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ABSTRACT: Tilting of foundations during liquefaction of soil is one of the primary concerns for stability of structures 

constructed in saturated sand in seismically active areas. Niigata earthquake resulted in tilting of a number of buildings. 

Once tilted the structure is to be dismantled. Tilting also results in loss of life and property. The main aim of this study is 

to restrict tilting and allow the structure to float on liquefied soil. During a high magnitude earthquake, the structure may 

not float for a long time, but may sink instead of tilting. Archimedes principle has been applied in the present study. The 

shape of conventional rectangular footing is changed to spherical and trapezoidal section. Shake table tests were 

performed at different frequencies like 0.5 Hz, 1 Hz and 1.5 Hz. Comparisons of tilting and sinking of all the three types 

of footings were performed. Accelerations imposed on the footings were also measured. Results showed a positive 

response for a footing with spherical cross sections.  
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1. Introduction 

A lot of study has been carried out on seismic 

performance of shallow foundations resting on 

saturated sand (Liu and Dobry, 1997, Knappet, et. al. 

2004, Dunga et. al., 2006, and so on). Post liquefaction 

deformations have also been reported (Shamoto et. al., 

1996). Most of these deformations result in tilting of 

buildings. Once tilted the structure cannot be reverted 

back to its original position. However, no study has 

been reported to withstand the tilting deformation 

during liquefaction of soil. The present study consists 

of laboratory model tests on specially designed 

footings to withstand the deformations. One 

dimensional shake table tests were conducted to 

observe the deformations of the footings at different 

frequencies. It is observed that sinking of footings 

could not be avoided at higher frequency but tilting 

deformation could be avoided. Uniform settlement can 

be accepted like most of the buildings in Mexico City.  

2. Methodology 

The basic concept consists of modifying the 

geometrical shape of footing so that during liquefaction 

of soil the modified footing displaces enough liquefied 

soil for floating stability. This is achieved by designing 

the bottom surface of the footing in the form of 

spherical or trapezoidal. In order to reduce the self 

weight of the footing, the midsection of the footing is 

kept void. Three footings of identical plan area were 

considered for the present study – conventional 

rectangular cross section, top flat and bottom spherical 

cross section, top flat and bottom trapezoidal cross 

section. Although all the tests were carried out in the 

laboratory, for designing the shape of the models, a 

prototype plan of length = 5.5 metre and width = 2.1 

metre was considered initially. 

For designing a spherical section in both directions, 

first a spherical surface was generated along transverse 

direction. The surface equation was considered to be 

parabolic, i.e.  f(x) =ax
2
+c                                    (1) 

The surface equation was obtained considering 

Archimedes principle for floating stability. 

Theoretically, for any submerged body, the 

Metacentric height, calculated as,  

GM=BM–BG                                                                     (2) 

Where, G is the centre of gravity of the submerged 

body, M is the Metacentric position and B is the centre 

of buoyancy. 

BM = Ratio of moment of inertia of the cross-sectional 

area of the submerged body at the liquid surface about 

its longitudinal axis and volume of liquid displaced by 

the submerged body. 

BM=I/V                                                                               (3) 

where, I (Moment of inertia of the body at liquid 

surface of spherical section) =  1/12 × 5.5 × 2.1
3
   = 

4.244 m
4
 

For a structure to be in stable equilibrium, GM>0. 

And moreover, it was assumed that weight of the fluid 

displaced by spherical section is more than the 

rectangular section. 
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Weight of fluid displaced = Unit weight of fluid × 

volume of fluid displaced. The unit weight of fluid 

considered in this work is 14 kN/m
3
. The unit weight of 

fluid is higher than water, because during liquefaction 

the density of the liquid is more than that of water. 

It was proposed to maintain volume of fluid displaced 

by modified footing > Volume of fluid displaced by the 

conventional rectangular footing. 

Satisfying the above equations, a parabolic surface has 

been achieved for spherical footing: f(x) = 0.581x
2
-

0.845(x in meters), along the transverse direction. 

Along the longitudinal direction, the depth of footing 

remains constant till 2.328 metre from the centre on 

both sides and then depth starts decreasing with rate 

given by the equation f(x) = 0.024 x
2
-0.460. Similarly 

by taking the assumption of GM (for trapezoidal)> GM 

(for rectangular), a section was obtained for trapezoidal 

footing with height 0.85 m and width 2.1 metre.  

For the present model test, a linear scaling factor was 

adopted as suggested by Harris and Sabnis in the 

second edition of ‘Structural Modeling and 

Experimental Techniques’ (CRC Press, Taylor and 

Francis Group, 2
nd

 edition, 1999). Linear scaling of 

length, width and height for model was taken in the 

ratio of 0.067 of the prototype. Models were prepared 

with concrete and string rods as reinforcement for 

footings. A general outline of the footings is shown in 

Figure 1. The outline of the cross section was obtained 

by making two transverse beams and one longitudinal 

beam passing through the columns. A combined 

footing with two columns was adopted for the study. 

Figure 2 shows the reinforcement cage made of string 

rods. 

Fig.1 Cross sections of model footings  

 

 

 

 

 

 

Fig.2 Reinforcement cage 

The spherical shaped footing with internal void space 

is shown in Figure 3. One additional concrete cover 

was placed on the top of the footing. 

 

 

 

 

 

 

 

Fig.3 Modified footing with voids inside 

3. Experimental Set up 

A steel tank of dimension 1×1×1m was filled up to 0.9 

metre with a required quantity of dry sand for 

achieving a relative density around 50%. Water was 

slowly poured in the tank so that the sand became fully 

saturated. The tank was connected with the shake table 

and harmonic loading was imparted at a frequency of 

0.5, 1 and 1.5 Hz. Footing was placed on the sand with 

zero depth of foundation. Four accelerometers were 

connected as shown in Figure 4, two on the footing and 

two on the tank in vertical and horizontal directions to 

record the acceleration-time history.  

Figures 5 to 7 show the peak vertical acceleration 

imposed on the footing against time at 0.5, 1.0  and 1.5 

Hz frequency respectively. In all the cases it is 

observed that the peak vertical acceleration of the 

rectangular conventional footing is the highest and that 

of the spherical footing is the lowest. Figures 8 to 10 

show the peak horizontal acceleration imposed on the 

footing against time at 0.5, 1.0  and 1.5 Hz frequency 

respectively. In all the cases it is observed that the peak 

horizontal acceleration of the rectangular conventional 

footing is the least and that of the spherical footing is 

the highest. This acceleration response indicates that 

the spherical footing oscillates more along horizontal 

direction than the rectangular footing does. These 

oscillations make the spherical footing float more in 

the liquefied soil.  

In order to measure the deformation of the footing 

during vibration, a special arrangement was made after 

finding it difficult to use the LVDTs. One high 

resolution camera was fixed on the tank and on the 

other side one graph sheet was fixed on a hard board. 

The photographic image of the footing on the graph 

sheet was used to note the tilting and settlement of the 

footings. Thus during the dynamic tests, videography 

was taken from the start to the end of the test.   
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Tests were repeated with different dead loads placed 

over the footings. A comparison of vertical settlement 

of different footings carrying different dead weights 

under different frequencies like 0.5, 1.0 and 1.5 Hz is 

shown through Table nos. 1 to 3. It is observed that the 

vertical settlement is more with increase in dead load. 

Moreover, the rectangular footing suffered the 

maximum settlement, spherical footing shows the lease 

settlement. Vertical settlement also increases with 

increase in frequency. 

 

Fig.4 Accelerometers placed both vertically and 

horizontally at column face  

 

Fig.5 Peak Vertical Acceleration vs Time at 0.5 Hz 

 

Fig.6 Peak Vertical Acceleration vs Time at 1.0 Hz 

 

Fig.7 Peak Vertical Acceleration vs Time at 1.5 Hz 

 

 

Fig.8 Peak Horizontal Acceleration vs Time at 0.5 Hz 

 

Fig.9 Peak Horizontal Acceleration vs Time at 1 Hz 

 

Fig.10 Peak Horizontal Acceleration vs Time at 1.5 Hz  

Table 1 Vertical Settlement at 0.5 Hz 

Vertical Settlement (mm) at 0.5 Hz  

Shape of 

section 

Without 

any Vertical 

load 

With 5 

kg load 

With 10 

kg load 

With 15 

kg load 

Spherical 15 22 28 35 

Trapezoidal 20 28 35 42 

Rectangular 30 40 47 55 

Table 2 Vertical Settlement at 1 Hz 

Vertical Settlement (mm) at 1.0 Hz  

Shape of 

section 

Without any 

Vertical load 

With 5 

kg load 

With 10 

kg load 

With 15 

kg load 

Spherical 32 45 53 61 

Trapezoidal 40 55 66 72 

Rectangular 55 68 80 87 

The results obtained above show that the vertical 

settlement is greatly reduced in terms of spherical and 

trapezoidal section then conventional rectangular 

footing. 
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Table 3 Vertical Settlement at 1.5 Hz 

Vertical Settlement (mm) at 1.5 Hz  

Shape of 

section 

Without any 

Vertical load 

With 5 

kg load 

With 10 

kg load 

With 15 

kg load 

Spherical 50 67 82 93 

Trapezoidal 65 84 102 114 

Rectangular 77 101 115 128 

4. Analysis of data obtained from static load tests  

To check the suitability of the new designs in terms of 

load carrying capacity, static load tests were performed 

on them and the load vs settlement curves were drawn. 

The test bed was made of the same foundation sand 

compacted at 50% relative density and saturated 

completely by water Figure 11 shows the load vs 

settlement curves obtained from the static load test on 

the footings. The ultimate load bearing capacity was 

found by applying double tangent method in the figure 

and is shown in Table 4. 

 
Fig.11 Load vs Settlement Curves 

Table 4  Ultimate Load carrying capacity of three footings 

under static vertical loadings. 

Shape of the Footing Ultimate load bearing 

capacity (kg) Experimental 

Rectangular 97 

Spherical 118 

Trapezoidal 107 

 

5. Tilting of footing 

To measure the tilting of footing, if any, a bamboo 

piece was attached with one of the columns and 

photographs were taken to observe the initial, during 

the test and final position of the footing. Figures 12 and 

13 show the initial and final positions of spherical 

footing and rectangular footing with 15 kg surcharge 

load. It can be observed that the spherical footing did 

not tilt but the rectangular footing tilted after the shake 

table test. The amount of the tilt was so high that 

proper measurement could not be taken. 

 
                                     Sinking of footing without tilting 

Fig.12 Images of Spherical footing before (left) and after 

(right) Soil Liquefaction 

 

Fig.13 Images of Rectangular footing before (left) and 

after (right) Soil Liquefaction 

6. Conclusions 

The main conclusions derived from the experimental 

investigations of the conventional rectangular footing 

and the modified footings are that under static load, all 

the three footings behaved similarly with little 

difference in ultimate load carrying capacity whereas 

under dynamic loading, the spherical shaped footing 

shows more stable behavior than trapezoidal and 

rectangular footing. The spherical footing floats for a 

longer time during liquefaction and does not tilt 

whereas the rectangular footing tilts very quickly.  
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