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ABSTRACT 
Non-linear behaviour at the soil-foundation interface is likely to occur especially during earthquakes of high acceleration. 
This non-linear behaviour is characterised by foundation uplift and soil yielding.  Many researchers have observed that 
this mechanism results in energy dissipation. The term rocking foundation has been used to refer to foundations that 
dissipate energy using this mechanism. Using 1-g shaking table, this study sort to reproduce rocking phenomenon on a 
typical box shaped midrise structure on a shallow foundation. The results were then used to validate a numerical 
simulation of the phenomenon and its performance on liquefiable soil predicted. The occurrence of rocking phenomenon 
in model structure was first assessed for dry soil case. The effect of rocking phenomenon in energy dissipation was then 
assessed by considering the amplification of response motion in the model structure. The best response in terms of 
energy dissipation and residual deformation from the dry soil tests was used to predict performance of the model shallow 
foundation on liquefiable soils. 1-g shaking table test data was then used to validate the numerical simulation.  

Rocking phenomenon could be reproduced on 1-g shaking table tests and was observed to occur at frequencies 
close or equal to the natural frequency of the model structure. At these frequencies, the resonance frequency was 
observed to shift with changing amplitude of input motion. On liquefiable soil, the dominant behaviour was subsidence, 
although limited rocking could also be observed. Energy was dissipated because of soil liquefying, rather than rocking 
mechanism. The numerical simulation could qualitatively reproduce the rocking phenomenon of the model structure on 
both dry soil and liquefiable soil. However, due to difficulties in accurately modelling uplift of foundation and partial flow of 
water, the magnitude of deformations in 1-g shaking table could not be accurately reproduced. 
 
 
 
1  INTRODUCTION 
 
In the design of shallow foundation, the interaction 
between soil and foundation structure is assumed to be 
linear. However, in recent earthquakes with high PGA 
(Peak Ground Acceleration), non-linear behavior has also 
been observed. This non-linear behavior is characterized 
by foundation uplift and/or soil yielding (plastic hinging in 
the soil) vis-à-vis the more common plastic hinging in the 
super-structure. Refer to illustration in Figure 1. 

Figure 1. Illustration of plastic hinging in soil and structure 
 
Due to the cyclic nature of the earthquake load, the 
mechanism of foundation uplift and soil yielding, takes 

place in an oscillating motion with a re-centering effect. 
Many researchers have observed that this mechanism 
results in energy dissipation, hence protecting the super-
structure from damage during earthquakes. Some 
researchers have used the term rocking foundation to 
refer to foundations that dissipate energy using this 
mechanism. (Gazetas and Apostolou 2004), (Algie 2010) 
and (Anastasopoulos, et al 2009) 

The common practice in foundation design is to avoid 
full mobilization of strength, by providing adequate factor 
of safety against failure thresholds such as: horizontal 
sliding, uplift, soil bearing capacity failure or a 
combination of both. This always results in structures 
where substantial plastic hinging in the superstructure 
occurs. Researchers have suggested that to promote 
plastic hinging at the soil-foundation interface (rocking 
phenomenon), foundations should be under-designed, as 
there is an indirect relation between likelihood of non-
linear behavior at the soil-foundation interface to the 
vertical factor of safety. (Kelly 2009). This would typically 
imply smaller foundation surface area or usage of less 
stiff soils. 

For large earthquake, liquefaction is an additional 
likely phenomenon, especially on non-plastic loose soils. 
The likelihood of a combination of rocking phenomenon 
occurring and liquefaction occurring is high. This study 
aims to reproduce rocking phenomenon on a typical box 
shaped midrise structure on a shallow foundation, using 
1-g shaking table and numerically modelling the same. 
Additionally, by predicting performance on liquefiable 
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soils, the extent of applicability of rocking phenomenon 
was established.  
 
2  METHODOLOGY 
 
In this study, a series of 1-g shaking table test, as 
summarized in Table 1, on a model structure on both dry 
and saturated soils were undertaken. Since, the stress 
level in 1-g shaking table is lower than in reality and the 
focus of this study is deformations; the law of similitude by 
Iai (1989) was partially used (Towhata, 2008). The model 
structure was developed by scaling down a typical 7-
storey midrise box shaped reinforced concrete building on 
a raft foundation by a factor of 40. The design standard 
used for the prototype was the AIJ (Architecture Institute 
of Japan) standard for structural design of RC box-
shaped. 

Silica sand #7 was used as the study soil. Silica sand 
#7 is produced from crushed rock. Its grain distribution is 
close to that of toyoura sand and is uniformly distributed. 
(Rouzebeh  2014) 

To establish the conditions for rocking phenomenon 
on the model structure a variety of simplified sinusoidal 
input waves were used. The results of which were used to 
validate the numerical simulation of the rocking 
phenomenon using the soil-water coupled dynamic 
response analysis based on FEM developed by Uzuoka 
and Borja, (2012). The simulated cases are as 
summarized in Table 2. 
 
Table 1.  Summary of the shaking table experiment 
schedule 
 

Case Experiment series Soil Condition 
Case 1 2Hz (2 – 6 m/s2) 

5Hz (2 – 6 m/s2) 
7Hz (2 - 6 m/s2) 
8Hz (2 - 6 m/s2) 
10Hz (2 - 6 m/s2) 
15Hz (2 – 6 m/s2) 
20Hz (2 – 6 m/s2) 

Dry soil 

Case 2 5Hz (2 – 5 m/s2) 
10Hz (4 – 6 m/s2) 

Saturated Soil 

 
Table 2. Summary for numerical simulation calculation 
scenarios 
 

Case Experiment series Soil Condition 
Case 1 2Hz (2, 4, 6 m/s2) 

5Hz (2, 4, 6 m/s2) 
10Hz (2, 4, 6 m/s2) 
15Hz (2, 4, 6 m/s2) 
20Hz (2, 4, 6 m/s2) 

Dry soil 

Case 2 5Hz (4, 6 m/s2) 
10Hz ( 4, 6 m/s2) 

Saturated Soil 

 
Rocking rotational angle, response motion 

amplification, rocking driving moment and energy 
dissipated were the key parameters considered in this 
study. 
 

3  SHAKING TABLE TEST 
 
The shaking table tests were conducted at the 
Geotechnical Laboratory in the University of Tokyo. The 
soil box used is a rigid 2.6 x 0.6 x 0.4 m box made with 
steel and acrylic plates to enable visual observation of soil 
failure. Three types of sensors were used for data 
collection: pore water pressure sensors, accelerometers 
and displacement sensors. The set-up of the sensors was 
dependent on the test case. 

 
   Dry Soil Tests- Case 1 3.1

 
Figure 2 is an illustration of the test set-up for dry soil 
case. The dry test was made by forming the ground into 
two different layers of dry soil. The lower layer was 10cm 
thick and had a relative density of 80%. It was made by 
air pluviation of soil and compaction by free falling a 100 x 
100mm piece of wood at a distance of 15cm. The upper 
layer was 15cm thick and had a relative density of 36%. It 
was made by air pluviating the soil particles, first into a 
layer of 10cm and then positioning the structure, taking 
care to ensure that the surface was level. The final 5cm 
was added, to form the embedment layer. Accelerometer 
sensors were placed at the position as shown in Figure 2. 
Accelerometer ACC 67 was fixed at the bottom of the soil 
box to record the base acceleration Ao. Laser sensors 
were positioned as shown in Figure 2. These measured 
the vertical and horizontal displacement of the structure 
due to the input excitation, for calculation of rocking 
rotation. 

The experiments were conducted, by applying a series 
of input motions, with increasing amplitude from 2m/s2 to 
6m/s2 at a fixed frequency. Each amplitude wave had 
40cycles and at the end of input wave, the sensors were 
initialized back to zero.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.Layout of dry test and sensor position. 
 
3.1.1  Acceleration Response Amplification 
 
Amplification of the response motion of the soil and the 
structure was obtained by standardizing the response 
motion with the base motion (Ao).  

It was observed that, apart from 2Hz frequency at all 
accelerations and 5Hz frequency for the lower 
accelerations (2m/s2~4m/s2), the response of the 
structure was independent to that of the surrounding soil. 
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This can be explained by the fact that the natural 
frequency of the model structure was 10Hz. Refer to 
Figure 3 below, two resonance frequencies are observed 
in the soil at 7-8Hz and at 15Hz. This is in contrast with 
the response of the structure, where, apart from the 2m/s2 
which is identical to the soil response, the resonance 
frequency shifts to the left and downwards from 15Hz to 
7Hz as amplitude of input motion increases from 3m/s2 to 
6m/s2.  

The relation between soil response and structure 
response is nonlinear hence confirming the occurrence of 
rocking phenomenon. Additionally, the rocking response 
is observed to be frequency dependent, with a decrease 
in amplification occurring with increase in input motion 
apart from 2Hz case, where no rocking is observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Amplification response of the soil and structure 
 

3.1.2  Moment-Rotation Relations and Energy Dissipation 
 

Using geometry and relative displacement values from 
laser sensors as arranged in Figure 2 rotation (θ) was 
determined. The moment was estimated using 
acceleration response of the model structure. Figure 4 
illustrates typical moment-rotation relations. For 
comparison, a typical result from saturated soil test is also 
shown. In the dry soil test, as summarized in Figure 5, the 
energy dissipated, which was calculated based the 
hysteresis area of the maximum cycle, is observed to 
increase with input motion for each frequency case, more 
rapidly for 5, 8, 10Hz. These frequencies are close to the 
natural frequency of the structure. 

From this, it is clear that, rocking motion dissipates 
energy, resulting in de-amplification of response motion 
following a frequency dependent trend. 

 
 
 
 
 
 
 
 
 
 
 

Figure 4. Typical moment-rotation curves: (a) Dry soil 
Test & (b) Saturated Soil Test 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Variation of energy dissipation with input motion 
 

   Saturated Soil Tests- Case 2 3.2
 
In the saturated soil case, three layers of soil were used 
as illustrated in Figure 6 below. The lowest layer was 
10cm thick and had a relative density of 80%. It was 
made by air pluviating the soil and compacting it by free 
falling a 100 x 100mm piece of  wood through a distant of 
15cm. After compaction, water was drained into the soil 
box from the bottom taps and the soil was saturated. The 
middle layer was 30cm thick with a relative density of 36% 
and saturated. It was formed by water pluviation, the 
water level was raised to a height of 10cm from the 
surface of the previous layer and soil was then rained by 
passing it through a sieve. The middle layer was formed 
in a series of 10cm layers at each layer, a mesh of 
horizontal and vertical lines were made using colored soil. 
At each layer accelerometer and pore water pressure 
sensors were placed next to each other as shown in 
Figure 6. The structure was then positioned on the 
surface of the second layer. The top layer was 5cm thick 
and made up of dry soil, with a relative density of 36%.  

Liquefaction occurrence was confirmed, when excess 
pore water pressure ratio was equal to or more than one 
and by visual observation. Liquefaction was only 
observed to occur for input motions 4, 5 and 6m/s2. This 
can be attributed to the difficulties in ensuring 100% 
saturation of soil in the saturated layers and that the top 
layer of soil is dry hence allowing for dissipation of the 
excess pore water pressure. 

Figure 6. Layout of saturated test and sensor position. 
2.6m1.3m0m 1.95m0.65m

AC68 

LS4 LS5 

LS3 

LS2 

0.1m

0.2m

0.3m

0.4m

0.45m

AC75 

PWP sensor 
Accelerometer
Laser sensor 

AC67 

a. b. 



 

3.2.1 Acceleration Response Amplification and Energy 
Dissipation. 

 
In both the structure and soil, base isolation occurs. In the 
initial cycles (about one to three cycles), amplification is 
observed but this is followed by deamplification. This can 
be seen in Figure 7 below for input motion 4m/s2-10Hz.  

In Figure 8, a summary of amplification response 
versus input motion is plotted. For 2 and 3 m/s2, 
amplification of response motion is similar to that in the 
dry soil case. In the case of 4, 5, 6 m/s2 after the initial 
cycle, response motion is deamplified. Energy dissipated 
by rocking, is minimal compared to that in dry soil. Hence, 
the base isolation observed, is because of liquefaction 
and not rocking phenomenon. The dominant phenomenon 
is settlement with a risk of overturning as can be seen in 
Figure 9. 
This phenomenon could be used to explain the failure 
observed in Niigata earthquake of 1964 on the Kawagishi-
cho apartments, where excessive tilting and even 
overturning occurred but with no structural damage in the 
super structure. (Towhata 2008) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. 
Input motion, response motion and settlement. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Amplification response and energy dissipated. 

Figure 9. Liquefaction experiment at the end of shaking. 

 
4. NUMERICAL SIMULATION 
 
Soil-Water Coupled Dynamic Response Coding based on 
FEM was used to model the combined physical model of 
inelastic dynamic response of soil and structure and 
liquefaction by discretizing the problem region into 
rectangular elements and solving equation 1: (Uzuoka & 
Borja 2012) 
 K a = f     [1] 

  
where:  is acceleration,   is pore water pressure and 
K is the soil stiffness matrix. 

The governing equations used in this model are as 
summarized by equation 2: the equilibrium equation and 
by equation 3 the continuity equation. 
 = , +      [2] 
 
where:  is overall density,  is acceleration of the solid, ,  is the total stress tensor and  is the body force. 
 , − , − + =    [3] 
 
where:   is the density of the water,  is the pore water 
pressure,  is the unit weight of water,  is the 
coefficient of permeability,  is the volumetric strain of 
the solid,  is the porosity, is the bulk modulus of the 
water. 

The structure is modelled using linear elastic model, 
while the soil is modelled using a simplified cyclic elasto-
plastic model. Plastic deformation is assumed to occur 
only when the deviatoric stress ratio changes. The yield 
function utilized is as in equation 4 below.  

 = ‖ − ‖ − =     [4] 
 
where:  is the material parameter that defines the elastic 
region,  is the stress ratio and  is the kinematic 
hardening parameter (back stress). A non-linear evolution 
rule by Armstrong and Frederick (1966) is used to allow 
for change in the mean stress due to the cyclic nature of 
the load. To describe the plastic strain rate more 
precisely, the non-associated flow rule is adopted. 

Material properties for the structure are derived from 
properties of plywood. By trial and error, they are 
validated using acceleration response from shaking table 
data. Refer to Table 3. Soil properties are derived from 
material properties of Toyoura sand (Iwasaki and 
Tatsuoka 1977) and by trial and error validated using 
acceleration response. Toyoura sand properties have 
been utilized because it has been previously established 
that the response of Toyoura sand on 1-g shaking table is 
similar to that of silica sand #7. (Rouzebeh  2014) 
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Table 3. Model structure material properties. 
 

Lame’s constant λ 604,930 N/m2 
Shear modulus G 151,234 N/m2 
Poisson’s ratio ν 0.4 

 
Three calculation steps are used for this simulation: 

initial-i, initial-ii and dynamic analysis. In initial-i, 
calculation is done using linear-elastic model and applying 
minimal gravity of 0.2. Initial – ii, gravity is applied 
gradually using the cyclic elasto-plastic model. Finally, the 
dynamic analysis is undertaken by applying the input 
wave and using the cyclic elasto-plastic model. The step 
calculation is important for simplifying calculation, as the 
cyclic elasto-plastic model, cannot be used for zero 
stress.  

 
 Comparison of Dry Soil – Case 1 4.1

 
A finite element mesh was used to represent the dry soil 
case of shaking table tests with boundary constraints 
imposed on the side and bottom of the mesh just like in 
the shaking table experiments. 

Soil material properties used are summarized in Table 
4 below. 
 
Table 4 Material properties used in the simulation of dry 
test 
 

Parameter Layer 1 
(rd. 80%) 

Layer 2 
(rd. 36%) 

Void ratio                e 0.843 1.063 
Shear Modulus      G* 9600.6kN/m2 9207.9kN/m2 
Bulk Modulus         K* 20801kN/m2 19950kN/m2 
Specific gravity      Gs 2.640 2.640 
Critical state stress ratio   
Mm 1.187 1.187 

Coefficient of dilatancy  
D 0.1 0.1 

Yield function          k 0.25 0.05 
 
4.1.1 Comparison of Acceleration Amplification Response. 
 
While in both the shaking table test and numerical 
simulation amplification is observed, the response 
magnitude cannot be clearly reproduced for the structure 
response, this is because of two main reasons: 1.While in 
the shaking table, uplift occurs, in the numerical 
simulation it is difficult to simulate uplift; and 
2.Simplification in simulating model structure, using linear 
elastic model.  

The dependency of amplification to frequency 
observed in shaking table test can also be replicated. Just 
like in the shaking table test, the response at frequencies 
5-20Hz is independent to that of the soil response; 
confirming the occurrence of non-linearity between soil 
and structure. Additionally, the drop in amplification 
magnitude at each frequency as magnitude of input 
motion increases is observed, apart from 2Hz case, 
where rocking is not observed. Refer to Figure 10 below 
and in comparison with Figure 3 in the previous section. 

Figure 10. Amplification response of the structure and soil  
 
4.1.2 Moment-Rotation Response and Energy Dissipation  
 
Due to difficulty in accurately modelling uplift the, 
magnitude of rotation angles and energy dissipated 
observed in the shaking table could not be accurately 
reproduced. Nevertheless, the rocking behavior, which in 
this case was purely because of soil plastification, could 
be clear observed by the variation of accumulated 
deviatoric strain over time. Figure 11 below is an image of 
the variation of deviatoric strain at the end of calculation. 
The strain is observed to accumulate around the 
foundation area and in an asymmetrical shape, mainly 
due to bias in initial direction of input motion. 

 Figure 11. Distribution of accumulated deviatric strain at 
the end of case 1-4m/s2- 5Hz. 
 
Just as in, the shaking table energy dissipated is 
observed to increase with input motion for each frequency 
case. Refer to Figure 12 below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Variation of energy dissipation with input 
motion. 
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4.1.3 Comparison of Cyclic Elasto-Plastic Model with 
Linear Elastic Model 

 
In design, it is common to simplify the design problem by 
assuming linear elastic behavior. Similarly, in this study by 
utilizing the linear elastic model for both the soil and 
structure the model set up was analyzed. As can be 
observed in Figure 13 below, the variation in amplification 
response with increased amplitude between soil and 
structure is not observed, as was the case in Figure 11 
and Figure 3 previously. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 amplification responses when analyzed using 
linear elastic model. 
 

 Comparison of Saturated Soil – Case 2 4.2
 
Similarly, the liquefaction shaking table test was 
represented using a finite element mesh with boundary 
constraints imposed on the side and bottom of the mesh, 
and the water boundary on the surface of the second 
layer of soil. The same soil properties as in Table 4 above 
were utilized apart from yield function (k) which was: 1.0 
for layer 1(80% relative density) and 0.25 for layer 2 and 
3(36% relative density). 
 
4.2.1 Comparison of Acceleration Response Amplification 

and Settlement  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 Input motion, response motion and settlement. 
 
Just as was observed in the shaking table test, the first 
few cycles of the response motion are greatly amplified, 
but followed by deamplification.  Refer to figure 13 above. 

Similarly, the dominant deformation was settlement 
with limited rocking observed. By considering the excess 

pore water pressure as the criteria for liquefaction 
occurrence, liquefaction was observed to occur only in the 
second layer of soil. 

The magnitude of deformation observed in the shaking 
table cannot be accurately reproduced in the numerical 
simulation, this is possibly due to the difficulties in 
modelling partial flow of water from the second layer to 
the third layer(consisting dry soil), especially from the 
area immediately below the structure. 

 
5 CONCLUSION 
 
From this study, rocking behavior of a typical box shaped 
midrise structure on spread foundation could be 
reproduced by both numerical and physical models.  

In the dry soil test, set up energy is dissipated due to 
the rocking phenomenon, liquefaction results in base 
isolation but is accompanied by excessive deformation 
with a risk of overturning.  

Since rocking phenomenon is accompanied by both 
structure uplift and soil yielding, the excessive soil yielding 
that is observed in liquefaction case limits the applicability 
of rocking phenomenon for energy dissipation in new 
structure, but can be used to explain possible behavior of 
existing structures designed with old codes that did not 
consider large earthquakes. These kind of structures, 
compared to current codes will be under-designed and 
hence more likely to experience plastic hinging in the soil 
(rocking phenomenon). 
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