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ABSTRACT 
 

     In current seismic design concept, earthquake energy in the structure can only be 
dissipated by the material damping and the plastic deformation of structural members. 
If a structure is permitted to uplift, the earthquake energy induced into the structure can 
be reduced. The structure will experience less deformation and thus possible damage. 
The uplift interrupts the flow of energy into the structure. The reconnection of the 
footing with the support causes additional energy loss. In this study, the effect of 
different dominant frequencies of ground motions on the response of structure with 
allowable uplift is investigated using a shake table. The ground motions are simulated 
based on Japanese design spectra for different soil conditions. A prototype of a six 
storey shear frame structure is represented by a single storey shear frame model. Two 
support conditions are considered: a fixed base and a footing with allowable uplift. The 
results show that when uplift is permitted, a reduction of the forces activated in the 
structure can always be observed. However, the reduction of bending moment at the 
base of the structure must not follow the magnitude of the ground motions. In the case 
considered the maximum bending moment in the uplifting structure is proportional to 
the maximum vertical displacement of the footing. 
 
1. INTRODUCTION 
 

In conventional building design, the structure is considered as fixed at the base and 
the earthquake force in the structure is resisted by the strength of structural members. 
Since it is too expensive to fulfil the full elastic strength requirement, plastic hinge 
development in the building is permitted. However, this approach can induce 
irreparable damage which can result in a huge economic impact on the society due 
long down time of the civil infrastructure (Chouw and Hao, 2012). After the Valdivia 
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earthquake in Chile in May 1960, a good seismic performance of several water towers 
had been reported by Housner (1963). Structural uplift has been suggested as a 
possible earthquake proof solution for structures. In the traditional design approach, 
earthquake energy in the structure can only be dissipated through the material damping 
and the ductile behaviour of structural members. With allowable uplift, a part of the 
earthquake energy can be consumed by the stepping action of structural footing on the 
supporting ground. In addition, the uplift of the structure can reduce the total structural 
response because of the initiated rigid body motion. 
 
To understand the uplift behaviour of structures for seismic design purpose, analytical 
and experimental research had been performed (e.g. Huckelbridge and Clough 1977; 
and Makris and Konstantinidis, 2001). Ishiyama (1982) used a computer program to 
investigate the overturning criteria of a rigid body due to an earthquake. Psycharis et al, 
(1983) used Winkler and ‘two-spring’ foundations and suggested that the rocking 
frequency of a rigid structure is influenced by the amount of the uplift. Wang and Gould 
(1993) had extended the analytical study of structural uplift with the sliding behaviour. 
In recent years, Apostolou et al. (2007) had numerically investigated the effect of the 
ground flexibility on the rocking behaviour of a rigid structure. Hung et al. (2008) 
performed a number of quasi-dynamic tests on concrete bridges with allowable uplift. 
This investigation concluded that allowing structures to uplift could lead to a reduction 
of the maximum deformation and forces activated in the structure. Consequently, the 
design strength and ductility demand of a building could be reduced. Kafle et al. (2011) 
had conducted a series of shake table test to identify the peak displacement demand of 
a rigid structure with various geometrical characteristics. Acikgoz and DeJong (2012) 
presented the effect of the structural flexibility on uplift behaviour. Qin et al. (2011) 
investigated the interaction of structural and soil nonlinearities including footing uplift. 
The nonlinear structure-foundation-soil interaction can reduce the damage to the 
structure. 
 
Uplift behaviour has been considered to be able to control seismic response in 
structural design. FEMA 356 (2000) had proposed a design guideline for rocking 
structure based on the result obtained using shake table test (Priestley et al. (1978)). In 
recent year, another design guideline for a rocking structure had been proposed by 
Kelly (2009). One of the remarkable structure designed with rocking mechanism is the 
Rangitikei Railway Bridge (Fig. 1.) built in New Zealand (Chen et al., 2006). In the 
retrofit programme of the Lions Gate Bridge in Vancouver (Crippen, 2000), structural 
uplift was implemented to improve the seismic resistance of the bridge. Although the 
beneficial effect of structural uplift has been recognized and a design framework is 
available, structures with capability to uplift are still very limited. Makris and 
Konstantinidis (2001) had pointed out that research conducted using a few earthquake 
records is insufficient to reveal the possible uplift response under various ground 
excitation.  
 
In this study, the influence of the earthquake dominant frequencies on the uplift 
behaviour is investigated. Shake table test was performed and a three-dimensional 
shear frame structure was considered. The uplift effect on the development of bending  
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     2.2. Model scaling 
     Because of the shake table constrain, the single storey frame has to be scaled. 
Experimental model scaling is based on the fact that the model and the prototype follow 
the similitude. To achieve the theory of similarity, dimensional analysis based on the 
Buckingham π theorem (1914) is utilized. In the structural system, three basic 
dimensions are found: mass M, length L and time T. To implement the similitude law, 
six parameters are selected. These physical quantities are chosen by considering the 
earthquake characteristics (duration t and acceleration a) and the structural properties 
(lateral stiffness k, length l, Young's modulus E and mass m). Because three basic 
physical variables are contained in these parameters (mass, time and length), the 
analysis can be simplified to the consideration of three relationships of dimensionless 
variables: 
 

                                        ,  and                            (1) 

 
 
By matching these dimensionless groups of the model and that of the single storey 
frame, the scale factors of considered physical quantities are determined. 
 
In this work, the dimensions of the single storey frame are scaled down 15 times. 
Based on π3 (Eq. (1)), the mass of the frame can be effectively scaled down by 
minimizing the modulus of elasticity for the model. PVC is selected for the model 
column material (EPVC = 2.5 GPa and Esteel = 200 GPa). To achieve the rigidity 
requirement of the rigid beam assumption, aluminium angle section is utilized for the 
model beam construction. To eliminate the effect of out-of-plane motion on the uplift 

Fig. 2 Computer model of the (a) prototype first mode and 
(b) the equivalent one-storey frame 

(a) (b) 

1.47 Hz 

6 m 6 m 



  

behaviour, only the lateral stiffness in the direction of excitation is scaled. The duration 
of temporary foundation uplift will affect the structural response and this effect of time 
scale is uncertain. However, according to π1 in Eq. (1), if time scale is avoided, the 
scale factors of acceleration and length will be identical (15 in this work). Because it is 
impractical to scale gravitational acceleration, the result model will be 15 time 
overweight. Consequently, the uplift potential will be significantly reduced. To balance 
the effect of time scaling on the uplift duration and the uplift resistance due to gravity, 
the scale factor of time is set as two. The scale factor of acceleration can be decreased. 
The scale factors and dimensions for different parameters are given in Table 1. 
 
 

Parameter Symbol Dimension Scale Factor 
Length l L 15 
Young's Modulus E M L-1T 

-2 EPVC/ESteel= 200/2.5 = 80 
Mass m M 4800
Time t T 2 
Frequency f T  

-1 0.5 
Acceleration a L T  

-2 3.75 
Stiffness k M T  

-2 1200 
Stress � M L-1T 

-2 80 
 
     2.3. Experimental setup 

With the scale factors in Table 1, the scale model has a top mass of 29.7 kg and a 
height of 0.827 m. The fundamental frequency of the model structure is scaled up to be 
2.94 Hz. The footing width in the direction of the ground shaking is 400 mm. Two 
conditions are considered: a fixed base and a structure with allowable uplift. The 
bending moment development at the base of the column is measured using strain 
gauge. Fig. 3 shows the experimental setup of the model on the shake table. In the 
case of uplift, sand papers are attached on the rigid base and the bottom of the 
foundation to increase the friction between the interfaces. Thus, the sliding during uplift 
can be minimised. LVDT is used to measure the amplitude of vertical displacement at 
the edges of the footing.  

 
     2.4. Ground excitation 

 The ground motions are simulated based on Japanese design spectra (JDS) (JSCE, 
2000) for three different soil conditions. They are selected because of their clear 
defined frequency content (Chouw and Hao, 2005). Three ground excitations (denoted 
as 1 to 3) are simulated for each spectrum. The ground accelerations are then scaled 
according to the scale factors for time and acceleration given in Table 1. During the 
experiment, the actual acceleration applied by the shake table is recorded using 
accelerometer. 

 
 

 
 
 

Table. 1 Scale factor for different parameters 
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3. RESULTS AND DISCUSSION 
 

To identify an influence of excitation characteristic on the uplift behaviour, Figs. 5(a), 
(b) and (c) illustrate the bending moment development at the base of the columns due 
to HS1, MS1 and SS1, respectively. While the dotted lines are the bending moment at 
the fixed columns, the solid lines are the moment at the column base of the upliftable 
structure. The measurements suggest that by permitting the structure to uplift, the 
bending moment development in the structure is reduced. When HS1 excitation is 
applied, the uplift reduces the maximum bending moment in the structure from 108.4 
Nm to 91.5 Nm. A 15.6% reduction is observed. However, when MS1 and SS1 are 
considered, a reduction 6.6% and 6.7% are obtained, respectively. The results confirm 
that even though the uplift behaviour is not the same, its beneficial effect on structural 
response remains in all excitations considered.  

 
 
 

 
 
 
Fig. 6 summarizes the maximum bending moment in the structure due to the nine 

excitations. While the light vertical bars represent the moment of the model structure 
with a fixed base, the dark bars indicate the maximum bending moment in the structure 
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with allowable uplift. As expected in the case of an assumed fixed base, different 
excitations from the same category cause a similar maximum bending moment in the 
structure. Because the response spectrum acceleration at 2.94 Hz for hard soil 
condition excitations is larger than that for medium and soft soil condition excitations, 
the maximum bending moments in the fixed base structure due to HS excitations are 
larger than those due to the MS an and SS excitations. Whilst the average maximum 
moment due to the HS excitations is 108.6 Nm, the average values due to medium and 
soft soil condition ground motions are 100.3 Nm and 93.7 Nm, respectively. When 
footing uplift is permitted, the results show that MS excitations cause the largest the 
maximum bending moment in the structure among the three excitations. While the 
average maximum moment due to MS is 91.9 Nm, the average values due to HS and 
SS excitations are 87.8 Nm and 80.4 Nm, respectively. For excitations with different soil 
conditions, the uplift behaviour changes, affecting the bending moment development in 
the structure. The results indicate that the response spectrum can no longer be used 
for predicting the design actions for an upliftable structure. 

 

   
 

 
 

Fig. 7 shows the time history of the vertical displacement of the footing due to HS1 
(solid line), MS1 (dotted line) and SS1 (doubled lines). As it is anticipated because of 
the smaller magnitude, the SS1 excitation produces less frequent uplift with small 
amplitudes. In contrast, although in comparison to the HS1 excitation, the MS1 ground 
motions have lower spectrum value at the fixed base fundamental frequency the 
structure experiences more frequent uplifts. The MS1 excitations also cause the largest 
uplift.  

Fig. 8 summarizes the maximum bending moment in the structure and vertical 
displacement at left end of the footing. In both graphs, a comparison between results 
obtained from the HS (solid line), MS (dotted line) and SS (doubled lines) is presented. 
Although the acceleration spectrum value for MS excitations is smaller than that of HS, 
the results illustrates that the maximum bending moment in the structure with allowable 
uplift due to MS is the largest. The MS excitations also induce the largest vertical 
displacement in the structure when uplift takes place. In addition, a comparison 
between Figs. 8(a) and (b) reveals that the maximum bending moment in the upliftable 
structure is proportional to the maximum vertical displacement of footing.  
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CONCLUSIONS 
 
The effect of the earthquake dominant frequency on the response of structure with 
allowable uplift has been investigated. Shake table test using nine ground excitations 
with different dominant frequencies has been conducted. The excitations were 
simulated based on Japanese design spectra. A six stores shear frame structure was 
considered and represented by a scale single storey shear frame model.  
 
The results reveal that: 
  
Although excitations with different dominant frequencies were applied, structural uplift 
can always reduce the bending moment development in the structure. In the case 
considered, the largest bending moment reduction was found when the excitations with 
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the highest dominant frequency were applied. 
 
The uplift of a structure does not proportionally depend on the magnitude of the ground 
motions. 
 
In the case of uplifting structures the greater the footing vertical displacement, the 
larger maximum bending moment will be. 
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