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Abstract
Designs allowing the rocking behavior of the foundation during earthquake have been 
introduced to reduce the seismic load on the superstructure and the ductility demand on the 
structural column. In addition, several studies have been conducted on rocking foundation 
based on the slow cyclic and dynamic tests by assuming the structure as a rigid oscilla-
tor. However, when structural bending is included, the rocking behaviors of the foundation 
for the slow cyclic and dynamic tests are different. Therefore, a clear description of each 
method and how each behavior is different should be investigated by considering structural 
bending motion. To fill the gap between cyclic and dynamic rocking behaviors, embed-
ded foundation models with various slenderness ratios of the systems were investigated 
using horizontal slow cyclic tests and dynamic tests in a centrifuge. Test results show that 
the rocking foundation was affected by structural bending. The overturning moment in the 
dynamic test determined by the conventional method was different compared with results 
obtained from the slow cyclic test due to the structural bending motion. Finally, the over-
turning moment was re-evaluated by considering structural net displacement, and the re-
evaluated dynamic overturning moment matched the results from the slow cyclic tests.
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1  Introduction

Considering soil-foundation-structure interaction (SFSI) in seismic design enables struc-
tures to be constructed efficiently and precisely. In particular, the design method of allow-
ing the rocking behavior of the foundation during earthquake has been introduced as an 
effective seismic design to reduce the seismic load on the superstructure and the ductil-
ity demand on the structural column. Since the rocking behavior of the foundation can be 
allowed by reducing the bearing capacity of the foundation, applying the rocking behavior 
of the foundation called “rocking foundation” or “rocking isolation” has the advantage of 
not only seismic load reduction on the superstructure but also economical seismic design. 
Despite the benefits of the rocking foundation method, it is not easy to apply in practice 
owing to lack of understanding of the rocking behavior concept and difficulty in controlling 
the permanent deformation induced by the rocking behavior.

To overcome the deficiency of lack of understanding of the rocking mechanism, many 
studies have been conducted using numerical and experimental techniques. To evaluate 
the rocking foundation, most studies were conducted using the slow cyclic test (Negro 
et al. 2000; Gajan and Kutter 2009a, b; Anastasopoulos et al. 2011, 2012; Gazetas et al. 
2013; Kokkali et  al. 2014, 2015; Liu et  al. 2015b; Hakhamaneshi and Kutter 2016), or 
the dynamic test (Combescure and Chaudat 2000; Mergos and Kawashima 2005; Paolucci 
et al. 2008; Anastasopoulos et al. 2010; Deng et al. 2012; Heron et al. 2013; Liu et al. 2013; 
Anastasopoulos et al. 2013, 2014; Heron et al. 2015; Allmond and Kutter 2014; Kim et al. 
2015; Liu et al. 2015c; Tsatsis and Anastasopoulos 2015; Figini and Paolucci 2017; Pelekis 
et al. 2017), or both test methods (Gajan et al. 2005; Gajan and Kutter 2008; Shirato et al. 
2008; Hung et al. 2011; Deng and Kutter 2012; Drosos et al. 2012; Gelagoti et al. 2012; 
Panagiotidou et al. 2012; Gazetas 2015; Liu et al. 2015a). Pecker et al. (2014) presented 
an overview of recent researches on non-linear dynamic SFSI using experimental test. For 
the slow cyclic test, horizontal cyclic loading is applied directly at the top of the structure; 
therefore, this test is an effective technique for observing ground deformation caused by 
slow cyclic loading at the top of the structure. On the other hand, the dynamic test (such as 
the shaking table test) can evaluate the seismic load on the superstructure and predict the 
soil–foundation–structure behavior in practice. However, most studies designed the struc-
tural model as a rigid oscillator such that the structure would not be bent during slow cyclic 
and dynamic tests (Gajan et al. 2005; Gajan and Kutter 2008; Anastasopoulos et al. 2012; 
Drosos et al. 2012; Anastasopoulos et al. 2013; Kokkali et al. 2014). There are two rea-
sons for designing the structural model as a rigid oscillator. One is related to the objective 
of the rocking foundation design. Since the objective of the rocking foundation is to pro-
tect the structure during earthquake by allowing soil–foundation yielding, the behavior of 
the structure should be within the elastic range. The other reason is to easily compare the 
foundation–structure behavior during slow cyclic and dynamic tests. For the slow cyclic 
test, the flexural displacement of the structure will be negligible even if it occurs owing 
to the longer period of cyclic loading compared to the structural natural period. There-
fore, the experiment for rocking foundation models a structure as a rigid oscillator. Gajan 
et al. (2005) stated that the overturning moment–rotation backbone curve of the foundation 
obtained from the slow cyclic test results can predict the dynamic rocking behavior of a 
shallow foundation using the rigid structural model. However, in practice, even if the rock-
ing foundation concept was used, structural bending would be generated during earthquake 
due to the resonance effect. Therefore, the gap between the slow cyclic and the dynamic 
rocking behaviors of the system with structural bending should be investigated in detail. In 
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addition, to improve understanding of the experimental approach to rocking foundation, it 
is necessary to evaluate a method to analyze the dynamic rocking behavior with structural 
bending.

Meanwhile, attempts to apply the rocking foundation concept in practice have persisted 
(Paolucci et  al. 2013; Deng et  al. 2014; Hakhamaneshi et  al. 2016; Kutter et  al. 2016). 
Since the performance of a structure is related to the displacement of the structure, the 
direct displacement-based design (DDBD) is regarded as an appropriate design method 
for rocking foundation, and the requirement of structural displacement during earthquake 
can be effectively reduced by the foundation rocking behavior. In particular, to apply the 
DDBD method in practice, Deng et al. (2014) used a trilinear backbone curve and a multi-
linear hysteretic model for the overturning moment–rotation relation determined from the 
slow cyclic and dynamic centrifuge tests. Since both the slow cyclic and the dynamic tests 
have been used to determine the applicability of rocking foundation in practice, it is neces-
sary to investigate the difference between the slow cyclic and dynamic tests with structural 
bending. Finally, understanding the difference between the dynamic and slow cyclic rock-
ing behaviors with structural bending can make rocking foundation design closer to practi-
cal application.

The objectives of this study are to investigate the difference between the cyclic and 
dynamic behaviors, and to fill the gap of understanding between the cyclic and dynamic 
behaviors of embedded rocking foundations by considering structural bending. Since the 
effective stiffness of the structure changes according to its height, the slenderness ratio of 
the structure (i.e., ratio of height of the structure to the foundation length) and the struc-
tural stiffness should be considered simultaneously. Both the slow cyclic and dynamic 
shaking table tests were conducted with three different slenderness ratios of structures with 
embedded foundation system. The overturning moment for slow cyclic and dynamic tests 
was determined using a load cell attached to a horizontal actuator and accelerometer on the 
structure, respectively. The foundation rotation angle for slow cyclic and dynamic tests was 
measured using two displacement sensors (linear variable differential transformer (LVDT)) 
and two accelerometers oppositely placed at the end of the foundation, respectively. The 
overturning moment and rotation curves obtained from the slow cyclic and dynamic tests 
with embedded rocking foundation were compared. By considering the foundation hori-
zontal, rocking, and structural bending motions, the dynamic overturning moment were 
evaluated in detail. The results are useful in terms of filling the gap between the cyclic 
and dynamic behaviors of embedded rocking foundations with moment–rotation backbone 
curve.

2 � Discussion on slow cyclic and dynamic rocking behaviors 
for embedded foundation–structure system by considering 
structural bending

As shown in Fig. 1, during earthquake, the horizontal displacement at the top of the struc-
ture is decomposed into three parts: foundation horizontal displacement, horizontal dis-
placement due to foundation rocking, and structural net displacement. By considering the 
structural motion, as well as the foundation and soil behavior during earthquake, a general 
equation for the dynamic motion of a single degree of freedom (SDOF) structure consider-
ing SFSI can be expressed as follows (Tileylioglu et al. 2011; Kim et al. 2015):
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where ms is the effective mass of the structure; mf  is the foundation mass; If  is the rota-
tional moment of inertia of the foundation; cs is the structural damping coefficient; cf  and 
c
�
 are the damping coefficient of sliding and rocking of the foundation, respectively; ks is 

the effective stiffness of the structure; kf  and k
�
 are the sliding and rocking stiffness of the 

foundation, respectively; h is the effective height of the structure; unet and ug are the hori-
zontal displacement of structural bending and soil, respectively; urf  is the horizontal rela-
tive displacement between the foundation and soil; and u

�
 is the rotation angle of the foun-

dation. The third row of Eq. 1 indicates the rocking behavior of the entire system. Since 
the rotational moment of inertia of the foundation is smaller than msh

2 , the term If  can be 
neglected. Equation 1 can be arranged as follows:

where Mo is the overturning moment of the foundation; üf  is the horizontal acceleration of 
the foundation ( üf = üg + ürf  ); and ̈utot. is the total acceleration of the horizontal motion 
of the structure (  ̈utot. = ̈unet + üf + ü

𝜃
h ). The accelerometer attached to the structure meas-

ures the total acceleration of the horizontal motion of the structure ( ̈utot. ). Although  the 
contribution of the rotational damping of the foundation ( c

𝜃
u̇
𝜃
 ) can affect the overturn-

ing moment of the foundation, the horizontal motion of the structure ( ̈utot. ) mainly con-
tributes to the overturning moment of the foundation (Gajan and Kutter 2008). Therefore, 
the dynamic overturning moment can be easily determined using the mass of the structure 
( ms ), the effective height (h), and the total acceleration of the horizontal motion of the 
structure ( ̈utot.).
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ünet + üf + hü
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Fig. 1   Slow cyclic and dynamic response of SDOF structure considering SFSI
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However, when the structure behaves like a rigid oscillator, the overturning moment of 
the foundation is determined only by foundation sliding and rocking motion, which can be 
expressed as

where Mro is the overturning moment of the foundation for a rigid oscillator structure and 
̈uf_tot. = üf + hü

𝜃
 . Although the total acceleration of the structure ( ̈uf_tot. ) mainly affects the 

overturning moment ( Mro ), if the structure is rigid, the total acceleration of the structure 
does not include the acceleration of the structural bending ( ̈unet ) during the earthquake. In 
addition, in the slow cyclic test, the long period of cyclic loading is too far from the natu-
ral period of the structure to generate significant structural bending motion. Consequently, 
by modeling the structure as a rigid oscillator, the overturning moment of the foundation 
during slow cyclic tests can predict the dynamic overturning moment of the foundation. 
However, as expressed in Eq. 2, the structural bending motion should be generated dur-
ing dynamic motion, and in this case, the overturning moment of the foundation during 
slow cyclic tests does not closely match the dynamic overturning moment. Therefore, in 
this study, a method to deal with the structural bending motion ( unet ) was investigated and 
its effects were observed in order to compare the slow cyclic and dynamic overturning 
moments.

3 � Centrifuge testing program

Centrifuge tests were conducted to replicate stress conditions of soil in the field. The tests 
were conducted with a centrifuge at the KOCED Geotechnical Centrifuge Testing Center 
at KAIST (Kim et al. 2013a). The centrifugal acceleration for the tests was 20 g-level, and 
the model description and interpretation of test results were expressed as a prototype scale 
applied to a scaling law (Madabhushi 2014). In the dynamic tests, an in-flight earthquake 
simulator below the soil box simulates earthquake motion. The loading frequency range 
of the earthquake simulator at KAIST was 40–300 and 40–200 Hz for random vibration 
and sinusoidal wave, respectively; other specifications of the earthquake simulator are 
described in Kim et al. (2013b).

3.1 � Structural modeling

The structural models were formed into a SDOF structure having a lumped mass at the 
top of the structure (Fig.  2). Fukui et  al. (1999) stated that typical slenderness ratios of 
highway bridge pier range from 0.5 to 2.0; to observe the different governing behaviors of 
foundations such as sliding or rocking, the SDOF structural models have different slender-
ness ratios, 1 (ST4), 1.5 (ST8), and 2 (ST12). The slenderness ratio (h/L) of the structure 
is the ratio of the effective height (h) of the test models, which is the ratio of the height of 
the effective mass (ms) as a point mass to the foundation length (L). The slow cyclic and 
dynamic tests were conducted using the same models. To facilitate cyclic loading of the 
structural models, the top of the structural model was U-shaped.

To evaluate the dynamic behavior of a foundation–structure model, specifically the 
dynamic overturning moment, the effective mass (ms) and the effective stiffness (ks) of the 
structural model should be determined accurately. As shown in Fig.  2b–d, to obtain the 
effective mass and the effective stiffness of a structural model, impact hammer tests were 
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conducted with a fixed base condition at 1 g-level state. Using the natural frequency of the 
structural model at each test (i.e., Figure 2b without added mass, Fig. 2c with one added 
mass), the effective mass and the effective stiffness were calculated as follows:

where fn is the natural frequency of the structural model without added mass (madd), and 
fn_add is the natural frequency of the structural model with added mass. To validate the 
obtained ms and ks values, the impact hammer test for the structural model with two added 
masses was conducted (Fig. 2d). The effective mass and the effective stiffness of the struc-
tural model were validated by comparing the measured and calculated natural frequency of 
the structural model with two added masses.

3.2 � Ground modeling

Dry Saemangeum sand—natural sand that contains high fine contents—was used to develop 
the ground model. The basic soil properties are listed in Table 1. A rectangular model box 
and an equivalent shear beam (ESB) box were used to conduct the slow cyclic and dynamic 
tests, respectively. The ESB box reduced the boundary effect during dynamic tests (Lee 
et  al. 2013). The dimensions of the rectangular model box were 99.5 × 99.5 × 47.5  cm 
(length × width × height), and the dimensions of the ESB box were 49 × 49 × 63  cm 
(length × width × height). To model the soil at the target relative density of 40%, the soil 

(4)fn =
1

2�

√
ks

ms

, fn_add =
1

2�

√
ks

ms + madd

Fig. 2   Schematic diagram of a structural model: a idealized SDOF structural model; b, c, and d are the 
impact hammer tests on the fixed-base structural model without added mass, with one added mass, and two 
added masses, respectively
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weight corresponding to the volume of each model box was calculated, and the soil layer was 
divided into four sublayers for the rectangular model box and five sublayers for the ESB box.

Rocking foundation has advantages of reducing the structural ductility demand and the 
seismic load on the superstructure; Kim et al. (2015) stated that the seismic load on the super-
structure is restricted to the ultimate moment capacity of the foundation (Mult). In contrast, 
owing to plastic hinging in soil, permanent deformation (e.g., settlement and rotation) is a 
problem for rocking foundation design. For practical application of rocking foundation, a bal-
ance should be achieved between the reduction of seismic load on a structure and permanent 
deformation in soil. Gajan and Kutter (2008) stated that the critical contact area ratio, the ratio 
of the foundation area (A) to the critical contact area (Ac) (i.e., the minimum area to support 
the vertical load), is related to the ultimate moment capacity, energy dissipation, and perma-
nent deformation. In addition, Gajan and Kutter (2008) suggested that A∕Ac = 10 is an appro-
priate value of rocking foundation to establish a balance between energy dissipation in soil and 
permanent deformation. Consequently, the dimensions of the foundation model were deter-
mined as 1.4 × 1.4 × 0.4 m (length × width × height) with A∕Ac = 10 . In addition, the founda-
tion model was made into an aluminum foundation with a weight of 2 tons in prototype scale, 
and the mass of the aluminum foundation was much smaller than that of the structural model. 
The foundation model was identically used for each test model.

To obtain accurate vertical bearing capacity of the foundation and critical contact area 
ratio (A/Ac), the vertical load test was conducted on a shallow foundation model of the Sae-
mangeum sand with relative density of 40% at 20 g—the same condition for the cyclic and 
dynamic tests. The measured vertical factor of safety (FSv) and the critical contact area ratio 
(A/Ac) were approximately 11. The friction angle of the soil was back-calculated using the 
Meyerhof (1963) equation. Details of the ground model are described in Ko et  al. (2018). 
Table 2 summarizes the basic properties of the test models.

Table 1   Properties of the ground 
model

Property Saemangeum sand
Slow cyclic/dynamic

Soil model properties
 Unified soil classification (USCS) SM
 Coefficient of uniformity (Cu) 2.11
 Mean grain size, D50 (mm) 0.08
 Soil thickness (mm) 200/500
 Dry density, �d (t/m3) 1.3
 Relative density, Dr (%) 40
 Friction angle 37.3

Prototype properties
 Centrifugal acceleration (g) 20
 Soil thickness (m) 4/10
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3.3 � Slow cyclic and dynamic centrifuge tests

3.3.1 � Slow cyclic tests

Horizontal slow cyclic tests were conducted by displacement control. Identical cyclic dis-
placement protocol was applied to each test model. The toppling displacement ( �R ) for a 
rigid oscillator on a rigid base is half of the foundation length (L/2, 0.7 m). Twenty-five 
cycles (5 cycles at each amplitude, 5, 10, 20, 30, and 50% of �R ) were applied to the top of 
the structure. To avoid the inertial force of the structure, the period of cyclic loading was 
determined as 50 s on the model scale.

Figure 3a shows the experimental setup and the sensor arrangement for the slow cyclic 
tests. The height of the ground model was 4 m in the prototype scale, which is 2.8 times 
the length of the foundation, and the embedment depth was 0.4 m, the same as the height 
of the foundation. The cover, which fits into the structural models for applying cyclic load-
ing, allows the test model to deform freely during the cyclic test and a load cell was placed 
between the horizontal actuator and the cover. Horizontal loads measured by the load cell 
were used to calculate the applied overturning moment of the foundation by considering 
the P − δ effect. In addition, the two LVDT sensors were installed with the same distance 
as the foundation length for determining the rotation angle of the foundation. The rotation 
angle was determined by the inverse tangent (tan−1) value of the ratio ( 

(
L1 − L2

)
∕L)), that 

is, the ratio of the difference of the LVDT values ( L1 − L2 ) to the foundation length (L). 
Details of the slow cyclic tests are described in Ko et al. (2018).

3.3.2 � Dynamic tests

Figure 3b shows the test setup and the sensor arrangement for the dynamic tests. The height 
of the ground model was 10 m in the prototype scale, which is 7.1 times the length of the 

Table 2   Properties of the test model [prototype scale (model scale)]

Model names ST4 ST8 ST12

Effective mass (ms) 15.8 ton
(1.98 kg)

18.9 ton
(2.36 kg)

18.3 ton
(2.29 kg)

Effective height (h) 1.4 m
(70 mm)

2.1 m
(105 mm)

2.8 m
(140 mm)

Footing length (L) 1.4 m
(70 mm)

1.4 m
(70 mm)

1.4 m
(70 mm)

Slenderness ratio (h/L) 1 1.5 2
Effective stiffness, ks (kN/m) 49,362 kN/m

(2468 kN/m)
11,616 kN/m
(580.8 kN/m)

3656 kN/m
(182.8 kN/m)

Natural frequency (fn) 8.9 Hz
(178 Hz)

3.9 Hz
(78 Hz)

2.3 Hz
(46 Hz)

Natural period (Tn) 0.11 s
(0.0055 s)

0.25 s
(0.0125 s)

0.44 s
(0.022 s)

Embedment depth 0.4 m
(20 mm)

0.4 m
(20 mm)

0.4 m
(20 mm)

Critical contact area ratio (A/Ac) 11.9 11.6 11.3
Vertical factor of safety (FSv) 11.6 11.3 11.1
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foundation, and the foundation embedment depth was 0.4  m, the same as the height of 
the foundation. An accelerometer was used to measure the acceleration of each part in the 
dynamic test. The horizontal displacements of the structure ( utot. ) and the foundation ( uf  ) 
were obtained by double integration of the accelerations signal. To investigate the dynamic 
rotation of the foundation, the difference in the vertical displacement ( uv1 − uv2 ) at the edge 
of the foundation obtained by double integration of the acceleration signals was divided by 
the foundation length (L), then the foundation rotation angle was determined by the inverse 
tangent (tan−1) value of the ratio ((uv1 − uv2)∕L ). The horizontal acceleration at the soil 
surface was measured as free-field motion ( ̈uFFM).

Figure 4 shows the normalized acceleration time histories and response spectrum of the 
input motions for the dynamic centrifuge tests. Each test model was subjected to sweep sig-
nal, which has energy in various freqeucny ranges, and real earthquake recorded motions. To 
investigate the frequency characteristics of the soil, foundation, and structural system, sweep 

Fig. 3   Sectional view of the centrifuge test setup: a slow cyclic tests (Ko et al. 2018); b dynamic tests (Ko 
et al. 2017)

Fig. 4   Normalized acceleration time histories and response spectrum of input motions
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signal was applied as base motion. Ofunato earthquake motions, which represent short period 
dominated earthquake signals, and Hachinohe earthquake motions, which represent long 
period dominated earthquake signals, were used as input base motions. Initially, weak sweep 
signal was applied to the test models, then, strong earthquake signals were applied using Ofu-
nato and Hachinohe earthquake motions, respectively. Next, the intensity of the input motions 
was increased in stages from small to large. The sequence of the dynamic loading and the 
number of input earthquakes applied to each test model are listed in Table 3. 

The frequency characteristics of the soil and structure are significant to determine the 
dynamic behavior of the soil-foundation-structure system during earthquakes. Figure 5 shows 
the ratio of response spectrum (RRS) of the soil surface and each structural model (ST4, 8, 
and 12) during the weak sweep signal. To observe the natural period of soil, the RRS between 
the soil surface and bedrock motion was observed. From the RRS, the natural period of the 
soil was approximately 0.18 s. The natural period of the structure considering SFSI was also 
obtained from the RRS between the structure and soil surface motion. The natural period of 
ST4, ST8, and ST12 from the RRS was 0.2, 0.37, and 0.58 s, respectively. Since the natural 
period of the structure from the RRS includes the foundation behavior, the natural period of 
the structure was lengthened compared with the value obtained from the impact hammer tests.

Table 3   Sequence of the 
dynamic loading and peak input 
acceleration for the dynamic 
centrifuge tests (unit: g)

Sequence of the earthquake ST4 ST8 ST12

Sweep 0.03–0.05 0.03–0.05 0.03–0.05
Ofunato (initial) 0.50 0.34 0.51
Hachinohe (initial) 0.37 0.33 0.37
Ofunato (stage) 0.02–0.37 0.02–0.33 0.03–0.35
Hachinohe (stage) 0.03–0.39 0.04–0.33 0.04–0.32
Number of earthquakes 32 27 33

Fig. 5   Ratio of response spectrum (RRS) of soil surface and structure during the weak sweep signal
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4 � Test results

4.1 � Backbone curve development from slow cyclic and dynamic tests

Figure 6 depicts the rotated SDOF structure during slow cyclic and dynamic tests. In the 
slow cyclic test (Fig. 6a), when the foundation–structure was subjected to cyclic load-
ing, the foundation was subjected to overturning moment due to the horizontal force 
(F) as well as the self-weight of the superstructure (W). The overturning moment of the 
foundation (Mo) during the slow cyclic tests is expressed as (Gajan and Kutter 2008)

where hact is the height of the cyclic loading point, s is the foundation settlement, W = msg 
(g is the gravitational acceleration), and � is the foundation rotation angle.

In most studies, the dynamic overturning moment of the foundation was determined 
based on the total acceleration of the superstructure. Gajan and Kutter (2008) deter-
mined the overturning moment from the free body diagram of the shear wall structure 
and stated that the horizontal acceleration of the shear wall structure mostly contrib-
utes to the dynamic overturning moment of the foundation. In addition, Anastasopoulos 
et al. (2013) and Tsatsis and Anastasopoulos (2015) determined the critical acceleration 
of the superstructure (ac), the maximum acceleration of the superstructure, based on the 
ultimate moment capacity of the foundation.

Based on previous studies, this study determined the dynamic overturning moment of 
the foundation as follows (Fig. 6b):

where as is the horizontal acceleration of the superstructure.

(5)Mo = F ⋅

(
hact + s

)
+W ⋅ h(sin �)

(6)ac = Mult∕msh ⇔ Mult = ms ⋅ ac ⋅ h.

(7)Mo = ms ⋅ as ⋅ h

Fig. 6   Illustration of rocking behavior of SDOF structure for determining the overturning moment of the 
foundation: a slow cyclic tests; b dynamic tests
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To reflect the directional behaviors of rocking motion, the representative values of the 
overturning moment and foundation rotation angle for each loop and events of the slow 
cyclic and dynamic tests, respectively were decided as a point of the average values 
(Fig. 7). The average values of the overturning moment (Mavg) and rotation ( �avg ) used to 
develop the backbone curve were determined using the following equations.

where Mmax and �max are the maximum moment and the maximum rotation of the founda-
tion, respectively, Mmin and �min are the minimum moment and the minimum rotation of the 
foundation, respectively.

Using the average moment and rotation of each cycle in the slow cyclic tests, the hyper-
bolic fitting method for the moment–rotation relation was used to develop the backbone 
curve, and the general formulas of the fitting curve is expressed as,

where a and b are numerical coefficients.
Figure 8 shows the overturning moment–rotation relation of ST8 (i.e., backbone curve: 

slow cyclic tests; hysteresis loop: dynamic tests, Ofunato and Hachinohe at the initial vir-
gin stage). As shown in the figure, the dynamic moment–rotation relation did not match 
the slow cyclic moment–rotation relation, and the overturning moment–rotation hysteresis 
loop of the dynamic test was much stiffer than the slow cyclic backbone curve regardless 
of the type of input earthquake. Moreover, a large difference occurred at a large rotation, 
and this phenomenon can be clearly observed in Fig. 9, which depict the average dynamic 
overturning moment–rotation of each input motion as a point (i.e., Eqs. 8, 9, and Fig. 7). 
During the dynamic tests, a strong earthquake caused a large rotation of the foundation 
and a large structural bending owing to the relation between the excitation frequency and 
the natural period of the structure. Consequently, there was a difference in the dynamic 

(8)Mavg =
1

2

(
Mmax +

||Mmin
||
)

(9)�avg =
1

2

(
�max +

||�min||
)

(10)Mo =
�

1

a
+

�

b

Fig. 7   Moment–rotation hyster-
esis loop to define the average 
moment
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rocking behavior determined by the total acceleration of the structure and the slow cyclic 
rocking behavior, especially at a large rotation, due to structural bending. Structural bend-
ing affected not only the difference in the overturning moment between the slow cyclic and 
dynamic tests, but also the dynamic foundation rotation between test models, ST4, ST8, 
and ST12. 

The crucial point determining the structural bending during the same earthquake load-
ing is the natural period of the structure calculated by the effective mass and stiffness of 

Fig. 8   Backbone curve of the slow cyclic tests and hysteresis loop for ST8 model: a ofunato at the initial 
virgin stage (surface PGA: 0.42 g); b Hachinohe at the initial virgin stage (surface PGA: 0.52 g)

Fig. 9   Comparison of moment rotation backbone curve of the slow cyclic tests and dynamic moment rota-
tion relation: a ST4; b ST8; c ST12
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the structure. However, the difference in the effective mass of the structural models in 
this study is not large, so that the structural bending motion during earthquake is mostly 
affected by the structural stiffness. The phenomena are discussed in subsequent sections.

4.2 � Effect of structural stiffness on foundation rocking behavior

Gajan and Kutter (2009b) showed that the slenderness ratio (moment-to-shear ratio) deter-
mines the dominant behavior of foundation motion such as sliding and rocking for a rigid 
oscillator and the system. A system with a slenderness ratio greater than 1 exhibits domi-
nant rocking behavior during dynamic motion. In addition, a system with a larger slender-
ness ratio presents a larger rotation angle during dynamic behavior. However, as shown 
in Fig. 9a, ST4, which had a smaller slenderness ratio than ST8 and ST12, had a larger 
rotation. In case of a rigid oscillator, the rotation of the foundation–structure system gener-
ally increases with the slenderness ratio during dynamic loading. However, when structural 
stiffness was considered, it was not always true that the rotation of the foundation–structure 
system increased with the slenderness ratio since the height of the structure (h) directly 
affects the structural stiffness (ks). The structural stiffness is inversely proportional to the 
effective height of the structure as indicated below.

where E is the Young’s modulus of the structure, and I is the second moment of inertia. 
It indicates that if the foundation length is the same, increasing the height of the struc-
ture increases the slenderness ratio of the system, and eventually, the rocking behavior of 
the foundation increases, while the structural stiffness decreases. On the other hand, Heron 
et al. (2013) stated that if the slenderness ratio of the system is the same, a structure with a 
larger structural stiffness would generate a larger rotation than a structure with a relatively 
smaller structural stiffness. Consequently, the effect of the structural stiffness and height 
interact with each other and should be considered, simultaneously. This phenomenon is 
clearly observed in Fig. 10.

Figure 10 shows the peak rotation angle of the foundation and the structural net dis-
placement of each dynamic event with peak ground acceleration (PGA) at the soil sur-
face for ST4 and ST12. As shown in Fig. 10, the rotation angle and the structural net dis-
placement increased with surface PGA since a strong ground motion generated a large 
deformation on the foundation–structure system. In general, the maximum structural net 

(11)ks ∝ EI∕h3

Fig. 10   Maximum foundation rotation angle and maximum structural net displacement with peak ground 
acceleration of soil surface
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displacement of ST12 was larger than that of ST4 with PGA at the surface; for the max-
imum rotation angle, the opposite situation occurred regardless of the type of the input 
earthquake. When the inertial force is applied to the structure, a structure with a lower 
structural stiffness dissipates seismic energy through the structure itself due to bending of 
the structure, so that the rotation angle of the foundation is small. On the other hand, a 
structure with a larger stiffness has a larger rotation because seismic energy is dissipated 
by the rocking behavior of the foundation and not by structural motion (Heron et al. 2013).

In the case of ST4 and ST12, the effect of the structural stiffness on the foundation rock-
ing behavior seemed to be greater than the effect of the slenderness ratio; phase difference 
analysis in the time domain for each testing model is discussed in the following section by 
considering the structural stiffness.

4.3 � Phase difference of foundation rocking, sliding, and structural net 
displacement in the time domain

The total horizontal displacement of the structure was decomposed into structural net dis-
placement, foundation horizontal motion, and horizontal displacement owing to founda-
tion rocking (i.e., utot. = unet + uf + u

�
h ). Figure  11 shows the time history of the struc-

tural displacement decomposed into three parts for strong earthquake (Hachinohe, surface 
PGA: 0.78 g). To observe the phase difference of each of the three parts, the range, when 
the strongest seismic shaking was inputted, was enlarged. During the earthquake, the 
foundation first moved horizontally regardless of the structural stiffness. Since the foun-
dation was embedded for all test models, the foundation and soil moved together. Next, 
the foundation–structure rotation and structural bending occurred. As shown in Fig.  11, 
horizontal displacement due to foundation rocking of ST4 and ST12 was almost in phase 
with the structural net displacement. Owing to this effect, the foundation rocking behavior 
can reduce the structural seismic response; this is known as the rocking effect (Kim et al. 
2015). However, the relation between the foundation horizontal motion and the structural 
net motion exhibited different behaviors depending on the structural stiffness. In the case 
of ST4, the structural net displacement directly followed the foundation horizontal motion 
owing to the large structural effective stiffness during the early part of seismic shaking 
(12–14 s). Moreover, during strong seismic shaking (16–17 s), the structural net displace-
ment followed the foundation horizontal motion. In contrast, ST12 showed a different 
behavior. Although the horizontal motion due to foundation rocking was in phase with the 
structural net displacement, the foundation horizontal motion was out of phase with the 
structural net displacement throughout shaking. Since the effective stiffness of ST12 was 
much smaller than that of ST4, the structural net displacement of ST12 could not follow 
the foundation horizontal motion directly.

To quantify the phase difference in the time domain between the two foundation 
motions (horizontal motion and horizontal displacement due to rocking) with respect to the 
structural net displacement, the local time delay of each motion was evaluated. Figure 12a 
shows the definition of local time delay based on structural net motion. For instance, the 
time for the peak amplitude of foundation horizontal motion subtracted from the time for 
the peak amplitude of the structural net displacement is the local time delay of foundation 
horizontal motion. As shown in Fig. 12b–d, the local time delay of foundation rocking was 
approximately close to zero regardless of the test model. This indicates that foundation 
rocking and structural net displacement were in phase during the earthquake. In addition, 
most local time delays of foundation horizontal motion were positive since the foundation 
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horizontal motion moved horizontally first when the earthquake load was applied. How-
ever, the values of the local time delay of foundation horizontal motion were different 
depending on the test model. As previously discussed, while the foundation horizontal 
motion of ST4 with a larger structural effective stiffness was in phase with the structural 
net displacement, the local time delays of foundation horizontal motion for ST8 and ST12 
with smaller structural effective stiffness values than ST4 were much larger than that of 
ST4. Thus far, the extent of the difference in the structural dynamic response depending on 
structural stiffness has been examined. Therefore, the following section will discuss how to 
reflect the structural stiffness to the dynamic overturning moment.

4.4 � Re‑evaluation of dynamic overturning moment of the foundation considering 
structural bending

The total horizontal displacement of the structure ( utot ) was decomposed into foundation 
horizontal ( uf  ), foundation rocking ( �h ), and structural net displacement ( unet ). Since the 
dynamic overturning moment of the foundation is governed by the maximum motion of the 
structure, the portion of each decomposed motion at the maximum motion of the structure 
is important in order to consider structural bending. Therefore, to observe the portion of 

Fig. 11   Time history of structural displacement decomposed into structural net displacement (unet), foun-
dation rotation ( � ⋅ h ), and foundation displacement (uf) for strong earthquake (Hachinohe, surface PGA: 
0.78 g): a ST4; b ST12
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the structural net displacement at maximum displacement of the structural total motion for 
each dynamic event, the horizontal displacement due to foundation motion (i.e., uf + �h ) 
and the structural net displacement ( unet ) are presented for each dynamic event (Fig. 13). In 
the case of ST4, the horizontal displacement due to the foundation was almost located on a 
1:1 line with the maximum total displacement of the structure. This indicates that most of 
the structural total displacement was determined by foundation motion and the foundation 
behavior was dominant rather than the structural net motion due to large structural effective 
stiffness. For the ST8 and ST12, the foundation behavior (i.e., uf + �h ) was larger than the 
structural net motion ( unet ) at large total displacement. However, the structural net displace-
ments of ST8 and ST12 had larger portions of maximum total displacement of the structure 
than that of ST4 owing to a more flexible structure.

As shown in Fig. 14, the ratio of the foundation motion and the structural net displace-
ment was observed at maximum total structural horizontal displacement. The ratio of the 
foundation motion ( Rf  ) and the structural net motion ( Rnet ) are expressed as:

 
These results clearly show the difference between foundation and structural net behav-

iors. In the case of ST4, the foundation behavior was dominant even when the total dis-
placement of the structure was small. In contrast, for the ST8 and ST12, when the total 

(12)Rf =
|||||

(
uf + � ⋅ h

)
utot

|||||

(13)Rnet =
||||
unet

utot

||||

Fig. 12   Local time delay based on structural net displacement in the time domain for strong earthquake 
(Hachinohe, surface PGA: 0.78 g): a definition of local time delay; b ST4; c ST8; d ST12
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displacement of the structure was small, the net structural motion was dominant rather than 
the foundation motion. However, as the total displacement of the structure increases, the 
foundation motion increases and the contribution of the two motions becomes similar.

To evaluate the dynamic overturning moment of the foundation by considering struc-
tural bending, the dynamic overturning moment calculated using Eq. 7 was re-evaluated. 
As previously discussed, the ratio of the structural net motion (Rnet) was different depend-
ing on the structural effective stiffness, and ST4, which had a larger effective stiffness, 
showed a much smaller ratio of the structural net motion (Rnet) than ST8 and ST12. There-
fore, the dynamic overturning moment calculated using Eq. 7 was not significantly differ-
ent from the moment rotation backbone results of the slow cyclic test results. However, 
in the case of ST8 and ST12, since the ratio of the structural net motion was much larger 
than that of ST4, there was a significant difference between the slow cyclic and dynamic 
rocking behaviors in the moment–rotation curve. Consequently, the structural bending 
motion produced the difference between the slow cyclic and dynamic rocking behaviors, 
and the dynamic overturning moment was re-evaluated by considering structural bending 
as follows:

where Mo_revise is the re-evaluated dynamic overturning moment. As shown in Fig.  15, 
although the dynamic overturning moment calculated using Eq. 7 did not match the slow 

(14)Mo_revise = Mo ⋅

(
1 − Rnet

)
= Mo ⋅

(
1 −

||||
unet

utot

||||
)

= ms ⋅ as ⋅ h ⋅ Rf

Fig. 13   Decomposition of structural total displacement ( utot ) into foundation displacement ( uf + � ⋅ h ) and 
structural net displacement ( unet ) with maximum horizontal displacement of structural total motion for each 
seismic shaking: a ST4; b ST8; c ST12
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cyclic backbone curves, the re-evaluated dynamic overturning moment closely matched the 
slow cyclic backbone curves. Therefore, to compare the slow cyclic and dynamic rocking 
behaviors, the structural bending should be considered.

5 � Conclusions

Nowadays, several studies have been conducted on rocking foundation based on the slow 
cyclic and dynamic tests by assuming the structure as a rigid oscillator. However, when 
structural bending is included, the rocking behaviors of the foundation obtained from the 
slow cyclic and dynamic tests are different. Therefore, a clear description of each method 
and how each behavior is different should be investigated by considering structural bend-
ing. To fill the gap between the cyclic and dynamic rocking behaviors, embedded founda-
tion models with various slenderness ratios of the systems were investigated using hori-
zontal slow cyclic tests and dynamic tests in a centrifuge. To simulate the structure and 
foundation conditions in practice, the foundation was embedded and the range of the slen-
derness ratio of the systems was 1–2. From the test results, the rocking behavior of the 
foundation was affected by structural bending. The overturning moment in the dynamic 
test determined by the conventional method was different compared with results from the 
slow cyclic test due to the structural bending motion. Finally, the overturning moment was 
re-evaluated by considering structural bending, and the re-evaluated dynamic overturning 

Fig. 14   Ratio of foundation motion ( Rf  ) and structural net displacement ( Rnet ) at maximum horizontal dis-
placement of structural total motion for each dynamic event: a ST4; b ST8; c ST12
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moment matched the results from the slow cyclic tests. The important findings from this 
study are summarized below.

1.	 The dynamic structural response includes both the foundation and structural bending 
motions. In the slow cyclic tests, the structural bending motion would not be significant 
due to the longer period of loading compared with the natural period to the structure. 
Therefore, when the structure is not a rigid oscillator, the dynamic overturning moment 
without considering structural bending cannot be directly compared with results of the 
slow cyclic test.

2.	 During seismic shaking, the structural net displacement had different characteristics 
depending on the structural effective stiffness. When seismic load was applied, founda-
tion horizontal motion first responded, and the structural bending motion was almost 
in phase with the foundation rocking behavior. The structural bending motion of ST4, 
which had a large effective stiffness, closely followed the foundation horizontal motion, 
while those of ST8 and ST12, with smaller effective stiffness values than ST4, were out 
of phase.

3.	 From the evaluation of structural bending motion, it was shown that the structural net 
displacement generates the difference between the slow cyclic and the dynamic over-
turning moment of the foundation. By excluding the structural bending motion from the 
dynamic overturning moment, the dynamic overturning moment of the foundation was 
re-evaluated. Finally, by comparing the overturning moment from the slow cyclic and 

Fig. 15   Comparison of moment–rotation backbone curve of the slow cyclic tests and the re-evaluated 
dynamic moment rotation relation: a ST4; b ST8; c ST12
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the re-evaluated dynamic tests, a closely-matched moment–rotation curve of the slow 
cyclic and dynamic rocking behaviors was developed.

The following are the limitations of this study.

1.	 The dynamic centrifuge tests in this study was based on stage tests. The effect of soil 
densification during the dynamic centrifuge tests will affect the dynamic behavior of 
the foundation-structure system due to the loose soil with a relative density of 40%. 
Although the natural period of the soil was described, in the future, it is also necessary 
to consider the influence of soil densification during the stage tests.

2.	 This study described the effect of structural stiffness on the rocking behavior of the 
foundation. However, the structural models investigated had varying slenderness ratios 
of the system, as well as varying structural stiffnesses. Therefore, to isolate the effect of 
structural stiffness and slenderness ratio on the rocking behavior of the foundation, it 
is necessary to conduct the tests with structures that have the same height and varying 
structural stiffnesses.
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