature, which agrees well with the experimental data,
suggesting that the bipedal inverted pendulum model can
represent the kinetics of human walking well [23–26]. Qin
et al. [27, 28] present a viable solution to the problem of
human-structure interaction based on a biomimetic bipedal
walking model and address the model’s instability in gait
continuity due to damping energy dissipation by imposing a
control force. However, the limitation of Qin’s model is
evident for it is dynamically unstable when applied to the
crowds due to the strict energy compensation mechanism,
which results in the model’s vulnerability to initial condi-
tions. To extend the bipedal model to the interaction be-
tween the crowds and the structure, Gao et al. [29] develop a
self-determining walking velocity mechanism to enhance the
gait stability, which has been implemented to define crowd-
structure interaction [30]. Yang and Gao [31] recommend a
similar pedestrian-structure system to explore the impact of
humans on structural dynamic properties based on a bipedal
walking model.

However, the bipedal walking models mentioned above
all assume that the mass of the body is concentrated in the
center of gravity, due to which the model only involves the
impact of stiffness and damping of the legs but ignores the
dynamics of other parts of the body. Although this approach
may simplify the model, it ignores the dynamic properties of
the human body which vary along the height of the body and
fails to examine its influence on the whole system. To
overcome the limitation of models that concentrate on the
mass of the body, we have equated other human body parts
except the legs to a continuum for the first time when the
interaction between the human and the structure is con-
sidered. It is shown that the existence of the continuum
allows the human-structure system to be stabilized more
efficiently. Moreover, the results show that the damping of
the continuum would influence the response of the coupled
system, which has not been reported in previous research. It
reveals a necessity to consider the effect of the continuum if
the interaction between human and structure is calculated. A
different leg stiffness strategy that involves more parameters

is taken to simulate the dynamic properties of the legs in a
more comprehensive way. It is found that the stiffness
strategy we proposed reveals more features of the GRF in
shape and peak value.

As regards the contribution of this study, it is an ex-
tension of the works of Gao et al. [29] and Qin et al. [27, 28]
in that we innovatively substitute the concentrated mass of
the bipedal walking model with a continuum body and the
corresponding dynamic equations are derived from the
Lagrangian equation. ,is approach provides a solution to
examine the effect of the distribution of stiffness, mass, and
damping of other body parts on the structural response and
dynamic properties. Moreover, it allows the system to reach
a stable state more efficiently if compared to the classical
model. Another distinctive feature of the proposed model is
its adoption of time-dependent leg stiffness, which includes
the loss of stiffness as one’s foot leaves the ground and is
different from the strategy adopted by others. ,is allows for
the exploration of more leg parameters of the coupled
system.

,e outline of the paper is as follows. Section 2 presents
the theoretical formulae of vertical vibration based on a
walking bipedal pedestrian-structure model that considers
human mass, stiffness, and damping distribution as impact
factors in pedestrian-structure interaction. Part 3 presents
an overview of how to obtain real-time dynamic properties
of a pedestrian-structure interaction system by solving the
spatial equations of state. ,e calculation procedure of the
pedestrian-structure model is given in Section 4. Part 5
explores the effect of a pedestrian on the structure with a
realistic numerical example, the result of which is also
compared with Gao’s. In Section 6, the effect of the dynamic
parameters of a bipedal walking model on the structural
response and dynamic performance is detailly analyzed.
Simulation results of various parameters of the model are
discussed in Section 7. Section 8 summarizes the paper.

2. Pedestrian-Structure Dynamic
Interaction System

2.1. Introduction of theBipedalWalkingModel. ,emodel of
pedestrian-structure interaction can be represented by a
bipedal inverted pendulum model with a simple
Euler–Bernoulli beam with span length Lb. To quantify the
dynamics of the human body, the body can be modelled as a
continuous bar with mass distribution m(x), damping
distribution c(x), and stiffness distribution k(x). Although
m(x), c(x), and k(x) are unknown at present, we denote the
arbitrary distribution by the three parameters. ,e vertical
motion of a body relative to a fixed base can be described by
means of the mode superposition method, where zHR(u, t) is
the body motion relative to the stationary base upon which
the body stands. In the model, the stationary base denotes
the intersection of the two legs, representing the lowest point
of the continuum. For the convenience of derivation, only
the first two modes of the continuum are presented in the
paper. ϕHR1(u) and ϕHR2(u) are the shapes of the first and
the second mode of vertical vibration along the standing
body. zHR1(t) and zHR2(t) refer to the generalized modal

2 Journal of Mathematics



coordinates of the first and the second mode relative to the
fixed base and can be expressed as follows:

zHR(u, t) � zHR1(t)ϕHR1(u) + zHR2(t)ϕHR2(u) + · · · ,

(1a)

_zHR(u, t) � _zHR1(t)ϕHR1(u) + _zHR2(t)ϕHR2(u) + · · · ,

(1b)

where xl(t) and xt(t), respectively, denote the coordinates
along the x-direction of the contact points of the pedestrian’s
leading and trailing legs with the Euler–Bernoulli beam.
w(xl, t) and w(xt, t), respectively, represent the displace-
ment of the beam at xl and xtfrom the system’s equilibrium
position in the vertical direction. ,e distance between the
intersection of the legs and the horizontal axis is denoted by
zH(t), and this intersection point is the base of the con-
tinuum. xHR(t) indicates the horizontal coordinates of the
intersection of the legs, mHR signifies the total mass of the
continuum, and kHR(u) denotes the stiffness distribution of
the body. kl(t) and cl(t) denote the stiffness and damping of
the leading leg, respectively. kt(t) and ct(t) denote the
stiffness and damping of the trailing leg, respectively. What
merits special attention is that leg stiffness and damping,

both functions of time, change along with the progression of
human gait. For convenience of presentation, the model in
Figure 1 represents a walking pedestrian in the crowd, and
the interaction between the crowd and the structure is taken
into account in the derivation of the formula.

2.2. Dynamic Equation of the Pedestrian-Structure System.
We assume that at least one foot of the walking pedestrian is
in contact with the structure, that is, without considering the
case where both feet are not in touch with the structure. To
improve the stability of the predicted gait, Gao and Yang
[30] adopted a self-determined mechanism to determine the
velocity of pedestrians; that is, the velocity of pedestrians is a
given quantity. ,is approach addresses the instability of the
walking model due to the dissipation of energy caused by leg
damping and is fully compatible with the characteristics of
the human walking process and can be adapted to a more
complex walking condition. ,e vertical dynamic equation
of pedestrian-structure system is derived from Lagrange
equation [32].,e total kinetic energy Tand potential energy
V of the pedestrian-structure interaction system in the
double-leg support can be obtained as follows:

V �
1
2
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where L0, a constant, denotes the initial length of the leg
spring. Ll(t) and Lt(t) indicate the instantaneous length of
the leading and trailing legs. _xHRi

and _zHi(t) represent the
horizontal and vertical velocities of the continuum. m

represents the mass of the beam per meter, and _zHRi
(u, t)

indicates the vertical velocity at a certain point of the
continuum.w″ � (z2w(x, t)/zx2) and _w � (zw(x, t)/zt) are
curvature and vertical vibrational velocity of the beam,
respectively. E is the modulus of elasticity of the material, I is
the moment of inertia of the cross section of the beam, N
denotes the number of pedestrians, and i refers to the ith
person. To facilitate the derivation of the proposed algo-
rithm, we will not use the subscript i to distinguish each
pedestrian in the derivation below. Based on the empirical
mode decomposition method, the displacement of a certain
point on the beam can be obtained by superimposing the
first several modes of vibration:

w(x, t) � Φ(x)Y(t) � 
n

j�1
ϕj(x)Yj(t),

_w(x, t) � 
n

j�1
ϕj(x) _Yj(t),

(3)

where ϕj(x) j � 1, 2, . . . , n  is defined as the vibration
mode, Yj(t) j � 1, 2, . . . , n  is the generalized modal co-
ordinates, _Yj(t) � dYj(t)/dt denotes the derivative of
generalized coordinates over time, and n represents the
mode number of the structure considered in the analysis.

,e length of the leading and trailing legs of a given
pedestrian can be denoted as

Ll(t) �

�����������������������������

xHR(t) − xl( 
2

+ zH(t) − w xl, t( ( 
2



, (4a)

Lt(t) �
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2
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2



. (4b)
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,e corresponding axial velocity of the two legs can be
given as follows:

_Ll(t) �
1

Ll(t)
_xHRLlx + _zH − _w xl, t( ( Llz( , (5a)

_Lt(t) �
1

Lt(t)
_xHRLtx + _zH − _w xt, t( ( Ltz( , (5b)

where Llx � xHR(t) − xl, Ltx � xHR(t) − xt,
Llz � zH(t) − w(xl, t), and Llz � zH(t) − w(xt, t). Llx and
Ltx denote the horizontal projection of the leading and
trailing legs along the x-direction. Llz and Ltzdenote the
vertical projection of the leading and trailing legs along the
z-direction. ,e variations of the leading and trailing legs
and the relative vertical displacement of a specific point of
the continuum with respect to the base can be denoted as

δLl �
δzH − 

n
j�1 ϕj xl( δYj Llz

Ll

�
ϕHR1(u)δzHR1 + ϕHR2(u)δzHR2 − 

n
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, (6a)
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n
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, (6b)

δzHR � ϕHR1(u)δzHR1 + ϕHR2(u)δzHR2. (6c)
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Figure 1: Human-structure interaction bipedal model with the continuum.
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,e total virtual work of the pedestrian-structure system
results from the damping force of two legs, the continuum,
and the beam. ,erefore, the variation of virtual work W of
the system can be given by
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Where cs represents the damping of the structure, cHR(u)

represents the damping of a certain point of the continuum,
and the variables Q1, . . . ,Qn,Q(1)

zHR1
, . . . ,QzHR1
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,e Lagrange equations of the pedestrian-structure
system can be given as

d
dt

zT

z _Yj

⎛⎝ ⎞⎠ +
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� Qj,

d
dt
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(9)

Substituting equations (2a)-(2b) and (8a)-(8d) into (9),
the equations of motion of pedestrian-structure system can
be obtained as follows:

Mj
€Yj + 2ξjωj

_Yj + Mjω
2
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N
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mHR11 €zHR1 + 2ξHR1ωHR1mHR11 _zHR1 + mHR1 €zH + kHR1zHR1 � −mHR1g, (10c)

mHR22€zHR2 + 2ξHR2ωHR2mHR22 _zHR2 + mHR2€zH + kHR2zHR2 � −mHR2g, (10d)

where ξj and ωj, respectively, denote the damping ratio
and circular frequency of the ith vibration mode of the
beam in the lateral direction. ωHR1, ωHR2, ξHR1, and ξHR2
denote the circular frequencies of the first two modes of
the continuum and the corresponding damping ratios,

respectively. ,e other variables will be discussed later.
,e above formula can ultimately be expressed in matrix
form:

M €U + C _U + KU � P, (11)

6 Journal of Mathematics



where M, C, and K are the mass, damping, and stiffness
matrices of pedestrian-structure system, respectively. €U, _U,
U, and P are acceleration, velocity, displacement, and forces
vector, respectively. If N pedestrians are assumed in the

pedestrian-structural model, where the continuum part of
each person is considered in its first two modes, then the
mass matrix of the kinetic equations can be given as

M �

M1 . . . 0
⋮ 0 ⋮
0 . . . Mn

m
(1)
HR . . . 0 m

(1)
HR1 . . . 0 m

(1)
HR2 . . . 0

⋮ 0 ⋮ ⋮ ⋱ ⋮ ⋮ ⋱ ⋮
0 . . . m

(N)
HR 0 . . . m
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(N)
HR2

m
(1)
HR1 . . . 0 m

(1)
HR11 . . . 0

⋮ ⋱ ⋮ ⋮ 0 ⋮
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m
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⋮ ⋱ ⋮ ⋮ 0 ⋮
0 . . . m

(N)
HR2 0 . . . m
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⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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(n+3N)×(n+3N)

. (12)

,e damping matrix of the kinetic equations of the
pedestrian-structure system can be formulated as
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HR1

⋱

C
(N)
HR1

C
(1)
HR2

⋱

C
(N)
HR2
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(n+3N)×(n+3N)

.

(13)
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,e corresponding stiffness matrix can be expressed as

K �

M1ω2
1 − 

N

i�1
Klt ⊙Φ11 . . . − 

N

i�1
Klt ⊙Φn1 K

(1)
lt ⊙ ϕ1 . . . K

(N)
lt ⊙ ϕ1

⋮ ⋱ ⋮ ⋮ ⋱ ⋮

− 
N

i�1
Klt ⊙Φ1n . . . Mnω2

n − 
N

i�1
Klt ⊙Φnn K

(1)
lt ⊙ ϕn . . . K

(N)
lt ⊙ ϕn

K
(1)
lt ⊙ϕ1 · · · K

(1)
lt ⊙ϕn −K

(1)
lltt . . . 0

⋮ ⋱ ⋮ ⋮ ⋱ ⋮

K
(N)
lt ⊙ϕ1 . . . K

(N)
lt ⊙ϕn 0 . . . −K

(N)
lltt

k
(1)
HR1 . . . 0

⋮ ⋱ ⋮

0 . . . k
(N)
HR1

k
(1)
HR2 . . . 0

⋮ ⋱ ⋮

0 . . . k
(N)
HR2
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(n+3N)×(n+3N)

.

(14)

,e displacement vector and the external force vector
can be rendered as follows:

U � Y1 . . . Yn Z
(1)
H . . . Z

(N)
H Z

(1)
HR1 . . . Z

(N)
HR1 Z

(1)
HR2 . . . Z

(N)
HR2 1×(n+3N)

, (15a)

P �



N

i�1
Clt ⊙Lxz ⊙ϕ1 _xHR

⋮



N

i�1
Clt ⊙Lxz ⊙ ϕn _xHR

− Clt ⊙Lxz( 
(1)

_x
(1)
HR − m

(1)
HRg

⋮
− Clt ⊙Lxz( 

(N)
_x
(N)
HR − m

(N)
HR g

−m
(1)
HR1g

⋮
−m

(N)
HR1g

−m
(1)
HR2g

⋮
−m

(N)
HR2g
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(n+3N)×1

. (15b)
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,e variables in equations (13) to (15a)-(15b) can be
derived as follows:

kll � kl

L0 − Ll

Ll

,

ktt � kt

L0 − Lt

Lt

,

Clz � cl

Llz

Ll

 

2

,

Ctz � ct

Ltz

Lt

 

2

,

Clzz � cl

Llz

Ll

,

Ctzz � ct

Ltz

Lt

,

Lxzl �
LlxLlz

L
2
l

,

Lxzt �
LtxLtz

L
2
t

,

Cltzz � cl

Llz

Ll

+ ct

Ltz

Lt

 ,

Clzz � cl

Llz

Ll

,

Ctzz � ct

Ltz

Lt

ϕj,

Cltzz � Clzz + Ctzz,

Klltt � kll + ktt,

ϕi(x) � sin
iπx

Lb
 , x

Φpj xl(  � ϕp xl( ϕj xl( ,

Φpj xt(  � ϕp xt( ϕj xt( ,

Cltz ⊙ ϕj � Clzϕj xl(  + Ctzϕj xt( ,

Klt ⊙ ϕj � kllϕj xl(  + kttϕj xt( ,

Klt ⊙Φpj � kllΦpj xl(  + kttΦpj xt( ,

Clt ⊙ Lxz ⊙ ϕj � cl

LlxLlz

L
2
l

ϕj xl(  + ct

LtxLtz

L
2
t

ϕj xt( ,

Cltz ⊙Φpj � ClzΦpj xl(  + CtzΦpj xt( ,

Cltz ⊙ ϕj � Clzϕj xl(  + Ctzϕj xt( ,

Klt ⊙Φpj � kllΦj xl(  + kttΦj xt( ,

Klt ⊙ ϕj � kllϕj xl(  + kttϕj xt( ,

Clt ⊙Lxz � clLxzl + ctLxzt,

Cltzz ⊙ ϕj � Clzzϕj xl(  + Ctzzϕj xt( .

(16)

,e variables associated with the modes of the system
can be expressed as follows:

mHR1 � 
H

0
m(u)ϕHR1(u)du,

mHR2 � 
H

0
m(u)ϕHR2(u)du,

mHR11 � 
H

0
m(u)ϕ2

HR1(u)du,

mHR22 � 
H

0
m(u)ϕ2

HR2(u)du,

mHR12 � 
H

0
m(u)ϕHR1(u)ϕHR2(u)du � 0,

kHR1 � 
H

0
kHR(u)

dϕHR1

du
 

2

du,

kHR2 � 
H

0
kHR(u)

dϕHR2

du
 

2

du,

kHR12 � 
H

0
kHR(u)

dϕHR2

du

dϕHR1

du
du � 0,

CHR1 � 2mHR11ωHR1ξHR1 � 
H

0
cHR(u)ϕ2HR1(u)du,

CHR2 � 2mHR22ωHR2ξHR2 � 
H

0
cHR(u)ϕ2HR2(u)du,

CHR12 � 
H

0
cHR(u)ϕHR1ϕHR2(u)du � 0.

(17)

From the above derivation, it can be noted that the mass
coupling of the continuum is included in the M matrix, so
that the mass matrix tends to show diagonal trends and
partial intercoupling. It is noteworthy that, in the damping
matrix C, the damping of the legs is coupled to the damping
of the structure, with the feature that the damping element of
the legs is spread over the whole matrix. It suggests that the
damping of the legs exerts an impact on the damping of the
system. ,e continuum is not coupled to other damping
terms in the damping matrix due to the relative coordinates
adopted. After performing an absolute coordinate trans-
formation, however, the damping of the continuum is also
coupled to other damping terms in the damping matrix C.
Because the transformations are not the focus of the study,
relevant details are not discussed here. As similar to the
damping matrix, the distribution of the stiffness elements in
the stiffness matrix K is characterized by the fact that the
structural, bipedal, and continuum stiffness are coupled to
each other, which demonstrates the contribution of the three
components to the stiffness of the entire system. It should be
noted that although the overall matrix bears a resemblance
to Gao’s [30] and Qin’s [27, 28] models, their models treat
the human body as a concentrated mass and ignore the
influence of mass, stiffness, and damping distribution of
other body parts. ,erefore, their models fail to measure the
effects of the bipedal models, as well as the continuum, on
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the entire pedestrian-structural system, which makes a clear
distinction between the new model proposed and theirs. It is
manifested in the mass matrix M by the addition of m

(p)

HR11,
m

(p)

HR22, m
(p)

HR1, and m
(p)

HR2 in the damping matrix C by the
addition of C

(p)

HR1 and C
(p)

HR2 and in the stiffness matrix K by
the addition of k

(p)

HR1 and k
(p)

HR2 compared to the model
proposed by Gao and Yang [30]. ,e new model can obtain
vibration response along the standing human body by taking
appropriate parameters and allows for the possibility to
perform correlated gait adjustments through the perceived
acceleration of the human body, which reveals the limitation
of classic models with a focus on the concentrated mass.

2.3. Damping and Stiffness Definition of Legs during a Gait
Cycle. ,e derivation of the formula discussed in Part 2.2 is
assumed on the case where a pedestrian’s two legs are in
contact with the ground. In the process of pedestrian gait,
the switch between the leading and trailing legs is the pri-
mary cause of GRF. In the process of gait transition, there
exist cases where one leg is not in touch with the structure.
To assume the single-leg contact as a special case of double-
leg contact, we set the parameter of stiffness of the corre-
sponding leg to zero. ,is approach enables the matrix
dimension of the dynamic equations to be kept constant
across different gait phases, which reduces the types of
variables and decreases the complexity of the calculations.
kleg denotes the total stiffness of one leg, which is assumed to
maintain a constant state for the duration of a gait cycle in
this study.

,e paper argues that once the leading foot touches the
ground, the leg stiffness that corresponds to the model
should be minimal due to the bending motion of the ankles.
In a similar manner, the stiffness of the trailing leg can be
assumedminimal when the trailing foot is off the ground. To
explore the impact of variable stiffness on the relevant dy-
namics results, two different approaches are employed to
define stiffness as equations (18a) and (18b). Equation (18a)
ignores the variations of stiffness, which shows that the
stiffness of the legs remains invariable throughout the gait
cycle. Equation (18b), however, defines the base stiffness
kleg1, in which the remaining stiffness kleg2 is distributed
according to the relative compression of the two legs. ,e
effect of η � (kleg2/kleg1) (the relative ratio of kleg2 and kleg1)
on the structural response can be explored through the
application of variable stiffness strategies. ,e stiffness
strategies are taken as follows:

kl � kleg, kt � kleg, Ll < L0, Lt <L0,

kl � kleg, kt � 0, Ll < L0, Lt ≥L0,

kl � 0, kt � kleg, Ll ≥ L0, Lt <L0,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18a)

kl � kleg1 +
L0 − Ll

2L0 − Ll − Lt

kleg2,

kt � kleg1 +
L0 − Lt

2L0 − Ll − Lt

kleg2,

Ll < L0, Lt <L0,

kl � kleg1 + kleg2, kt � 0, Ll < L0, Lt ≥L0,

kl � 0, kt � kleg1 + kleg2, Ll ≥ L0, Lt <L0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(18b)

Meanwhile, to guarantee that the total damping of the
human leg remains invariable during the gait cycle, the
damping is distributed based on the proportion of com-
pression of the two legs. cleg denotes the total damping of the
legs, which is assumed to be a fixed constant in the gait cycle
in this paper. ,e damping distribution strategies are ob-
tained as

cl �
L0 − Ll

2L0 − Ll − Lt

cleg,

ct �
L0 − Lt

2L0 − Ll − Lt

cleg,

Ll < L0, Lt <L0,

cl � cleg, ct � 0, Ll < L0, Lt ≥L0,

cl � 0, ct � cleg, Ll > L0, Lt ≤L0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(19)

2.4. GRF during a Gait Cycle. ,e interaction force between
the leg and the structure consists of two parts: the elastic
force generated by the spring and the damping force gen-
erated by the damping. Fl indicates the interaction force
between the leading leg and the structure, and Ft indicates
the interaction force between the trailing leg and the
structure. Flx and Ftx denote the horizontal projection
values of the interaction forces of the leading and trailing
legs with the structure, respectively. Flz and Ftz denote the
vertical projection values of the interaction forces of the
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leading and trailing legs with the structure, respectively. ,e
components of GRF in both directions and the associated
variables can be expressed as follows:

Fl � Kl L0 − Ll(  + cl
_Ll,

Ft � Kt L0 − Lt(  + ct
_Lt,

Flx � Flcosθ � Fl

Llx

Ll

� Kl L0 − Ll(  + cl

1
Ll

_xHRLlx + _zH − _w xl, t( ( Llz(  

Llx

Ll

� KllLlx + Clx _xHR + clLxzl _zH − _w xl, t( ( , Ftx � KttLtx + Ctx _xHR + ctLxzt _zH − _w xt, t( ( ,

Flz � Fl

Llz

Ll

� Kl L0 − Ll(  + cl

1
Ll

_xHRLlx + _zH − _w xl, t( ( Llz(  

Llz

Ll

� KllLlz + clLxzl _xHR + Clz _zH − _w xl, t( ( ,

Ftz � KttLtz + ctLxzt _xHR + Ctz _zH − _w xt, t( ( ,

Clx � cl

Llx

Ll

 

2

,

Ctx � ct

Ltx

Lt

 

2

.

(20)

3. Dynamic Analysis of Structure

,e dynamics properties of the coupled pedestrian-
structure system shift over time in pedestrians’ walking
process. ,e dominant modes of this pedestrian-struc-
ture interaction system are closely related to the modes of
the uncoupled structure and the human body at any
instant of time. ,erefore, a modal analysis is essential to
track the dynamics of the coupled system. ,e instan-
taneous frequencies and damping ratios of the system
will vary with the fluent interaction between pedestrians
and structure. ,e instantaneous modal properties of the
system are determined by means of the state-space
method [33] as

_Ψ � AΨ + B,

Ψ �
U

_U
 ,

A �
0 I

−M
− 1

K −M
− 1

C
 ,

B �
0

M
− 1

P
 ,

(21)

where I denotes the identity matrix with the same dimension
as the stiffness, mass, and damping matrix of the HSI system.

,en the dynamics of the coupled system can be obtained by
solving the eigenvalue problem:

Aφ � λφ, (22)

where λ and φ denote the complex eigenvalue and the
corresponding eigenvector of matrix A, respectively. Given
that A is a time-variant matrix, the corresponding eigen-
values and eigenvectors are time-variant as well. For multi-
degree-of-freedom (multi-DOF) damping systems, the ith
frequency fi and the corresponding damping ratio ξi can be
derived as follows:

fi �
1
2π

λi


,

ξi �
Re λi( 

λi




.

(23)

4. Computation Procedure

As the modes of the structure and the corresponding
damping ratio can be obtained from modal analysis or
experimental testing before the computation, we can set the
parameters as mass Mi, frequency fi, shape function φi, and
damping ratio ξi. ,e initial kinetic parameters of the bi-
pedal model consist of the modal mass ( mHR1, mHR2, mHR11,
and mHR22), frequencies ( ωHR1 and ωHR2), corresponding
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damping ratios ( ξHR1 and ξHR2) of the continuum, stiffness
of the legs kleg, and damping ratio of the legs cleg. ,e initial
gait parameters of the bipedal model include walking ve-
locity _xHR, stride length Ls, leg length L0, and the position of
the initial leading and trailing legs ( Ll0, Lt0) on the structure.
Based on the bipedal model proposed in the paper, the
calculations can be performed according to the flowchart in
Figure 2.

5. Numerical Validation

A simply supported beam with a span of 11.0m is intended
for the simulation [34]. ,e simple beam has a width of
1.25m, a thickness of 0.35m, a section flexural stiffness of
EI � 1.64 × 108 N · m2, and mass per unit length of
m � 1.364 × 103 kg/m and damping ratio ξ � 0.003. ,e
fundamental frequency of the beam is 4.51Hz and the
corresponding modal mass is 7040 kg. During the simula-
tion, a pedestrian is assumed to move at a constant velocity
from the left end to the right end of the beam, and the bridge
is permitted to vibrate freely. ,e premise of the assumption
is that the pedestrian’s trailing leg is located at the origin of
coordinates and the leading leg is one stride ahead of the
trailing leg. Two different stiffness strategies are adopted in
this paper, and the parameters of the bipedal walking model
are shown in Table 1.

As the response of the simply supported beam at the
mid-span under external load is larger as compared to other
positions of the beam, the dynamic responses at the mid-
span of the beam can be utilized to evaluate the effect of this
bipedal model on the structure. To examine the impact of the
new model that introduces the concept of continuum on the
structural response, a comparison between the new model
and Gao’s [29] is necessary. From Part 4, it is noted that the
appropriate variables U0 should be determined before cal-
culation. Since this differential equation is time-varying and
nonlinear, the initial vector U0 is crucial to achieve a stable
gait in the shortest time possible. To compare Gao’s model
and the model proposed in the paper in terms of their ef-
ficiency to achieve a stable gait, we set the initial acceleration
vector to U0 � 0 1 0 0  (Gao’s model) and
U0 � 0 1 0 0 0 0  (new model), respectively. From
Figures 3 and 4, it can be concluded that, under the identical
initial conditions, the new model is more efficient in
obtaining a stable gait than Gao’s, which indicates that an
improvement of the stabilization of the bipedal walking
model is possible to make if the degrees of freedom of the
continuum are taken into account. It is noteworthy that the
difference between the two models is very slight in terms of
the response of the beam at mid-span after the gait reaches
its stability, which is further illustrated in Figures 5 and 6.
,e phenomenon proves that the model with a continuum
does not thoroughly change the dynamics of the bipedal
model, which validates the proposed model results.

,erefore, in order to compare the impact of the two
models on the dynamic properties of the structure, the
acceleration vector is adopted as the initial vector for cal-
culation only after the gait obtains its stabilization. ,e
acceleration and displacements of the beam at mid-span are

shown in Figures 7 and 8, respectively, under the condition
that the initial vector is optimized. As can be seen from
Figure 7, the response of the structure under human-in-
duced loads decreases when the dynamic properties of the
continuum are considered, which is evident from the sharp
decline in the peak frequencies in Figure 9 as well. ,e
existence of the pedestrian has a reduced effect on the
vertical frequency of the structure, and the impact is more
prominent when the pedestrian reaches the middle of the
structure (Figure 10). In contrast, Figure 11 illustrates that,
as a consequence of the coupling between the leg’s damping
and the structure’s damping, the damping ratio of the
structure increases. ,ere are minor distinctions between
the vertical and longitudinal GRFs of the two models, as
illustrated in Figures 12 and 13. ,e spectrum of mid-span
acceleration in Figure 12 suggests that the multiples of the
step frequency require special attention, corresponding to
the highest spectral peak at 3fS, which is close to the
fundamental frequency of the structure.

6. Model Parametric Analysis

As noted above, we take two approaches to define leg
stiffness, corresponding to equations (18a) and (18b). In
Section 5, with the aim at comparing the impact of the two
bipedal models on the dynamic properties of the structure,
the stiffness definition corresponding to (18a) is adopted;
that is, the stiffness of the leg is a constant value throughout
the process when the leg is in contact with the structure. In
the analysis of the model parameters in the following sec-
tions, the definition of stiffness corresponding to equation
(18b) is adopted; that is, the stiffness varies with the gait. To
facilitate the assessment of the two definitions of stiffness,
the sum of kleg1 and kleg2 is defined as kleg and the ratio of
kleg1 to kleg2 is taken as η (i.e., η � (kleg1/kleg2)).,e change in
spring stiffness and leg damping in a full gait cycle is shown
in Figure 14. In the single-support phase, the stiffness and
damping of the hinge leg are kept constant, whereas in the
double-support phase, the stiffness and damping of the
hinge and swing leg are distributed based on the com-
pression ratio of the two legs. It is notable that, in the single-
support phase, both the stiffness and damping of the swing
leg have no contribution to the system.

,e stiffness, leg damping, and body mass in bipedal
walking models are proved to have a significant effect on the
dynamic response of the structure [27]. Previous studies [31]
have shown that both the dynamics and gait parameters of
the bipedal model influence the dynamic response and
characteristics of the structure, and the relationship between
the two has also been explored. However, these studies have
ignored the impact of the dynamics of other parts of the
human body (corresponding to the continuum of this
model) on the structural response and properties. ,is paper
defines variable stiffness to allow the model to be more
compatible with the gait process. ,e research in [37] has
shown that the parameters of the human model are discrete,
so the numerical analysis will be conducted in this section to
explore the influence of the parameters of each part of the
human body on the HSI system. With the control variate
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method, the parameters of the system are selected based on
Table 1, except for some parameters that are required to be
studied within a certain range. During the study of the effect
of bodymass on the results of correlation analysis, the modal
masses corresponding to the continuum are all linearly
related to the total mass to simplify the calculations; that is,
mHRi/mHR � C1i, mHRii/mHR � C2i (i � 1, 2), with constants

C1i and C2i. ,e ranges of the critical parameters and
variables that need to be examined are shown in Table 2.

6.1. Be Effects of Continuum Damping and Leg Damping.
,e additional damping of the pedestrian-structure inter-
action system is derived from the damping of the legs and

Perform a modal analysis to obtain the frequencies and damping ratios. 

Assemble the overall mass, stiffness matrices, and forces vector as M , K , C, and F

Obtain the initial acceleration of the HSI system by U0 = M–1 (F – CU0 – KU0) 

Determine the position of the two feets and their intersection as xt , xl, and xHR

Calculate variables, such as Ll , Lt , cl , and ct

Assemble the overall mass, stiffness matrices, and forces vector as M , K , C, and F

Solve the kinetic equations of the system with the Newton–Raphson method

Calculate the system's instantaneous frequency, damping ratio, and GRF

Judge whether all pedestrians leave the structure

No

Yes

End

Next step

Specify initial conditions such as mHRi , xHRi , kleg , cleg , and ∆t.

Figure 2: Flowchart of calculation.

Table 1: Parameters of the bipedal walking model.

Model parameters Value Unit References
mHR 74.9 kg [35]
mHR1 39.9 kg
mHR2 22.2 kg
mHR11 29.3 kg
mHR22 36.5 kg
kHR1 39844 N/m [36]
kHR2 320064 N/m
ωHR1 36.93 rad/s [35]
ωHR2 93.57 rad/s
L0 1.00 m
kleg 13.69 _xHR + 1.587 kN/m [37]
ξleg 0.045 _xHR − 0.019 1
ξHR1 0.3 1
ξHR2 0.5 1
Ls 0.105 _xHR + 0.513 m
_xHR 1.05 m/s
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the continuum. As can be seen from Figure 15, the damping
of the continuum affects the damping of the structure with
different leg damping ratio ranges. When ξleg < 0.07 and
ξleg > 0.0283, the acceleration response of the structure
presents a decline tendency at first and then rises with the
continuum damping ratio increasing incrementally. When
ξleg ≥ 0.07, with the increase of continuum damping, the
acceleration response correspondingly shows a climbing
trend. Figure 16 evidently informs that there are positive
correlations between the leg damping and structural

acceleration. However, leg damping has an influential effect
on the structural damping ratio relative to continuum
damping. Only when the leg damping is substantial does the
continuum damping have a discernible effect on the
structural damping ratio. Contrary to the case where leg
damping can noticeably increase the damping ratio of the
structure, an increase in leg damping will lead to the re-
duction of the frequency of the beam, as illustrated in
Figure 17. Meanwhile, the damping of the continuum shows
a negative correlation with the frequency of the structure,
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which is more obvious if the damping ratio of the legs is
higher (Figure 17).

To examine the effect of different model parameters on
GRF, we normalize GRF as GRF/G (normalized GRF), where
G refers to the weight of the human body.,e damping ratio
of the continuum in Figure 18 has a negligible effect on the
normalized GRF with fixed leg stiffness kleg � 18 kN/m,
continuum damping ratio ξHR � 0.5, stiffness ratio η � 0.3,
and human mass mHR � 75 kg. With the increasing leg

damping, the first peak of GRF presents a tendency to go
down gradually, and there is an obvious slight downward
trend in its second peak, which is depicted by Figure 19.

Numerical investigations on the effects of leg and
continuum damping on structural properties, response, and
GRF show that both leg and continuum damping are ef-
fective in increasing the damping and decreasing the fre-
quency of the structure, but leg damping has a stronger
impact on GRF than continuum damping does.
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6.2.BeEffects ofHumanMass, LegDamping, andContinuum
Damping. Relative to the damping of the legs and contin-
uum, the mass of the body has a much more prominent
effect on the response of the structure and its dynamic
properties. Figure 20 shows that a larger continuum
damping results in a more obvious acceleration response,
and the mass of the human body has a larger effect than
other parameters and is positively correlated with structural
acceleration. Unlike the case shown in Figure 20, where

continuum damping is always positively correlated with the
structural acceleration response, the model in Figure 21
demonstrates that when the body mass is relatively small
(e.g., 50≤mHR ≤ 65), there is a positive interrelation between
the leg damping and structural acceleration, whereas when
the body mass is larger (e.g., 85≤mHR ≤ 100), the acceler-
ation of the structure instead reduces as the leg damping
increases. When 70≤mHR ≤ 80, the leg damping has little
effect on the response of the structure. Figure 20 is consistent
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with the results shown in Figure 21 in that the mass of the
human body has a remarkable effect on the acceleration
response of the structure.

,e frequency of the structure is negatively correlated
with the body mass (Figures 22 and 23), which is consistent
with the empirical formula ωs �

�������
(ks/ms)
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the continuum has a negligible effect on the frequency of the
structure (Figure 22), and as the damping of the legs in-
creases, the frequency of the structure decreases corre-
spondingly (Figure 23). Although Figures 24 and 25 affirm
the body mass’s impact on the structural damping ratio, the
effect of continuum damping in fact is negligible. Mean-
while, the more damping in the legs is produced, the more
significant effect of body mass is caused on the structure.
,erefore, the body mass shows a positive correlation with
the structural damping.

From Figure 26, the influence of human mass on GRF
can be concluded as follows:

(1) ,e greater the mass is, the shorter the duration of
the impact on the structure at each step is, namely,
the shorter GRF period

(2) ,e greater the mass is, the larger the two peak values
are, the more gaps between the crest and the trough
are, and the more distinct the M-shaped feature of
the GRF shape is

(3) ,e greater the mass is, the further forward the
position of the trough in the graph is

6.3. Be Effects of Human Mass, Leg Stiffness, and Damping.
,e study confirms that the mutual coupling between the
human mass, leg stiffness, and damping is not negligible to
examine the effect of the bipedal model on structural re-
sponse and dynamic performance. Figure 27 informs that
the effect of leg stiffness on the acceleration response of a
structure can be divided into two cases. ,e first case

Table 2: Parameters and variable ranges of the bipedal walking model.

Model parameters Value/value range Interval Unit
mHR 50–100 5 kg
mHR1 26.3–53.3 2.66 kg
mHR2 11.8–29.6 1.48 kg
mHR11 19.6–39.1 1.96 kg
mHR22 24.4–48.7 2.44 kg
kHR1 39844 — N/m
kHR2 320064 — N/m
ωHR1 36.93 — rad/s
ωHR2 93.57 — rad/s
L0 1.00 — m
kleg 13.69 _xHR + 1.587 2 kN/m
ξleg 0.045 _xHR − 0.019 0.05 1
ξHR1 0.1–0.5 0.1 1
ξHR2 0.1–0.5 0.1 1
Ls 0.105 _xHR + 0.513 — m
_xHR 1.05 — m/s
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corresponds to the condition when 50≤mHR < 70 and
95≤mHR, and the higher the leg stiffness is, the smaller the
response of the structure is induced. ,e second case cor-
responds to the condition when 70<mHR < 90, and the
stiffness of the leg is positively interrelated with the response
of the structure. It is noticeable that the structural response
induced by different stiffnesses of the human leg displays a
U-shaped trend as the body mass increases. When
kleg � 15.96 kN/m, it follows an inverted U shape. ,e other
higher stiffnesses depict a pattern of a “positive U″ shape,
and the corresponding troughs offset in the direction of the
growing mass with the increased stiffness.

As can be seen in Figure 28, the effect of human leg
stiffness on structural frequency can also be divided into two
phases. When 50≤mHR < 60, leg stiffness is negatively
correlated with the frequency of the structure, but when
mHR > 60, leg stiffness is positively correlated with the fre-
quency of the structure. ,e correlation between human leg
stiffness and structural damping is not as complex as that
between human leg stiffness and structural response. As is
evident from Figure 29, the damping of the structure has
consistently been positively correlated with the damping of
the legs. ,e analysis results presented in Figures 27–29 are
all conducted under the following parameters:
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kleg � 15.96 kN/m, η � 0.3, ξHR � 0.5, and ξleg � 0.05. Fig-
ure 30 presents the evolution pattern of GRF at different leg
stiffnesses. From a comparison with the normalized GRF in
Figure 26, it can be concluded that when parameter ωleg ������

kleg/m


is introduced, the two graphs exhibit nearly the
same trend; that is, both produce a forward shift of the
trough position in the shape of M and there exists a larger
gap between the two peaks if ωleg becomes larger.

With a request to investigate the effect of leg stiffness and
damping on structural response and properties, we perform
the analysis with fixed values for the following parameters:
ξHR � 0.5, η � 0.3, and mHR � 75 kg. ,e results of the
numerical analysis are displayed in Figures 31–33. A two-
staged characteristic is exhibited with the increased stiffness,
which is the effect of leg damping on the acceleration

response of the structure (Figure 31).When kleg < 17 kN/m, a
greater damping of the leg elicits more intense responses;
when kleg > 17 kN/m, the opposite is the case. Figure 32
illustrates that the greater the leg damping is, the more
obvious the positive effect of stiffness on frequency in-
creasing is; but when kleg � 15.96 kN/m, the body mass
shows a negative correlation with structural frequency. A
similar feature is available in Figures 32 and 33, but the
difference lies in that the effect of leg stiffness on structural
damping is positively correlated at various damping values.

6.4. Be Effects of Stiffness Ratio and Gait Frequency.
Figures 34 and 35, respectively, present the effects of stiffness
ratio on structure and GRF. As the stiffness ratio increases,
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the acceleration response of the structure indicates a
downward tendency, while its frequency and damping ratio
show a general uptrend with ξHR � 0.5, ξleg � 0.05,
mHR � 75 kg, and kleg � 18 kN/m (Figure 34). As the stiffness
ratio η increases, the GRF shape in Figure 35 exhibits
“steeper” characteristics in both the ascending and
descending phases. Compared to the GRF in Figures 26 and
30, Figure 35 features higher peaks and lower troughs, in
which the shape shift also becomes less distinguishable.

Intended for identifying the relationship between GRF
and pace frequency, we determine the relationship between

step length and velocity as Ls � 0.105 _xHR + 0.513 according
to Table 2, from which we derive the frequency of gait; that
is, fs � ( _xHR/Ls). It is not hard to recognize that the shape
and value of the GRF are particularly sensitive to gait fre-
quency (Figure 36). As the gait frequency increases, the main
features of changes of GRF can be summarized as follows：

(1) ,e duration of the single step will be shortened and
the trough position will be moved forward.

(2) ,ere are higher peaks, lower troughs, and a broader
gap between the two values.
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(3) Both the ascent and descent phases are “steeper.”
(4) ,e difference in values between the two peaks is

more distinguishable.

7. Discussion

In contrast to the classic bipedal walking models that treat
the center of the body as a concentrated mass, the paper
discusses the impact of the dynamics of other parts of the
body on the bipedal walking model. We innovatively pro-
pose that other body parts can be equivalent to a continuum
in which mass, stiffness, and damping distributions are

included. ,e strategy of variable leg stiffness during the gait
cycle helps introduce the concept of stiffness ratio. In order
to guarantee the stability of the model, a self-determined
mechanism is employed, where the velocity in the pedestrian
movement process is assumed to be given in advance.

Numerical studies indicate that, under the same initial
parameter conditions, a bipedal walking model that intro-
duces the concept of the continuum can obtain a stable gait
more efficiently than a classic model does. It simplifies the
optimization process of initial parameters to achieve the
stabilization of the gait compared to the model proposed by
Gao et al. [29] and Qin et al. [27, 28]. In addition, a spectral
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Figure 22: Peak frequency under leg stiffness 15.96 kN/m, η � 0.3, and ξleg � 0.05.
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analysis of the acceleration response in the mid-span in-
forms that the pedestrian load merits particular attention for
it does produce multiplicative frequency effects in the
evaluation of the human-induced response, especially when
its frequency is close to the dominant frequency of the
structure.

It is concluded from the numerical analysis that con-
tinuum damping has a negligible effect on the GRF and the
damping of the structure. However, both continuum
damping and leg damping exert a noticeable effect on the
acceleration response of the structure, which suggests that

the dynamic properties of the continuum are not negligible
in human-structure interactions. ,e effect of continuum
damping coupling with leg damping on the structure has not
been reported. Compared to continuum damping, leg
damping is more effective in reducing structural frequencies.
In contrast to damping and leg stiffness, the influence of
body mass on the structural response and associated dy-
namic properties is much more significant. ,e increasing
body mass can provoke the structure’s strong response,
increase the damping ratio, reduce its frequency, and make
GRF’s double-peak feature more distinguishable. ,e effect
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η � 0.3, and ξHR � 0.5.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

N
or

m
al

iz
ed

 G
RF

Time (s)

mHR = 50kg
mHR = 55kg
mHR = 60kg
mHR = 65kg

mHR = 75kg
mHR = 80kg
mHR = 85kg

mHR = 70kg mHR = 90kg
mHR = 95kg
mHR = 100kg

ξHR = 0.5, ξleg = 0.05
η = 0.1, kleg = 18kN/m

Figure 26: Normalized GRF under different human mass.

50 60 70 80 90 100

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Pe
ak

 ac
ce

le
ra

tio
n 

(m
/s

2 )

Human mass (kg)

kleg = 15.96kN/m
kleg = 17kN/m
kleg = 18kN/m

kleg = 20kN/m
kleg = 21kN/m

kleg = 19kN/m

ξHR = 0.5, ξleg = 0.05, η = 0.3

Figure 27: Peak acceleration under leg stiffness kleg � 15.96 kN/m,
η � 0.3, ξHR � 0.5, and ξleg � 0.05.

Journal of Mathematics 23



of human leg stiffness on the acceleration response of the
structure displays a much more complex pattern for it
features a “U”-shaped tendency with increased body mass.
,e stiffness is positively correlated with the frequency of the
structure if the body mass is large enough, but it is con-
sistently correlated with the damping of the structure across
a wide mass range. Leg stiffness is positively correlated with
structural damping and frequency if body mass is a fixed
constant. Meanwhile, it is revealed that both the stiffness

ratio and the gait frequency have a significant effect on the
GRF’s shape.

If necessary, the bipedal model proposed in the paper that
considers continuum dynamics can be utilized to evaluate the
response andproperties of pedestrian-structure interactions.,e
model takes the effects produced by the movement and
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dynamics of humanwalking into account and has a potential for
a broader implementation in the design of long, soft-span
structures. Meanwhile, the model involves the problem of in-
dividual variation in the crowd and can be applied to further
study of crowd-structure systems.

Admittedly, the model has the following limitations.

(1) ,e model derivation in our paper is only applicable
to Euler–Bernoulli beams and is limited in scope and
application to other forms of structures

(2) ,e paper analyzes and evaluates the impact of
walking pedestrians on the structure but does not
cover the dynamic effects of other human actions
such as jumping and running

8. Conclusion

In this paper, a human-structure interaction system with a
pedestrian treated as a bipedal model and human mass
treated as a continuum is derived using Lagrange equations
to examine the influence of the continuum on the structural
vertical response and its dynamics properties. A self-de-
termined mechanism based on the assumption that the
velocity is a given value is utilized to guarantee the stability
of pedestrian-structure system when dynamic calculations
are performed. Moreover, a novel stiffness strategy is
employed to investigate different effects of stiffness strategy
on the dynamic behaviour and GRF values based on the
comparison with the classic strategy proposed by Qin et al.
[27, 28].

Based on the mass distribution and stiffness strategy
proposed by this paper, a numerical analysis is conducted.
,e results indicate that model parameters such as damping
ratio of the continuum, leg stiffness, leg damping ratio, and

mass of pedestrian have a significant influence on the
dynamic properties of the pedestrian-structure system. ,e
effect of these parameters on the shape and peak of the load
curve of ground reaction forces is also conducted. ,e
results have shown that the model including a continuum
can achieve the stabilization of the gait and complete the
calculation in a more efficient way, which is especially
noticeable in structure with a short span. Moreover, the
influence of the continuum damping on the response of the
structure cannot be ignored. It is a rather interesting result,
since most researchers are ignoring the distribution of the
dynamic properties of the other parts of the body when the
human-structure system is built. Pedestrian mass can
significantly reduce the structure frequency, add structure
damping, and modify the shape of the GRF and values of
peaks. Other model parameters also have a nonnegligible
contribution to structural behaviour. We note that the
influences of model parameters on the structure are cou-
pled to each other; for example, the overall impact of leg
stiffness at various mass ranges on the structure’s response
exhibits different trends. ,e tendency of leg stiffness,
pedestrian mass, and gait frequency on GRF displays a
similar pattern.

,e pedestrian-structure system that includes the
continuumwe propose has a potential for application in the
design of long and flexible structures as well as the eval-
uation of human comfort induced by structure vibrations.
,e process of pedestrian-structure interaction can be
obtained by setting appropriate parameters of the bipedal
walking model, which opens a new field for further ex-
ploration on the design of long, flexible structures.
Moreover, the model can be further extended to a 3D
model to investigate the influence of pedestrian walking on
the dynamics of structure in the lateral, forward, and
vertical direction. ,e continuum can be further developed
to a more complicated component based on the finite el-
ement method (FEM) to represent a more comprehensive
condition of the mass and stiffness distribution of the
human body.
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