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Abstract. To simulate the dynamic rocking responses of free-standing rigid blocks on a flexible
foundation with a slope, a modified concentrated spring model (CSM) is proposed. The shaking
table model test of a rigid steel frame structure was conducted, and the test results indicated that
the rocking response of the structure can be effectively predicted by the proposed model. Utilizing
the modified CSM, the interaction effects between the structure and foundation on the rocking of
the free-standing rigid blocks on a flexible foundation with a slope were investigated. The
influences of spring stiffness, viscous damping, and the frictional coefficient on the rocking of the
rigid blocks under pulse-type ground motions were analyzed numerically. The results indicated
that decreasing the spring stiffness and increasing the viscous damping coefficient of the modified
CSM can reduce the number of impacts and rocking duration, while the friction coefficient has a
significantly non-linear effect on the rocking response.

Keywords: rigid block, modified concentrated spring model, flexible foundation, pulse-like
ground motion, dynamic rocking response.

1. Introduction

The concept of rocking structures involves their propensity to exhibit rocking vibrations when
subjected to seismic events, with energy dissipation primarily occurring through collisions during
these vibrations. Rocking structures typically experience minimal damage during earthquakes,
with instances where the main structure remains entirely unscathed. The pioneering work of
Housner in 1963 introduced the first model for simulating the rocking of a freestanding rigid block
on a rigid horizontal foundation [1]. This model can be used to explain the movement of masonry
structures [2-5], the seismic response of anchorage-free equipment [6-8], the stability of ancient
temples that have stood in earthquake-prone areas for more than 2,500 years [9], and so on. This
rocking system with self-centering ability has been integrated into buildings [10-14] and bridges
[15] to enhance the seismic resilience of structures.

Based on the Housner’s model, extensive research has been conducted on rocking structures.
Aslam et al. [16] conducted both analytical and experimental studies, highlighting how variables
such as aspect ratio, size, and the coefficient of restitution critically influence the response of rigid
blocks during seismic activities. Anooshehpoor et al. [17] provided analytical solutions outlining
the rocking and overturning dynamics of symmetric two-dimensional rigid blocks subjected to a
full sine wave of horizontal ground motion acceleration. This solution yielded a lower bound
estimate for the peak ground acceleration at Point Reyes Station California, during the 1906 San
Francisco earthquake, which caused the San Francisco-bound train to derail. Zhang and Makris
[18] further refined the analytical solution, demonstrating that free-standing blocks can overturn
either through impact events or without impacts when subjected to cycloidal pulses. A safe
operational zone within the acceleration-frequency plane was defined, derived from the minimum
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overturning acceleration spectrum. Casapulla [19] explored resonance spectra to illustrate the
impact of ground motion characteristics and system parameters on rocking dynamics. To
investigate the slope base effect on the rocking block, a novel model was developed by Lv et al.
[20], introducing the slope angle to Housner’s model. Li et al. [21] analyzed the dynamic response
of free-rocking piers based on the Housner model, and further proposed the design method based
on the equal displacement rocking spectrum.

Despite extensive investigations primarily focusing on rigid rocking blocks atop rigid
foundations, recent findings underscore the significant influence of foundation characteristics on
seismic rocking behavior. Researchers have adapted models, including the Winkler foundation
[22, 23] and the simpler “two-spring” foundation [24] models, to capture the role of foundation
flexibility. However, these traditional models often overlook complexities such as sliding and
nonlinear behavior. To address this, Palmeri and Makris [25] presented a robust nonlinear
formulation based on a CSM, enabling deeper insights into the response of rocking structures on
viscoelastic foundations. Experimental investigations by ElGawady et al. [26] indicated that the
choice of interface materials profoundly affects the dynamic behavior of rocking blocks, with
rubber substrates proving superior for energy dissipation compared to concrete and timber.
Additionally, a novel nonlinear model was developed to describe the interactions between rocking
blocks and a nonlinear flexible base, incorporating Hunt and Crossley’s nonlinear impact force
model. This advancement enables a more accurate depiction of the nonlinear behavior of rocking
blocks placed on softer foundation materials [27]. To examine the survival probability of the rigid
rocking under random excitations, an analytical approach utilizing static condensation and
stochastic linearization techniques was adopted [28]. In the context of soil-structure interaction
during earthquake events, Raychowdhury and Hutchinson [29] presented a beam-on-nonlinear-
Winkler-foundation (BNWF) model, proficiently predicting footing responses in terms of shear
forces, settlements, moment distributions, and rotational demands. Building on this body of work,
Lu et al. [30] developed an enhanced Winkler foundation model by introducing nonlinear
hysteretic elements to the traditional Winkler foundation model in order to predict the seismic
response of a rocking isolation structure considered as a rigid rocking block situated on a uniform
clay substrate. Masaeli et al. [31] explored the seismic responses of mid-rise to high-rise structures
founded on various soils, assessing the implications of nonlinear soil-structure interaction (SSI)
on shear-type buildings.

The dynamic response of rocking blocks on viscoelastic foundations can be influenced by
various factors such as system parameters [32-34], foundation characteristics, earthquake ground
motion [35-37], and so on. Among these interactions, the behavior of rigid blocks undergoing
free-standing rocking on sloped foundations has been somewhat overlooked in existing literature.
Lv et al. [20] examined how slope affects the seismic behavior of rocking blocks that are standing
freely on slopes. Notably, their investigation involved a symmetric rocking block resting on a rigid
foundation. In contrast, Li et al. [38] introduced a modified CSM to represent the dynamic
responses of non-symmetric rocking blocks standing freely on a sloped viscoelastic foundation.
Their research explored how both the slenderness of the rocking block and the angle of the sloped
foundation impact seismic rocking behavior. However, the effects of spring stiffness, viscous
damping or friction coefficient on their rocking response were not explored in depth. Here, a
shaking table test on a rigid steel frame was conducted to verify the effectiveness of the proposed
model in reference [38]. Based on the validated model, the influences of spring stiffness, viscous
damping and friction coefficient on the rocking response of rigid non-symmetric block located on
a sloped viscoelastic foundation were analyzed numerically.

2. Modified concentrated springs model
The analysis of an asymmetric rigid rocking block supported by a sloped flexible base diverges
significantly from the predicted model proposed by Housner [1], which assumes that rocking

blocks are situated on rigid, horizontal base. In this context, the rocking response of the rigid block
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can be influenced by the interaction between the structure and base. Fig. 1 illustrates the
configurations of a non-symmetric rigid rocking block resting on two different types of
viscoelastic foundations: one without slope, as shown in Fig. 1(a), and the other with a slope,
depicted in Fig. 1(b). The slope angle y is defined as positive when the foundation rotates in a
clockwise direction. Furthermore, the physical significance of the geometric parameters in Fig. 1
aligns with the definitions provided in reference [38]. In Fig. 1, m is the mass of the rigid rocking
block, a; and «, are slenderness ratios of the block compared to the left corner A and right corner
B, respectively, with their complementary angles denoted as §; and f,. The acceleration due to
gravity is denoted as g. 6 is the rotation angle of the mass center of the block. x; and x, are the
vertical deformations at the corners A and B, respectively. f, and f, denote the external forces
applied in the vertical direction and horizontal direction, respectively. k; and k, are the spring
stiffness coefficients of the modified CSM, respectively. ¢, and c, are the damping coefficient for
the modified CSM, respectively. f,; and f,, indicate the frictional forces at the corners A and B,
respectively. The frictional forces f,,; and f;,,, depending on the stick or sliding state at points A
and B and the friction coefficient u, can be calculated using the analytical formulas from reference
[38]. When base is horizontal, the analysis of frictional force aligns with that presented in
reference [39], making it a particular scenario within this study.
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Fig. 1. Asymmetrical rigid block free-standing on flexible foundation:
a) without slope and b) with slope [38]

The equations of motion for the non-symmetric rocking block on the sloped flexible base can
be formulated as follows [38]:

mi = —(kyxy + koxy + ¢1% + %) + (fy1 + fyz)siny +mg+ fy,
my = _(fy1 + fyz)COSV + £
1.6 = (kyx; + 1%, + fyisiny)cos(By — 6 + y)ry

—(kzxz + C3%; + fypsiny)cos(B, + 6 —y)r,

+(kix1 + cxq — fylcosy)sin(ﬁ1 -0+y)n

+(k2x2 + X, — fyzcosy)sin(ﬁz +6 —y)r,,

(1

where I. is the inertia of the block, y; and y, are the horizontal displacements at the base
supporting the left and right corners, respectively. The vertical deformation (x4, x,), vertical
velocities (Xq, X,), horizontal displacement (y;, y,), and horizontal velocities (y,, ¥,) of the two
corners A and B can be directly expressed in terms of x, y, 8, and y.

In Eq. (1), the stiffness coefficients and damping coefficient of the modified CSM can be
expressed as [38]:
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= >
k1 — {k01, x1 = 0, kZ — {koz, xz = 0,

0, x1 < 0, 0, xZ < 0' 2
_ {C(]l' X1 = 0; _ {C(]z, Xy > 0, ( )
Cl N 0! xl < 0; 2= 0, x2 < 0,

where ky; and k, are the initial elastic stiffness of the springs 1 and 2 in the modified CSM,
respectively. ¢y, and ¢, are the and viscous damping for the modified CSM. More details of the
modified CSM can be found in reference [38].

3. Shaking table test and model validation
3.1. Shaking table test

To validate the proposed modified CSM, a shaking table model test was performed in the
Tianjin Key Laboratory of Civil Structure Protection and Reinforcement. The uni-directional
shaking table depicted in Fig. 2 can replicate white noise, sinusoidal wave, and earthquake ground
motion with a peak displacement of up to 100 mm, a peak velocity of up to 0.9 m/s, and a peak
acceleration of up to 2 g, accommodating a maximum specimen weight of 500 kg. The dimensions
of the shaking table are 1 mx1 m. The test frequency of the shaking table is from 0.1 Hz to 100 Hz.
The maximum overturning moment of the shaking table is 10 kN-m. A frame structure made of
Q345 steel was selected as an experimental model to simulate the rigid block. To meet the
requirement of an approximate rectangular rigid block during the structure’s rocking motion, the
dimensions of the test model were 640 mmx440 mmx800 mm, as illustrated in Fig. 3. The input
signal of the shaking table was a sine wave with the amplitude of 1 m/s? and frequencies of 4 Hz
and 5 Hz respectively.
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Fig.72. Shaking table model test
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Fig. 3. Dimensions of the steel frame model (Unit: mm)

3.2. Spring isolator

The steel frame and the shaking table are connected by four spring isolation bearings, and a
mass with a weight of 300 kg is attached to the top of the model. The spring bearing produced by
Geergu (Qingdao) Vibration Control Co., Ltd. was selected, and the bearing type is KS-A180. To
obtain the stiffness of the four spring isolations, the compression test of the bearings is carried out
by Shimadzu equipment in the Material Laboratory of Tianjin Chengjian University, as shown in
Fig. 4. The stiffness of No. 1 bearing, No. 2 bearing, No. 3 bearing, and No. 4 bearing is
79.383 N/mm, 90.629 N/mm, 83.627 N/mm and 91.89 N/mm, respectively. In the test, the slope
angle was 0, which was one special case of the proposed model. The influence of structural
eccentricity on its dynamic rocking response was studied by changing the position of the spring
bearings. The layout of the spring isolation bearings and the force sensors is shown in Fig. 5. The
operating conditions of L3R 1 and L3R2 are selected to verify the effectiveness of the model. The
operation condition of L3R1 is that the left bearings are arranged at the position of 3 in Fig. 5, and
the right bearings are arranged at the position of 1 in Fig. 5. The operation condition of L3R2 is
that the left bearings are arranged at the position of 3 in Fig. 5, and the right bearings are arranged
at the position of 2 in Fig. 5. The vertical spring isolation bearings are arranged as shown in Fig. 6.
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— : Isolation Isolation
L | bearing bearing
Isolation bearing < —
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Fig. 5. Layout of the spring isolation Fig. 6. Shaking table model with
bearings and the pressure sensors spring isolation bearings
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3.3. Instrumentation

In the shaking table test, PCB piezoelectric accelerometer was used to measure the acceleration
response of rigid frame. The accelerometers are list in Table 1. The layout of accelerometers is
shown in Fig. 7. To measure the displacement response of rigid frame, OptoNCDT series laser
triangular reflection displacement sensor was set at a position about 70 mm outside the frame.
There was no actual contact between the displacement meter and the test specimen during the
shaking table test. The non-contact laser displacement meter can ensure high-precision
measurement without loss and interference.

Table 1. List of the accelerometers

Number | Accelerometer | Sensitivity Tran.S\./e.rse Position Direction of
sensitivity accelerometer
352B N Mid of right
1 224174 986 mV/g 1.4 % column X
352B o Center of
224174 986 mV/g 1.5 % platform X
352B N Left side of mass
3 224175 988 mV/g 1.4 % top Y
333B30 o Center of mass
4 LW67198 103.3 mV/g 1.6 % top X
333B30 o .
5 LW67197 99.5mV/g 0.3 % Left side of mass X
352B N Right side of
6 220884 978 mVig 0.8 % mass top v
7 352B 978 mV/g 1.4 % Left side of mass X
220860 '
352B N The left beam of
8 222196 965 mV/g 14% the frame X
_Fj:\\z (A6
-/ A8

7N 7N 7 N

Al

A2 A2

[ ]
¢) Front elevation

a) Left elevation b) Right elevation

Fig. 7. Accelerometer arrangement
3.4. Model validation

To verify the model proposed in this paper, the structures excited by the 4 Hz and 5 Hz sine
waves with a peak acceleration of 1 m/s? under the conditions of L3R1 and L3R2 were selected
as the object. Compared with the numerical analysis results, the centroid angle measured by
shaking table test is analyzed. The width of the rigid block is 640 mm, and the height of the rigid
block is 800 mm. The stiffness of spring 1 for the modified CSM k; is 1.63012x103 N/m, which
is the total stiffness of the No. 1 bearing and No. 3 bearing. The stiffness of spring 2 for the
modified CSM k, is 1.82519x10° N/m, which is the total stiffness of the No. 2 bearing and No. 4
bearing. The viscous damping c¢; is 1.511x10° N/m/s, and the viscous damping c, is
1.598%10° N/m/s. When the isolation bearings are positioned at L3R1, the center of mass
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undergoes rotational movement as depicted in Fig. 8 when subjected to a sine wave excitation.
Fig. 8(a) shows the rotational response of the structure when excited by a sine wave with a
frequency of 4 Hz and a peak acceleration of 1 m/s?. Fig. 8(b) illustrates the rotational response
of the structure under a sine wave excitation with a frequency of 5 Hz and a peak acceleration of
1 m/s%. The comparison between the shaking table test and numerical simulation results is listed
in Table 2. The rotation angle error can be calculated as follows: e = (experimental value-
numerical value)/ numerical value x 100 %. When the frequency of the sinusoidal excitation signal
was 4 Hz, the maximum rotation angle obtained from the shaking table test was 0.0026 rad, the
maximum rotation angle of numerical simulation was 0.00281 rad, the minimum rotation angle
obtained from the shaking table test was —0.00231 rad, and the minimum rotation angle obtained
from numerical simulation of the modified CSM was —0.00209 rad. The rotation angle error
between shaking table test and numerical results were —7.473 % and 10.526 % respectively. When
the frequency of the sinusoidal excitation signal was 5 Hz, the maximum rotation angle obtained
from the shaking table test was 0.00153 rad, the maximum rotation angle of numerical simulation
was 0.00156 rad, the minimum rotation angle obtained from the shaking table test was
—0.00133 rad, and the minimum rotation angle of numerical simulation was —0.00153 rad. The
rotation angle error (Table 2) between shaking table test and numerical results were —1.923 % and
13.072 % respectively.

0.004 ——Matlab  ----- Test
0.003

0.002
0.001 i
o I
-0.001
-0.002 (r¥rbTES
-0.003 L L . . . L L
0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5
Time (s)
a)
0.002 —— Matlab e Test
0.0015 ;s . i
0.001
0.0005

Rotation (rad)

-0.0005
-0.001
-0.0015
-0.002 . 1 1 1 1 1

0.0 15 3.0 4.5 6.0 7.5 9.0
Time (s)
b)
Fig. 8. Rotation response of the mass center for case L3R1
under sine wave with a frequency of: a) 4 Hz and b) SHz

Rotation (rad)

Table 2. Rotation peak of mass center for case L3R1
f=4Hz f=5Hz
Max. Min. Max. Min.
Test 0.00260 | —0.00231 | 0.00153 | —0.00133
Numerical | 0.00281 | —0.00209 | 0.00156 | —0.00153
Error (%) | -7.473 10.526 -1.923 | -13.072

Sine

Similarly, when the isolation bearings were at position L3R2, the rotation angle of the center
of mass is shown in Fig. 9 under the sine wave excitation. Fig. 9(a) displays the rotational response
of the structure excited by a sine wave with a frequency of 4 Hz and a peak acceleration of 1 m/s?,
while Fig. 9(b) shows the rotational response under a sine wave excitation with a frequency of
5 Hz and a peak acceleration of 1 m/s’>. When the frequency of the sinusoidal excitation signal
was 4 Hz, the maximum rotation angle obtained from the shaking table test was 0.00259 rad, the
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maximum rotation angle of numerical simulation was 0.00238 rad, the minimum rotation angle
obtained from the shaking table test was —0.00228 rad, and the minimum rotation angle of
numerical simulation was —0.00208 rad. The rotation angle error between shaking table test and
numerical results were 8.824 % and 9.615 % respectively. When the frequency of the sinusoidal
excitation signal was 5 Hz, the maximum rotation angle obtained from the shaking table test was
0.00143 rad, the maximum rotation angle of numerical simulation was 0.00182 rad, the minimum
rotation angle obtained from the shaking table test was —0.00154 rad, and the minimum rotation
angle of numerical simulation was —0.00165 rad. The rotation angle error (Table 3) between
shaking table test and numerical results were —21.429 % and 6.667 % respectively. The error may
be caused by external interference during shaking table testing and errors in data acquisition.

0.004 ——Matlab - -~ Test

0.003

0002 Hofrfdafafafsfs

0.001 t ] '
o I

-0.001
-0.002 R R AR R R
-0.003 L 1 L | L . L

0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5

Time (s)
a)

0.002 —— Matlab Test
0.0015 ’i
0.001
0.0005 I

Rotation (rad)

-0.0005

-0.001
-0.0015 ;

-0.002 . . \ . . \

0.0 15 3.0 45 6.0 75 9.0
Time (s)
b)
Fig. 9. Rotation response of the mass center for case L3R2
under sine wave with a frequency of: a) 4 Hz and b) SHz

Rotation (rad)

By comparison and analysis, it can be found that the error between experimental results and
numerical simulation analysis fluctuates around 10 %, which verified the effectiveness of the
modified concentrated springs model. The proposed model can be used to predict the rocking
response of free-standing rigid blocks on flexible foundation.

Table 3. Rotation peak of mass center for case L3R2
f=4Hz f=5Hz
Max. Min. Max. Min.
Test 0.00259 | —0.00228 | 0.00143 | —0.00154
Numerical | 0.00238 | —0.00208 | 0.00182 | —0.00165
Error (%) 8.824 9.615 —21.429 | —6.667

Sine

4. Parametric analysis

In this section, a non-symmetric block, with a mass of 1500 kg, a length of 1.6065 m measured
from the center of mass to corner point A, a; = 0.2 rad and a, = 0.4 rad, was selected for the
numerical analysis. In the modified CSM, the following parameters are established for analytical
assessment: the spring stiffness coefficients were k; = k, = 1.31x10® N/m, and the viscous
damping coefficients were ¢; = ¢, = 2.87x10° N-s/m. Furthermore, the friction coefficient 4 was
assigned a value of 0.625. The previous findings indicated that in addition to the slope angle effect,
the rocking response of a non-symmetric block when placed on a flexible base can be impacted
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by the slope’s direction [38]. Specifically, when a, was larger than a;, the rocking behavior of
the block on a flexible base with a slope angle of 0.05 rad was larger than that of —0.05 rad.
Consequently, a base with a 0.05 rad slope angle was chosen for the subsequent parameter
analysis. This section will explore the effects of structure-foundation interaction on the rocking
response of free-standing rigid rocking blocks situated on a sloped flexible base, focusing
specifically on spring stiffness, viscous damping, and the friction coefficient.

To assess the performance of the rocking block on a sloped flexible base, three representative
pulse-like ground motion recorded during historical seismic events, the Tianjin, Northridge and
Kobe earthquakes, were selected for excitation. The acceleration time history curves for these
earthquake ground motions are presented in Fig. 10.

T

Tianjin

o
o

Acceleration(m/sz)
o

0.5
1 . \ .
0 5 10 15 20
Time(s)
a)
1 T
Nc\n Northridge
E 1
c
8
©
K]
@Q
Q
Q
<
0 5 10 15 20
Time(s)

b)

Acceleration(mlsz)
o

0 5 10 15 20
Time(s)
<)
Fig. 10. Pulse-type ground motions: a) Tianjin, b) Northridge, c¢) Kobe

4.1. Spring stiffness

Fig. 11 illustrates the rotation time history of the rocking block on a sloped flexible base with
different spring stiffness subjected to various pulse-type earthquakes, including Tianjin,
Northridge, and Kobe earthquakes. The peak rotation, number of impacts and maximum half-cycle
rocking period during the rocking are listed in Table 4.

Table 4. Rocking response of the rigid block with different spring stiffness
Earthquakes Peak rotation(rad) Number of impacts Mr?)):l?iqr:l;p}el?ili dczfsc)le
0.5k 1k 2k 0.5k | 1k | 2k 0.5k 1k 2k
Tianjin —0.0089 | 0.0107 | —0.0261 16 38 | 52 | 0.738 | 0.4320 | 0.6820
Northridge | —0.0397 | —0.0313 | —0.0766 28 30 | 32 | 0.8664 | 0.8282 | 1.0246
Kobe —0.1518 | —0.1135 | —0.1097 34 48 | 60 1.4 1.153 | 1.0954

As illustrated in Fig. 11, the seismic responses of the non-symmetrical rigid rocking block
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were significantly influenced by the spring stiffness of the modified CSM. Fig. 11(a) presents the
rocking behavior of the rigid block subjected to the Tianjin earthquake excitation, characterized
by a peak acceleration of 0.35g. For the configuration with a spring stiffness of 0.5k, the peak
rotation angle was —0.0089 rad. As spring stiffness of the two-spring foundation increased, the
absolute values of the peak rotations also rose, reaching 0.0107 rad for a stiffness of 1k and 0.0261
rad for 2k. Notably, the direction of rocking producing the peak rotation for the 1k stiffness was
opposite to that observed in the 0.5k and 2k cases. The number of impacts experienced by the rigid
block increased progressively with the spring stiffness, with values of 16, 38, and 52 impacts for
stiffness levels of 0.5k, 1k, and 2k, respectively. The maximum half-cycle rocking periods were
0.7385,0.432 s, and 0.682 s for 0.5k, 1k, and 2k, respectively. The duration of rocking was longest
for the configuration with 2k stiffness, followed by 1k, while the shortest duration occurred for
the 0.5k case. Additionally, the energy dissipation was most rapid for the rigid rocking block
resting on the inclined flexible base with a spring stiffness of 0.5k.

0.02

Rotation(rad)

Rotation(rad)

Rotation(rad)

Fig. 11. Rotation time history of a rigid block on a flexible foundation with different spring stiffness
under ground motion: a) Tianjin, b) Northridge and ¢) Kobe

Under the Northridge earthquake excitation (Fig. 11(b)), the peak rotations for the rigid block
with spring stiffnesses of 0.5k, 1k, and 2k were —0.0397 rad, —0.0313 rad, and —0.0766 rad,
respectively. The corresponding impact numbers were 28, 30, and 32. The maximum half-cycle
rocking periods were recorded as 0.8664 s, 0.8282 s, and 1.0246 s for 0.5k, 1k, and 2k. Consistent
with previous observations, the longest rocking duration was noted for 2k stiffness, followed by
1k, while the cessation of rocking occurred earliest for 0.5k, confirming that energy dissipation
was fastest in this case.

During the Kobe earthquake excitation (Fig. 11(c)), the peak rotations for the rigid block with
spring stiffnesses of 0.5k, 1k, and 2k were —0.1518 rad, —0.1135 rad, and —0.1097 rad, respectively,
indicating a decrease in peak rotation with increasing spring stiffness of the two-spring foundation.
The number of impacts for these stiffness levels was recorded at 34, 48, and 60, respectively. The
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maximum half-cycle rocking periods were 1.4 s, 1.153 s, and 1.0954 s for the respective
stiffnesses. Again, the rocking duration was longest for the 2k stiffness case, followed by 1k, while
the rigid block with 0.5k stiffness stopped rocking first. The energy dissipation of the rigid rocking
block on the flexible base with a spring stiffness of 0.5k was the most rapid, and the block stopped
rocking and stabilized the fastest.

The rocking response of a rigid block under three pulse-like earthquake excitations showed
that the effect of the spring stiffness of the modified CSM on the rocking behavior of a rigid block
resting on inclined flexible base was significantly non-linear. Furthermore, as the spring stiffness
increased, the impact number increased accordingly, the rocking duration was prolonged, and the
energy dissipation was reduced.

4.2. Viscous damping

Fig. 12 illustrates the rotation time history of the rigid rocking block on a flexible base with
different viscous damping subjected to various pulse-type earthquakes. The peak rotation, number
of impacts and maximum value of half-cycle rocking period are listed in Table 5.

o
2

o
o
=]
o

Rotation(rad)
o

-0.005 -

-0.01

Rotation(rad)

Rotation(rad)

Time(s)
©)
Fig. 12. Rotation time history of rigid block on flexible foundation with different viscous damping
under ground motion: a) Tianjin, b) Northridge, c) Kobe

Table 5. Rocking response of the rigid block with different viscous damping

Earthquakes Peak rotation (rad) Number of impacts hﬁi’éﬁ?ﬁ)gﬁg dczlsc)le
0.5¢ Ic 2¢ 0.5¢ 1c 2c 0.5¢ Ic 2c
Tianjin -0.0125 | 0.0107 | 0.0107 106 38 12 | 0.548 | 0.432 | 0.478
Northridge | —0.0428 | —0.0313 | —0.0130 46 30 | 26 | 0.8828 | 0.8282 | 0.6674
Kobe —0.0777 | —0.0888 | —0.0683 62 42 | 32 ] 09738 | 1.0312 | 1.0830

As illustrated in Fig. 12 and summarized in Table 5, the rocking responses of the non-
symmetrical block on an inclined flexible base were significantly impacted by the viscous
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damping characteristics of the two-spring foundation. Under the Tianjin earthquake excitation
(Fig. 12(a)), the peak rotation angle of the non-symmetrical rigid block on the inclined flexible
base with viscous damping of 0.5¢ was —0.0125 rad, while the peak rotation angles for the
coefficients of 1c¢ and 2c were 0.0107 rad, indicating a reversal in the direction of the peak rotation
angle. Notably, the number of impacts of the rigid block decreased progressively with the increase
in viscous damping: specifically, 106 impacts occurred at 0.5c, 38 at lc, and 12 at 2c. The
maximum half-cycle rocking periods were 0.548 s, 0.432 s, and 0.478 s for the two-spring
foundation with viscous damping of 0.5¢, lc, and 2c, respectively. The longest rocking duration
was observed for the 0.5¢ case, followed by 1c, while the shortest duration was associated with
2c. This behavior suggested that energy dissipation was most rapid for the rigid rocking block on
the inclined flexible base with a damping coefficient of 2c. Furthermore, the variations in the
maximum rotation angle and maximum half-cycle rocking period indicated that viscous damping
exerted a significant non-linear effect on the rocking response.

During the Northridge earthquake excitation (Fig. 12(b)), the peak rotations for the rigid
rocking block on the inclined flexible base with viscous damping of 0.5¢, 1¢, and 2¢ were —0.0428
rad, —0.0313 rad, and —0.0130 rad, respectively. As viscous damping of the modified CSM
increased, the peak rotation angle decreased. The corresponding numbers of impacts were 46, 30,
and 26, which decreased with the increase of viscous damping of the two-spring foundation.
Additionally, the maximum half-cycle rocking periods also decreased with the increase of viscous
damping, which were 0.8828 s, 0.8282 s, and 0.3374 s for the two-spring foundation with viscous
damping of 0.5¢c, 1c, and 2c, respectively. The longest duration of rocking was once again noted
for the 0.5c condition, while the shortest was found at 2c¢, further supporting the conclusion that
energy dissipation was most rapid at the highest damping coefficient.

Under the Kobe earthquake excitation (Fig. 12(c)), the peak rotations for the rigid rocking
block on the inclined flexible base with viscous damping of 0.5¢c, l¢, and 2¢ were —0.0777 rad,
—0.0888 rad, and —0.0683 rad, respectively. Notably, the maximum peak rotation angle occurred
at the 1¢c damping coefficient, while the maximum value of the half-cycle rocking period was
longest at 2c. As with previous excitation cases, the number of impacts decreased with increasing
viscous damping: 62 impacts were observed at 0.5¢c, 42 at 1c, and 32 at 2c. The rocking duration
followed the same trend, being longest for the 0.5¢ case, followed by the lc, with the shortest
observed for 2¢. These observations consistently indicate that energy dissipation is most rapid for
the rocking block located on the inclined flexible base with a viscous damping coefficient of 2c.

In summary, the numerical analysis revealed that the rocking behavior of the rigid rocking
block on an inclined flexible base during pulse-like earthquake events can be influenced by the
viscous damping characteristics of the modified CSM, and the effect is significantly non-linear.
Furthermore, the number of impacts and the rocking durations decreased with higher damping,
with the shortest durations linked to the highest damping levels.

4.3. Frictional coefficient

Fig. 13 illustrates the rotation time history of the rocking block on a sloped flexible base with
different frictional coefficient subjected to various pulse-type earthquakes, including Tianjin,
Northridge, and Kobe earthquake. The peak rotation, number of impacts and maximum value of
the half-cycle rocking period are listed in Table 6.

Table 6. Rocking response of the rigid block with different frictional coefficient

Earthquakes Peak rotation (rad) Number of impacts Mr?))élli?r?énpzﬁili dczfsc)le
=02 u=04 | u=0.625 | pu=02 | pu=04 | nu=0.625 | u=02|u=04| u=0.625
Tianjin —0.0317 | -0.0301 | 0.0107 54 40 38 0.650 | 0.6360 | 0.4320
Northridge |-0.0790 | —0.0602 | —0.0312 32 40 30 1.0314 | 0.9554 | 0.8282
Kobe -0.1077 | -0.1135 | —-0.1135 46 46 48 1.2428 | 1.2726 | 1.1530
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As illustrated in Fig. 13, the rocking responses of the non-symmetrical block positioned on an
inclined flexible base were significantly influenced by the friction coefficient between the block
and the foundation. Under the excitation of the Tianjin earthquake (Fig. 13(a)), the peak rotation
angle of the rocking block, which was resting on the inclined flexible base with a friction
coefficient of 0.2, reached —0.0317 rad. An increase in the friction coefficient led to a decrease in
the absolute value of the peak rotation angle, which was measured at 0.0301 rad for a coefficient
of 0.4 and 0.0107 rad for a coefficient of 0.625. Notably, at a friction coefficient of 0.625, the peak
rotation angle reversed direction. Furthermore, the number of impacts and the maximum
half-cycle rocking periods observed also decreased progressively with increasing friction
coefficients: 54 impacts occurred at 0.2, while the number diminished to 40 at 0.4 and 38 at 0.625.
The corresponding maximum half-cycle rocking periods were 0.65 s, 0.636 s, and 0.432 s for
friction coefficients of 0.2, 0.4, and 0.625, respectively. The shortest duration of rocking occurred
at a coefficient of 0.625, followed by 0.4, while the longest duration of rocking occurred at a
coefficient of 0.2. The results indicated that the energy dissipation was related to the coefficient
of friction, with higher coefficients resulting in more rapid energy dissipation under Tianjin
earthquake excitation.

Rotation(rad)
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5 ! — — =02
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Time(s)
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Fig. 13. Rotation time history of rigid block on flexible foundation with different frictional coefficient
under ground motion: a) Tianjin, b) Northridge, c¢) Kobe

Similarly, under the Northridge earthquake excitation (Fig. 13(b)), the peak rotation angle of
the non-symmetrical block on the inclined flexible base decreased with the increase of the friction
coefficient between the rigid block and the foundation. The peak rotation angle corresponding to
friction coefficients of 0.2, 0.4 and 0.625 were —0.0790 rad, —0.0602 rad and —0.0312 rad,
respectively. The maximum number of impacts was found at a friction coefficient of 0.4, with 32,
40 and 30 impacts at friction coefficients of 0.2, 0.4 and 0.625, respectively. The maximum
half-cycle rocking periods were recorded as 1.0314 s, 0.9554 s, and 0.8282 s. The longest rocking
duration was at a coefficient of 0.2, followed closely by 0.4, while the shortest duration
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corresponded to 0.625. These results indicate that energy dissipation is similarly linked to the
coefficient of friction under Northridge earthquake excitation, highlighting that higher coefficients
promote faster energy dissipation. Furthermore, the friction coefficient demonstrated a
pronounced nonlinear effect on the rocking responses of the rigid block.

Under the excitation of the Kobe earthquake (Fig. 13(c)), the peak rotations for the rigid block
on the inclined flexible base with friction coefficient of 0.2, 0.4, and 0.625 were —0.1077 rad,
—0.1135 rad, and —0.1135 rad, respectively. The maximum peak rotation angle was observed at a
friction coefficient of 0.2, while the maximum half-cycle rocking period was longest at a
coefficient of 0.4. The highest frequency of impacts between the rigid block and the foundation
was recorded for a friction coefficient of 0.625. Notably, the longest rocking duration, lasting up
to 15.4 s, was observed with a coefficient of 0.625, despite the higher number of impacts occurring
in this scenario.

This comprehensive analysis indicated that the friction coefficient had a critical influence on
the dynamic response and energy dissipation characteristics of rigid blocks on inclined flexible
foundations, demonstrating significant non-linearity. Additionally, the effect of seismic ground
motion on the rocking behavior of rigid blocks should not be disregarded, as the rocking response
and dynamic characteristics differ markedly under various seismic excitations.

5. Conclusions

A modified CSM was proposed to predict the rocking behavior of the rigid blocks on a sloped
flexible base. A shaking table model test was conducted to verify the proposed model. The
structure-foundation interaction effects on rocking responses of the non-symmetric blocks on a
sloped flexible base were numerically investigated. The following conclusions can be drawn:

1) Comparing the shaking table model test results with the simulated outcomes from the
modified CSM, the rocking response of the structure can be effectively predicted by the proposed
modified CSM.

2) As the spring stiffness of the modified CSM increased, the number of impacts
correspondingly increased, while the duration of rocking was prolonged.

3) The viscous damping characteristics of the modified CSM significantly influenced the
rocking behavior of the rigid blocks. Specifically, higher damping coefficients led to a decrease
in both the impact number and the rocking duration, with the highest levels of damping facilitating
faster energy dissipation. This suggests that optimizing damping could enhance structural
performance.

4) The friction coefficient critically influenced the rocking response of rigid blocks on inclined
flexible foundations, exhibiting significant non-linearity. The rocking response of non-symmetric
blocks on a sloped flexible base is non-symmetric.

This study investigates the structure-foundation effects on rocking response of free-standing
rigid blocks on inclined flexible foundation. However, only the impact of pulse-like ground
motion was considered, the effects of different types of seismic ground motion are not discussed
and it can be further studied. Furthermore, the structure is simplified as a single rocking rigid
block in this paper. The structure-foundation interaction effects on the response of multiple
rocking rigid bodies and two adjacent rocking blocks need to be further investigated.
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