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ABSTRACT: In the past, research on structural uplift focused mainly on the rocking of 
structures which were assumed to be rigid and supported by rigid ground. The 
contribution of structural flexibility and soil-structure interaction (SSI) were neglected. In 
this work, shake table tests were conducted to investigate the response of a single-degree-
of-freedom (SDOF) system to earthquakes excitations. The SDOF system was a scaled 
model of a multi-storey RC building. A sand box was used to simulate the effect of 
subsoil. A comparison of both cases of rigid and sand supports showed that uplift of 
structures decreased activated bending moments, the maximum horizontal acceleration 
but increased horizontal displacement. It was also found that frequent uplift may not 
provide further reduction of structural responses. 

1 INTRODUCTION 

During strong earthquake excitations, activated lateral forces can produce at the base of structures an 
overturning moment that exceeds the available overturning resistance due to self weight of structures. 
Such overload implies that a portion of the foundation mat or some of the individual column footings, 
will intermittently and temporally lose contact with the supporting soil. In traditional seismic design, 
uplifting can be prevented by using tension piles (Kelly 2009). However, these require additional 
construction cost and may impose greater lateral forces on the structure. Research in the past has 
shown that foundation uplift can lead, in general, to a favourable reduction in maximum transverse 
deformations (Meek 1975). Meek concluded that this phenomenon should be taken into consideration, 
in order to make full use of beneficial reduction in design of structures.  

The first set of experiments that examined the effect of partial uplift in a multi-storey building was 
performed at the University of California, Berkeley by Huckelbridge and Clough (Huckelbridge 1977a 
and 1977b). In that project, shake table tests of steel frame building model were conducted. They 
concluded that allowing structures to uplift could lead to reductions of design requirements in terms of 
overall strength and ductility. 

Previous research on uplift effects focused primarily on rigid body motions, where natural modes of 
structures as well dynamic properties of supporting ground were ignored. In addition, most 
experiments in the past used structures of unscaled size, where results obtained were model specific 
and not applicable to structures of different designs. The motivation of this project was to develop a 
generalised scaled model that will provide testing results applicable to all other structures with same 
dynamic properties, and to investigate the dynamic responses with the effect of structural uplift.  

In this work, a cost-effective SDOF model was developed by utilising dimensional analysis and 
constructed to represent a three-storey building. Both elastic and plastic behaviours of the structures 
during earthquakes were investigated. Three sets of experiments were conducted, focusing on pure 
rocking behaviours of structures without the influence of supporting soil, consequence of the uplift 
frequency and the effect of soil-structure interaction on uplift behaviour of structures. 
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2 STRUCTURAL AND SUBSOIL MODEL 

2.1 Idealization of a three-storey RC building 

When analysing earthquake response of a structure, in most cases compared to the contribution of the 
fundamental mode the influence of higher modes on overall behaviour of the structure were negligible 
(Psycharis 1983, Chopra 2007). In general, the contribution of the first mode increases with the 
number of the degrees-of-freedom. In this work a three-storey RC building (Fig. 1) was considered, 
and only its fundamental mode was used to represent the dynamic behaviour of the entire structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was assumed that the considered structure had an inter-storey height of 3.33 m, which gave a total 
height of 10 m. Each supporting RC column had a dimension of 0.315 m × 0.315 m. It was also 
assumed that the total seismic mass of the roof was the same as those of all floors and had the value of 
57.845 t. Under these assumptions the fundamental mode had a natural frequency of 2.35 Hz. To 
simulate the building as a SDOF model (Fig. 2), the equivalent mass was 1.586 x 105 kg and the 
equivalent height was 7.5 m. The structure was fixed at a base of 6 m x 6 m. In order to have the same 
fundamental frequency as the considered structure, the second moment area of the model column 
should have the value of 0.0244 m4. 

2.2 Model and excitation scaling 

Since the calculated large-scale SDOF model described above was expensive and almost impractical 
to be built in the laboratory, a more cost-effective scaled SDOF model was used. By applying 
Buckingham π theorem, dimensional analysis was utilised to find the fundamental relationships 
between physical parameters that define the model responses. The scaled SDOF model should have 
the same dynamic properties as the original large-scale SDOF model. 

As a result, the scaled SDOF aluminium model in Figure 2 had a lumped mass of 3 kg. The structural 
height was 0.5 m. The footing had a thickness of 0.0045 m. Its size bF in the in-plane and out-of-plane 
directions was 0.4 m and 0.051 m, respectively. The column size in the corresponding directions was 
0.0045 m and 0.051 m, respectively. The fixed base natural frequency of the scaled model was 2.33 Hz.  
Since the structural response was considered only in the excitation direction, the desirable lateral 
stiffness and base width were only achieved in the in-plane direction. 

In general, the scaled down model cannot match the column lateral stiffness and the flexural strength 
of the full-scale model at the same time. Therefore, an artificial plastic hinge was attached at the 

(a) (b) 

Figure 1: Three-storey RC building. (a) Beams sizes and top view and (b) columns arrangements.

4 m × 200 mm × 150 mm beams 3.33 m × 315 mm × 315 mm columns 
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column footing of the scaled down SDOF model, in order to mimic the permanent column 
deformations due to excessive lateral forces during earthquakes. The ultimate bending moment of the 
plastic hinge was exerted to the model by using torque wrench to apply different calibrated bolt 
pressures. In this case, when the bending moment on the model exceeded the moment resistance 
provide by the frictions of connection, permanent slippage would take place.  

To conduct experiments on the scaled SDOF model the ground motions in Figure 3 was used. It was 
simulated numerically based on the Japanese design spectrum for hard soil (Chouw and Hao 2005, 
JSCE 2000). For the investigation the ground motions were also scaled by Buckingham π theorem to 
achieve the proper amplitudes.  

2.3 Experiments and measurements 

The aim of these experiments was to investigate the benefit of allowing structures to uplift during 
earthquakes. Three sets of experiments were performed. The first set was to investigate the effect of 
structural uplift on activated forces by performing experiments on a model fixed at its base and on 
another with allowable uplift. The second set illustrated the consequence of the foundation size for the 
uplift behaviour of structures. In the first two sets of experiments it was assumed that the supporting 
ground was infinitely rigid, so that the effect of possible plastic deformations formed in the supporting 
soil were not considered. The third set of experiments incorporated the deformations of the supporting 
soil by replacing the previous rigid support with a sand box to mimic more realistic soil behaviours 
during earthquakes. 
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Figure 3: Scaled earthquake excitation. 

    Figure 2: Scaled model. 
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The physical parameters of the SDOF model to be quantified included horizontal displacements u and 
accelerations a at the top, bending moments BM at column support and the magnitude of the structural 
uplift v of the footing at the locations L and R. A laser beam and a unidirectional accelerometer (± 2 g) 
were attached to the lumped mass for measuring the displacement u and the acceleration a, 
respectively (Fig. 2). Two portal gauges were used to measure the vertical displacement v at both sides 
of the footing. Bending moments at the column support were obtained using a strain gauge glued to 
the lower end of the column. A shake table was positioned to support the SDOF model and the scaled 
ground excitations were applied to the model.  

3 EXPERIMENTAL RESULTS 

3.1 Effect of structural uplift 

To investigate the possible benefit of structural uplift in reducing the effect of earthquake load on 
structures, the same excitation from the scaled ground motions was applied to two models, one with 
the base fixed and the other with allowable uplift. Elastic responses were simulated by tightly bolting 
the column to the base of the SDOF model to provide sufficiently large moment resistance to column 
rotations (Fig. 2). In the considered case 30 Nm torque was applied by a torque wrench. Similarly, 
when simulating plastic responses, the resisting torque was reduced from 30 Nm to 10.3 Nm to allow 
some slippage of the column, so that a permanent rotation of the column would take place.  

From a comparison of the horizontal accelerations a at the top and the bending moment BM at the 
column support of the elastic structure in Figures 4a and 4b it can be seen that their maximum values 
were reduced due to uplift. Figure 4c displays the vertical displacements v of the footing. The positive 
and negative values indicated the uplift of the right and left sides of the footing, respectively. The 
influence of uplift on the development of bending moments can be observed for example in the period 
between 7.5 s and 8.5 s in Figures 4c and 4b. In this period significant uplift caused a strong decrease 
of the bending moments. However, structural uplift meant additional horizontal displacement of the 
structure. The maximum displacement with structural uplift was therefore larger than that with fixed 
base as shown in Figure 4d. This may result in larger demand for a separation distance between 
adjacent structures. It should be noted that the start time of the measurement did not coincide with the 
start time of other measurements. 

Figure 5 shows the horizontal displacement u at the top of the structure with a possible plastic hinge 
development. The solid and dotted lines were the case of structure with and without allowable uplift, 
respectively. Without uplift possibility, the structure collapsed. Plastic deformation started to develop 
at 9 s, and the collapse of the model occurred at approximately 13 s due to increased plastic 
deformations. During the development of the plastic hinge, the reflector attached to the column was 
displaced beyond the detectable range of the laser beam; i.e. when the horizontal displacement was 
larger than 70 mm. In contrast, when uplift was permitted plastic deformation did not occur.  

3.2 Effect of base width 

It was expected that smaller footing size will cause more frequent uplift because the structure has 
larger slenderness. In order to explore the consequence of uplift frequency, an additional footing size 
bF of 0.3 m was considered. From Figures 4c and 6b the difference in uplift behaviours due to different 
footing size was obvious. The structure with a footing size bF of 0.4 m had significant uplifts in four 
time windows, while the one with bF of 0.3 m had strong uplifts in two time windows. During the time 
window between 3 s and 9 s, strong uplift occurred seven times in the case with smaller footing, and 
four times in the case of larger footing. Nevertheless, more frequent uplift did not reduce the bending 
moment exerted on the model, since the maximum bending moments of the structure with bF of 0.3 m 
and 0.4 m were similar (Fig. 6a).  

Figure 6c displays the horizontal displacement u at the top of the structure. As expected, stronger 
uplift caused larger displacement amplitude. Consequently, the structure with bF of 0.3 m experienced 
larger displacement than the one with bF of 0.4 m.  
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Figure 4: Effect of uplift on (a) bending moment BM, (b) horizontal acceleration a, 
vertical displacement v and (d) horizontal displacement u (bF = 0.4 m). 
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Figure 5: Effect of plastic hinge on horizontal displacement u. 
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3.3 Effect of subsoil 

To simulate subsoil effect a sand box of 220 mm x 500 mm was used. It was filled with 25 mm depth 
of river sand. To ensure the same condition prior to the test each time the loose sand was compacted 
by applying a falling weight that produced 180 N/m2 of surface pressures. 

The dotted and solid lines in Figure 7a were the bending moment BM at the column footing when rigid 
support and sand box were considered, respectively. In both cases only elastic structure with a footing 
size bF of 0.4 m was investigated. The results showed that the bending moment was further reduced by 
the plastic deformations of soil.  

Figure 7b shows the vertical displacement v at the location R (Fig. 2). One other significant 
observation was that when sand deformation happened less uplift with smaller amplitude occurred.  

The consequence of the combined influence of structural uplift and soil deformation for the structure 
can also be seen in the development of the horizontal displacement u in Figure 7c. As expected the 
displacement was smaller when plastic soil deformation took place. The time delay of the response of 
the structure with subsoil was caused by different start time of the measuring devices. Smaller 
displacement amplitudes were observed. 

Figure 6: Influence of uplift frequency on (a) bending moment BM, (b), vertical displacement v and (c) 
horizontal displacement u. 
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In Table 1 the consequence of uplift and soil deformation for the maximum responses of the structure 
were summarized. 

 

Table 1. Effect of uplift on the maximum structural response 

Measured data 
Compared to measured 

fixed base results 
 

  
BMmax (Nm) umax (mm) BMmax (%) umax (%) 

Fixed base 9.01 51.90 - - 

Rigid base, bF = 0.4m 6.68 67.00 -25.87 29.09 

Rigid base, bF = 0.3m 6.27 74.90 -30.39 44.32 Allowable 
uplift 

Sand, bF = 0.4m 5.95 44.00 -33.98 -15.22 

Time (s) 

Time (s) 

v 
(m

m
) 

Time (s) 

u 
(m

m
) 

Figure 7: Combined influence of SSI and uplift on (a) bending moment BM, (b) 
vertical displacement v and (c) horizontal displacement u (bF = 0.4). 
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4 CONCLUSIONS 

A three storey RC building was described by a SDOF model. The effect of structural uplift and soil-
structure interaction were investigated experimentally. The model and the ground motions were 
scaled. A shake table was used to simulate the effect of ground excitation which was numerically 
simulated based on Japanese design spectrum for hard soil.  

The collective column of the SDOF model represented all eight building columns on a common rigid 
footing. Plastic hinge development of each individual column could not be considered which reflects 
the limitation of the model. If several footings were used, individual footing uplift could take place. 
However, this was not the goal of current study. The small sand box was used due to the limitation of 
the shake table. Indeed, it did not reflect a real soil condition, but it still could be applied to reveal the 
consequence of flexible support for the structure. 

The investigation reveals: 

1. Structures with allowable uplift can be used as a mitigation measure to reduce the activated 
forces in the structures. 

2. Uplift of elastic structures on rigid base will reduce the structural responses. 

3. Development of plastic hinge in the column can be avoided when structural uplift was 
permitted. 

4. Plastic deformation of supporting sand reduced both amplitudes and frequency of uplift. 

To have a solid understanding further investigations of the interrelation between the dynamic 
properties of ground excitation, flexible and non-linear structure, soil-structure interaction and uplift 
behaviour are necessary. 
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