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ABSTRACT 

“Rocking foundation” or “rocking isolation” concept has been introduced as attractive seismic design to reduce the 
seismic load of the structure during strong earthquake. However, permanent deformations caused by rocking behavior of 
shallow foundation due to soil-foundation nonlinear characteristics interrupts the application of “rocking foundation” 
design philosophy to real field. In this study, modified shallow foundation types were suggested to reduce permanent 
deformations by using short pile placed below the shallow foundation. Depending on the arrangement of aluminum short-
piles, T-shape and horseshoe shape were considered for this study. Further, connected and disconnected type of 
foundations were also evaluated based on the nature of connection between the aluminum short-pile and the shallow 
foundation. By using a geotechnical centrifuge, dynamic shaking table tests and horizontal slow cyclic tests were 
conducted at 20 g centrifugal acceleration. Through the test results, rocking stiffness and damping ratio of various 
foundation models at slow cyclic and dynamic shaking table tests were compared. Also, settlement-rotation curve and 
moment-rotation curve were used to evaluate the effectiveness of the various foundation models. The horseshoe shape 
foundation increased the ultimate moment capacity of the foundation, however, it caused larger amount of permanent 
settlement than the shallow foundation due to rocking behavior. In contrast, disconnected horseshoe shape foundation 
had less permanent settlement than the other foundation types. 
 
 
 
1 INTRODUCTION 
 
The new design philosophy referred to “rocking 
foundation” has been suggested as an attractive seismic 
design to reduce the seismic load of the structure 
effectively during strong earthquake. In order to verify the 
effect of reducing seismic load of the structure caused by 
foundation rocking behavior, many research project have 
been carried out by comparing dynamic behavior between 
conventional foundation design and “rocking foundation” 
(Anastasopoulos et al. 2010; Hung et al. 2011; Gelagoti et 
al. 2012; Anastasopoulos et al. 2013; Kim et al. 2014; 
Gazetas 2015; Figini and Paolucci 2016). 

As shown in Figure 1, conventional design prevents 
the yielding at soil-footing surface by securing the safety 
of shallow foundation during strong earthquake, so that 
the most of seismic energy is dissipated through the 

superstructure. In case of “rocking foundation”, since 
plastic hinging is triggered at not the superstructure but 
the soil-footing surface by reducing the bearing capacity 
of shallow foundation, the stability of the structure can be 
secured during strong earthquake. Previous research 
showed that “rocking foundation” actually limits the 
seismic load of the structure. Consequently, “rocking 
foundation” concept has advantages of preventing over-
designed shallow foundation and limiting the seismic load 
of structure during strong earthquake. 

However, permanent deformations caused by rocking 
behavior of shallow foundation due to soil-foundation 
nonlinear characteristics interrupts the application of 
“rocking foundation” design in practice.  In order to reduce 
the permanent deformation after the rocking behavior of 
shallow foundation, various efforts have been studied 
through the physical modeling experiments.

 
 

Figure 1. Illustration of conventional foundation design versus “rocking foundation” concept. 



 

Anastasopoulos et al. (2012), Kokkali et al. (2015), 
and Tsatsis and Anastasopoulos (2015) showed that 
shallow improved layer below the foundation can reduce 
the permanent settlement caused by rocking behavior 
through the horizontal slow cyclic tests at 1g, 50g 
centrifuge tests, and 1g shaking table tests. Deng and 
Kutter (2012) showed that concrete pads, installed below 
the foundation, reduce the permanent settlement.  

The objective of this study is to evaluate the 
effectiveness of various new-type of shallow rocking 
foundations for reducing the permanent settlement 
through the centrifuge tests. Using the short-piles below 
the foundation was adopted as a new type of shallow 
foundation which improves the performance of rocking 
behavior. Depending on the arrangement of aluminum 
short-piles, T-shape and horseshoe shape were 
considered for this study. Further, connected and 
disconnected type of foundations were also suggested 
based on the nature of connection between the aluminum 
short-pile and the shallow foundation. All centrifuge tests 
were performed with dry sand (SM), which contains high 
fine contents. Dynamic shaking table tests and horizontal 
slow cyclic tests were conducted at 20 g centrifugal 
acceleration and the effectiveness of various foundation 
types was evaluated. 
 
 
2 ULTIMATE MOMENT CAPACITY 
 
When shallow foundation is subjected to external 
moment, the foundation is rotated. As rocking behavior of 
the foundation continues, the contact area between the 
foundation and soil decreases, and it converges to a 
specific value called critical contact area. Also, the 
overturning moment subjected to the foundation 
converges to the ultimate moment capacity (Gajan et al. 
2005; Gajan and Kutter 2008). The ultimate moment 
capacity can be expressed as follows,  
 
 Mult = V∙L2 (1 − AcA )      [1] 

 
 
, where V = total vertical load, L = foundation length, A = 

foundation area, and Ac = critical contact area.  

Kim et al. (2014) stated the ultimate moment capacity 
of foundation limits the seismic overturning moment of 
shallow foundation caused by seismic load on structure. 
The foundation which has small ultimate moment capacity 
seems to be better for rocking foundation design and 
limits the seismic load of the structure effectively. 
However, since the small ultimate moment capacity 
means small bearing capacity of the foundation for given 
vertical load, significant permanent settlement can occur. 
Therefore, reducing the permanent deformation is 
reciprocal to the reduction of seismic load of the structure, 
and it could be balanced by ultimate moment capacity.  
 
 
3 CENTRIFUGE MODELING 
 

All experiments were conducted at the KOCED 
Geotechnical Centrifuge Testing Center in KAIST. The 
centrifugal acceleration was 20 g-level, and the model 
description and interpretation of whole test results were 
described as prototype scale.  
 
3.1 Testing Model 
 

Gajan and Kutter (2009) showed that the dominant 
yielding behavior of shallow foundation such as sliding 
and rocking is determined by slenderness ratio of system, 
h/L, the ratio of height of structure (h) to the length of 
foundation (L). Based on the slenderness ratio equal to 1, 
the dominant behavior is determined. As a result, in order 
to cause rocking dominant behavior, the height of 
structure corresponding to the slenderness ratio, equal to 
1.5, was determined. In order to facilitate the slow cyclic 
loading to the top of the structure, the head of structure 
shows U-shape. For The basic structure model properties 
are summarized in Table 1.  
 
 
Table 1. Basic structure model properties 
 

Structure model ST8 

Effective mass (ton) 21.71 

Effective height (m) 2.1 

Footing length (m) 1.4 

Slenderness ratio 1.5 

Effective stiffness (kN/m) 13372 

 
 

In this study, the Saemangeum sand, classified as 
SM, was used to perform the centrifuge tests. By using 
compacting method, ground model was prepared with 
40% of relative density. The general soil properties of 
Saemanguem sand is tabulated in Table 2.  
 
 
Table 2. General soil properties of Saemanguem sands 
 

Items Properties 

Specific gravity 2.67 

Mean grain size (mm) 0.08 

Coefficient of uniformity 2.11 

Relative Density (%) 40 

Friction angle (°) 37.3 

 
 

Gajan and Kutter (2008) suggested the specific value 
of Mult =10 as an appropriate ultimate moment capacity 

to make a balance between permanent deformation and 
reduction of a seismic load on the structure. Based on the 
ultimate moment capacity, equal to 10, the size of 
foundation model was determined. The foundation 
dimensions were 1.4×1.4×0.4m (length×width×depth). A 
square aluminum foundation which weight is 2 ton in 
prototype scale was used to conduct the tests as a 
shallow 



 

 
Figure 2. Schematic diagram of testing models for centrifuge tests 

 
 
foundation models and it was identically used to each test 
models. The foundation and SDOF structure were fixed 
with bolts. 

Figure 2 shows the sectional view of centrifuge test 
models. The shallow foundation of ST8_T and ST8_HS 
models were connected with 1 aluminum short-pile and 4 
aluminum short-piles, respectively. In contrast, the 
foundation model and 4 aluminum short-piles of 
ST8_DHS was disconnected with 0.2m depth of soil layer 
located between the foundation and short-piles. 
Foundation model of ST8_T looks like T-shape since the 
1 aluminum short-pile was connected at the center of the 
foundation. In case of ST8_HS and ST8_DHS models, 
the aluminum short-pile s were installed below the 
foundation at each vertex, so that these models look like 
horseshoe-shape. The dimension of each short-pile were 
0.3×0.3× 0.8m (length×width×depth). 

 
3.2 Horizontal Slow Cyclic Tests 
 
 

 
Figure 3. Test setup for horizontal slow cyclic test 
 
 
ST8_SH, ST8_HS, and ST8_DHS were used to perform 
the horizontal slow cyclic tests except the ST8_T model. 
Since the input parameters of horizontal slow cyclic 

displacement, applied to top of structure, can be easily 
controlled, the rocking behavior of shallow foundation has 
been investigated through the horizontal slow cyclic tests. 
The identical cyclic loading stage was applied to each 
different test models. The total 25 cycles of displacement 
are composed of 5, 10, 20, 30 and 50% of toppling 
displacement, half of the foundation length (0.7m) with 
1000sec period. Each amplitude cycles were applied 5 
times. 

As shown in Figure 3, load cell, LVDT, and earth 
pressure transducer were used to obtain the test data. For 
measuring the moment, the load cell was attached to the 
horizontal actuator. Two LVDTs were used to measure 
the foundation rotation and settlement.  
 
3.3 Dynamic Shaking Table Tests 
 
 

 
Figure 4. Test setup for dynamic shaking table tests 
 
 

In case of dynamic shaking table tests, all models 
including ST8_T were utilized. Figure 4 shows the test 
setup and the sensor arrangement of the dynamic tests. 
The height of ground model, 10m in prototype scale, is 
7.1 times the length of the foundation, and the foundation 
embedment depth is 0.4m same as height of foundation. 
The accelerometer was used to measure the acceleration 
of each parts of the dynamic tests. 



 

Each testing models were subjected to the sweep 
signal, real earthquake recorded motions (Ofunato and 
Hachinohe), and sinusoidal waves. To investigate the 
natural frequency of the soil, foundation, and structure 
system, sweep signal which has energy in various 
frequency range was applied as a base motion. Ofunato 
earthquake motions which represents the short period 
dominated earthquake signal, and Hachinohe earthquake 
motions which represents the long period dominated 
earthquake signal, were used as input base motion. Also, 
the frequency of input sinusoidal waves was close to the 
natural frequency of structure. Initially, the sweep signal 
was applied to the testing model, then strong earthquake 
signals (around 0.35g), Ofunato and Hachinohe, were 
applied in order. After that, intensity of input motions 
increased in stages from small to large with Ofunato, 
Hachinohe, and sinusoidal waves, respectively. 
 
 
4 SLOW CYCLIC TEST RESULTS 
 
4.1 Moment-Rotation and Settlement-Rotation Curves 
 
Figure 5 shows the normalized overturning moment-
rotation (upper line), and normalized settlement-rotation 
(lower line) curves for ST8_SH, ST8_HS, and ST8_DHS 
models. The overturning moment is normalized by 
maximum overturning moment of shallow foundation in 
surface condition, VL/2. The settlement (w) is normalized 

by footing length (L). In case of ST8_SH model, the initial 
settlement is caused significantly during initial two cyclic 
amplitudes (5 and 10% amplitude). However, as rocking 
behavior of continues, the uplifting phenomenon is 
occurred due to rounded soil surface, and moment-
rotation curves shows the plastic and non-linear rocking 
behavior than initial cyclic. After the specific rotation 

angle, the overturning moment is converged to the 
ultimate moment capacity of foundation.  

In contrast to ST8_SH model, the ST8_HS model 
shows that settlement caused by rocking behavior of 
foundation continues without uplifting until 4

th
 amplitude 

cycle, 30%. Since the short-pile located below the 
foundation disturbs larger area of soil close to foundation 
during rocking behavior, the permanent settlement is 
occurred larger than shallow foundation models. On the 
other hand, the ultimate moment capacity of ST8_HS 
models is larger than shallow foundation models. The 
horseshoe shape foundation has large resistance to the 
horizontal direction by aluminum short-piles installed 
below the foundation, so that the ultimate moment 
capacity is also increased by the resistance force. 
Consequently, the normalized overturning moment of 
ST8_HS is larger than 1, which means that the 
overturning moment of ST8_HS exceed the maximum 
overturning moment of shallow foundation in surface 
condition. 

In case of ST8_DHS model, the moment-rotation and 
settlement-rotation curve trends show similar to the 
shallow foundation model during initial 2 amplitude cycles. 
However, as foundation rotates, the uplifting is 
significantly occurred larger than shallow foundation 
models, then permanent settlement couldn’t exceed the 
0.04m. Reasonable basis could be founded through the 
moment-rotation curve. By comparing the moment-
rotation curves between ST8_SH and ST8_DHS models, 
the curve shape of ST8_DHS is much close to the S-
shape. It means that even though different foundation 
models have similar ultimate moment capacity, the less 
energy is dissipated through the soil in the ST8_DHS 
model since the aluminum short-piles below the 
foundation increases the stiffness of the soil. 
Consequently, the ST8_DHS model can effectively 
reduce the permanent settlement caused by rocking 
behavior.

 
 



 

 
Figure 5. Upper line: normalized overturning moment vs rotation, lower line: normalized settlement vs rotation.  

 
 
4.2 Rocking Stiffness, Damping Ratio, and Settlement 
 
Figure 6 shows the way to define rocking stiffness through 
the moment-rotation hysteresis loop. The rocking stiffness 
is determined as ratio of summation of the minimum and 
maximum overturning moment to summation of rotation, 
and it is expressed as Eq. 2. 
 
 k𝜃 = [𝑀𝑚𝑎𝑥+|𝑀𝑚𝑖𝑛|2 ][𝜃𝑚𝑎𝑥+|𝜃𝑚𝑖𝑛|2 ] = 𝑀𝑚𝑎𝑥+|𝑀𝑚𝑖𝑛|𝜃𝑚𝑎𝑥+|𝜃𝑚𝑖𝑛|       [2] 

 
 

where, Mmax and Mmin are maximum and minimum 
overturning moment during one cycle, respectively, and θ max and θ min are the maximum and minimum rotation 

during once cycle, respectively.  
 
 

 
Figure 6. Moment-rotation hysteresis loop to define the 
rocking stiffness of foundation 
 

 
Rocking stiffness, damping ratio, and settlement of 

each cycles with foundation rotation were depicted in 
Figure 7. The rocking stiffness is dramatically decreased 
during initial stages, then a few variations of rocking 
stiffness is occurred at the large rotation regardless of 
foundation models, because the soil below the foundation 
is largely deformed by rocking behavior during initial 
stages. It can be observed that ST8_SH and ST8_DHS 
have similar rocking stiffness value and show similar trend 
with rotation. However, ST8_HS shows a larger value of 
rocking stiffness than the other two types of foundation 
and rocking stiffness sharply decreases with the rotation 
angle. As previously discussed in the moment-rotation 
curve, the horseshoe-shape, ST8_HS, has the effect of 
improving the moment capacity of the foundation due to 
short-piles, so that the overturning moment at a certain 
rotation angle, that is, rocking stiffness are also larger 
than the other two foundation models. Also, since the 
aluminum short-pile installed below the foundation causes 
more disturbance of soil due to rocking behavior, the 
rocking stiffness with rotation angle is rapidly decreases 
during cyclic tests.  

In case of damping ratio, as previously mentioned, 
since the soil is largely deformed during initial cycle, the 
damping ratio of foundation at the initial stages shows 
relatively larger value. Meanwhile, the ST8_HS models 
exhibits the largest damping ratio, and the damping ratio 
becomes smaller in order of ST8_SH and ST8_DHS 
model. The effect of damping ratio variations can be 
clearly seen in the settlement. Since ST8_HS model has 
a large amount of energy dissipation to the soil, the 
settlement according to the rotation angle is larger than 
those of the other two models. On the other hand, 
because ST8_DHS model a small amount of energy 
dissipation than those of the other models, this model has 
the smallest permanent deformation caused by rocking 
behavior. 



 

 
 

 
Figure 7. Rocking stiffness, damping ratio, and settlement 
of each cycles with foundation rotation. 
 
 
5 DYNAMIC SHAKING TABLE TEST RESULTS 
 
5.1 Seismic Load of Structure 
 
Kim et al. (2014) stated that seismic load of the structure 
can be limited by ultimate moment capacity of foundation. 
Therefore, the larger ultimate moment capacity causes 
the larger seismic load of the structure. Figure 8 shows 
the maximum seismic acceleration of structure with peak 
ground acceleration (PGA) at surface for each earthquake 
events. At the small PGA at surface, the seismic 
acceleration is slightly larger than PGA value at surface. 
However, the seismic acceleration of structure is 
converged as PGA value increases. It shows exactly that 
rocking behavior of foundation can limit the seismic 
acceleration of structure effectively.  

Unlike expectations, the seismic acceleration of 
structure for different testing models has similar value 
each other. In contrast to slow cyclic test, the ground also 
moves together with foundation, so that the short-pile 
resistance effect decreases during earthquake. 

Consequently, the seismic acceleration shows similar 
value with each other. 
 
 

 
Figure 8. Seismic acceleration of structure with peak 
ground acceleration at surface for testing models. 
 
 
5.2 Dynamic Rocking Stiffness 
 
Dynamic rocking stiffness of each foundation models is 
shown in Figure 9. The rocking stiffness also shows the 
similar trend with different testing models. However, the 
initial rocking stiffness at the small rotation angle is 
slightly different. As expected, ST8_HS model has largest 
value and ST8_SH and ST8_DHS has smallest value 
together.  
 
 

 
Figure 9. Dynamic rocking stiffness with rotation angle for 
testing models 
 
 
In order to design the rocking foundation by using 
displacement based design method, the initial rocking 
stiffness is important (Paolucci et al. 2013). Consequently, 
when the new type of foundation is applied to design, 
variation of initial rocking stiffness with foundation models 
has to be considered. 
 
5.3 Dynamic Settlement  
 
Figure 10 shows the foundation settlement during initial 
strong earthquake. Fortunately, the input acceleration of 



 

initial Hachinohe earthquake is similar with each tests 
around 0.4g, so that dynamic settlement-time history can 
be depicted in Figure 10. By adding the model T-shape 
foundation, referred to ST8_T, the effect of reducing 
permanent deformation for each testing model was 
compared. As shown in Figure 10, the ST8_HS has the 
largest settlement, and the ST8_DHS has the smallest 
settlement caused by rocking behavior during strong 
earthquake. This results are same as horizontal slow 
cyclic test results. As a result, when the rocking 
foundation concept is applied in practice, the 
disconnected short-pile type can be optimized design of 
rocking foundation. 
 
 

 
Figure 10. Dynamic settlement of testing models with time 
 
 
6 SUMMARY AND CONCLUSIONS 
 
Nowadays rocking foundation concept have been 
emerged as an attractive seismic design to reduce the 
seismic load of structure during strong earthquake. 
However, it cannot be applied to the field directly due to 
permanent deformation caused by rocking behavior. In 
this study, in order to suggest optimized foundation 
design for rocking foundation, horizontal slow cyclic tests 
and dynamic shaking table tests have been performed at 
20g-level centrifugal acceleration by using various shape 
of foundation type. The important findings and summary 
from this study are stated as follows  

(1) Aluminum short-pile connected with the foundation 
increase the ultimate moment capacity of foundation due 
to horizontal resistance. However, since the foundation 
type with connecting the short-pile disturbs larger area of 
soil than shallow foundation, it can cause the larger 
settlement than shallow foundation.  

(2) Even though the seismic acceleration of structure 
seems to be similar with testing models each other, the 
disconnected short-pile supported foundation case 
causes the less permanent settlement by rocking 
behavior. Since the short-pile increases the strength of 
ground, the permanent settlement by rocking behavior 
could be reduced by keeping the seismic load reduction. 
Finally, the disconnected short-pile supported foundation 
is suggested as an optimized design for rocking 
foundation.  
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