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+e dimensional analysis method is applied to study the pounding response of two inelastic single-degree-of-freedom (SDOF)
structures under simplified earthquake excitation. +e improved Kelvin pounding model is used to simulate the force and
deformation of the collider during the contact process. Using bilinear interstory resistance model to simulate the inelastic
characteristics of SDOF structures, the expression of dimensionless pounding force and the dimensionless equation of motion
during the pounding process are deduced. When dimensionless parameters are used to represent the colliding equation of
adjacent inelastic SDOF structures, the variables affecting the pounding response of the adjacent structures are reduced from 14 to
11, which can clearly reflect the rules during the pounding process. +e correctness and superiority of the improved Kelvin model
are verified by comparing the pounding responses between the improved Kelvin model and Kelvin model.+e pounding response
of the two inelastic SDOF structures with improved Kelvin model is illustrated in the form of spectra, and the self-similarity of
pounding response of the two inelastic SDOF structures is revealed.+e effects of structural parameters on the pounding response
are analyzed. +e results show that the effects of mass ratio, frequency ratio, and initial spacing between the adjacent inelastic
SDOF structures on the pounding response of the left-side structure (with smaller mass and stiffness) are closely related to the
division of spectral regions. For the right-side structure with larger mass and stiffness, the amplification of pounding on structural
response increases with the increase of mass ratio Πm and decreases with the increase of frequency ratio μ and structural
spacing Πd.

1. Introduction

Earthquake disaster is one of the most important natural
disasters that the human society is facing nowadays, and it is
characterized by suddenness and destructiveness. In recent
years, earthquake disasters not only cause serious damage or
even collapse of building structures but also cause a large
number of casualties and huge property losses [1–4]. In the
Alaska earthquake of 1964 [5], the Mexico earthquake of
1985 [6], the ChiChi earthquake in Taiwan of 1999 [7], the
Wenchuan earthquake of 2008 [8], and the earthquakes in
Mexico and Iraq of 2017 [9], a large number of adjacent
buildings also suffered serious damage due to poundings
during the earthquakes.

Wolf and Skrikerud [10], Chau and Wei [11], and
Anagnostopoulos [12] have carried out in-depth research on
the collision response of adjacent single-degree-of-freedom
structures. Jankowski [13] studied the impact response of a
single-degree-of-freedom structural system with nonlinear
viscoelastic impact model, analyzed the impact effect on the
structural response, and proposed that the nonlinear vis-
coelastic model can simulate the impact process most ac-
curately by comparison with other impact models. Sabegh
[14] and others considered the near-field earthquake and far-
field earthquake and, respectively, analyzed the collision
problem of two linear single-degree-of-freedom structures
in two cases, selected Kelvin model to simulate the collision
contact process, and studied the influence of spacing on the
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peak collision force. Zhang et al. [15] simplified the adjacent
structure into multiple elastic-plastic single-degree-of-
freedom structures, analyzed them by precise integration
method, and studied the influence of contact element pa-
rameters on the collision response. However, the impact of
adjacent structures under earthquake action is not only
related to the characteristics of ground motion but also
affected by the characteristics of structures and the char-
acteristics of adjacent structures. +at is to say, structural
collision is a high-order nonlinear problem affected by many
parameters. Structural pounding is a high-order nonlinear
problem affected by many parameters. +e main difficulty in
studying the pounding response of adjacent structures under
earthquake is to deal with a large number of parameters [16].
Dimensional analysis is to determine the relationship be-
tween physical quantities according to the principle of di-
mensional homogeneity of physical laws. Using dimensional
analysis method [17] to study structural pounding with
fewer dimensionless Π parameters can not only reduce the
number of parameters but also more clearly reflect the rule
of adjacent structural pounding response under earthquake
excitation [18].

Makris et al. [18, 19] firstly proposed a dimensional
method to study the response of structures under earth-
quake. Based on the dimensional analysis method, many
scholars have studied the pounding problem of adjacent
SDOF structures. Zhang and Tang [20] used the dimensional
analysis method to study the effect of soil-structure inter-
action on the structure under earthquake ground motion. In
the same year, Dimitrakopoulos et al. [21–23] used the
dimensional analysis method to study the pounding reaction
between multiple SDOF structures. +e Buckingham Π
theorem was used to characterize the pounding of structures
with fewer dimensionless parameters, which reduced the
number of parameters affecting the pounding response of
the structures. Zhai et al. [16] combined dimensional
method with contact element method using Kelvin model to
simulate the pounding force. +e pounding response be-
tween a single oscillator and a rigid barrier was studied and
the real-time force and deformation of collider structures in
contact phase were described. Wu et al. [24] chose more
accurate impact model (improved Kelvin model [25]) to
study the pounding response between a single oscillator and
a rigid barrier, which made up for the shortcomings of
Kelvin impact model and factually revealed the rules of
structural pounding. Most of the above studies always
simplify adjacent structures to be linear SDOF structures;
however, the pounding between adjacent structures is in-
elastic contact process, so the bilinear model is more
realistic.

In this paper, the dimensional analysis method and the
improved Kelvin model are used to study the pounding
response of two inelastic SDOF structures under simplified
seismic excitation. Using bilinear interstory resistancemodel
[26] to simulate the inelastic characteristics of the SDOF
structures, the expression of dimensionless pounding force
and the dimensionless equation of motion in the pounding
process are deduced. +e calculated results are compared

with those obtained by Kelvin impact model. Finally, the
effects of structural parameters (mass ratio, frequency ratio,
and initial spacing) on the pounding response are analyzed.

2. Calculation Models and Dimensionless
Equation of Motion

2.1. Impact Analytical Model. In this paper, an improved
Kelvin pounding analytical model is adopted to simulate the
pounding force produced by two adjacent inelastic SDOF
structures. +e improved Kelvin analytical model is illus-
trated in Figure 1. +e expression of the pounding force is as
follows [25]:

F � kδ(t) + c _δ(t), (1)

wherekis the stiffness coefficient of the impact element, δ(t)

is the relative penetration displacement of two objects in
pounding, _δ(t) is the penetration velocity, and the time-
varying expression of the damping coefficient c is as follows:

c � ξδ(t), (2)

in which the mathematical expression of the damping
constant ξ is as follows:

ξ �
3k(1 − e)

2e V1 − V2( 
, (3)

where e represents the coefficient of restitution (e � 1 im-
plies an elastic pounding without energy loss and e � 0
implies complete plastic pounding). V1 and V2 are the
velocities of two objects at the moment of collision.

2.2. Equation of Motions of the Two Inelastic SDOF Systems.
+e calculationmodel of the pounding between two adjacent
inelastic SDOF structures under earthquake excitation is
shown in Figure 2. +e mass, stiffness, and damping pa-
rameters of the two SDOF structures are m1 and m2, k1 and
k2, and c1 and c2, respectively. +e initial spacing between
the two SDOF structures is d. In order to study the non-
linearity of the structure, the bilinear interstory resistance
model [26] is used to simulate the constitutive relationship
of the structures.

When the dimensional analysis method is used to study
the pounding response of two inelastic SDOF structures
under earthquake, only the acceleration amplitude and
angular frequency of ground motion are needed. +erefore,
a simplified model can be used to simulate the earthquake
excitation. At present, there are two models to simplify the
simulations of ground motions, which are harmonic and
pulse excitation models [27]. In this paper, the ground
motion excitation is assumed as the sinusoidal excitation,
and the acceleration amplitude of which is ap, and circular
frequency is ωp.

Under the action of sinusoidal excitation, the equations
of motion of two inelastic SDOF structures are as follows:
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m1
€X1 (t) + c1

_X1(t) + Fs1(t) + Fp12 � −m1
€Xg(t), m2

€X2(t) + c2
_X2(t) + Fs2(t) − Fp12 � −m2

€Xg(t). (4)

where €Xg(t) is the excitation acceleration, and
€Xg(t) � ap sin(ωpt); X1(t) and X2(t) are the displacement
responses of the left-side (m1) and right-side (m2) structures at
different time t, respectively. Fs1(t) and Fs2(t) are the inelastic
resistance of the left-side and right-side structures at different
time t, respectively. +e incremental form of the inelastic re-
sistance is ΔFsi(t) � Ki · ΔXi(i � 1, 2), in which ΔXi is the
relative displacement increment of each SDOF structure, and

Ki is the structural stiffness which relates to the yielding
displacement uyi of each structure. When the SDOF structure
is in elastic state during its motion, the stiffness of the structure
isKi � miω2

i .When the displacement of the structure is greater
than its yield displacement uyi, the structure goes into the
plastic phase, and the stiffness of the structure is Ki � αmiω2

i ,
where α is the stiffness coefficient of the structure after yielding.

Dividing the two sides of equation (4) by m2,

m1

m2

€X1 (t) + 2ξ
m1

m2
ω1

_X1(t) +
Fs1(t)

m2
+

Fp12

m2
� −

m1

m2

€Xg(t), €X2(t) + 2ξω2
_X2(t) +

Fs2(t)

m2
−

Fp12

m2
� − €Xg(t). (5)

In order to convert equation (5) into dimensionless
equation of motion, the physical quantity of the energy scale
characterized by le [9] (le � ap/ω2

p with the dimensionless
expression of [L]) is adopted in this paper, in which the mass
m2 of the right-side structure, the amplitude ap(m/s2), and
circular frequencyωp(s− 1) of sinusoidal excitation are
chosen as the basic quantity. +en, the following transfor-
mation is done:

t �
τ
ωp

,

Xi(t) � xi(τ) · le �
xi(τ) · ap

ω2
p

,

_Xi(t) �
_xi(τ) · ap

ωp

,

Xi(t) � €xi(τ) · ap,

(6)

where τ is dimensionless movement time. xi(τ), _xi(τ), and
€xi(τ)(i � 1, 2) are the relative displacement, relative ve-
locity, and relative acceleration of the dimensionless inelastic
SDOF structures, respectively.

Substituting equations (6) into (5), the dimensionless
equation of motion can be obtained:

m1

m2
€x1 (τ) + 2ξ

m1

m2

ω1

ωp

_x1(τ) +
Fs1

m2ap

+
Fp12

m2ap

� −
m1

m2
sin(τ), €x2(τ) + 2ξ

ω2

ωp

_X2(t) +
Fs2

m2ap

−
Fp12

m2ap

� −sin(τ), (7)

where Fsi/m2ap represents dimensionless inelastic resistance
and it is related to dimensionless structural stiffness
Ki/m2ω2

p and dimensionless yield displacement uyi/le. When
the structure is in the elastic stage, the dimensionless
stiffness of the structure is Ki/m2ω2

p � (mi/m2) · (ω2
i /ω

2
p),

and when the structure is in the plastic stage, the dimen-
sionless stiffness of the structure is
Ki/m2ω2

p � α · (mi/m2) · (ω2
i /ω

2
p).

By using the improved Kelvin model, when the relative
displacement X exceeds the initial distance d, the pounding
force is

Fp12 �
k · δ(t) + c · _δ(t), δ(t)>d,

0, δ(t)≤d,

⎧⎨

⎩ (8)
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where δ(t) � X1 − X2 − d, _δ(t) � _X1 − _X2,
k � ω2m1m2/m1 + m2, and c � 3k(1 − e) · δ(t)/2e(V1 − V2).
Substituting equations (6) into (8), when x1 − x2 >d/le, the
two SDOF structures collide, and the expression of
pounding force is as follows:

Fp12 �
m1m2

m1 + m2
ω2

x1 − x2 −
d

le
  ·

ap

ω2
p

+
3(1 − e)

2e V1 − V2( 
·

m1m2

m1 + m2
ω2

_x1 − _x2(  ·
ap

ωp

x1 − x2 −
d

le
  ·

ap

ω2
p

, (9a)

when x1 − x2 < d/le, no pounding occurs; at this time, the
expression of pounding force is as follows:

Fp12 � 0. (9b)

Equation (9a) is dimensionless and the dimensionless
pounding force can be obtained when pounding occurs.

Fp12

m2ap

�
m1/m2( 

m1/m2(  + 1
ω
ωp

 

2

· x1 − x2 −
d

le
  +

3(1 − e)

2e
·

1
v1 − v2

·
ω
ωp

 

2

· _x1 − _x2(  · x1 − x2 −
d

le
 ⎡⎣ ⎤⎦, (10)

where v1 and v2 are dimensionless velocities
(vi � Vi · (ωp/ap)) when pounding occurs between left and
right structures, respectively.

+e dimensionless equations of motion of two inelastic
SDOF structures can be obtained by combining equations (7)
and (10).

2.3. 6e Dimensionless Equation of Motion Based on the
BuckinghamΠ6eorem. According to the Π theorem, the
pounding equation of motion between two inelastic SDOF
structures obtained above and the dimensionless pa-
rameters which characterize poundings of adjacent
structures are presented in literature [16], and the pa-
rameters that characterize the pounding response of two
inelastic SDOF structures under sinusoidal excitation are
peak displacement Xmax and peak velocity _Xmax of the
structures with pounding. +e parameters controlling the
reaction are the mass m1 and m2, the angular frequency ω1
and ω2, the yield displacement uy1 and uy2, the damping
ratio ξ, the initial spacing d of the two inelastic SDOF
structures and the stiffness coefficient α of the structure
after yielding, the angular frequency ω and recovery co-
efficient e of the contact element, and the amplitude ap

and angular frequency ωp of the sinusoidal excitation.

+rough theΠ theorem, the pounding response function
of the two inelastic SDOF structures can be expressed as
follows:

Xmax

_Xmax
 � f m1, m2,ω1,ω2, uy1, uy2, ξ, α,ω, e, d, ap,ωp .

(11)
According to equation (11), there are 14 variables in the

equation, among which there are three basic dimensions: mass
[M], length [L], and time [T]. According to the Π theorem, 11
independent dimensionless parameters can be obtained. In
Section 2.2, the mass m2 of the right-side SDOF structure, the
amplitude ap, and angular frequency ωp of the sinusoidal
excitation acceleration are selected as the basic variables. +e
equation ofmotion of two inelastic SDOF is dimensionless, and
equation (11) can be changed by

Xmaxω
2
p

ap

_Xmaxωp

ap

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

� ϕ
m1

m2
,
ω1

ωp

,
ω2

ωp

,
uy1ω

2
p

ap

,
uy2ω

2
p

ap

, ξ, α,
ω
ωp

, e,
dω2

p

ap

⎛⎝ ⎞⎠,

(12)

V1 V2 V1 – V2

m1

m2 k–

c–

m

Figure 1: +e improved Kelvin analytical model.
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where

Πu �
Xmaxω

2
p

ap

,

Πv �
_Xmaxωp

ap

,

Πm �
m1

m2
,

Πω1 �
ω1

ωp

,

Πω2 �
ω2

ωp

,

Πuy1 �
uy1ω

2
p

ap

Πuy2 �
uy2ω

2
p

ap

,

Πξ � ξ,

Πα � α,

Πωcon �
ω
ωp

,

Πe � e,

Πd �
dω2

p

ap

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

Accordingly, equation (12) can be rewritten as

Πu

Πv

 � ϕ Πm,Πω1,Πω2,Πuy1,Πuy2,Πξ ,Πα,Πωcon,Πe,Πd ,

(14)

where Πm � m1/m2 is the mass ratio of the left-side SDOF
structure to the right-side SDOF structure. Πωi � ωi/ωp, (i �

1, 2) is the ratio of the angular frequency of each inelastic SDOF
structure to the angular frequency of the sinusoidal excitation,
that is, the dimensionless angular frequency of each structure.
Πuyi � uyiω2

p/ap(i � 1, 2) is the ratio of yield displacement to
the excitation energy scale le � ap/ω2

p of each structure, that is,
dimensionless yield displacement. Πuyi and Πα are the pa-
rameters characterizing structural inelasticity. Πωcon, Πd, and
Πe are parameters characterizing the pounding characteristics,
where Πωcon � ω/ωp represents the ratio of angular frequency
of contact element to the sinusoidal excitation, that is, the
angular frequency of dimensionless contact element.

3. Numerical Solution of Pounding Response of
Two Inelastic SDOF Structures

In order to study the dimensionless pounding response of
two inelastic SDOF structures, Newmark-β method [28] is
used to solve equation (7), where the parameters are taken as
c � 1/2 and β � 1/4. +e time step is Δτ � 0.001. Previous
scholars [24] divided the pounding reaction into three
spectral regions (amplification region, inhibition region, and
no obvious influence region) in the study of the pounding
response between a single oscillator and a rigid barrier.
Similarly, in order to study the pounding response of two
inelastic SDOF structures in different frequency regions (the
amplification region in the first spectral region and the
suppression region in the second spectral region), two sets of
different parameters are considered.

Parameter set 1:

Πm �
m1

m2
� 0.5,

Πω1 �
ω1

ωp

� 1.05,

Πω2 �
ω2

ωp

� 2.36,

Πuy1 � 0.9,

Πuy2 � 0.8,

Πξ � 0.05,

Πα � 0.1,

Πωcon � 50,

Πe � 0.4,

Πd � 0.2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

d

m1 m2

k1, c1 k2, c2

Figure 2: Pounding model of two inelastic SDOF systems.
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Parameter set 2:

Πm �
m1

m2
� 0.5,

Πω1 �
ω1

ωp

� 1.5,

Πω2 �
ω2

ωp

� 3.375,

Πuy1 � 0.9,

Πuy2 � 0.8,

Πξ � 0.05,

Πα � 0.1,

Πωcon � 50,

Πe � 0.4,

Πd � 0.2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

From the above two parameter sets, it can be seen that
the only differences between the two groups of parameters
are the dimensionless angular frequencies Πω1 and Πω2 of
each SDOF structure. However, the ratios of dimensionless
angular frequencies of the two SDOF structures are equal;
that is, Πω2/Πω1 � 2.36/1.05 � 3.375/1.5 � 2.25. +ese two
sets of parameters correspond to the pounding reaction of
the first spectral region (amplification region) and the
second spectral region (suppression region) proposed by the
former scholars [24].

3.1. Dimensionless Time-History Responses. +e dynamic
equation of motion of equation (7) is solved numerically by
using MATLAB software. Figure 3 shows the dimensionless
displacement response, pounding force response, and their
respective story shear drift loop of the two adjacent inelastic
SDOF structures with parameter set 1.

Figures 3(a) and 3(b) show the displacement and the
pounding force histories of two inelastic SDOF structures
under sinusoidal excitation, respectively, where the rel-
ative displacement response time-history curves of the
left-side structure coincide with those of the right-side
structure, and the pounding between the two structures
occurs as shown in Figure 3(a). +erefore, as can be seen
from Figure 3(a), a total of nine poundings have taken
place between the two structures. +e pounding force
shown in Figure 3(b) also has nine sudden changes, which
coincides with the number of poundings judged in
Figure 3(a). In addition, Figure 3 also shows that, after

pounding, the positive displacement of the left-side
structure (the structure with smaller mass and stiffness) is
significantly suppressed, but there is a very obvious re-
bound in the reverse direction, resulting in a very large
negative displacement, and the peak displacement re-
sponse increases after pounding. As for the right-side
structure, both the positive and negative displacement
responses increase greatly after pounding. +is phe-
nomenon is clearly plotted by Figures 4(a) and 4(c) .

Figure 3(c) shows the story shear drift loop of two ad-
jacent inelastic SDOF structures with parameter set 1, which
is a hysteretic curve formed by coupling the displacement
time history curve and collision force time history curve into
one graph. As can be seen from Figures 3(c) and 3(d), the
left-side structure (with smaller mass and stiffness) obvi-
ously enters the plastic stage during the whole process, and
the hysteretic curve of the right-side structure (with larger
mass and stiffness) is a straight line, which indicates that it
has been in the elastic stage.

Figures 4 and 5 show the dimensionless displacement
and velocity histories of the left-side and right-side
structures under different parameters when pounding and
no pounding occurs. +e effect of pounding on structural
response under different parameters is studied. As shown
in Figure 4(a), the positive displacement of the left-side
structure with smaller mass and stiffness is greatly sup-
pressed, while the negative displacement is obviously
increased, resulting in larger negative displacement. As
for the right-side structures with larger mass and stiffness,
as shown in Figure 4(c), both positive and negative dis-
placements increase. In addition, the pounding also has an
obvious effect on the velocity response of the two
structures. From the velocity histories shown in
Figures 4(b) and 4(d), it can be seen that, after pounding,
the velocity of the two structures changes dramatically.
+e velocity response of the left-side structure decreases,
while that of the right-side structure increases. +erefore,
one of the basic characteristics of pounding is the rapid
change of velocity.

Figure 5 shows that the displacement response of the left-
side structure decreases after pounding, while the dis-
placement and velocity response of the right-side structure
increase under the condition of parameter set 2, which is
different from the response of the SDOF structures in
Figure 4. +e reason for these differences is that the di-
mensionless angular frequencies Πω1 and Πω2 of the two
structures in parameter sets 1 and 2 are different; that is, the
stiffness of the structure is different, so the impact of
pounding on the structural response is closely related to the
stiffness of the structure itself.

In addition, the displacement and velocity histories
obtained by improved Kelvin model and Kelvin model are,
respectively, compared in Figures 4 and 5. From the dis-
placement time-history curves in Figures 4(a), 4(c), 5(a), and
5(c), it can be seen that the two curves basically coincide.
However, as can be seen from the enlarged part of the
velocity time-history curves in Figures 4(b), 4(d), 5(b), and
5(d), when the Kelvin model is used to simulate the
pounding process, negative tension will appear in the
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rebounding stage, which results in the velocity histories first
increasing and then decreasing. However, the response
calculated by the improved Kelvin model can avoid this
phenomenon, which verifies the superiority of the improved
Kelvin model. +is situation is well illustrated by the
pounding force time-history curves obtained by using the
improved Kelvin model and Kelvin model under parameter
set 1 as shown in Figure 6. When pounding occurs, the
pounding force curves obtained by Kelvin model simulating
pounding process have negative values, while the curves
obtained by improved Kelvin model have no negative
tension. +erefore, the improved Kelvin model overcomes
the theoretical defects of the Kelvin model as plotted in
Figure 6, which can reasonably reflect the physical nature of
poundings.

3.2. 6e Significance of Applying the Dimensional Analysis.
When using dimensional method to analyze the pounding
response of the adjacent structures, the self-similarity of the
structures can be well explained. Figure 7 shows the

maximum displacement and velocity response curves of two
adjacent inelastic SDOF structures under different excitation
amplitudes using the improved Kelvin model to simulate the
pounding force. In this case, assumingΠω2 � μΠω1, μ � 2.25,
and the other parameters are the same as those of equation
(15).

In Figures 7(a) and 7(c), under three different intensity
levels (ap � 0.2g, 0.5g, 0.8g) of excitation, three different
peak velocity curves with and without pounding with real
physical units are obtained, respectively. However, the ve-
locity curves are reduced into a single master curve no
matter for the case of pounding or no pounding when
plotted in terms of the dimensionlessΠ-terms as can be seen
in Figures 8(b) and 8(d). +is observation indicates that the
impact response of two inelastic SDOF structures is not
affected by the excitation peak acceleration when the di-
mensionless parameter is used; that is, the impact response
of two inelastic SDOF structures has its self-similarity [19].

In addition, it can also be seen from Figure 7(b) that,
for the left-side structure (with smaller mass and stiff-
ness), when the dimensionless frequency Πω1 is small
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(0.5<Πω1 < 1.25), the pounding will increase its dis-
placement response, when the dimensionless frequency
Πω1 is large (1.25<Πω1 < 1.75), the pounding will reduce
the displacement response, and when the dimensionless
frequency continues to increase to a certain extent
(Πω1 > 1.75), the peak displacement curves of pounding
and no pounding of the structure coincide basically,
which shows that the pounding response of this stage has
little influence on the displacement response of the
structure. +is corresponds to the three spectral regions
(the amplification region of the first spectral region, the
suppression region of the second spectral region, and the

noninfluence region of the third spectral region) obtained
by previous scholars [19] who studied the impact of
pounding between an elastic single oscillator and a rigid
barrier on the structural response. For the pounding
response of two inelastic SDOF structures in this paper,
the division of three spectral regions is shown in
Figure 7(b). +e dimensionless peak displacement re-
sponses of right-side structures (with larger mass and
stiffness) increase after pounding, and there is no spectral
division as shown in Figure 7(d). For the dimensionless
frequencies Πω1 of the two sets of parameters (equations
(14) and (15)), the dimensionless frequencyΠω1 of the first
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parameter set is in the first spectral region, and the di-
mensionless frequency Πω1 of the second parameter set is
in the second spectral region, and the impact of the
pounding reaction is exactly the same as the division of
the spectral region, which proves the correctness of the
division of the three spectral regions.

4. Parametric Analysis of Pounding

Previous scholars [24] have made parametric analysis on the
pounding between elastic single oscillator structure and rigid
barrier and studied the influence of the parameters of impact

elements on the pounding response of structures. It was found
that the peak displacement and peak velocity of the single
oscillator are not affected by the contact stiffness during the
whole pounding process. +erefore, in this paper, the effects of
structural parameters on pounding reaction aremainly studied,
including the influence of mass ratio Πm, frequency ratio
μ(μ � Πω2/Πω1), and structural spacingΠd of the two adjacent
inelastic SDOF structures on the pounding response.

4.1. Effects of Mass Ratio Πm. Figure 9 shows the dimen-
sionless maximum displacement Πuand the maximum
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velocityΠvversus the angular frequency ratioΠω1 for various
mass ratios Πm, respectively. +ree different mass ratios
(Πm � 0.1, Πm � 0.5, and Πm � 0.9) are selected here. +e
larger the mass ratio is, the smaller difference between the
left-side and right-side structures is.

Figures 9(a) and 9(b) show that when Πω1 < 0.6, the
three curves coincide, which shows that there is no
pounding between the two inelastic adjacent SDOF
structures, and the selection of different mass ratios has no
effect on the displacement and velocity responses of the
structures. With the increase of Πω1, when 0.6≤Πω1 < 1.1
and Πm � 0.9, the dimensionless peak displacement and
velocity of the left-side (with smaller mass and stiffness)
structure are obviously smaller than those corresponding
to Πm � 0.1 and Πm � 0.5, which shows that when the
mass difference between adjacent structures is large, the
structural response will be larger. At this time, the dis-
placement and velocity response of the left-side structure
will decrease with the increase of mass ratio. When
1.1≤Πω1 < 1.4 and Πm � 0.9, the dimensionless peak
displacement and velocity of the left-side structure are
obviously larger than those corresponding to Πm � 0.1
and Πm � 0.5. At this time, the displacement and velocity
responses of the left-side structure increase with the in-
crease of mass ratio. When Πω1 continues to increase, the
variety of mass ratio Πm has little effect on the dis-
placement and velocity responses of the left-side
structure.

Considering the three spectral regions, the influence of
mass ratio Πm on the displacement and velocity response
of the left-side structure (both mass and stiffness are
small) can be corresponding to the three spectral regions.
In the first spectral region (amplification region), the
pounding will amplify the displacement and velocity re-
sponse of the structure. In this spectral region, the dis-
placement and velocity responses of the structure decrease
obviously with the increase of mass ratio Πm, which in-
dicates that the amplification effect of pounding on the
structural response decreases with the increase of mass
ratio Πm. In the second spectral region (suppression re-
gion), the pounding will reduce the displacement and

velocity responses of the structure. In this spectral region,
the displacement and velocity responses of the structure
increase with the increase of mass ratio Πm, which in-
dicates that the restraint effect of pounding on the
structural response decreases with the increase of mass
ratio Πm. In the third spectral region (no influence re-
gion), the displacement and velocity responses of the
structure are basically not affected by the pounding effect
and the variety of mass ratio Πm.

In summary, when the mass ratio Πm increases (the
difference of mass characteristics between left and right
structures decreases), the impact of pounding on displace-
ment and velocity responses (including magnification and
suppression) of the left-side structure (both mass and
stiffness are small) is also significantly reduced.

For the right-side structure with larger mass and
stiffness, it can be seen from Figures 9(c) and 9(d) that
when Πω1 < 0.6, the three curves coincide, there is no
pounding during this stage, and the change of mass ratio
Πm has no effect on the response of the structure. When
0.6≤Πω1 < 2.1, the adjacent structures collide, and the
pounding magnifies the reaction of the right-side struc-
ture. +e value of the curve corresponding to Πm � 0.9 is
obviously larger than that corresponding to Πm � 0.1 and
Πm � 0.5. +e results show that, with the increase of mass
ratio Πm, the displacement and velocity responses of the
structure increase, and the amplification effect of
pounding on the right-side of the structure also increases.
When the dimensionless frequency Πω1 continues to in-
crease, the stiffness of the structure is larger and the
impact effect on the response of the structures is smaller.
When Πω1 > 2.5, the displacement of the structure tends to
zero and no pounding occurs. As can be seen from
Figures 9(c) and 9(d), the three curves with different mass
ratios Πm coincide, which shows that the change of mass
ratio Πm has no effect on the displacement and velocity
response of the right-side structure.

4.2. Effects of Structural Frequency Ratio μ. Figure 10 shows
the response curves of dimensionless peak displacement Πu
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and dimensionless peak velocity Πv of adjacent inelastic
SDOF structures corresponding to different dimensionless
angular frequencies Πω1 of structures under different
structural frequency ratios μ. +ree different frequency ra-
tios μ are selected here (μ � 1.5,μ � 4, and μ � 10).+e larger
the frequency ratio μ is, the greater the stiffness difference
between the left-side and right-side structure is, and the
stiffness of the right-side structure is much larger than that
of the left-side structure.

As shown in Figures 10(a) and 10(b), when Πω1 < 0.9,
the left-side structure (with smaller mass and stiffness) is

obviously affected by the variation of frequency ratio μ.
+e displacement response value of the curve corre-
sponding to frequency ratio μ � 4 is larger than that of the
curves corresponding to μ � 1.5 and μ � 10. +is may be
due to the fact that when Πω1 < 0.9, the left-side structure
is in the first spectral region (amplification region), and
the displacement response of the left-side structure will
increase as pounding occurs. When the frequency ratio of
the structure increases from 1.5 to 4, the difference of
dynamic performance between the two adjacent struc-
tures increases gradually, and the pounding between the
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two structures increases, which enhances the magnifica-
tion of the displacement response of the left-side struc-
ture. +erefore, the displacement response of the left-side
structure increases with the increase of frequency ratio μ.
When the frequency ratio μ of the structure continues to
increase from 4 to 10, the stiffness of the right-side
structure is very large, and the vibration amplitude of the
structure under sinusoidal excitation decreases, so that
the pounding between adjacent structures decreases ac-
cordingly. +erefore, the magnification of the pounding
effect on the left-side structure decreases, resulting in a
decrease in the displacement response of the left-side
structure with the increase of frequency ratio μ.

In the second spectral region, the influence of frequency
ratio μ on the displacement response of the left-side
structure is not obvious. For the right-side structure with
larger mass and stiffness, the dimensionless peak

displacement and velocity response curves are shown in
Figures 10(c) and 10(d). As can be seen from Figures 10(c)
and 10(d), the displacement response and velocity response
of the structure decrease when the frequency ratio μ in-
creases from 1.5 to 4 and then to 10 in the region where the
structures collide. Compared with the case without
pounding, pounding enlarges the displacement response of
the right-side structure, so, with the increase of frequency
ratio μ, the enlargement effect of pounding on the right-side
structure decreases gradually.

4.3. Effects of Structural Spacing Πd. Figure 8 shows the
response curves of dimensionless peak displacement Πu

and dimensionless peak velocity Πv of adjacent inelastic
SDOF structures corresponding to different dimension-
less angular frequencies Πω1 of structures under different
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structural spacing Πd. +ree structural spacing values are
selected here, Πd � 0.2, Πd � 1.5, and the value of Πd is
large enough so no pounding occurs between the two
adjacent structures.

Figures 8(a) and 8(b) show that when 0.7<Πω1 < 1.3,
the value of the curve corresponding to Πd � 0.2 is greater
than that corresponding to Πd � 1.5. +e curve corre-
sponding to no pounding is the smallest. +e results show
that, with the increase of the spacing between the adjacent
inelastic SDOF structures, the magnification of the impact
on the left-side structure (with smaller mass and stiffness)
decreases. When 1.3<Πω1 < 1.9, the curves corresponding
to Πd � 1.5 and no pounding coincide. It shows that the
structural spacing is large whenΠd � 1.5, and the impact of
pounding between the two adjacent structures has little

effect. In this section, the pounding will restrain the
displacement response of the structure. At this time, the
response of the structure forΠd � 1.5 is larger than that of
the corresponding response for Πd � 0.2, so the response
of the left-side structure will increase with the increase of
the spacing of the structure. With the increase of Πω1,
pounding has little effect on the left-side structure. In
summary, the influence of structural spacing Πd on the
left-side structure is also corresponding to the division of
the three spectral regions. For the right-side structure
(both the mass and stiffness are larger), as shown in
Figures 8(c) and 8(d), the displacement and velocity
responses decrease with the increase of the spacing Πd of
the structure, and the amplification of pounding
decreases.
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5. Conclusions

In this paper, the dimensional analysis method is used to
study the pounding response of two inelastic SDOF struc-
tures under simplified earthquake excitation. +e improved
Kelvin pounding model is used to simulate the force and
deformation of the collider during the contact process. +e
correctness and superiority of the improved Kelvin model
are verified by comparing the pounding responses between
the improved Kelvin model and Kelvin model. By studying
the dimensional and dimensionless pounding responses of
adjacent structures under different excitation acceleration

amplitudes, the self-similarity of poundings between two
inelastic SDOF structures is proved. +e pounding response
of two inelastic SDOF structures is studied in the form of
spectra. +e response of the pounding to the left-side
structure (with smaller mass and stiffness) is divided into
three spectral regions (amplification region, suppression
region, and nonimpact region). However, the displacement
and velocity responses of the right-side structure (with larger
mass and stiffness) increase after pounding, and there are no
three spectral regions.

+e effects of structural parameters on the pounding
response of two adjacent inelastic SDOF structures are also
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studied in this paper. +e results show that the influence of
structural parameters on the pounding response of struc-
tures with smaller mass and stiffness is closely related to the
three spectral regions. For structures with larger mass and
stiffness, the magnifying effect of pounding on structural
response increases with the increase of mass ratio Πm and
decreases with the increase of frequency ratio μ and
structural spacing Πd between the adjacent inelastic SDOF
structures.

(1) When the mass ratio Πm of the adjacent inelastic
SDOF structures increases, the impact of pounding
on the displacement and velocity response (includ-
ing magnification and suppression) of the left-side
structure (both mass and stiffness are smaller) de-
creases significantly. However, the displacement and
velocity responses of the right-side structure (both
mass and stiffness are larger) increase with the in-
crease of the mass ratio Πm.

(2) +e displacement and velocity responses of the left-
side structure increase first and then decrease with
the increase of the frequency ratio μ of the adjacent
inelastic SDOF structures in the first spectral region.
In the second and third spectral regions, the effect of
pounding on the displacement and velocity of the
left-side structure is not obvious with the variety of
frequency ratio μ. Furthermore, the amplification
effect of pounding on the displacement and velocity
responses of the right-side structure decreases with
the increase of frequency ratio μ.

(3) As the structural spacing Πd increases, the ampli-
fication of pounding in the first spectral region
decreases gradually for the left-side structure. In the
second spectral region, the inhibition of pounding
decreases gradually. +e pounding effect in the third
spectral region is not affected by the variety of
structural spacing Πd. However, the enlargement
effect of pounding on the right-side structure de-
creases with the increasing of the spacingΠd between
structures.
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