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Abstract  

The current earthquake-resistant design has been strongly shaped by the capacity design 

concept, i.e. plastic hinge development at pre-defined structural locations is permitted. 

However, major earthquakes, e.g. the 2010/2011 Canterbury earthquakes, demonstrated that 

the repair cost of damaged structures and economic losses due to downtime can be immense. 

Hence, in recent years the philosophy of ‘low-damage’ design has emerged. This can be 

achieved by allowing the structure to uplift, i.e. part of the footing is permitted to 

temporarily separate from the support. 

This work aims to understand the seismic response of upliftable structures. To investigate 

the structure-footing-soil interaction, rigid and laminar boxes were constructed for shake 

table experiments. At the early stage of the research a rigid box was used. With the 

development of the research a small box of 0.8 m × 0.8 m × 0.7 m and then later a large 

laminar box of 2 m × 2 m × 2 m were developed. Shake table tests on single degree-of-

freedom (SDOF) models on sand demonstrate that allowing structures to uplift can reduce 

bending moments and thus the development of plastic hinge. These laminar boxes are the 

first to have been constructed and used in the Southern Hemisphere.  

The results showed that the spectrum values of accelerations on the model footing are 

smaller than those of the free-field dry sand surface. When calculating the response of the 

model a significant improvement of accuracy was only achieved using the footing acceleration. 

A novel approach for correctly simulating model structures in one-g environment was 

developed and substantiated in experiments. Two multi-storey upliftable models were 

constructed based on both the proposed and conventional approaches. For the first time with 

the proposed approach key characteristics of upliftable structures, e.g. nonlinear rocking 

period, can be correctly incorporated in the physical experiments. Using the proposed 

approach, a numerical equation is derived for calculating the amplitude-dependent rocking 

period of structures during uplift. The period obtained leads to more accurate estimate of the 

maximum deformation of upliftable structures.  

If uplift occurs, the horizontal displacement of a structure can become larger. To control the 

uplift and thus the structural response, while at the same time still avoiding plastic hinge 

development in the structure, the weight of the footing needs to be properly determined. 
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seismic performance of upliftable structures is still not well understood. As a result, 

designs of structures with uplift required specific studies (Beck and Skinner (1973) and 

Sharpe Skinner (1983). Recently, a number of design guidelines were proposed to simplify 

the design procedure. FEMA 356 proposed a design guideline based on the analytical 

model proposed by Housner (1963). A method has also been published in FEMA 440 

(2007) to obtain a modified response spectrum to estimate the response of a structure with 

SFSI. Recently, Kelly (2009) proposed a design guideline for upliftable structures.  

However, most of the existing numerical models are not experimentally validated. In 

previous experiments reported in publications experimental models were developed based 

on scaling laws, which are only valid for scaling linear systems. To develop an 

experimental model that is capable to more realistically simulate the response of structures 

in nonlinear states, i.e. with plastic hinge development, footing uplift and soil plastic 

deformation, is a challenge. The development of this more realistic model is the motivation 

of this work. Shake table experiments performed in this research confirmed the capability 

of the developed experimental approach. Using the experimental data, numerical approach 

for calculating the response of structures with uplift is developed.  

1.2 Outline 

This doctoral thesis is a compilation of journal manuscripts which have been either 

published or submitted for publication at the time of writing. Each manuscript is presented 

as a chapter. Some information has been included in several of the manuscripts. Therefore, 

they have been slightly modified to maintain coherence in the thesis and avoid repetition. 

However, some repetition has been allowed where removing information seemed to 

adversely affect the flow and clarity of a chapter.  

Chapter 2: Seismic performance of a structure with uplift and plastic hinge on 

nonlinear soil 

This Chapter investigates the interrelation between earthquake loading and structural 

plastic hinge, footing uplift, and plastic deformation of foundation soil. Models of structure 

of three different seismic masses were considered. An artificial plastic hinge was 

implemented to simulate possible development of plastic hinge in the structure. The soil 

plastic deformation was simulated using uniformly distributed dry sand in a rigid box. 

Experimental results from both shake table and pushover tests are presented.  
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Related manuscripts:  

Qin X., Chouw N. (under review) Seismic performance of a structure with uplift and 

plastic hinge on nonlinear soil. Soil Dynamic and Earthquake Engineering. 

Qin, X., Chen, Y., Chouw, N. (2013). Effect of uplift and soil nonlinearity on plastic 

hinge development and induced vibrations in structures. Advances in Structural 

Engineering, 16(1), 135-148. 

Qin, X., Chouw, N. (2012). An experimental study of structural plastic hinge 

development and nonlinear soil deformation. Australian Earthquake Engineering 

Society (AEES) 2012 Conference, 7-9 December, Tweed Heads, Gold Coast, 

Australia (with AEES travel grant). 

The material presented in this chapter also received 2012 Australia earthquake Engineering 

Society Best Paper Award: “An experimental study of structural plastic hinge development 

and nonlinear soil deformation” 

Chapter 3: Construction of a laminar box for studying SFSI  

This paper describes the construction of a small laminar box of 0.8 m × 0.8 m × 0.7 m for 

simulating the earthquake response of soil and structures. The confinement of soil in the 

transverse direction does not rely on the laminar frame but is instead achieved by two 

acrylic glass walls. These walls allow the behaviour of soil during an earthquake to be 

directly observed in future study. The laminar box was used to study the response of soil 

with structure-footing-soil interaction (SFSI). A single degree-of-freedom (SDOF) 

structure and a rigid structure, both free standing on the soil, were utilised.  

Related manuscripts:  

Qin X., WM Cheung, Chouw N. (under review) Construction of a laminar box for 

studying SFSI. Soil Dynamic and Earthquake Engineering. 

Qin, X., Chouw, N. (2013). Effect of SFSI on the response of soil. New Zealand-Japan 

Workshop on Soil Liquefaction during Recent Large-Scale Earthquakes, 2-3 

December, the University of Auckland, Auckland, New Zealand (197-204) (Invited 

presentation). 
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The material presented in this chapter also received 2012 New Zealand Geotechnical 

Society Award first place: “A numerical and experimental study of seismic SSI using a 

laminar box on a shake table” 

Chapter 4: Shake table study of soil boundary effects on SFSI 

This Chapter reveals the influence of soil boundary on a response of the structure. A large 

(2 m by 2 m) laminar box, can be used to test both dry and saturated soils, was constructed. 

The response of a model structure obtained in the large laminar box is compared with the 

response of the same model in a small laminar box (0.8 m by 0.8 m). 

Related manuscripts:  

Qin X., Chouw N. (under review) Shake table study of soil boundary effects on SFSI. 

Earthquake Engineering. 

Chapter 5: An innovative approach to correctly incorporate gravity effects in 

experiments on upliftable structures  

One of the major issues in the experiments of upliftable structural model is that the effect 

of gravity cannot be correctly considered. This Chapter proposes a solution to this problem 

by placing part of the mass external to the structural system considered. This external mass 

will still be able to contribute to the horizontal inertia, while the remaining mass inside the 

system will provide the desired gravity effect. Experiments on a multi-storey building 

using ten earthquake records were conducted. Free rocking test was also performed to 

study the rocking period of the structure. The results were used to validate an existing 

numerical model developed by Psycharis (1991). A modified empirical formula was 

proposed based on the experimental results. The proposed equation can accurately predict 

the maximum horizontal displacement of upliftable structures. 

Related manuscripts:  

Qin X., Chouw N. (under review) An innovative approach to correctly incorporate 

gravity effects in experiments on upliftable structures. Earthquake Engineering and 

Structural Dynamic. 
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Qin, X., Chouw, N. (2015). Low damage seismic design of structure using footing 

uplift. Proceedings of the 10th Pacific Conference on Earthquake Engineering, 6-9 

Nov, Sydney, Australia. 

Chapter 6: Response of structure with controlled uplift using footing weight 

This Chapter reveals that the footing weight can be used to control the vertical 

displacement of footing and thus reduce the horizontal displacements of an upliftable 

structure. A four storey model structure with plastic hinges and uplift capability was 

considered. Shake table tests using ten different earthquake records were conducted. Three 

different footing masses were considered. The consequence of footing weight for the 

response of structures was discussed.  

Related manuscripts:  

Qin X., Chouw N. (under review) Response of structure with controlled uplift using 

footing weight. Engineering Structures. 

Chapter 7: Conclusions and recommendations for future research 
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Chapter 2 Seismic performance of a structure with uplift and plastic hinge on nonlinear soil  

Seismic performance of a structure with 

uplift and plastic hinge on nonlinear soil  

The seismic performance of structures has been strongly influenced by capacity design 

where damage to structures is permitted as long as the safety of human life is ensured. 

However, observations of damage to infrastructure from past major earthquakes indicate 

that this approach often results in damage that either leads to significant economic losses 

due to long downtime, or was irreparable due to the high cost involved (Chouw and Hao, 

2011). Hence, in recent years, ‘low damage’ is emphasised in seismic design. Various 

methods to implement this philosophy are currently investigated. One way to reduce 

plastic deformations of a structure during earthquakes is to allow the foundation soil to 

plastically deform. It has been observed that structures experiencing soil plastic 

deformation have incurred less damage. Examples can be found in some major earthquakes, 

e.g. Valdivia Earthquake 1960 (Housner, 1963), Michoacan Earthquake 1985 (Mendoza 

and Auvinet, 1988), Izmit Earthquake 1999 (Ulusay et al., 2002; Gazetas et al., 2003), and 

the 2010 Darfield and 2011 Christchurch earthquakes (Wotherspoon et al., 2010). For 

structures with shallow footing, seismic forces induced by ground movements may cause 

structural uplift, i.e. temporary and partial separation between the footing and foundation 

soil, whenever the overturning moment exceeds the restraining moment provided by the 

self-weight. The stress applied to the soil increases owing to a reduction of contact area 

between the footing and soil during uplift. Consequently, soil bearing failure may occur. It 

is commonly accepted that soil nonlinearities should be avoided in seismic design by 

providing more than sufficient footing bearing strength. 

Observations of buildings after past major earthquakes e.g. Housner (1963) and Gazetas et 

al. (2003), showed that structures experiencing uplift with limited plastic soil deformation 

performed better than expected. Housner (1963) was probably the first who described an 

observation of uplift effect on the seismic performance of structures. During the Chilean 

Valdivia earthquakes in May 1960, a number of tall and slender structures survived strong 

ground shaking; whereas apparently more stable structures were severely damaged. These 

observations triggered a number of analytical and numerical investigations.  
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In the early stages of studies on structural responses with uplift on a deformable support, 

mainly numerical approaches were used. Yim and Chopra (1984) developed one of the first 

SFSI models using a Winkler foundation. The flexibility and damping of the supporting 

soil were represented by independent spring-damper elements distributed over the width of 

the footing. Psycharis and Jennings (1983) simplify the Winkler foundation model using a 

two-spring foundation model. Psycharis (1991) used the Winkler foundation model to 

conduct a parametric study. The influence of damping ratio, aspect ratio and stiffness ratio 

between the structure and the supporting springs on the structural response was 

investigated. Based on the results obtained from these analytical models (Yim and Chopra, 

1984; Psycharis and Jennings; 1983 and Psycharis 1991), a series of response spectra were 

proposed to determine the seismic response of structures on flexible supporting ground. 

However, in these studies, the nonlinear behaviour of soil under the footing was not 

considered. 

To study the nonlinear structure-footing-soil interaction (SFSI), numerous field and 

laboratory studies have been conducted (e.g. Gajan et al., 2005a; Gajan et al., 2005b; Deng 

et al., 2012; Algie, 2011 and Anastasopoulos, 2012). Centrifuge tests were performed to 

study the nonlinear load-deformation behaviour of a shallow footing with plastic soil 

deformation. In centrifuge tests using concentric vertical and slow cyclic lateral load, 

Gajan el al. (2005a, 2005b) investigated the performance of shallow footings on 

moderately dense sand and saturated clay. It was reported that the moment capacity of soil 

was not reduced alongside the accumulation of soil plastic deformation. However, the 

deformation of the soil under the footing resulted in permanent partial separation of the 

footing from the soil. Deng and Kutter (2012) have extended the centrifuge study to 

consider the footing embedment and variation of safety factors for vertical bearing. They 

concluded that footings, if allowed to uplift, can dissipate the earthquake induced energy. 

A discussion of the trade-off between energy dissipation and re-centering ability of 

footings with allowable uplift was given. Another series of centrifuge tests to study 

nonlinear interaction between soil and structural plastic behaviour were conducted by 

Algie et al. (2011). These experiments involved pseudo-dynamic test on small scale bridge 

models with rigid piers and footings of various sizes. Plastic hinge development in the 

pier-footing connection was permitted. The results showed that as anticipated a relatively 

small bridge footing size could result in larger plastic soil deformations, but with less 

plastic hinge development in the bridge piers. Shake table tests were also performed to 
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reveal the performance of SFSI. Anastasopoulos et al. (2012) has extended the study of 

SFSI using non-uniform soil by considering two different relative densities in the 

supporting soil. The experiment was performed by using cyclic loading. The results 

revealed that a shallow layer of dense sand on top of sand of relatively lower density can 

reduce the residual rotation of the footing.  

Shake table tests on the effects of structural uplift on a multi-storey building were 

performed by Huckelbridge and Clough (1977a, 1977b). They concluded that allowing 

structures to uplift could reduce the structural ductility requirement. Paolucci et al. (2008) 

carried out series of shake table experiments to investigate the contact force of rigid 

structure with shallow footings on sand during earthquake. Load cells were placed at the 

soil-footing interface to measure the contact force. Results show that soil plastic 

deformation can reduce the contact area between soil and footing. This in turn results in 

degradation of the rotation stiffness of the footing and an associated lengthening of the 

system fundamental period. However, the study considered only rigid structure, and 

ignored the dynamics of the superstructure with actual footing-soil systems. Ormeno et al. 

(2014) used shake table test to study the effect of soil support on the seismic induced stress 

in liquid storage tank. The results show that SFSI can cause less maximum compressive 

stresses of the tank shell. 

To the knowledge of the authors, studies of structural response with footing uplift, where 

plastic soil deformation and structural plastic hinge occur simultaneously were performed 

numerically. Current design standards (e.g. NZS 1170.5 (2004a) and Eurocode 8 (1998)), 

mandate special studies to be carried out to estimate the seismic force in a structure, if it is 

designed to uplift. The push-over test is one of the approaches to satisfy this requirement 

(NZS 1170.5, 2004b), although it oversimplifies the interaction between structural, footing, 

and soil response. In this work, shake table experiments and push-over tests were 

performed to study the performance of structures with plastic hinge development, footing 

uplift, and soil plastic deformation. 

2.1 Shake table experiment 

The system considered is shown in Figure 2.1. It consists of a single degree-of-freedom 

(SDOF) structure with a lumped mass m, lateral bending stiffness k and damping c. Two 

support conditions were considered, i.e. an assumed fixed base (Figure 2.1(a)) and a 

surface footing on sand (Figure 2.1(b)). 
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Table 2.1 Masses of structures considered 

 1st floor 2nd floor           f m* 

M1 31.8 t 16.0 t 2.56 Hz 46.5 t 

M2 42.0 t 21.1 t 2.20 Hz 61.4 t 

M3 50.9 t 25.6 t 1.97 Hz 74.4 t 

 

2.1.2 Similitude for model scaling 

Most previous experimental works assumed a rigid structure, and thus scaling of structural 

dynamic properties was not required. In order to perform a shake table test involving SFSI, 

the prototype is scaled by the theory of similarity, which allows the experimental 

measurements of the scaled model to be transferable into parameters that are representative 

of the prototype behaviour. The theory is well documented for a wide range of engineering 

applications. Dimensional analysis is the most common method to achieve similitude 

requirements. The fundamental theorem of dimensional analysis is the Buckingham’s π 

theorem (Buckingham, 1914), which states that if a physical system comprises n physical 

variables and p independent fundamental physical quantities, then the original expression 

is equivalent to an equation of a variable being a function of a set of (n-p) dimensionless 

groups. By matching the corresponding dimensionless variables of the scaled model with 

those of the prototype, the scale factor for each physical variable can be determined. It 

should be noted that the scaling law is only valid for a system with linear behaviour, while 

in this work three nonlinearities were considered. Thus the experimental measurements 

may not be able to precisely replicate the response of the prototype. However, the results 

obtained can still provide a useful indication of the performance of the prototype. 

   The response of the prototype is described only in terms of the horizontal displacement at 

the top of the SDOF system. The simple structural model idealizes the prototype as a 

lumped mass supported by a column with a bending stiffness. To simulate the uplift 

behaviour, the geometry of the prototype and the overturning moment have to be scaled 

correctly. Four relevant physical quantities that capture the characteristic of the structures 

are listed below: 

 mass of the prototype, m 
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 lateral bending stiffness, k 

 geometrical dimensions, l 

 bending moment at the column base, BM 

When using a scaled model to simulate the dynamic response of a structure during an 

earthquake, the excitations also need to be scaled down. In this work, two physical 

quantities that take into account the characteristics of ground excitations were considered: 

 the peak ground acceleration (PGA), a 

 the earthquake duration, t 

The response of the structure subjected to earthquake excitation, can be described by the 

four structural and two earthquake characteristics as mentioned above. The units of these 

quantities consist only of the basic physical dimensions of mass (M), time (T) and length 

(L). Three dimensionless groups were generated. According to Buckingham’s π theorem, 

any variable can be represented by an equation of any three other variables. Equation 2.1 

shows the representation of l using m, k and a: 

 

1 2 3
1 ( , , )a a al f m k a   2.1 

 

where π1 is an arbitrary dimensionless coefficient and a1 to a3 are the powers of the 

corresponding variable. 

Physical dimensions on both sides of Equation 2.1 must be in balance. Geometry l 

represents the dimension of length, a1 to a3 can be determined by examining the 

fundamental unit of Equation 2.1. By calculating the power for each variable, the equation 

can be rewritten as: 

 

1 ma
l

k

 
  2.2 
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While the first dimensionless group (Equation 2.3) can be generated by rearranging 

Equation 2.2, two further dimensionless groups can also be obtained by representing t and 

BM using a, l and m. The other dimensionless groups are shown in Equations 2.4 and 2.5: 

 

1

kl

ma
   2.3 

2

a
t

l
   

2.4 

3

BM

mal
   

2.5 

 

Considering the capacity of the shake table, the scale factors of length and mass were 

predefined as 10 and 7439, respectively. As mentioned, the scaling law is only capable of 

scaling down a system with elastic behaviour. Since structural uplift is a frequency-

dependent geometrical nonlinear phenomenon, scaling the frequency of the structural 

system would introduce an unknown effect on the uplift behaviour. Therefore, time was 

not scaled. After predefining the scale factors for the length, mass and time, the scale factor 

for the remaining physical quantities (acceleration, fundamental frequency and lateral 

stiffness) can be calculated by matching the dimensionless groups (Equations 2.3 to 2.5). 

Table 2.2 summarizes the scale factor for each physical quantity. It should be noted that 

the gravity remains unscaled and this will lead to an over-weighted model which will 

influence the uplift behaviour. To correctly consider the effect of gravity, a part of the 

model mass can be placed externally such that the correct weight can be achieved by the 

remaining mass on the model, while the inertia force activated due to induced horizontal 

accelerations remain correct. The detail of this approach will be discussed in Chapter 5.  

It is impossible to scale all material properties at the same time. Hence, the material 

properties of the steel adopted for the model was the same as that of the steel used in the 

prototype. Three steel SDOF scaled models were constructed according to the scale ratios 

given in Table 2.2. The models had a lumped mass of 6.25 kg, 8.25 kg and 10 kg. For 

convenience, the three models will be denoted as M1, M2 and M3, respectively. A column 

with the same height of 0.425 m and lateral bending stiffness of 1.62 kN/m was used for all 
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models. The length and width of the base plate was also scaled down by the length scale 

ratio, resulting in an area of 0.28 m × 0.28 m. Since the experiments were designed to 

investigate the dynamic responses of models in only one direction, the desired lateral 

bending stiffness of the model was only achieved in the direction of the shake table 

movement. To eliminate any out-of-plane motion of the models, it was constructed to be 

essentially rigid in the out-of-plane direction. 

 

Table 2.2 Properties of the three models M1, M2 and M3 and scale factors 

 M1 M2 M3 Scale factor 

Total mass (kg) 6.25 8.25 10 7439 

Lateral bending 
stiffness (kN/m) 

1.62 1.62 1.62 7439 

Height (m) 0.425 0.425 0.425 10 

Fundamental 
frequency (Hz) 

2.56 2.20 1.97 1 

Acceleration (g) PGA/10 PGA/10 PGA/10 10 

Base area (m2) 0.078 0.078 0.078 100 

 

2.1.3 Ground motions 

The ground excitations simulated were based on the Japanese design spectrum for a hard 

soil condition (Chouw and Hao, 2005 and JSCE, 2000). The design spectrum was 

introduced in 1996 following the Kobe earthquake. During the earthquake, many ground 

accelerations were recorded within a distance of 100 km from the epicentre (close to the tip 

of Awaji Island). The design spectrum was developed by enveloping the response 

spectrum values of the major strong ground motions. Japanese design spectrum was 

selected because they have a distinct dominant frequency range that enables a clear 

interpretation of the results. Ten ground accelerations were simulated stochastically and the 

amplitudes were scaled by the calculated scale factor (Table 2.2). Figures 2.3 and 2.4 show 
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the simulated ground displacements (denoted as load cases 1 to 10) and their response 

spectra, respectively. The dominant frequencies of the excitations range from 1.4 Hz to 3.3 

Hz, which match well with the corresponding scaled Japanese design spectrum (bolted line 

in Figure 2.4). 

 

 

Figure 2.3 Simulated ground displacements 

 

Figure 2.4 Response spectra of scaled excitations and Japanese design spectrum for a hard 

soil condition 

2.1.4 Experimental setup 

In small scale laboratory tests, it is difficult to scale the lateral bending stiffness and elastic 

limit of the prototype at the same time. To simulate the development of plastic deformation 
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bending moment (BM) at the support, and magnitude of the vertical displacement (v) at the 

edges of the footing were measured. The experiments used a linear variable differential 

transformer (LVDT) and a unidirectional accelerometer (± 2 g) to measure horizontal 

displacement and acceleration, respectively. Two portal gauges were attached to record the 

vertical displacement (v) at both edges of the footing. Bending moment was derived from 

strain measured at the column support using a strain gauge fixed to the lower end of the 

column. Figure 2.5(a) shows the experimental setup on a displacement controlled shake 

table. In addition, LVDT and accelerometers were installed at the edge of the shake table 

to record the actual motions of the table. 

2.1.5 Subsoil 

Oven-dried river sand with a unit weight of 15.5 kN/m3, void ratio of 0.68, and specific 

gravity of 2.65, was used in this study. The models were placed free standing on sand 

surface, the sand being contained in a 1.1 m long by 0.45 m wide, rigid container. The sand 

was tested according to NZS 4402 (1986) and a uniformity coefficient of 1.86 was 

determined. Figure 2.6(a) shows the particle size distribution of the sand. A consistent unit 

weight was achieved by raining the sand from a box with a drop height between 400 mm 

and 500 mm (Figure 2.6(b)). A relative density test was performed based on ASTM (2011). 

The test showed that the sand had a maximum and minimum void ratio (e) of 1.68 and 0.58, 

respectively. This results in a relative density Dr of 91%. Based on the relative density, an 

empirical equation may be written for the shear wave velocity as a function of relative 

density, mass density and mean effective confining stress ( ) of the sand (Larkin, 1978): 

 

5.0
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where  is the shear wave velocity of soil and  is the density of the soil. 

The coefficient of earth pressure, Ko, for calculating σ’M is assumed to be 1/3. The equation 

yields a shear wave velocity of 118.3 m/s at a depth of 100 mm. The shear modulus of the 

soil at a depth of 100 mm was found to be 22.07 MPa. Larkin (2008) has identified a depth 

equal to 1/8th  of footing width to be the appropriate depth for a characteristic soil element 
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In order to minimise possible slippage of the sand relative to the box, sandpaper was 

placed at the interface between the sand and the base of the box. Sponges were placed on 

both sides of the box to reduce the boundary effect of the sand box. The setup of the SDOF 

model on sand is displayed in Figure 2.7. 

2.2 Shake table results 

2.2.1 Bending moment in elastic structures on sand 

Figure 2.8 shows the moment-rotation (BM-r) of different models on sand due to load case 

7 (solid line). The footing rotation (r) increases significantly when the bending moment 

(BM) developed in the model reached the moment capacity of the foundation sand. In spite 

of extensive rotational deformations of the footing, the bending moment remained almost 

constant. The maximum bending moments in models M1, M2 and M3 were 5.2 Nm, 6.8 Nm 

and 10.1 Nm, respectively (Table 2.3). 

The difference in the maximum bending moment between models was due to the 

difference in the moment resistance of the foundation sand. The moment resistance of the 

foundation sand is a function of vertical confinement due to structural weight. The heavier 

the mass, the greater the moment resistance will be. Thus, the maximum bending moment 

of M3 was the largest. Consequently, because the moment resistance of the foundation sand 

considering M1 was the lowest, the corresponding residual footing rotation was the largest. 

The vertical dotted line in Figure 2.8 indicates the residual rotation of the footing. The 

moment-rotation development of different models due to other load cases can be found in 

Appendix A. 

The dashed lines in Figure 2.8 show the moment-rotation (BM-r) of the models in push-

over tests. The push-over test was carried out by applying a horizontal load at the top of the 

model. The result shows that push-over test significantly overestimate the maximum 

bending moment in the structure during an earthquake. 

The maximum rotations of M1, M2 and M3 due to load case 7 were 0.28o, 0.39o and 0.36o. 

The bending moment BMmax of M1, M2 and M3 due to push-over test corresponding to 

these rotations were 5.8 Nm, 9.8 Nm and 12.4 Nm. For M2 and M3, push-over test has 

overestimated the bending moment in the models by 44% and 20%, respectively. On the 

other hand, when M1 is considered, the bending moments in M1 during push-over and 

shake table tests are similar (Table 2.3). 
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Table 2.3 Pushover vs shake table tests 

Experiment Maximum result M1 M2 M3 

Shake table test (load case 7) 

BMmax (on sand) (Nm) 5.2 6.8 10.1 

Residual r (on sand) (o) 0.24 0.14 0.06 

BMmax (fixed base) (Nm) 7.6 8.8 11.4 

umax (on sand) (mm) 10.8 16.1 19.4 

umax (fixed base) (mm) 11.8 13.7 16.9 

Push-over test BMmax (Nm) 5.8 9.8 12.4 

 

This is because the push-over test has underestimated the uplift potential of a structure. 

Figure 2.9 shows the relationship between the bending moment (BM) and footing vertical 

displacement (v) at the centre of the footing during the push-over test. For all three models, 

negative footing vertical displacements start to develop when the bending moment in the 

model exceed 3 Nm. This suggests that footing settlement has been initiated. By increasing 

the bending moment in the model, footing negative vertical displacement increases until 

the moment in the model reaches the uplift limit. When the uplift limit is reached, footing 

uplift is initiated and upward movement of footing occurs. The initiation of uplift is 

indicated by “x” in Figures 2.8 and 2.9. The uplift limits for M1, M2, and M3 are 

approximately 7 Nm, 9 Nm, and 12 Nm, respectively. However, during earthquake loading, 

large footing uplift was observed in M2 and M3 prior the bending moment in the models 

reached the uplift limit obtained from push-over test (will be discussed in Figure 2.14). The 

uplift potential of structure cannot be properly estimated by the push-over test. Thus, push-

over test overestimates the bending moment development in structure.  

In the push-over test, although the masses of the models are different, footing settlement 

for all models starts to occur at around 3 Nm. However, the resistance of foundation soil 

against the subsequent footing settlement reduces with the vertical confinement. Therefore, 

the lighter the model, the faster the footing settles. The maximum settlement of footing 
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prior to uplift is 0.12 mm, 0.10 mm and 0.04 mm in the case of M1, M2 and M3, 

respectively (see “x” in Figure 2.9). 

 

Figure 2.8 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 7 
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Figure 2.9 Settlement and uplift of footing during push-over test 

2.2.2 Reduction of bending moment due to SFSI 

Figure 2.10 shows the bending moment time history of the models with fixed base, due to 

load case 7. Compared to the maximum bending moments of the models on sand (Table 

2.3), 33%, 23.3%, and 11% reductions were found in M1, M2, and M3, respectively. It is 

clear that the amount of bending moment reduction due to nonlinear SFSI is directly 

related to the moment resistance of the soil. With a lower soil moment resistance, the 

reduction of bending moment in the structure due to soil plastic deformation increases. 

However, this strong moment reduction is accompanying a greater residual rotation of the 

footing. At the end of the excitation, permanent footing rotations of 0.24o, 0.14o, and 0.06o 

were observed in M1, M2 and M3, respectively (refer to the vertical dotted line in Figure 

2.8 and Table 2.3). 

 

Figure 2.10 Bending moment in the fixed-base models during load case 7 
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Figure 2.11 summarizes the maximum bending moment of models considering different 

supports for all ten load cases. The higher the fundamental frequency of the model, the 

larger the bending moment reductions was observed. On average, the maximum bending 

moments in M1, M2 and M3 with fixed base were 6.9 Nm, 9.3 Nm and 11.7 Nm, 

respectively. When foundation sand was considered, the corresponding maximum bending 

moments reduced to 5.1 Nm, 7.1 Nm and 9.4 Nm. Considering SFSI reduced the 

maximum moment by 26.1%, 23.7% and 19.7%, respectively. 

 

Figure 2.11 Reduction of bending moment due to SFSI 

2.2.3 Displacement of linear structures with SFSI 

Figure 2.12 displays the time histories of the horizontal displacements at the top of the 

elastic models relative to the support (u). The results were measured when load case 7 was 

applied. As shown in Figure 2.1(b), the horizontal displacement of models on sand is the 

sum of the horizontal displacement due to structural deflection and rigid body motion (u = 

ux+uS). The maximum horizontal displacements of the models with different base 

conditions are summarized in Table 2.3. The results show that the maximum displacements 

in M2 and M3 on sand were respectively 16.8% and 41.6% larger than their counterparts 

with a fixed base. On the other hand when M1 (which had the largest bending moment 

reduction due to nonlinear SFSI) is considered, an 8.4% reduction in the maximum 

displacement due to plastic soil deformation and footing uplift is observed. This is because 

when nonlinear SFSI occurs, the maximum deflection of the column reduces. Although 
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footing, the sum of the displacement can be still smaller than the horizontal displacement 

of the structure with fixed base.  

 

 

Figure 2.12 Effect of SFSI on the top horizontal displacement of (a) M1, (b) M2 and (c) M3 

 

The maximum horizontal displacement (umax) of the models due to 10 ground excitations 

considered is presented in Figure 2.13. In the case of M3, the displacement increases due to 
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Considering M1 and M2, over half of the respective load cases show that the maximum 

displacements considering sand support are smaller than those with fixed base. As 

discussed in Section 2.2.1, nonlinear SFSI can reduce the earthquake induced bending 

moment in the structure. The reduction of bending moment means less horizontal 

displacement resulting from column deflection (uS in Figure 2.1(b)). On average, the 

resulting displacement (ux+uS) of M1 on sand (10.4 mm) is similar to that of the model with 

a fixed base (10.6 mm). Similar observation is also made for M2, i.e. the average 

displacements at the top of the model were 14.4 mm and 14.6 mm for fixed base and soil 

support, respectively. 

 

 

Figure 2.13 Effect of SFSI on the maximum horizontal displacement of the elastic models 

Figures 2.14(a)-(c) show the rotation-vertical displacement relationship (r-v) of the footing 

on sand for all models due to load case 7. The r-v relationship of the models due to other 

load cases can be found in Appendix A. The rotation (r) at the centre of the footing was 

calculated by considering the geometry of the displaced structure.  
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Figure 2.14 r-v relationship of elastic (a) M1, (b) M2, and (c) M3, and (d) the development 

of interaction of footing rotation and footing vertical displacement in the time window 

between 6 s and 9 s 

Figure 2.14(d) shows the r-v relationship of M3 within the time window of 6 s to 9 s. While 

path 1 shows a loading path with increasing r, path 2 shows the unloading path with 

decreasing r. Since the plastic soil deformation has already taken place during path 1, at 

the end of path 2, a 0.12o rotation and 0.55 mm settlement was observed (denoted by the 

open circle). Path 3 shows the loading path after the settlement took place. The footing 

uplifted from 0.55 mm to the 0.41 mm (denoted by the solid dot), which is 0.14 mm above 

the previously attained soil settlement level of 0.55 mm. As anticipated, vertical footing 

displacement increases with the rocking motion of the structure. Similar observations were 

also found along paths 4 and 5.  

In the case of M1, footing settlement accumulated with footing rotation, with no substantial 

uplift during excitation (Figure 2.14(a)). Therefore, the maximum horizontal displacement 

of the model on sand was smaller than that of the model with a fixed base (Table 2.3). It is 

shown that M2 and M3 experience more frequent and stronger uplift than M1. The 

maximum displacements in these models are therefore more likely to increase during 

earthquakes. 
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Figure 2.15 summarises the maximum horizontal displacements (umax) and bending 

moments (BMmax) in the models with different support conditions. The ratio between the 

top displacement and bending moment at the column support can be used to obtain the 

lateral stiffness of the system. For a fixed base condition, Equation 2.7 shows a function 

obtained from linear data fitting (indicated by the dotted line). As expected, the force-

displacement plot of linear models with a fixed base forms a straight line. By 

differentiating the equation, the derived gradients indicate the change of deflection with 

respect to the bending moment. The lateral bending stiffness of the system with a fixed-

base and sand support is calculated with Equation 2.8. It should be noted that the lateral 

bending stiffness obtained confirms the lateral bending stiffness of the model (Table 2.2). 

A similar procedure was applied to the data obtained from the experiments on the models 

on sand (solid line in Figure 2.15). Equation 2.9 is obtained using linear data fitting. As 

shown in Equation 2.10, SFSI reduces the lateral stiffness of the system by 33%. The 

fundamental frequency of the soil-footing-structure system is 18.4% smaller than that of 

the structure with an assumed fixed base. This reduction can be used to estimate the impact 

of earthquake on a structure-footing-soil system. 

  

Figure 2.15 Moment-deflection relationship of different elastic models. 
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2.2.4 Influence of nonlinear soil, footing uplift and plastic hinge development 

To incorporate the effect of plastic hinge development the bolt pressures applied to the 

artificial hinge of the models were reduced. Figure 2.16 shows the bending moment-

displacement relationship for the three models with an assumed fixed base. It can be seen 

that when M1 was considered, the hinge rotational slippage started to develop when the 

horizontal relative displacement (u) reached 5.1 mm, corresponding to approximately 1.1% 

drift (drift = u/h). When M2 and M3 were considered, because of the larger moment 

capacity in the hinge, rotational slippage started to occur at approximately 2.4% drift 

(Figures 2.16(b) and (c)). 

Although in the elastic condition, the top displacement of M3 with an assumed fixed base 

was the largest among the three models (Figure 2.13), the residual displacement due to 

plastic hinge in M2 was larger. The residual displacements in M2 and M3 were 15.8 mm 

(3.7% drift) and 9.3 mm (2.2% drift), respectively. The models experienced plastic 

deformation in both (+/-) horizontal directions (see e.g. Figure 2.16(c)). This can result in a 

smaller residual horizontal displacement. 
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Figure 2.16 BM-displacement relationship of fixed base (a) M1, (b) M2 and (c) M3 due to 

load case 7. 
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Figure 2.17 shows the time histories of horizontal displacement (u) at the top of the three 

models due to load case 7. The experimental data revealed that the residual displacement in 

the models on sand were smaller than that of the models with an assumed fixed-base. 

While the fixed-base M1, M2 and M3 models had residual displacements of 15.8 mm, 17.1 

mm, and 9.3 mm, the corresponding displacements of those models on sand reduced to 

9.96, 0.54 and 0.04 mm, respectively. In addition, the residual displacements in M2 and M3 

on sand were entirely due to the residual rotation of the footing, with no plastic hinge 

development. 

 

Figure 2.17 Effect of nonlinear SFSI on the development of top residual displacement of 

models (a) M1, (b) M2 and (c) M3 
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Figure 2.18 summarizes the residual displacements of the three models due to all load 

cases. The results show that a reduction of plastic hinge development in the structure could 

be achieved when plastic deformations in the foundation soil are permitted. The average 

residual displacements observed in models with fixed base are 22.7 mm, 17.8 mm, and 

20.2 mm for M1, M2 and M3, respectively. When nonlinear SFSI was permitted, the 

corresponding permanent displacements in models, on average, are 17.4 mm, 3.2 mm and 

9.1 mm. For some of the load cases, plastic hinge development in the models was 

completely eliminated due to plastic deformation of the soil. However, a residual 

displacement can still be observed due to the permanent footing rotation as a result of 

plastic soil deformation. The residual horizontal displacement at the top of the model with 

nonlinear SFSI can be smaller than that of the model with a fixed base (see Figure 2.18). 

This means that the potential of structural collapse due to plastic hinge development in an 

earthquake can be minimized. 

 

Figure 2.18 Residual horizontal displacement at top of models due to plastic soil 

deformation 

Figure 2.19 summarizes the residual rotation of footing on sand with and without plastic 

hinge development in the structure. When plastic hinge develops, it interacts with the 

footing rotation and soil nonlinearity. The residual rotation of the footing can be reduced. 

While the average residual rotations in elastic M1, M2 and M3, are 0.09o, 0.09o and 0.13o 

respectively, the corresponding rotation for those with plastic hinges are 0.02o, 0.04o and 

0.10o. The results show that plastic deformations in a structure could still be initiated, even 

in the case of plastic soil deformation. However, the interaction between structural and soil 

nonlinearity dissipates the earthquake induced energy in the structure-footing-soil system. 
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Therefore, less plastic hinge development and permanent rotation will be developed in the 

structure and footing. 

 

Figure 2.19 Consequence of structural plastic hinge development for residual rotation of 

footing 

2.3 Conclusions 

The simultaneous effects of nonlinear soil, plastic hinge development, and uplift, on 

structural response were investigated. A total of 120 shake table tests was conducted on 

models with: (1) footing uplift on sand, (2) plastic hinge development at the column base, 

and (3) plastic deformation of the foundation soil. An SDOF model was used to represent a 

prototype of a two-storey building with three different fundamental frequencies. Structural 

ductile behaviour was modelled by implementing an artificial plastic hinge at the column-

footing connection. The effects of plastic soil deformation were simulated using a sand box 

fixed to a shake table. Ten simulated ground excitations based on the Japanese design 

spectrum for hard soil condition were used in the shake table experiments. A push-over test 

was also carried out to estimate the bending moment in the models. 

From the experiments, it was found that: 

1. The push-over test underestimates the uplift potential of a structure and thus 

overestimates the bending moment in an upliftable structure with soil nonlinearity. 

However, if footing uplift is insignificant, i.e. in the case of a light structure, the push-

over test can predict the bending moment in a structure with SFSI.  
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2. The lighter the structure, i.e. the soil is less confined, the more likely soil plastic 

deformation can take place, which will lead to a large reduction of bending moment in 

the structure. 

3. The reduction of the bending moment in the structure means a reduction of horizontal 

displacement of structure due to column deflection. The horizontal displacement at the 

top of the structure with SFSI can be smaller than that of equivalent structure with a 

fixed base. 

4. SFSI induced plastic soil deformation dissipated part of the earthquake energy and thus 

reduced the maximum bending moment in the structure. However, at the end of the 

excitation, residual structural displacement may occur. 

5. The artificial plastic hinge used in the models can effectively model the permanent 

rotation in a structure due to plastic hinge development. It was found that plastic soil 

deformation impedes the initiation of plastic hinge development in the structure due to 

activated rigid body motion. 

6. The interaction between soil and structural plastic deformation can reduce the residual 

footing rotation. 

7. In all load cases considered, none of the models overturned. 
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Chapter 3 Construction of a laminar box for studying SFSI 

Construction of a laminar box for 

studying SFSI 

To experimentally study the dynamic behaviour of soil using a large volume soil specimen, 

a suitable method of containing the soil is required. Two types of container are commonly 

used, i.e. a rigid container and a shear box known as laminar box. A laminar box is the 

preferred option for most geotechnical earthquake engineering investigations. It is a 

flexible soil container. The ability to allow shear deformation during shaking, while at the 

same time to provide sufficient means of confinement, is a more realistic representation of 

the free-field boundary conditions of soil.  

The design requirement of a laminar box has been discussed by many researchers 

(Bhattacharya et al., 2012; Huang et al., 2006; Wu et al., 2002; Matsuda and Goto, 1988; 

Pitilakis et al., 2004 and Prasad et al., 2004). Bhattacharya et al. (2012) summarized the 

need of a laminar box for a shake table test. Huang et al. (2006) and Wu et al. (2002) 

evaluated the confinement effect of a laminar box on a soil specimen. It was concluded that 

the confinement provided by the laminar frame was effective in terms of simulating the 

soil confinement. Prasad et al. (2004) extended the study by performing further 

investigations on the influences of the laminar box. The activated inertia force of the 

laminar frame; the friction between laminar frames; and the effects of the waterproofing 

membrane were considered. It was concluded that all the aforementioned boundary effects 

had a negligible influence on the movement of the soil.  

A number of studies have been conducted using laminar boxes to explore soil behaviour in 

earthquakes (Chen et al., 2010; Cubrinovski et al., 2006; Matsuda and Goto, 1988; Ueng et 

al., 2006; Krishna and Latha, 2007; Paolucci et al., 2008; Pamuk et al., 2007 and Ueng et 

al., 2010). Matsuda and Goto (1988) developed a lumped mass model to simulate the 

response of dry sand subjected to earthquake motion. The model was developed based on 

the findings from a shake table test with a laminar box. Ueng et al. (2006, 2010) used a bi-

directional laminar box to determine the magnitude of sand settlement during earthquake 

motion. Using the experimental results, they developed mathematical correlations to 
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predict the magnitude of sand settlement for both dry and liquefied sand. Krishna and 

Latha (2007) also adopted a small scale laminar box to investigate the seismic response of 

a soil retaining wall in relation to the relative density of the backfill. Laminar boxes have 

also been developed to simulate the interaction of soil and structural seismic response. 

Paolucci et al. (2008) conducted a large scale shake table test using a laminar box to 

validate the parameters for a numerical model of SFSI. A laminar box was also used to 

simulate the interaction between soil and an underground structure. Chen et al. (2010) used 

multiple laminar boxes to simulate the response of a utility tunnel under non-uniform 

earthquake excitation. Cubrinovski et al. (2006) performed a series of laminar box 

experiments to examine the response of piles under liquefaction induced lateral spreading. 

The effect of lateral spreading on pile foundations was also studied by Pamuk et al. (2007) 

using a laminar box.  

Recently, a number of experimental studies in geotechnical engineering have been 

conducted using a transparent rigid sand box that allows the direct observation of soil 

behaviour during an earthquake. Anastasopoulos et al. (2007) conducted a centrifuge 

experiment to simulate the behaviour of fault rupture propagation through soil. To monitor 

the behaviour of soil during the development of reverse and normal faulting, the walls of 

the sand container were made by perspex glass. The response of soil was obtained using a 

digital camera. Anastasopoulos et al. (2010) investigated the seismic performance of a bar-

mat reinforced soil retaining wall using a relatively small scale sand box that was also 

transparent. In this instance, the advantage of using a transparent box was well illustrated. 

A similar experimental study has been performed by Sabermahani et al. (2009) to 

investigate the deformed shape of a retaining wall with reinforced soil. The effect of 

reinforcement length, spacing and stiffness on the seismic response of the retaining wall 

was studied. Qin et al. (2013a) conducted a shake table experiment to simulate the 

interaction of a structural plastic hinge and soil plastic deformation. In their study, a rigid 

box with transparent walls on the transverse direction was used.  

Although it is known that a rigid transparent box cannot simulate the boundary condition 

of soil accurately, it nevertheless allows observation on the soil response rather than 

relying on instrumentation. On the other hand, laminar frames are constructed using metal 

members. Confining the specimen directly using the laminar frame will block the 

visualisation of soil within the box. A trade-off must be made between using a transparent 

rigid box and a laminar box. 
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In this study, a laminar box was designed and constructed that has transparency in the 

transverse direction. The confinement of soil in the transverse direction did not rely on the 

laminar frame. An acrylic glass wall was installed to achieve the transparency of a 

specimen. To evaluate the capability of the laminar box in simulating a realistic soil 

boundary condition, a shake table test was performed. The response of soil with three 

different configurations was studied. First of all, the response of sand with free-field 

conditions was considered. Secondly, a rigid structure was placed on the sand surface. 

Lastly, the rigid structure was replaced by a flexible SDOF structure. To enable a 

comparison of the results the total weight and the footing size of the rigid structure and 

those of the SDOF structure were kept the same. 

3.1 Design requirement of soil container 

The design of a soil container should be carried out in such a way that it can replicate as 

close as possible the stress-strain condition of an infinite lateral extent of soil profile. This 

is commonly achieved by using a laminar box. The principle use of a laminar box is to 

minimize the lateral stiffness of the container in order to ensure that the soil governs the 

response of the soil-box system. The soil in the laminar box can thus be excited by base 

excitations to simulate the dynamic response of soil during e.g. earthquake. An ideal 

laminar box should possess the following criteria (e.g. Bhattacharya et al., 2012): 

1) Be able to simulate the correct free-field boundary conditions of the soil by providing 

sufficient confinement while being flexible to allow for shear deformation. 

2) The laminar frame should be relatively light compared to the soil so that the inertia 

force of the frame activated during shaking will not affect the movement of the soil. 

3) The laminar frames movement without soil should be free from friction.  

4) The soil specimen in the box should be relatively large in size to provide a better 

representation of the soil in free-field. 

The common design of a laminar box consists of a stack of laminar frames supported by 

bearings (e.g. Huang et al., 2006; Wu et al., 2002; Matsuda and Goto, 1988; Pitilakis et al., 

2004; Prasad et al., 2004; Ueng et al, 2006 and Paolucci et al., 2008). The laminar frames 

are commonly constructed out of four rigid beams, or alternatively a circular ring. This 
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2004). Consequently, aluminium sections were used due to its relatively small mass while 

at the same time possessing sufficient stiffness to confine the soil specimen. 

3.2.1 Laminar frame 

The laminar box consists of 12 rectangular laminar frames. Figure 3.2 shows the sketch of 

the top view of the laminar frame. Conventional laminar boxes are designed and 

constructed using a single rectangular or circular frame only (e.g. Huang et al., 2006; Wu 

et al., 2002; Matsuda and Goto, 1988; Pitilakis et al., 2004; Prasad et al., 2004; Ueng et al, 

2006 and Paolucci et al., 2008). The laminar frame in this study combined the rectangular 

frame with two ‘double T’ frames (circled in Figure 3.2). The soil pressure in the 

excitation direction will act on the flange of the ‘double T’ frames and be transferred to the 

outer rectangular frame though the webs. To enclose the sides of the soil specimen, a sheet 

of acrylic glass was placed on each side of the ‘double T’ frame. The advantage is that the 

soil pressure in the transverse direction is not carried by the outer rectangular frame but by 

the two glass walls. The glass walls enable the specimen in the longitudinal direction to be 

viewed during an experiment. Transverse rods were perpendicularly passed through the 

glass walls, at both the top and the bottom, and secured with nuts (see Figure 3.3(b)). The 

location of the acrylic glass panels are shown in Figure 3.2. To avoid friction between the 

double T frame and the acrylic glass, a gap of approximately 1 mm was allowed. The gap 

was covered by a flexible membrane (presented later in the discussion of Figure 3.3). The 

spacing between the end of the acrylic glass and the rectangular frame of the laminar is 70 

mm (as shown in Figure 3.2). This gap limits the maximum lateral displacement of the top 

laminar layer. This design is a simpler way to control the maximum lateral displacement of 

the box compared to what is utilised in many other designs. 

All members of the laminar frame were sized so that the maximum deflection under soil 

pressure was less than 0.1 mm. The soil pressure was calculated using dynamic passive 

pressure using the Mononobe-Okabe equation (Mononobe and Matsuo, 1929; Matsuo and 

Ohara, 1960 and Lambe and Whitman, 1969). To avoid welding the aluminium 

components, the web and flange of the double T frame were post-tensioned to the outer 

rectangular frame using a threaded rod. It was found that this method can effectively 

connect the components while significantly reducing the cost. 
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Figure 3.2 Top view of the laminar frame 

Each laminar frame was stacked, one on top of the other and supported by 12 ball bearings 

to minimise the friction between the laminar frames. The ball bearings were located 

beneath the four webs of the double T frame and the corners of the outer rectangular frame 

(Figure 3.3(a)). The gaps between the laminar were enclosed by a Butynol membrane. 

During shaking, the membrane must be able to deform such that the laminar can move 

freely, and hence the membrane was folded and then attached to the laminar as shown in 

Figure 3.3. This configuration allows the laminar to move horizontally by utilizing the 

folding arrangement, while at the same time enclose any gaps between laminar layers. To 

provide a water-tight connection between the Butynol and the acrylic glass, a thin 

stretchable rubber membrane was used. The tensile stiffness of the rubber is much lower 

than that of the Butynol. This allows the rubber to stretch during shaking, but at the same 

time provides a barrier to prevent water and soil particles leaking from the box. 
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Table 3.1 Soil parameters 

Parameters Scale factor Value Unit 

Density ρ 1504 kg/m3 

Unite weight ϒ 14.7 kN/m3 

Specific gravity of solid Gs 2.67 
 

Void ratio e 0.78 
 

Minimum void ratio emin 0.60 
 

Maximum void ratio emax 0.93 
 

Relative density Dr 46.7 % 

 

3.2.3 Compliance of the laminar box 

One of the major effects of a laminar box on the response of the sand specimen is the 

development of friction between the sand and the box structure. This friction between the 

sand grain and the confining box component can impede the soil movement during 

excitation. For this laminar box, the main source of this impediment is the friction between 

the acrylic glass and the sand. During shaking, the relative movement between the sand 

and the acrylic glass will cause energy loss through friction.  

A push-over test was conducted on the sand-filled laminar box to quantify the box 

impediment to soil movement due to friction. Figure 3.5(a) shows the test setup. A 

horizontal force was applied to a thick timber member via a load cell. The timber was 

included to ensure a uniform shear state in the laminar frames.  
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suggests that the resistance due to the friction at the soil and glass wall interface is 0.35 

kPa. As will be provided in Section 3.3.1, the lowest peak ground acceleration (PGA) of 

the considered excitations is 0.75 g. The shear stress caused by a pseudo-static acceleration 

of this PGA is 4.8 kPa. The shear stress due to the friction between the sand and the box 

structure is less than 10% of the applied shear stress. The box impediment to the soil can 

be assumed as insignificant. 

3.3 Shake table experiments 

In this study, two sets of shake table experiments were conducted. The first set was 

conducted on sand with a free-field condition, to assess the capability of the laminar box in 

simulating the dynamic response of soil. In the second set of the experiments, the response 

of soil with SFSI was considered. Scale model structures based on the Buckingham π 

theorem (Buckingham, 1914) were placed on the sand surface. The detail of the 

experiment will be discussed in detail in Section 3.5. 

3.3.1 Ground excitation 

The excitations utilized were ground accelerations simulated based on of the Japanese 

Design Spectrum (JDS) (JSCE, 2000) for a hard soil condition. The JDS was adopted due 

to their clearly defined frequency content (Chouw and Hao, 2005). To comply with the 

scaling of the structure that is used later, the ground excitations were divided by the 

acceleration and time scale factors obtained from the Buckingham π theorem (Buckingham, 

1914). The scaled ground excitations are denoted as Load case 1-3 herein. The 

corresponding PGAs are 0.75, 0.78 and 0.79 g. Figure 3.6(a) shows the acceleration time 

histories, and Figure 3.6(b) shows the response spectra deduced from the three excitations 

using a 5% damping ratio. 
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Figure 3.6 Excitation (a) time history and (b) response spectrum  
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Figure 3.9 Acceleration measured in three directions using smart particle 

 

3.4 Free-field soil response 

3.4.1 Performance of the laminar box 

Figure 3.10 shows the acceleration at different locations of the sand surface (A0 and A3), 

due to Load case 2, where the solid line corresponds to A0 (at the centre of the surface) and 

the dashed line corresponds to A3 (300 mm away from the centre). The two lines are 

almost identical, suggesting that the response of sand at different locations on a horizontal 

plane were almost the same. This indicates that the central region (within ±300 mm away 

from the centre) of soil can move homogenously during shaking. The influence of the 

laminar box on the response of soil in this domain is minimal. A similar observation can be 

made in the other two load cases. 
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Figure 3.10 Similar accelerations at the central region of the soil surface (Load case 2) 

Figure 3.11 shows the acceleration of the sand surface (A3) and that at the base of the box 

(A6) during the Load case 2. The surface acceleration is significantly smaller than that at 

the base of the box. Since the box impediment of the soil movement is minimal, the 

alteration of the soil movement can be attributed to the material damping of the sand. The 

reduction of acceleration amplitude illustrates that there was a level of energy being 

dissipated as shear wave propagated through dry sand, revealing that significant damping 

occurred in the sand during the passage of the wave. 

 

Figure 3.11 Acceleration at the laminar box base and the sand surface due to load case 2 (a) 

time history and (b) in the time window of 3.5 s to 3.8 s 
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3.4.2 Response of soil with free-field condition 

The amplitude of the high frequency component of the excitation was reduced due to soil 

material damping. This can be clearly observed in Figure 3.11(b) in the time window 

between 3.5 s to 3.8 s. It was also found that there was a phase shift between the 

acceleration at the surface of the soil and shake table.  

The accelerometers located on the surface (A3), at 150 mm (A4) and 300 mm (A5) depths 

due to load case 2 were compared. As shown in Figure 3.12(a), the acceleration at the 

surface of the soil (dotted line) was significantly larger than that at 150 mm depth of soil 

(solid line). The maximum acceleration at the surface of the soil was 0.6 g, while the 

acceleration at depths of 150 mm and 300 mm were respectively 0.46 g and 0.47 g. 

Although the maximum accelerations of A4 and A5 were similar to each other, the 

acceleration at 150 mm depth was often greater than that at a depth of 300 mm (Figure 

3.12(b)). The results in Figures 3.11 and 3.12 indicate that compared to the acceleration at 

the base of the box, the sand accelerations were smaller. However, the sand accelerations 

increased with the decreasing depth location. 

 

Figure 3.12 Acceleration (a) on the surface and at150 mm depth and (b) at 150 mm and 

300 mm depth due to Load case 2 
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Figure 3.13 shows the displacement (u) of sand at different depths. These displacements 

were obtained by the horizontal relative displacements between different depths of the soil 

and the shake table. On the surface of the soil (dashed line), the maximum relative 

displacement was 12.4 mm, equivalent to a shear strain of 2%. The residual relative 

displacement was 2.7 mm. The relative displacement highlights the advantage of utilising a 

laminar box in shake table testing. The ability to perform shear deformation in the soil 

specimen results in a more realistic free-field response of soil. The relative displacement 

achieved in the experiment, illustrates the excellent performance of this laminar box, with 

the capability to simulate the boundary conditions of free-field soil. 

 

 

Figure 3.13 Displacement of the laminar frame corresponds to different depths of the soil 

due to Load case 2 

 

It is also found that the displacement of soil varied with depth. The maximum and residual 

horizontal displacements of sand at depth of 150 mm were 10.5 mm and 1.2 mm, 

respectively. These displacements were smaller than that found on the soil surface. 

However, at 150 mm depth, the maximum and residual displacements took place in the 

opposite direction to those at the soil surface. The results show that the response of box-

soil system is driven by response of the soil but not the laminar box itself. 
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of the rigid structure were the same as those of the SDOF structure (see Figure 3.14). This 

ensured the effect of the weight imposed onto the soil due to different structures were the 

same.  

3.5.1 Prototype and model scaling 

The prototype considered was a four-storey building. The plan dimensions were 7 m by 7 

m. The inter-storey height was 3.15 m with a total building height of 12.6 m. The structural 

elements were designed according to New Zealand design standards (NZS 1170.5, 2004a). 

The building comprises of 170 mm concrete floor slabs, supported by 410UB54 steel 

beams. The columns were 310UC118, and these extended along the entire height of the 

building. A shallow footing with a mass of 29 tonnes was adopted. The footing was 

assumed to be rigid. The seismic mass was determined to be 29 tonnes for each floor and 

25 tonnes for the roof. The fundamental period of the structure was 0.63 s. For simplicity 

the influence of higher modes is not considered. This was achieved by representing the 

prototype with an equivalent SDOF system. The effective height of the SDOF system is 

8.9 m and the effective mass was 92 tonnes, representing 80% of the total mass of the 

prototype. The footing mass between the actual prototype and the equivalent SDOF system 

was kept the same.  

To comply with the shake table constraints, the SDOF system and the applied earthquake 

excitations were scaled down. To enable the measurements to reflect the prototype 

response, the scaling was needed by performing a dimensionless analysis. According to the 

Buckingham’s π theorem (Buckingham, 1914), any system consists of n number of 

physical variables and p number of physical quantities that can be expressed as a set of 

dimensionless group, π. In this study, the SDOF system can be characterised by three 

physical variables: mass of the prototype (m), geometrical dimensions (l), and lateral 

stiffness (k). In addition, the earthquake excitation can be characterised by another two 

physical variables: peak ground acceleration (a) and earthquake duration (t). The physical 

quantities in these variables are: mass (M), length (L) and time (T). This yields a total of 

five physical variables (n = 5) and three physical quantities (p = 3) in the system. The 

dimensionless groups, π, result from the dimensional analysis are presented in (Qin et al., 

2013a). 

After considering the dimension and capacity of the shake table, the scale factor for l of 15 

and m of 4800 were predefined. The time (t) was scaled by a factor of 2. Hence, the 
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frequency of the constructed model will be two times that of the fundamental frequency of 

the prototype. The remaining scale factor for k and a was then determined by adapting the 

dimensionless group proposed in (Qin et al., 2013a). The scale factors for each variable are 

presented in Table 3.2. Note that gravity was not scaled at this stage of the work. The 

effect of gravity on the response of structure can be correctly incorporated by placing a 

part of the model mass outside the model structure. The correct weight can thus be 

achieved by the remaining mass on the structure, while the inertia force activated due to 

induced horizontal accelerations remain correct. This approach had been incorporated in 

this work and will be discussed in Chapters 5 and 6. 

 

Table 3.2 Scale factors for different model properties 

Parameters Scale factor SDOF structure 

Mass (kg) 4800 19.2 

Height (m) 15 0.59 

Lateral stiffness (kN/m) 1200 7.3 

Acceleration (g) 3.75 PGA/3.75 

Earthquake duration (s) 2 10 

Frequency (Hz) 0.5 3.2 

 

 

The fundamental frequency of the SDOF structure was 3.2 Hz. A steel section was utilized 

to form the main supporting column. The thickness of the section was selected such that 

the fundamental frequency of the SDOF structure can be achieved. Note that the out-of-

plane stiffness of the column was defined to be rigid, because this study only focuses on 

the unidirectional shaking in the in-plane direction. The mass of this column was assumed 

negligible. The footing size was obtained by scaling down the footing dimension of the 
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prototype, and this resulted in a plan dimension of 475 mm by 475 mm. Sand paper was 

attached to the bottom side of the footing to prevent sliding during shaking.  

Another structure i.e. the rigid structure, with the same mass of the SDOF structure was 

also considered. The footing of the rigid structure was identical to that of the SDOF 

structure. This mass was achieved by attaching a piece of steel rigid block on the footing 

(Figure 3.14(b)). The height of the centre of mass of the rigid structure (50 mm) was 

significantly lower than the height of the SDOF structure (590 mm). The rocking response 

of rigid structure can be neglected. 

3.5.2 Experimental setup 

The setups of considered structures on sand are shown in Figure 3.14. When considering 

the SDOF structure (Figure 3.14(a)), two accelerometers, denoted as AS and AF, were 

attached at the top mass and the footing of the structure, respectively. When the rigid 

structure was considered, one accelerometer (AFOU) was attached to the footing of the 

structure (Figure 3.14(b)). 
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acceleration on the soil surface became smaller. The maximum acceleration at the soil 

surface with free-field condition was 0.61 g. With SFSI, i.e. considering the rigid structure 

and the SDOF structure, the corresponding maximum accelerations was 0.58 g and 0.52 g, 

respectively. 

 

Figure 3.15 SFSI due to (a) the rigid structure and (b) the SDOF structure, reduces the 

maximum acceleration at the soil surface 

Figure 3.16 shows the response spectra of the accelerations obtained on the soil surface 

(A3), with and without structures. The response spectra were calculated using a 5% 

damping ratio. In the case of free-field soil and a rigid structure, the spectrum accelerations 

at the soil surface were similar. However, when the SDOF structure was considered, the 

spectrum value was smaller.  

The slight variation of the frequency content of the ground excitation caused unequal SFSI 

which resulted in a variation of the reduction. Among the three excitations, considering 

Load case 2 gave the largest reduction. The reduction was most apparent between the 

periods of 0.18 s to almost 1 s When Load case 3 was considered, the reduction was 

observed between the period of 0.21 s and 0.38 s. In comparison, when Load case 1 was 
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considered, this reduction was relatively small. It is logical to infer that SFSI will affect the 

response of surrounding soil. 

 

Figure 3.16 Response spectra at the soil surface due to Load case (a) 1, (b) 2 and (c) 3 

Figure 3.17 shows the time history of the horizontal acceleration at the top of the SDOF 

structure due to excitations considered. The response of the structure due to Load case 2 

was the largest. The results confirmed that the stronger the response of the structure, the 

larger the reduction of the spectrum acceleration at the surface of the surrounding soil (see 
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Figure 3.16). The results show that SFSI can affect the response of surrounding soil. In 

case of closely adjacent structures, structure-soil-adjacent structure interaction is very 

likely to occur. 

 

Figure 3.17 Acceleration at the top of the SDOF structure 

 

3.5.4 Effect of SFSI on the soil displacement 

Figures 3.18(a) and (b) reveal the effect of SFSI on the horizontal relative displacement of 

soil surface at the location A3 due to the rigid and the SDOF structure, respectively. The 

horizontal displacement of soil surface with free-field and the rigid structure was very 

similar. When the SDOF structure was considered, the horizontal displacement of soil 

became larger. The maximum horizontal displacement of soil surface with free-field and a 

SDOF structure was 12.4 mm and 12.9 mm, respectively. At the end of the excitation, the 

residual horizontal displacement of the soil surface with free-field and a rigid structure 

were both approximately 2.7 mm. In contrast, the residual displacement of the soil surface 

with SFSI was 6.6 mm (Figure 3.18(b)). 
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Figure 3.18 Effect of SFSI on the soil displacement  

Figure 3.19 plots the maximum horizontal displacement (umax) against the residual 

displacement of the soil surface for different experiments. For all cases, i.e. with and 

without structures, the residual displacement of soil increased with the maximum 

horizontal displacement. The maximum and residual displacements of the soil surface with 

the rigid structure were always similar to that on the free-field soil surface. On the other 

hand, when the SDOF structure was considered, the maximum displacement of the soil 

surface can become larger or smaller although the excitations for different load cases were 

simulated based on the same response spectrum (Figure 3.6(b)). When Load case 1 was 

applied, the maximum displacement at the surface of soil with SFSI, was similar to that of 

the free-field condition. However, this was not the case when the other two load cases were 

considered. Compared to the maximum displacement of the soil surface with free-field 

condition and a rigid structure, the maximum displacement with the SDOF structure 

became larger and smaller in the case of Load cases 2 and 3, respectively. The residual 

displacement of soil surface was also affected by the response of the SDOF structure. For 

Load case 1, the residual displacement of soil with the SDOF structure was similar to the 
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surface with SDOF structure were larger and smaller than those of free-field soil, 

respectively. 

 

 

Figure 3.19 Acceleration at the surface of soil with and without a structure  

3.5.5 Acceleration in the structures 

Figure 3.20 compares the accelerations on the footing of the SDOF structure and that at the 

centre of the free-field soil surface. It can be seen that the acceleration at the footing is 

smaller than that at the free-field. Also, high frequency acceleration is evidenced at the 

footing of the structure. This high frequency acceleration can be attributed to the 

interaction between the soil, footing and the top mass. As observed during the experiments, 

partial footing of the SDOF structure separated from the supporting soil, i.e. footing uplift. 

The horizontal vibration frequency of the structure-footing-soil system during uplift 

increased. The high frequency vibration of the structure can also be observed in the time 

history of the horizontal acceleration at the top of the structure (Figure 3.17). Because the 

uplift induced high frequency vibration in the structure-footing system, the frequency of 

footing acceleration during uplift also increased (Figures 3.20(b) and (c)).  
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Figure 3.20 Accelerations on the soil surface and at the structural footing due to load case 

2: (a) time history and (b) and (c) at different time windows  

Figure 3.21 shows the response spectra of accelerations at A0, AFOU and AF locations. The 

dashed and solid lines represent the spectrum acceleration at the footing of the rigid and 

the SDOF structure, respectively. The dotted line shows the spectrum acceleration at the 

centre of the free-field soil surface. All spectra were calculated using a 5% damping ratio.  
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Figure 3.21 Response spectra of acceleration on the soil surface and at the footing of rigid 

and SDOF structures due to (a) Excitation 1, (b) Excitation 2 and (c) Excitation 3  

For all excitations, the response spectra of the accelerations on the footing of the rigid 

structure and free-field soil surface were similar. The spectrum accelerations at the footing 

of the SDOF structure were smaller than that at the free-field soil surface. Considering the 

SDOF structure, the spectrum values were generally the lowest. Especially at the region 

between 0.18 s and 0.6 s, the spectrum values at the footing of the SDOF were 

significantly lower than those of the other two cases. It should be noted that the fixed base 
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fundamental period of the considered structure is 0.32 s. It is logical to infer that the 

reduction of spectrum values is associated with the dynamic properties of the structure.  

At the location of the fundamental period of the structure, the spectrum values of the free-

field soil condition are 1.84 g, 1.82 g and 1.96 g in the case of load case 1 to 3, respectively. 

For accelerations at the footing of the SDOF structure, the corresponding spectrum values 

are 1.50 g, 1.39 g and 1.50 g. The difference between the spectrum values obtained using 

surface acceleration of free-field soil and footing acceleration of structure shows the 

necessity of incorporating SFSI in the analysis of seismic response of the structure. In 

current seismic design, response of free-field soil is normally used as the excitation of the 

structure. The result obtained in this study indicates that free-field ground motion cannot 

appropriately represent the actual excitation of structure. 

3.6 Conclusions 

The design and construction of a laminar box is presented. The advantage of the proposed 

design is that it allows visualization of the sub-surface soil as it is being excited by the 

shake table. The detail of constructing the laminar box is described. A procedure for setting 

up instruments in a soil specimen and an approach for achieving a uniform density of soil 

specimen in the box were presented. A series of shake table tests using three simulated 

excitations were conducted. . The movement of soil at the central domain of the specimen 

appears to be unaffected by the laminar box. The box can confine the soil properly and 

realistically simulate the behaviour of soil during an earthquake. 

Study on the effect of SFSI on the soil response considering free-field, and two structures 

i.e. a rigid and a SDOF structure reveals: 

The response of soil with and without the rigid structure was similar. However, the 

presence of the SDOF structure can cause a smaller residual displacement at the soil 

surface. 

SDOF structure causes a smaller spectrum acceleration of the soil near the structural 

footing.  

The spectrum acceleration at the SDOF footing was smaller than that at the free-filed 

soil surface. The surface acceleration of free-field cannot represent the actual 

excitation of structures. 
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Chapter 4 Shake table study of soil boundary effects on SFSI 

Shake table study of soil boundary 

effects on SFSI 

During an earthquake, the movement of soil causes movement of structures and this 

structural response, in turn, influences the movement of soil. This structure-footing-soil 

interaction (SFSI) can cause the seismic response of a structure to be different from that of 

an identical structure with an idealised fixed base assumption. This process may also cause 

the response of the soil to be different from what would be measured under free-field 

conditions (i.e. with no structure). Observations from recent earthquakes, including those 

from the 2010-2011 Canterbury earthquakes, have identified a significant impact that the 

behaviour of soil can have, on the overall seismic performance of structures. 

By carrying out experiments, a more realistic simulation of the structural response with 

SFSI can be achieved. This allows researchers to not only understand the effects of SFSI, 

but it also enables validation and improvement of numerical models. An early contribution 

to the understanding of SFSI was the presented e.g. by Taylor et al. (1981), where cyclic 

displacements were applied to a number of model footings seated on clay and sand. The 

results suggested that the soil beneath the footing can be intentionally designed to deform 

beyond the elastic limit in strong earthquakes. This nonlinear soil behaviour can activate 

rigid body movements of the structure. A development of plastic hinge in the structure 

could be avoided. As discussed by Veletsos and Meek (1974), the flexible ground can act 

as a damper by absorbing a large part of the vibration energy arising from earthquakes and 

thus can reduce the seismic response of a structure. Larkin (2008) also concluded that the 

flexibility of the supporting soil can lengthen the vibration period of the structure-footing-

soil system, and result in a variation of structural response when compared to those 

obtained from analyses without considering SFSI.  

On the other hand, the deformation of soil under footing rotation can sometimes result in 

the temporary uplift of footings. Deng et al. (2009, 2011) conducted centrifuge tests on 

single degree-of-freedom (SDOF) bridge structures of various footing sizes, and Algie et al. 

(2010) carried out dynamic field tests on a rocking shallow footing. The results of these 
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investigations emphasized that footing uplift and nonlinear soil behaviour should be taken 

into consideration in seismic design. Recently, the effects of uplift on the response of 

liquid storage tanks and nuclear plants have also been studied (Saxena et al., 2011; Ormeño 

et al., 2015a, 2015b and 2015c). Qin et al. (2013a) studied the influence of footing uplift 

on the induced vibration of secondary structures. It was reported that footing uplift can not 

only reduce the response of structures, but also reduce the induced vibrations of secondary 

structures.  

Experimental simulation of the structural response with uplift on soil support depends on 

the correct replication of soil response during earthquakes. This can be achieved 

throughout the use of a laminar box. Laminar boxes are designed to simulate soil 

deformation conditions in situ and thus allow the soil to undergo shear deformation during 

a shake table test. Some of the characteristics that make laminar box tests preferable to 

other experimental methods, e.g. field tests, are as follows: 

 The ability to simulate boundary conditions of soil in situ; 

 The capacity to test soil specimens that are larger than the typical small-scale 

laboratory experiments like triaxial test; 

 Being able to explore the behaviour of soils in non-uniform, layered, and sloping 

sites; 

 The ability to reproduce the seismic response of structure and soil as one holistic 

system. 

Researchers have designed various types of laminar boxes in the past. A very simple 

laminar box was utilised by Latha and Krishna (2008) in their study. This small box was 

rectangular in plan with internal dimensions of 0.5 m × 1 m × 0.8 m. The box consisted of 

15 laminar layers, constructed from pieces of hollow aluminium rectangular sections. The 

layers were separated by linear roller bearings to minimise friction. A more complicated 

laminar box is described by Ueng et al. (2005). This box was designed to undergo two-

dimensional shaking, and hence was called a biaxial laminar box. The box was rectangular 

in plan and had internal dimensions of 1.88 m × 1.88 m × 1.52 m. It was made up of 15 

horizontal layers and had a special sliding system which allowed movements in the 

horizontal plane. The layers were supported by a rigid steel structure which surrounded the 



Shake table study of soil boundary effects on SFSI 

69 
 

entire box. The inside of this biaxial box was sealed with a 2 mm thick silicone rubber 

membrane which allowed for the testing of both dry and wet soils. 

One of the disadvantages of laboratory testing is that only a finite volume of soil can be 

used. The soil and the container interacts at the boundaries and affects the response of the 

soil. These boundary effects are localised along the edges of the box throughout the depth 

of soil, but are less significant at the central soil region. In the case when a model of a 

structure is utilised, the distance between the box boundary and the footing of the structure 

is one of the key parameters that controls the accuracy of the structural response being 

simulated. The work presented in the following sections reveals the effect of boundary 

distance on the response of a structure. A laminar box, large in horizontal areal extent was 

constructed, so that relatively large horizontal boundary distances exist. The response 

obtained from a SDOF model when using this large (2 m × 2 m) laminar box is compared 

to the response of the same model in a smaller (1 m × 1 m) laminar box. 

4.1 Design of large laminar box 

A laminar box should accommodate the movement of soil and neither resists nor promotes 

soil displacement. The design of the large laminar box involved identification and 

consideration of the issues important to the performance of the box. These included inertia, 

friction, membrane effects and boundary/corner effects (Prasad et al., 2004). The inertia of 

a heavy container can alter the movement of soil within the container that the soil-

container system no longer simulates the soil movements in free field condition. To 

minimise this effect, the laminar layers should be of relatively low mass (Ueng et al., 2005). 

In view of this, a lightweight material had to be chosen for the laminar layers. To ensure 

the box would not resist soil movements, a sliding system had to be developed to allow the 

layers to move with as little frictional resistance as possible. Since the laminar box will 

also be used to test saturated soils to study the effect of soil liquefaction, a waterproof 

membrane was used. It had to be designed of sufficiently high flexibility to avoid any 

influence on the response of the soil (Prasad et al., 2004).  

The boundary effects are typically localised along the edges of the box, and are usually not 

significant at the centre of the soil mass. Thus, the laminar box was designed with a large 

surface area to ensure that a suitable volume of soil at the centre of the overall mass would 

remain unaffected by boundary/corner effects. Other factors such as the availability of 

materials, cost, and ease of construction/repair were also considered during the design 
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4.1.4 Preparation of the sand 

The laminar box was filled with 1 m depth of dry sand. This was achieved by raining the 

sand through a vertical distance higher than that required for the sand reach terminal 

velocity (Figure 4.6(a)). Raining of sand is a common technique that is used to prepare 

sand samples for laboratory testing (Ueng et al., 2005, Qin et al., 2013b). A number of 

studies were conducted to calibrate this technique (Vaid and Negussy, 1984; Rad and 

Tumay, 1987 and Okamoto and Fityus, 2006). It was reported that raining sand above the 

terminal falling height, determined to be above 400 mm, would allow for consistency in 

relative density at various locations of the sand layer (Vaid and Negussy, 1984 and Rad 

and Tumay, 1987). In this study, a timber box with a base area of 2 m × 2 m was used to 

rain the sand. The base of the box was drilled with 1800 holes of 9 mm diameter with c/c 

spacing of 40 mm. This means that 2.8% of the area of the base consists of openings 

(Figure 4.6(b)). During the raining process, the timber box was supported by the barrier 

columns of the laminar box. The maximum depth of sand in the laminar box is 2 m, and 

thus the clear distance between the base of the raining box and the maximum elevation of 

the sand surface is 450 mm. According to the data presented by both Rad and Tumay 

(1987) and Vaid and Negussy, (1984), the relative density of the sand formed in the 

laminar box was about 35%. Figure 4.6(c) shows the particle size distribution of the sand. 

The parameters of the sand used in this study are shown in Table 4.1. The parameters were 

obtained according to NZS 4402 (1986). 

Table 4.1 Soil parameters 

Parameters Quantities 

Density (ρ) 1451.0 kg/m3 

Unit weight (γ) 14.2 kN/m3 

Max void ratio (emax) 0.93 

Min void ratio (emin) 0.6 

Specific gravity (Gs) 2.67 
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Figure 4.8 Simulated excitation (a) and (c) original and (b) and (d) scaled (Excitation 1) 

4.2 Accelerations of the structure, footing and soil 

Figure 4.9, derived from Test 1, shows the response spectrum of accelerations at three 

different locations. The dotted line represents the response spectrum at the base of the 

laminar box (aB). The dashed and solid lines are the response spectra of acceleration at the 

centre (aF) and immediately beneath (aS) the footing, respectively. In the long period range 

(greater than 0.3 s), the spectrum values of aS are larger than those of aB. In contract, in the 

short period range (less than 0.2 s) the spectrum values of aS is lower than those of aB.  

Comparing the response spectrum of acceleration at the footing (aF) and under the footing 

(aS), the spectrum values of aF are higher than those of aS in the period range between 0.03 

s and 0.2 s. In the long period range (greater than 0.7 s) the spectrum values of aF and aS 

are similar. Other than that, the spectrum values of aF are lower than that of aS. 

The difference between the response spectrum value of aF and aS can be attributed to the 

interaction between the response of the model, the footing, and the soil. A part of the 

footing was observed to be temporarily separated from the supporting soil during all 

experiments. Because of the separation, the response spectrum values of aF around the 

fixed base fundamental period of the model (0.36 s) reduces. 
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Figure 4.9 Response spectrum of accelerations at different locations 

Figure 4.10 compares response spectrum of the soil acceleration (aS) under the footing 

during all three tests. The response spectra of aS obtained from the tests 2 and 3 are very 

similar. However, some notable differences can be found when these response spectra are 

compared to those obtained from Test 1. At periods around 0.35 s and 0.6 s, the spectrum 

accelerations of Test 1 are higher than those of Tests 2 and 3. For the periods below 0.155 

s, most of the spectrum values of soil from Test 1 are the lowest.  

The difference in the response spectrum value of aS among tests is attributed to the soil 

density being much higher in the Tests 2 and 3. Extensive soil settlement took place during 

Test 1, and thus the soil density increased. Figure 4.11 shows the settlement at the soil 

surface in Test 1 to Test 3. As shown, the final settlement at the soil surface due to the Test 

1 was 42.8 mm, while the final settlement caused by the Tests 2 and 3 was 7.4 mm and 6.2 

mm, respectively. Most of the soil settlement took place during Test 1. Thus, the soil 

densities in Tests 2 and 3 were much higher than that of Test 1. In Tests 2 and 3, the 

settlements at the soil surface were very similar, leading to approximately equal changes of 

soil density. Consequently, the response spectrum values of aS in Tests 2 and 3 were 

similar (Figure 4.10). With lower soil density in Test 1, the soil had the largest spectrum 

amplitude for periods in the vicinity of the fixed base fundamental period (0.36 s) of the 

structure. 
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Figure 4.10 Effect of soil density on the spectrum acceleration of aS 

 

Figure 4.11 Settlement of the soil surface during the three tests 

Figures 4.12(a) and (b) show the response spectrum of soil and footing accelerations aS and 

aF of Test 2 and Test 3, respectively. For most periods, the spectrum values of aF are close 

to or larger than those values of aS. Except in the period range (approximately 0.3 s and 0.6 

s) covering the fixed base fundamental period of the model (0.36 s), the spectrum value of 

aF is smaller than that of aS. This finding is consistent with the results of Test 1.  

Figure 4.13 shows a comparison of the horizontal acceleration at the top of the model (aT) 

obtained from all tests. As shown, the acceleration of the model in Test 1 was larger than 

that in Test 2. The maximum horizontal acceleration at the top of the model in Test 1 and 

Test 2 was 0.75 g and 0.67 g, respectively, i.e. an 11% difference. The maximum 

horizontal acceleration at the top of the model during Test 3 was 0.68 g, similar to that of 

Test 2 (see Fig 13(b)). The results show that the density of sand can affect the acceleration 

of structure with SFSI. The higher the sand density, the lower the maximum horizontal 

acceleration of the structure was found. 
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Figure 4.12 Response spectra of soil and footing accelerations obtained from (a) Test 2 and 

(b) Test 3 

 

Figure 4.13 Influence of sand density on horizontal acceleration at the top of the model 
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4.3 Boundary effect on SFSI 

The effect of the distance between the structure and the boundaries of the large laminar 

box on SFSI was investigated. To achieve this, the model was placed in a smaller laminar 

box, the details of which are given in Qin et al. (2013b). This small box consists of 12 

laminar layers made of aluminium channels and flat bars. The box has transparent acrylic 

glass walls on two sides, which allows for the observation of the sides of the soil specimen 

during testing. The box has internal dimensions of 0.8 m × 0.8 m × 0.7 m and was filled 

with a 0.55 m deep layer of dry sand. The horizontal boundary distances DH in both 

longitudinal and transverse directions (the distance from the soil boundary to the edges of 

the footing) were 0.76 m for the large laminar box. For the small laminar box, DH was 0.16 

m. The boundary distance in the vertical direction DV (from the base to the soil surface) 

was also reduced from 1 m to 0.55 m. The half of the footing width of the model b was 

0.24 m. The boundary distance ratio (RBD=DH/b) was 3.2 and 0.67 for the large and small 

laminar box, respectively. Table 4.2 gives a comparison of the key parameters of the setup 

in the two different laminar boxes. 

Table 4.2 Parameters of the laminar boxes 

Parameters Large laminar box Small laminar box 

DH (m) 0.76 0.16 

DV (m) 1 0.55 

Surface area (m2) 4 0.64 

Soil volume (m3) 4 0.32 

RBD=DH/b 3.2 0.67 

 

The excitation and the sand properties used for the small laminar box experiment were the 

same as those used with the large laminar box. The small laminar box was filled by using 

the same raining procedure used for the larger box (see Qin et al., 2013b). The model 

structure was placed on the sand surface as shown in Figure 4.14. Accelerometers were 
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the Fourier amplitudes of a’S are mostly higher than that of aS. Also, in the low frequency 

range (lower that 2 Hz), the Fourier amplitudes of a’S are slightly higher. 

 

 

Figure 4.15 Comparison of soil acceleration beneath the footing (a) time history and (b) 

Fourier amplitude 

 

Figure 4.16(a) compares the response spectra of soil accelerations underneath the footing 

considering a deep soil. In the short period range (shorter than 0.2 s), the response 

spectrum value is smaller than that of acceleration at the base of the box. In contract, for a 

shallow sand layer (Figure 4.16(b)), the spectrum values at the soil under the footing are 

larger than those at the base of the laminar box.  The results show that using the small 

laminar box, the high frequency components of sand motion are stronger than in the case 

of using the larger laminar box. These result has demonstrated that the size of the soil 

specimen will affect the motion of the sand, and hence the response of the structure leading 

to variation in SFSI. 
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Figure 4.16 Variation of spectrum acceleration: (a) large laminar box and (b) small laminar 

box 

Figure 4.17(a) shows the acceleration of the footing obtained using the two laminar boxes. 

The maximum acceleration at the footing was 0.74 g and 0.80 g, in the case of the large 

and small laminar boxes, respectively. Figure 4.17(b) shows the Fourier amplitude of these 

accelerations (aF and a’F). The result again shows that in the high frequency region (above 

5 Hz), the majority of the Fourier amplitudes of footing acceleration obtained from the 

small laminar box are higher than that obtained from the large laminar box. On the other 

hand, in the frequencies between 2.8 Hz and 5 Hz, the Fourier amplitudes of footing 

acceleration in the large box case are higher. The result suggests that the large laminar has 

less boundary effect and thus is likely to more realistically simulate the movement of 

footing-soil system in earthquake. 

Figure 4.18 shows the response spectrum of acceleration at and beneath the footing. While 

Figure 4.18(a) shows the result obtained from the large laminar box, Figure 4.18(b) 

illustrates that obtained from the small laminar box. The longitudinal distances between the 

soil boundary and the edges of the footing (RBD) caused a major difference of spectrum 

acceleration at the footing in the short period region. When large horizontal boundary 

distances were considered (in the large laminar box), the spectrum values of the footing in 

the period range between 0.1 s and 0.2 s were higher than those of the soil beneath. In 

contract, in the same period range, the spectrum values of the footing and soil beneath in 

the small laminar box were very similar. Because the large laminar box reflects a closer 

boundary condition of the real soil the finding suggests the large laminar box can more 

realistically simulate the soil and footing response. In Section 4.2, it was found that SFSI 

reduces the response spectrum values of the footing at the period range around the 
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fundamental period (0.36 s). This phenomenon was also observed in the case of the small 

laminar box. 

 

 

Figure 4.17 Effect of boundary distance on the footing response (a) time history and (b) 

Fourier amplitude 

 

Figure 4.18 Variation of spectrum amplitude between the soil and the footing: (a) large and 

(b) small laminar boxes 
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Figure 4.19 shows the horizontal acceleration at the top of the model considering different 

soil boundary distances. With greater boundary distances (in both horizontal and vertical 

directions), the maximum horizontal acceleration of the model was larger. The maximum 

horizontal acceleration of structure for the larger boundary distance case (aT), was 0.75 g. 

In the case of the small laminar box, the maximum acceleration (a’T) was 0.66 g. The 

maximum acceleration of the model was underestimated by 12% using the small laminar 

box.  

The top acceleration of the model (aT) in the case of the large laminar box is also found to 

contain more frequency components. Figure 4.20 shows the Fourier spectrum of the 

structural acceleration. Although the Fourier amplitudes of the soil accelerations from the 

small laminar box case are mostly large than those from the large laminar box case (see 

Figure 4.17), the structural acceleration illustrates an opposite observation. The maximum 

Fourier amplitude is 1.11 gs and 0.99 gs for the case of the large (aT) and small (a’T) box, 

respectively. For most frequencies, the Fourier amplitudes of aT are greater than that of a’T. 

This observation is likely due to the lower boundary effect in the case of the large laminar 

box. Thus, more frequency components can be involved in the system response. The 

response characteristics of a structure with SFSI can be more accurately reproduce. 

 

Figure 4.19 Effect of boundary distance on the response of model 
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Figure 4.20 Frequencies content of structural acceleration 

4.4 Calculating the response of the structure with SFSI  

Chopra and Yim (1985) developed an equation of motion to calculate the response of a 

structure with a flexible support. The deformation of the support was modelled using a 

two-spring support. They developed a set of formulas to calculate the maximum base shear 

(Vmax) of structures on flexible supports: 
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and b is half of the base width and h is the height of the model; g is the gravitational 

acceleration; 22 bhRo  and 
h

b
mgVcr   is the base shear to initial footing uplift. aS

~
 is 

the spectrum acceleration corresponds to the effective vibration period T
~ . 

The effective vibration period of a structure with a flexible support is  

 

k

kh
TT  1

~  4.3 

 

where T is the fundamental period of the structure with a fixed base, k is the lateral bending 

stiffness of structure and kθ is the rotational assumed static stiffness of the footing on 

uniform soil: 
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  4.4 

 

where G and υ are the shear modulus and the Poissons ratio of the soil, respectively; B is 

the base width (2b). 

An empirical equation was developed by Larkin (1978) such that the shear wave velocity 

(Vs) of sand can be calculated using the relative density (Dr), mass density (ρ) and mean 

effective confining stress ( M' ): 
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The shear wave velocity and can be used to calculate the shear modulus of soil: 
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2
sVG   4.6 

 

By combining Equations 4.5 and 4.6, Equation 4.7 can be obtained to estimate the shear 

modulus (G) of sand using the relative density Dr and effective confining stress M' .  
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4.7 

 

The shear modulus of the sand at depth of 59 mm is 0.45 MPa. This depth, calculated from 

1/8th of the footing width, is the appropriate depth for a characteristic soil element to 

represents the stress conditions of soil involved in providing resistance to moment and 

shear (Larkin 2008). The effective vibration frequency of the model on sand is calculated 

to be 2.74 Hz (Equation 4.3). The effective vibration period of the model is very similar to 

the fixed base fundamental period. This is because the sand used in the experiment is not 

scaled. The high shear modulus of the sand results in a very high rotational stiffness of the 

footing. 

Figure 4.21 shows a comparison of the maximum base shear (Vmax) of the model obtained 

using experimental data and Equation 4.1. Strain gauge measurements are used to 

determine the maximum bending moment at the base of the model and thus the 

experimental maximum base shear can be calculated. The spectrum acceleration aS
~

( T
~ ) is 

derived from the acceleration measured in the soil beneath the footing (solid line of in 

Figure 4.16). It can be seen that Equation 4.1 overestimates the maximum base shear of the 

model. The experimentally obtained maximum base shear for the large and small laminar 

box cases is 169.5 N and 124.3 N, respectively. With Equation 4.1, the corresponding 

maximum base shears are 249.4 N and 234.9 N. Equation 4.1 overestimates the maximum 

base shear of model by 47% and 88%, respectively. It is also found that the numerical and 

experimental results align better when the boundary distances are large. This is because in 

the derivation of Equation 4.1, the lateral extend of soil is assumed to be an infinite half 

space. Boundary effects on the response of structure do not exist. With large laminar box 
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(i.e. large RBD), the boundary effect is lower compared to that of the small laminar box. 

Thus the results obtained from Equation 4.1 can better predict the base shear of model in 

the large laminar box with a higher accuracy. 

 

Figure 4.21 Calculation of maximum base shear. Effect of (a) large and (b) small laminar 

box 

The accuracy of Equation 4.1 is associated with the estimation of the effective vibration 

period of the model on sand. In the calculation of Equation 4.3, the rotational stiffness of 

footing on soil is modelled using elastic springs. Footing uplift and soil plastic deformation 

are not considered. Therefore, the effective vibrational period of the model is 

underestimated. 

As shown in Figure 4.20, the maximum Fourier amplitude is found at 2.22 Hz and 1.93 Hz 

considering the large and the small boundary distances, respectively. This indicates that the 

corresponding vibration periods ( '~
T ) are 0.45 s and 0.52 s. Compared to the theoretical 

calculation ( T
~

= 0.36 s), Equation 4.3 underestimates the effective vibration period by 20% 

and 31%. When '~
T  is used to obtain the spectrum value, the accuracy of Equation 4.1 can 

be improved. The maximum base shear of the model in the large and small laminar boxes, 

estimated using aS
~

( '~
T ), is 200.2 N and 147.1 N, respectively. Although Equation 4.1 

overestimates the maximum base shears by 18% for both cases, the calculations are closer 

to the experimental results. To further improve the accuracy of Equation 4.1, the spectrum 

acceleration derived using footing acceleration (aF or a’F) in conjunction with aS
~

 can be 

used. The maximum base shear obtained from Equation 4.1 using FaS
~

 ( '~
T ) is 178.3 N and 

129.4 N for the case of the large and small laminar boxes, respectively. The corresponding 

errors reduce to 5% and 4%. 
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4.5 Conclusions 

This work investigates the response of a model structure on sand using two laminar boxes, 

which are square in plan, and of different dimensions. The boxes have two different 

boundary distances, which are defined as the distance between the edge of the footing and 

the wall of the box. The larger laminar box can accommodate soil to a depth of 2 m, with a 

surface area of 4 m2. The design and construction of the relatively large laminar box is 

presented. Shake table tests are conducted. The results are presented as the ratio of the 

distance between the edge of the footing and the wall of the box divided by half-width of 

the model footing (RBD). 

The results revealed that: 

 A relatively large laminar box can be used to investigate the structural response 

with SFSI, and produce meaningful outcomes. 

 Larger boundary distance ratio (RBD = 3.2), appear to result in structural, footing 

and soil responses that are less influenced by boundary effects.  

 For a shallow soil specimen using the small laminar box, the soil acceleration 

contains more pronounced high frequency components, than those obtained using 

the large laminar box. The maximum acceleration of the soil surface also increases. 

 For models in which boundary distances were relatively short (RDB = 0.67), the 

horizontal movements of the footing and soil were strongly influenced by the soil 

boundaries. The acceleration of the model was smaller than that of the same model 

where the boundary distance was larger (RDB = 3.2). 

 When comparing experimental results against those from an existing theoretical 

method, the accuracy of the method is sensitive to the effective vibration period of 

the SFSI system, and the spectrum acceleration of the footing.  
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An innovative approach to correctly 

incorporate gravity effects in 

experiments on upliftable structures  

For shake table test using models scaled from prototypes, the horizontal and vertical 

accelerations applied to the model are required to be scaled. However, gravity cannot be 

scaled. Consequently, the model will have a weight that is proportionally large (Qin et al., 

2013a), compared to the case of the actual structure, and this often results in uplift being 

unable to be achieved in the model. Conventional approaches scale the frequency of the 

prototype (e.g. Lu et al., 2007 and Ormeño et al., 2015) in order to avoid the scaling of the 

acceleration. This approach, however, is not appropriate when considering uplift because 

uplift reflects a geometrical nonlinearity (see Housner, 1963; Priestley, 1978; Beck and 

Skinner, 1973 and Sharpe and Skinner, 1983). Hence, a modelling approach that can 

correctly incorporate the effect of gravity on a scaled model that permitted to uplift, is 

needed.  

Gravity is one of the major concerns in the numerical study of structure with uplift. 

Housner proposed one of the first numerical models to simulate the rocking response of 

rigid structures. The response was modelled as a vibration of an inverse pendulum system. 

The gravity and geometry of the structure governed the response of rocking structure due 

to an earthquake (Housner, 1963). Previous equations of motion for calculating the 

response of structures with uplift have also taken the gravity into account (Beck and 

Skinner, 1973; Sharpe and Skinner, 1983; Psycharis 1991; Chopra and Yim, 1985 and 

Acikgoz and DeJong, 2012). Psycharis (1991) developed the equation of motion to 

establish a formula to estimate the maximum deformation of a structure with uplift. Chopra 

and Yim (1985) proposed a formula to calculate the maximum lateral relative displacement 

of a structure with uplift. Acikgoz and DeJong (2012) also considered the gravity effect in 

their study that investigated the difference between the rocking motion of rigid and flexible 

structures. 
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Gravity is important for the self-centring of upliftable structures as described by Loo et al. 

(2014). Gravity was also considered in the design of actual upliftable structures. In the 

design of the Rangitikei Railway Bridge, i.e. one of the first modern structures in the world 

with uplift capability, the seismic response was analysed by developing an equation of 

motion using moment equilibrium that considered gravity (Beck and Skinner, 1973). 

Sharpe and Skinner (1983) investigated the nonlinear rocking period of a structure and the 

result was applied to the design a 36 m tall chimney tower. Previous designs of structures 

with uplift capability required specific studies (Beck and Skinner, 1973; Sharpe and 

Skinner 1983). Therefore, a number of design guidelines were proposed to simplify the 

design procedure. FEMA (2000) proposed a design guideline based on the analytical 

model proposed by Housner (1963). Kelly (2009) recently proposed a design guideline for 

upliftable structures. However, Makris and Konstantinidis (2001) indicated flaws in some 

existing guidelines, and pointed out the necessity of experimental validation. 

To validate the numerical models results from physical experiments are needed. However, 

using existing scaling approaches, the effect of gravity cannot be correctly considered. 

Validation of numerical models has been limited to rigid structures (Priestley, 1978, Kafle 

et al., 2011; Wong and Tso, 1989; Tso and Wong, 1989; Peña et al., 2007; Anooshehpoor 

and Brune, 2002). Priestley et al. (1978) used shake table result to validate the analytical 

model proposed by Housner (1963). Kafle et al., (2011) experimentally identified the peak 

displacement demand of a rigid structure of varying sizes. The result was used to check the 

accuracy of a computer program ROWMANRY (Doherty, 2000). Wong and Tso (1989) 

and Tso and Wang (1989) experimentally studied the steady-state response of a rigid 

structure allowed to uplift. The result was used to validate the accuracy of the analytical 

model developed by Ogawa (1980). Peña et al. (2007) used shake table test results from 

rigid granite stones to validate the complex coupled rocking rotations method (Prieto and 

Lourenço, 2005) and the discrete element method (Papantonopoulos et al., 2002) for 

calculating the rocking response of rigid structures. Anooshehpoor and Brune (2002) 

conducted a series of shake table experiments with a large number of rigid structures of 

different sizes to verify a finite element model (Shi et al., 1996) for estimating the 

overturning potential of rigid structures.  

For flexible structures, however, there is a paucity of experimental validation due to the 

difficulties in considering gravity for scaled models. The shortcomings of the conventional 

approach are the incapability to accurately simulate the structural weight and nonlinear 
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rocking period. This paper presents an innovative solution that enables an incorporation of 

the correct gravitational force of structures with uplift without the necessity to scale the 

time. To confirm the accuracy of the proposed approach the results obtained from shake 

table experiments on two models are used. M1 is a model based on the conventional 

approach and M2 is developed using the proposed approach. The experimental results are 

used to validate an existing formula for predicting the response of upliftable structure 

(Psychairs, 1991). A more accurate numerical formula is then proposed. 

5.1 Prototype with uplift capability 

Figure 5.1(a) shows the prototype four-storey structure with an assumed fixed-base. The 

inter-storey height is 3.15 m and the columns and beams are 310UC158 and 410UB53.7 

sections, respectively. The spacing (2b) between columns is 7 m. The beam-to-column 

stiffness ratio is 1:8. Based on the New Zealand Design Standard (NZS 1170.5, 2004a), the 

seismic masses of the prototype are 29 t for each floor, and 24 t for the roof. The 

fundamental period of the prototype is calculated to be 0.64 s. The footing is considered to 

be rigid. Two base support conditions are separately considered, i.e. fixed base, and 

allowable uplift on a rigid support (Figures 5.1(a) and (b)). Previous studies (e.g. Psychairs, 

1991; Acikgoz and Dejong, 2012) have described the criteria for uplift to occur: 

 

2
g

uu cr   5.1 

 

where ucr is the critical displacement at the top of the structure for uplift to occur, ω is the 

fundamental frequency of the structure with an assumed fixed base condition, α = b/h is the 

slenderness coefficient, and g is the acceleration due to gravity. 

Uplift of the footing will occur when the top lateral displacement (u) of the structure is 

reaching the critical displacement (ucr) for uplift. Afterwards, the footing pivots about the 

corner o’ (or o) and develops vertical displacement (v) at one of the footing edges (see 

Figure 5.1(c)). The total lateral displacement at the top of the structure is the sum of the 

lateral displacements due to footing rotation (x) and the elastic deformations of the column 

(u). The oscillations associated with structural elastic displacement (u) also depend on the 
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5.2 Scaling principle for shake table test 

5.2.1 Similitude and model scaling 

To ensure the response of the scaled model in the experiment can accurately simulate the 

response of the prototype, the scale factors must be developed using non-dimensional 

parameters (π). In this study, the non-dimensional parameters for a structure with uplift 

were influenced by eight physical quantities: the geometry (l), mass (m), stiffness (k) and 

elastic deformation (u) of the structure, the frequencies of the excitation (ωe) and 

horizontal acceleration (a) of the excitation and two other parameters: critical displacement 

for uplift (ucr) and frequency parameter (p) of upliftable structure.  

These eight quantities have three physical dimensions (Table 5.1): mass (M), time (T) and 

length (L). Based on Buckingham π theorem (Buckingham, 1914), for a system with eight 

quantities and three physical dimensions, the response of the system can be characterized 

by five non-dimensional parameters (Equation 5.3). 
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The parameter π1 is the ratio of elastic restoring force to inertia force, which is identical to 

Cauchy’s number. π2 describes the relationship between the frequency and amplitude of 

the excitation with the geometrical dimension of the structure. π3 is the ratio of the 

frequency of the excitation to the structural natural frequency. The parameter π4 is the ratio 

of the top horizontal displacement to critical displacement for structural uplift, and 

indicates the uplift potential of the structure during an earthquake. The parameter π5 

indicates the ratio of the fixed-base fundamental frequency to the frequency parameter of 

the structure.  

The non-dimensional parameters of the prototype (πip) must be identical to that of the 

scaled model (πim) as shown in Equation 5.4: 
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The scale factor, S, for a quantity is defined as the ratio of its value for the prototype and 

that of the model, e.g. Sk = kp/km. Thus Equation 5.4 can be rewritten as Equation 5.5. The 

relationship between scale factors is summarized in Table 5.1. 
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Table 5.1 Parameters considered for the prototype and the model 

Physical quantity Dimension Scale factor 

Height (l) [L] SL 

Footing width (b) [L] SL 

Mass (m) [M] Sm 

Natural frequencies of structure (ω) [1/T] Sω = (Sa / SL)0.5 

Ground acceleration (a) [L/T2] Sa=SL × Sω
2 

Gravitational acceleration (g) [L/T2] Sa 

Lateral bending stiffness (k) [M/T2] Sk=Sm × Sa / SL 

Radius about the rotation corner (R0) [L] SL 

Critical displacement to initiate uplift (ucr) [L] SL 

Frequency parameter (p) [1/T] Sω = (Sa / SL)0.5 
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It should be noted that this scaling method is developed to scale the global structural 

properties, i.e. mass and stiffness of the prototype structure. The material properties e.g. 

density and modulus of elasticity are not scaled, in contrast to those performed in some 

other works (e.g. Lu et al., 2007; Ormeño et al., 2015). 

Figure 5.2 shows the relationship between scale factors. When Sω = 1, i.e. frequency is not 

scaled, the scale factors of lateral bending stiffness (Sk) and mass (Sm) are identical. In this 

way, the model can replicate the frequency and mode shape of the prototype. Similarly, the 

scale factor of acceleration (Sa) and length (SL) should also be the same, i.e. the ratio 

between the acceleration (a) and lateral relative displacement (u) in the model should fulfil 

a/u = ω2. 

 

Figure 5.2 Effect of Sω on other scale factors 

5.2.2 Scale factor and experimental model from conventional scaling approach  

In this work, the scale factors for length (SL) and stiffness (Sk) were chosen to be 15 and 

1200, respectively. If the frequency was not scaled (Sω = 1), the scale factor for 

acceleration (Sa) would be 15. The resultant model will be 15 times heavier than the actual 

weight because the gravitational acceleration (g) cannot be scaled. The scaling of 

acceleration is commonly reduced by scaling the frequency (e.g. Lu et al., 2007; Ormeño et 

al., 2015). The scale factor of frequency (Sω) was chosen to be 0.56. The scale factor of 

acceleration (Sa) is then reduced to 4.62. Table 5.2 summarizes the scale factors developed 

using the conventional approach. M1 was obtained based on these scale factors. 
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Table 5.2 Prototype and model (M1) properties 

Parameter Prototype Scale factor M1 

Storey height (l) 3.15 m SL = 15 0.21 m 

Footing width (l) 7 m SL = 15 0.47 m 

Mass for each floor (m) 29 t Sm = 3888 7.45 kg 

Mass for roof (m) 24 t Sm = 3888 6.17 kg 

Lateral stiffness (k) 62,100 kN/m Sk = 1200 51.75 kN/m 

Ground acceleration (a) PGA Sa = 4.62 PGA/4.62 

Radius about the rotation corner (R0) 12.46 m SL = 15 0.83 m 

Fundamental frequency (ω) 1.56 Hz Sω = 0.56 2.81 Hz 

 

The model columns were constructed out of 25 mm × 4.5 mm solid rectangular aluminium 

sections. The bending stiffness of the model in the direction of shaking is equal to the 

scaled bending stiffness (k Table 5.1), while that in the normal direction is much greater, 

and thus out-of-plane movement can be significantly reduced. The total height of the 

model was 840 mm. The footing was constructed using a rigid plate with dimensions of 

470 mm × 470 mm × 22 mm. When the fixed base case was considered, the footing was 

bolted onto the shake table. When uplift was permitted, the fixing bolts were removed and 

sand paper was adhered to the bottom of the footing in order to increase the friction 

between the footing and the shake table, and thus minimize sliding. The results show that 

in the case considered sliding was avoided during the experiments. 

The beam members of the model were constructed by comparatively rigid components in 

order to reduce vertical vibration of the floor masses following the impact due to the re-

contact of the footing with the support. To replicate the beam-to-column stiffness ratio of 

the prototype, the ends of the rigid beam were connected to the column by a deformable 

steel plate, as shown in the photograph of Figure 5.3. The thickness of steel plate was 
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NZS 1170.5 (2004a), the selected records must consist of a representative source-to-site 

distance and fault mechanism of the earthquake events relevant to the selected site. 

Oyarzo-Vera et al. (2012) investigated the seismological signature of different zones in the 

North Island of New Zealand. For Palmerston North, the zone corresponds to the near-fault 

region, containing the most active strike-slip faults as well as numerous reverse and normal 

faults. For this zone, it was recommended that the selected ground motions are recorded 

with a shortest distance (D) of up to 10 km from the rupture surface. It is also required that 

at least one of every three records used should have forward directivity (Oyarzo-Vera et al., 

2012). A total of 10 earthquake records were selected based on these criteria and the fault 

mechanism (Table 5.3).  

Table 5.3 Summary of ground motion characteristics 

Record Earthquake Station Mw D (km) PGA (g) FM 

1 Northridge Rinaldi Station 6.7 7.10 0.28 r 

2 Coyote Lake Coyote Lake Dam 5.7 6.13 0.37 ss 

3 Morgan Hill Gilory Arry #6 6.2 9.86 0.51 ss 

4 Loma Prieta LGCP 7.0 6.10 0.37 ro 

5 Kobe KJMA 6.9 0.96 0.21 ss 

6 San Fernando Pacoima Dam 6.6 1.81 0.58 r 

7 Northridge 
Pacoima Dam 

(downstr) 
6.7 7.01 0.41 r 

8 Tabas Tabas 7.4 2.10 0.35 rn 

9 Landers Lucerne 7.3 1.1 0.76 ss 

10 Parkfield Temblor 6.1 9.9 0.29 ss 

FM: Fault mechanism. r = reverse; ro = reverse-oblique; ss = strike-slip; rn = reverse-normal 
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The ground motions were obtained from the PEER NGA strong motion data base (PEER). 

More information about the characteristics of these records can be found in references 

(Deng and Kutter, 2012; Kalkan and Kunnath, 2006; Bray and Rodriguez-Marek, 2004; 

Tang and Zhang, 2011; Hall et al., 1995 and Baker, 2007). To define the target spectrum of 

this region, the soil type of the site was assumed to be of strong rock (soil type A). The 

hazard factor (Z value) of the region is 0.45. The prototype has a design life of 50 years 

and an annual probability of exceedance of 10%. The return period of the events is 

considered to be 500 years. Figure 5.4 shows the response spectra of the selected records 

calculated using a 5% damping ratio. The selected records were scaled according to the 

target spectrum over the period of interest. The vertical dashed lines in Figure 5.4 represent 

the period range of interest, i.e. from 0.4Tn to 1.3Tn, where Tn is the fundamental period of 

the prototype structure with fixed base assumption. In the shake table test, these resulting 

ground excitations were further scaled according to the scale factors shown in Table 5.2. 

 

Figure 5.4 Target spectrum and records selected 

5.3 Response of a model obtained using a conventional approach 

Figure 5.5 shows the time history of vertical displacement (v) at the centre of the footing 

due to record 6. The time axis is normalized by the fundamental period of the model. The 

maximum footing vertical displacement is 1.6 mm.  

Figure 5.6 compares the sum of inter-storey displacements i.e. lateral top relative 

displacement (u) of M1 for upliftable and fixed base cases. The lateral relative 
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displacement (u) of the model with uplift (28.1 mm) is smaller than that of the model with 

a fixed base (32.2 mm). Uplifts cause a reduction of 12.8%.  

It has been numerically revealed that the rocking period of a structure depends on the 

amplitude of the footing vertical displacement (Housner, 1963; Beck and Skinner, 1973; 

Sharpe and Skinner, 1983). However, from the experimental result, the periods of footing 

vertical displacements are similar, although their amplitudes are different (Figure 5.5). The 

experimental result also reveals that the period of the lateral relative displacement in the 

model with uplift and fixed base are similar (Figure 5.6), which contradicts the findings of 

previous analytical studies (Psycharis, 1991; Chopra and Yim, 1985; Acikgoz and DeJong, 

2012 and Vassiliou et al., 2014). It is concluded that because the frequency dimension is 

scaled (i.e. Sω ≠ 1), the nonlinear response period of a structure during uplift cannot be 

simulated properly. Therefore, the footing vertical displacement and relative displacement 

developed in the scale model are not reliable.  

 

Figure 5.5 Response of M1: vertical displacement of the footing due to record 6 

 

Figure 5.6 Effect of uplift on top relative displacement of M1  
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5.4 An innovative modeling approach 

A new modelling approach is presented in this section which correctly incorporates the 

effect of gravity on the structure. For the M2 presented herein, the frequency of the 

structure is not scaled i.e. Sω= 1. Thus, the frequency parameter and the natural frequencies 

of the model are identical to those of the prototype. The scale factor for the dimensions (SL) 

and mass (Sm) of the prototype are predefined to be 15 and 1200, respectively. The scale 

factor of the ground acceleration amplitude (Sa) is 15. Table 5.4 summarizes the properties 

of the model and the corresponding scale factors. 

Table 5.4 Prototype and M2 properties 

Parameter Prototype Scale factor M2 

Storey height (l) 3.15 m SL = 15 0.21 m 

Footing width (l) 7 m SL = 15 0.47 m 

Mass for each floor (m) 29 t Sm = 1200 24.2 kg 

Mass for roof (m) 24 t Sm = 1200 20 kg 

Lateral stiffness (k) 62,100 kN/m Sk = 1200 51.75 kN/m 

Ground acceleration (a) PGA Sa = 15 PGA/15 

Radius about the rotation corner (R0) 12.46 m SL = 15 0.83 m 

Fundamental frequency (ω) 1.56 Hz Sω = 1 1.56 Hz 

 

5.4.1 Correct simulation of gravitational force 

As shown in Table 5.4, the acceleration has to be scaled by 15. However, the gravitational 

acceleration (g) cannot be scaled. To correctly simulate the uplift resistance due to gravity, 

a correctly scaled weight is provided through an active mass (ma). An additional mass 

(named passive mass, mp) is considered to simulate the correct lateral inertia force. The 

passive mass is placed outside the system so that it only contributes to the inertia, but not 

to the uplift resistance of the model. 
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Figure 5.9 Relationship between (a) active mass and (b) passive mass 

According to Equations 5.1 and 5.2, the critical displacement for uplift is 3.6 mm, and the 

frequency parameter is 1.02 Hz. The dimensionless parameters π4 and π5 of the model M2 

are 
.

 and 1.53, respectively. For the prototype, the critical displacement for uplift is 

54.7 mm, and the frequency parameter is 1.02 Hz. The corresponding dimensionless 

parameters π4 and π5 are u/54.70 and 1.53. The corresponding dimensionless parameters π4 

and π5 of the model and the prototype are the same. Thus, M2 satisfies the similitude 

requirement. Figure 5.10 shows the setup of M2 with both the active and passive mass 

systems. 

Table 5.5 Summary of the mass arrangement 

Level i 
M2 

ma
i (kg) mp

i (kg) ma+p
i (kg) 

Footing 1.63 0 1.63 

1 1.63 22.73 24.36 

2 1.62 22.61 24.23 

3 1.65 22.76 24.41 

4 1.36 19.05 20.45 
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Figure 5.11(b) shows the transition of footing uplifts. For the transition that took place 

from t/Tn = 18.7 to 18.84, the elastic deformation of structure counteracted the uplift action. 

This caused an uplift of small amplitude and short duration, just after the impact between 

the footing and the support (see interval between t/Tn = 18.70 and 18.78). Following the 

small uplift, a full contact phase was observed before uplift occurred again. In contrast, the 

next impact (from t/Tn = 19.81 to 19.87) exhibited a smoother transition from uplift to full 

contact. This result confirms the numerical finding of a brief pulse like uplift immediately 

after the re-contact described e.g. by Acikgoz and DeJong (2012). 

 

 

Figure 5.11 Vertical displacement at the footing in different time windows 

Figure 5.12 summarizes the maximum vertical displacement (vmax) at the centre of the 

footing when subjected to different earthquake records. As shown, the maximum footing 

vertical displacement obtained using M1 was significantly smaller than that obtained from 

M2. The average maximum footing vertical displacement in M1 and M2 were 2.9 mm and 

14.6 mm, respectively (the values at the right end of Figure 5.12). The footing vertical 

displacement measured from M1 is almost five times smaller than that measured from M2. 
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Figure 5.12 Consequence of correct simulation of gravity effect for the maximum footing 

displacement 

5.5.2 Critical displacement to initiate uplift  

Figure 5.13 shows the relationship between the footing rotation (θ) and lateral top relative 

displacement (u) of M1 and M2 when subjected to earthquake record 6. When the lateral 

top displacement reached the critical displacement (ucr), uplift and footing rotation 

occurred. The transition of footing state from full contact to uplift can be seen as the 

change of gradient in the u-θ plots. The critical displacements for the models (M1) and (M2) 

from Figure 5.13 were found to be 11.3 mm and 17.8 mm, respectively. Similar values 

were also found for other excitations (see Appendix B). The theoretical value of critical 

displacement for uplift using Equation 5.1 was 3.6 mm, which is significantly smaller than 

those measured experimentally. This equation derived from a static equilibrium analysis 

(Psycharis, 1991) and seems to overestimate the uplift potential of the structure. 

 

Figure 5.13 Lateral displacement at top of structure vs. footing rotation for (a) M2 and (b) 
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5.5.3 Lateral relative displacement of the structure during uplift 

The sum of inter-storey displacement, i.e. horizontal relative displacement (u) at the top of 

the model with uplift, due to record 6 is shown in Figure 5.14. The displacement of the 

model coupled with the uplift response, results in a high frequency elastic vibration during 

uplift. This vibration oscillates around a mean value that is close to that of the critical 

displacement ucr (17.8 mm). The amplitude of oscillation is largest when uplift is initiated 

and reduces over time due to damping. The characteristic of the displacement time history 

for M2 aligns closely with the results from numerical analysis (Psycharis, 1991; Chopra 

and Yim, 1985; Acikgoz and DeJong 2012 and Vassiliou et al., 2014). There is a distinct 

difference between the periods of the response of a model with and without uplift. This 

result indicates that the model obtained from the proposed scaling method can be used to 

properly simulate the relative displacement of an upliftable structure. 

The frequency (ω) and the damping ratio (ξ) of the high frequency oscillation during uplift 

are 6.4 Hz and 15.9%, respectively. Previous studies (Psycharis, 1991; Chopra and Yim, 

1985; Acikgoz and DeJong 2012) have proposed a set of equations (Equations 5.6 and 5.7) 

to calculate this frequency and damping ratio. The values of ω and ξ greatly depend on the 

slenderness coefficient α = b/h, and increase significantly as the structure increases in 

slenderness. 
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where ωn and ξn are respectively the fundamental frequency and damping ratio of the 

structure with a fixed base. 

Based on Equations 5.6 and 5.7, ω and ξ are 6.2 Hz and 42.9%, respectively. The 

frequency calculated using the analytical formula matches the experimental result. 

However, the analytical equation overestimated the damping ratio obtained from the 

experiment results. 
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Figure 5.14 Response of M2 with uplift 

Uplift was also found to reduce the lateral relative displacement at the top of the model (u). 

In the case where a fixed base was considered, the maximum displacement was 30.6 mm 

(dashed line in Figure 5.14). When uplift was permitted, the corresponding maximum 

displacement was reduced to 22.4 mm, i.e. a reduction of 26.8%. Figure 5.15 shows the 

maximum displacements due to ten different excitations. On average, the maximum 

displacement of (values in Figure 5.15) 49.1 mm reduces to 22.1 mm when uplift is 

permitted. 

 

Figure 5.15 Reduction of maximum relative top displacement due to uplift 

5.6 Estimating the displacement of structures with uplift 

5.6.1 Evaluation of existing empirical formula 

The experimental result obtained from M2 is used to validate existing analytical models. 

Psycharis (1991) proposed a formula to estimate the maximum deformation in a structure 
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with uplift. The deformation is quantified as the lateral relative top displacement (umax) 

normalized by the critical displacement (ucr). By assuming a small footing uplift, Newton’s 

second law was applied in order to derive the equation of motion that governs the 

horizontal relative displacement u at the top of the structure (see Figure 5.1(c)). Using 

numerical parametric studies, a least-square analysis was performed to establish a set of 

formulas to estimate the normalized maximum horizontal displacements relative to the 

footing (Equation 5.8). 
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where α is the slenderness coefficient, ξ is the damping ratio of the structure with a fixed 

base, β = umaxF/ucr, umaxF is the maximum lateral relative displacement of the structure with 

fixed base, ucr is the critical displacement to initiate uplift, and 
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where Tn is the fixed-base fundamental period of the structure, and To can be evaluated 

using the minimum value (Tmin)of the predominant period range of an arbitrary earthquake. 

The calculation of Tmin is given in Psycharis’s paper (1991). 

To calculate the maximum displacements of an upliftable structure using Equation 5.8, the 

maximum displacement of the structure with fixed base (umaxF) is required. This response 

is commonly obtained by solving the equation of motion for the structure with fixed base, 

or by using the displacement response spectrum. In this study, the maximum displacements 

of M2 with fixed base condition were obtained experimentally (displayed as white bars in 

Figure 5.15). 
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The normalized displacements of the experimental models are obtained by dividing the 

maximum relative displacements (umax) of the corresponding model (Figure 5.15) by the 

critical displacement of uplift (ucr). These maximum normalized displacements are used to 

evaluate the accuracy of Psychairs’ formula (Equation 5.8) in Figure 5.16.  The average of 

normalized displacement obtained using Equation 5.8 is 1.0, which is 15% smaller that 

obtained from the shake table test using M2 (1.3). Equation 5.8 underestimated the 

maximum normalized displacement in the models because it was obtained from a 

numerical model in which the geometrical nonlinearity due to uplift was neglected. Thus, it 

cannot properly predict the relative displacements of an upliftable structure. 

 

Figure 5.16 Normalized maximum top lateral relative displacements obtained from 

experiments and using Equation 5.8 

5.6.2 Proposed equation 

To improve the accuracy of Equation 5.8, the relationship between the uplift period and the 

fundamental period of the fixed base structure was investigated by using free rocking 

experiments. During the experiment, one edge of the footing was uplifted from the support 

to provide an initial vertical displacement (see (v) in Figure 5.1(c)). The footing was then 

released and its free rocking motion was observed. Seven different initial vertical heights, 

i.e. 8.5 mm, 11 mm, 12.9 mm, 15.3 mm, 17.8 mm, 20.2 mm, and 22.8 mm, were 

considered. Four free rocking tests were conducted for each initial height. Figure 5.17(a) 

shows the normalized footing vertical displacement (v/ucr) during free rocking. A number 

of rocking cycles can be observed.  

Because of the energy dissipation due to the impact of the footing on its support, the peak 

of footing vertical displacement reduced with increasing number of impacts. The term 
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rocking period (TR) is defined as the duration of each rocking cycle. Unlike the free 

vibration of a fixed-base structure, the rocking amplitude influences the rocking period. 

The rocking period changes with the footing vertical displacement. 

  

Figure 5.17 Free rocking test. (a) Time history and (b) relationship between footing 

vertical displacement and rocking period 

The rocking amplitude is defined as the initial peak of a rocking cycle. Figure 5.17(b) 

shows the relationship between the normalized rocking amplitude (v/ucr) and the 

corresponding rocking period (TR/Tn). With larger rocking amplitude, the corresponding 

rocking period is longer. Neglecting the lengthening of the period of the structure during 

uplift may lead to an error when calculating the relative displacement. In this work, the 

relationship between the rocking amplitude and rocking period is formulated using a 

quadratic equation (Equation 5.10). 
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where Tn is the fundamental period of the structure with an assumed fixed base, TR is the 

rocking period corresponding to a footing rocking amplitude v. 

When determining the response of upliftable structures, the rocking period should be 

considered. The expression that governs the relationship between uplift period and 

amplitude is combined with Equations 5.9a and 5.9b. The following improved equations 

are proposed: 
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When determining the response of upliftable structures, the rocking period should be 

considered. The expression that governs the relationship between uplift period and 

amplitude is combined with Equation 5.9a and 5.9b. The following improved equations are 

proposed: 
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where Tn is the fixed-base fundamental period of the structure and TR is the rocking period 

of the upliftable structure calculated from Equation 5.10. 

Figure 5.18 compares the normalized maximum top lateral displacements in M2. The 

normalized maximum displacement given by Equation 5.8 in conjunction of Equation 5.11 

is very close to the shake table result even with two decimal places. While the average 

normalized displacement from Equation 5.8 is 1.24, the average from the shake table test 

results is 1.26.  

 

Figure 5.18 Accuracy of Equation 5.8 conjunction with Equation 5.11 

 

5.7 Conclusions 
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response of an upliftable structure is proposed and discussed. The method allows 

1.01

1.26
1.24

0.5

1

1.5

1 2 3 4 5 6 7 8 9 10 Average

Psycharis Upliftable M2 Equation (8)Equation 5.8

Record 

u m
ax

 /u
cr

 

M2 
Numerical result    Experiment                   With Equation 5.11 



An innovative experimental approach for correctly incorporate gravity effect on 
upliftable structure   

118 
 

participation of the masses in the model in a way that the similitude between the uplift 

resistance and horizontal inertia forces of the model and prototype can be fulfilled. The 

advantage of this approach is that the frequency of the prototype does not require scaling. 

Hence, the model can accurately simulate the interaction between the structural elastic 

vibration and the uplift response of the prototype. A series of shake table tests was 

conducted on models obtained from both the conventional and proposed approaches. A 

comparison between the responses reveals significant shortcomings in the conventional 

method for modelling upliftable structure. The response of the model obtained using the 

proposed approach was found to provide a good match with results from numerical 

analyses.  

In addition, this work reveals the shortcomings of the theoretical model that neglects 

geometrical nonlinearities. A comparison with the experimental results shows that the 

theoretical model underestimates the relative displacement of structures with uplift. Free 

rocking tests were conducted to investigate the rocking period of the structure during uplift. 

The relationship between the uplift amplitude and rocking period was identified and 

utilized to verify the numerical model proposed by Psycharis. A modified formula was 

recommended for calculating the relative displacement of upliftable structures. The 

accuracy of the new formula was confirmed by experimental result. 
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Chapter 6 Response of structure with controlled uplift using footing weight 

Response of structure with controlled 

uplift using footing weight  

Current seismic design of structures has been strongly shaped by capacity design where 

damage to structures is permitted and life safety ensured. However, observations of 

damage to infrastructure from past major earthquakes (e.g. Chouw and Hao, 2012) indicate 

that this approach often results in damage that either leads to significant economic losses 

due to long downtime, or damage that is irreparable due to the high cost involved. Hence, 

in recent years the philosophy of ‘damage avoidance’ is recommended in seismic design. 

Various methods to implement this philosophy are currently under investigation. One way 

to minimize plastic deformation in a structure is to allow the structure to uplift, i.e. part of 

the footing can temporary separate from the supporting ground, whenever the overturning 

moment exceeds the restraining moment provided by the self-weight. 

Structural uplift has been considered as a possible earthquake-proof solution for structures 

since 1960, after the Valdivia earthquake in Chile (Housner, 1963). It was reported that a 

number of tall, slender structures survived the earthquake, while other more stable 

appearing structures were severely damaged. Following this observation, a number of 

studies have proven that uplift can be beneficial to the seismic response of a structure 

(Ichinose, 1986; Psycharis, 1991; Psycharis, 1982; Chopra and Yim, 1985 and Fardis et al., 

2013). Ichinose (1986) studied the response of flexible structures with uplift using a finite-

element approach. It was concluded that the flexural deformation of the structure decreases 

when uplift amplitude increases. Analytical formulations to calculate the response of a 

structure with uplift have also been developed (Psycharis, 1991; Psycharis, 1982; Chopra 

and Yim, 1985). Psycharis (1991 and 1982) used analytical results to establish a set of 

equations that calculates the reduction of structural deformation due to uplift. Chopra and 

Yim (1985) considered dynamic force equilibrium to derive a set of equations of motion to 

determine the response of structures with uplift. They proposed a formula to estimate the 

maximum deformation and base shear in an upliftable structure.  
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Recent years, allowing wall members of the structure to uplift was also found to be 

benefiting to the seismic performance of structures (Fardis et al., 2013 and Loo et al., 

2012). A few structures have been built with uplift capability, e.g. the Rangitikei Railway 

Bridge (Beck and Skinner, 1973 and Chen et al., 2006) and a 30 m tall industrial chimney 

(Sharpe and Skinner, 1983) in New Zealand. In the retrofit programme of the Lions Gate 

Bridge in Vancouver (Dowdell and Hamersley, 2000), structural uplift was also 

implemented. A number of design guidelines for structures with uplift have been proposed 

(e.g. FEMA, 2000 and Kelly, 2009). Most studies on structural uplift focused on the 

reduction of structural deformations. Not much attention has been paid to the contribution 

of uplift induced rigid body motion to the structural response. Uplift of footings, can, in 

fact, increases the horizontal movement of a structure. Consequently, adjacent structures 

can have a high pounding potential.  

This work experimentally investigated whether the footing response of upliftable structures 

can be reduced by the weight of the footing. A model of a multi-storey upliftable structure 

with possible plastic hinge development was considered. The seismic response of the 

structure with a fixed base or allowable uplift with different footing masses was obtained 

using shake table testing. Based on the response of the structure, the induced vibrations in 

the structure were also studied. 

6.1 Modelling and experiment 

6.1.1 Prototype structure 

The prototype structure is a four storey building designed according to the New Zealand 

Design Standard. Figure 6.1 shows the layout of the building. The inter-storey height of the 

building is 3.15 m and the width of the structure is 7 m. The column and beam sections of 

the structure are 310UC158 and 410UB53.7, respectively. The beam and column stiffness 

ratio is 1 to 8. The seismic mass of the structure is 29 t and 24 t for the floor and roof levels, 

respectively. 

The importance level of the structure is 2. Plastic hinge development is tolerated in the 

building, with a ductility demand of 1.5. Plastic hinge can take place in the zone close to 

the end of the beams and base of the columns as indicated in Figure 6.1. The location of 

the plastic hinge zone in the beam as defined by NZS1170.5 (NZS, 2004a) is Lb’ away 

from the beam to column connection (Figure 6.1), where Lb’ is the depth of the beam (403 
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quantities and three physical dimensions, the response of the structure with uplift can be 

characterized by three non-dimensionalised parameters (π): 
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The parameter π1 is the ratio of elastic restoring force to inertia force, which is identical to 

Cauchy’s number. π2 describes the relationship between the predominant frequency and 

amplitude of the excitation and the geometrical dimension of the structure. π3 is the ratio of 

the predominant frequency of excitations to the structural natural frequency.  

Table 6.1 shows the scale factors. In the conventional scaling approach for shake table 

experiments, the scale factors for dimension and mass of the prototype are predefined. The 

response of structures with uplift or plastic hinge development is nonlinear. Thus the 

frequency of the system cannot be scaled (i.e. Sω= 1). 

The scale factor for dimensions (SL) and the mass (Sm) of the prototype are predefined to be 

15 and 1200, respectively. The scale factor of the ground acceleration amplitude (Sa) is 

calculated to be 15. Table 6.1 summarizes the scale factors. Nine relevant parameters are 

scaled accordingly. 
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Table 6.1 Scale factors obtained using different scaling approaches 

Parameter Prototype Scale factor Model 

Storey height (h) 3.15 m SL=15 0.21 m 

Footing width (2b) 7 m SL=15 0.47 m 

Mass of each floor (m) 29 t Sm=1200 24.2 kg 

Mass of roof (m) 24 t Sm=1200 20 kg 

Mass of footing (m)  29 t Sm=1200 24.2 kg 

Plastic hinge zone (Lb’) 403 mm SL=15 26.8 mm 

Plastic hinge zone (Lc’) 327 mm SL=15 21.8 mm 

Lateral stiffness (k) 62,100 kN/m Sk=1200 51.75 kN/m 

Ground acceleration (a) PGA Sa=15 PGA/15 

Fundamental frequency (ω) 1.56 Hz Sω=1 1.56 Hz 

 

6.1.3 Structural model 

The dimensions of the model structure are shown in Table 6.1. The storey height and the 

total height of the structure were 210 mm and 840 mm, respectively. The footing was 

constructed from a 470 mm × 470 mm × 22 mm rigid plates. The columns were 

constructed using aluminium sections of cross section 4.5 mm × 25 mm.  

The plastic hinge zones in the structure are defined according to those in the prototype. 

Figure 6.2 shows the details of the beam to column connection. To allow the plastic hinge 

development in the beams, a thin steel plate was bolted in between the beam and the rigid 

block on the column (see top sketch in Figure 6.2). The open length of the steel plate was 5 

mm. This open length was the location where the plastic hinge was designed to develop in 

the beam during an earthquake. The length of the rigid block was 26.8 mm (see Figure 6.2). 
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6.1.5 Correction of gravity on the structure 

If the scale factor of acceleration (Sa) of 15 is used, the acceleration on the structure in 

horizontal (ground acceleration) and vertical (gravitational acceleration) directions must be 

scaled by the same factor of 15. Indeed, the amplitude of the applied ground acceleration 

will be correctly scaled. However, since the gravity cannot be scaled, the structure in the 

vertical direction will be significantly overloaded. Consequently, the uplift cannot be 

correctly simulated. 

In this study, the weight of the structure was corrected by placing a part of the storey mass 

outside of the structure so that this mass (mp) would not contribute to the weight of the 

structure. The remaining mass (ma) of the structure gave then the correct weight so that the 

effect of the vertical force on the structural uplift was correctly simulated (Figure 6.5).  

 

Figure 6.5 Experimental setup of the structure 

The total masses at each floor and roof of the structure were 24.2 kg and 20.4 kg, 

respectively. The scale factor of acceleration (Sa) was 15. The active mass and total mass 

ratio and passive mass and total mass ratio were 1/15 and 14/15, respectively. Thus the 

active mass of the floor and roof levels were 1.6 kg and 1.3 kg, respectively, and the 

corresponding passive mass were 22.4 kg and 18.2 kg (see Table 6.2). Because the 
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horizontal sliding of the footing was not considered, only the active mass was required to 

provide the correct weight, the passive mass for the footing was not necessary. 

By using a free vibration test, the fundamental period of the structure was found to be Tn = 

0.64 s with a damping ratio ξ = 16%. The relatively high value of damping ratio was 

attributed mainly to the friction between the passive mass and the supporting platform. 

By using a free vibration test, the fundamental period of the structure was found to be Tn = 

0.64 s with a damping ratio ξ = 16%. The relatively high value of damping ratio was 

attributed mainly to the friction between the passive mass and the supporting platform, as 

well as friction within the instrumentation.  

Table 6.2 Summary of the mass arrangement 

Level ma
i (kg) mp

i (kg) ma+p
i (kg) 

Footing 1.63 22.7* 1.63 

1 1.63 22.73 24.36 

2 1.62 22.61 24.23 

3 1.65 22.76 24.41 

4 1.36 19.05 20.45 

  *N/A 

Draw-wire actuators were located at each level of the structure to measure the horizontal 

displacement relative to the ground. Portal gauges were attached to diagonal bracings at 

each storey, to measure the inter-storey displacement. Strain gauges were attached to each 

column base to record strain for calculating bending moments. The acceleration at each 

floor level of the structure was also measured (Figure 6.5). 

6.1.6 Ground motions 

The excitations used in the experiments were earthquake records, scaled according to a 

target spectrum obtained from NZS 1170.5 (2004a). The target spectrum was specified for 

the Palmerston North region, that is located in the southern part of the North Island of New 

Zealand. This region is where the main faults of the North Island are concentrated. To 

define the target spectrum of this region, the classification of the site was assumed to be 

soil type A (strong rock). The hazard factor (Z value) of the site is 0.45. The return period 
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of the events is considered to be 500 years. The prototype has a design life of 50 years and 

an annual probability of exceedance of 10%. Figure 6.6 shows the spectrum accelerations 

of the records selected and the design spectrum. The response spectra were calculated 

using a damping ratio of 5%. 

 

Figure 6.6 Fitting selected earthquake to the target spectrum 

According to NZS1170.5 (2004a), the selected records should be representative of the 

source-to-site distances and fault mechanisms of the earthquake events that contribute to 

the target design spectra of the site, over the period range of interest. Oyarzo-Vera et al. 

(2012) investigated the seismological signature of different zones in the North Island of 

New Zealand. For Palmerston North, the zone corresponds to the near-fault region, which 

contains the most active strike-slip faults as well as numerous reverse and normal faults. It 

was recommended that the selected ground motions are recorded with a shortest distance 

of up to 10 km from the rupture surface (D). Ten earthquake records were selected based 

on these criteria and the fault mechanism. The ground motions were obtained from the 

PEER NGA strong motion data base (PEER) and are summarized in Table 6.3. More 

information about the characteristics of these records can be found in the literature (Deng 

and Kutter, 2012; Kalkan and Kunnath, 2006; Bray and Rodriguez-Marek, 2004; Tang and 

Zhang, 2011; Hall et al., 1995 and Baker, 2007). The selected records were scaled 

according to the target spectrum. The vertical dashed line in Figure 6.6 represents the 

fundamental period (Tn) of the prototype structure with a fixed-base assumption. 
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Table 6.3 Summary of ground motion characteristics 

Record Earthquake Station Mw D (km) PGA (g) FM 

1 Northridge Rinaldi Station 6.7 7.10 0.28 r 

2 Coyote Lake Coyote Lake Dam 5.7 6.13 0.37 ss 

3 Morgan Hill Gilory Arry #6 6.2 9.86 0.51 ss 

4 Loma Prieta LGCP 7.0 6.10 0.37 ro 

5 Kobe KJMA 6.9 0.96 0.21 ss 

6 San Fernando Pacoima Dam 6.6 1.81 0.58 r 

7 Northridge Pacoima Dam (downstr) 6.7 7.01 0.41 r 

8 Tabas Tabas 7.4 2.10 0.35 rn 

9 Landers Lucerne 7.3 1.1 0.76 ss 

10 Parkfield Temblor 6.1 9.9 0.29 ss 

FM: Fault mechanism. r = reverse; ro = reverse-oblique; ss = strike-slip; rn = reverse-

normal 

 

6.2 Performance of the structure 

Figure 6.7 shows the time history of the horizontal displacement (u) at the top of the 

structure when subjected to earthquake R8. When plastic hinge is permitted, the structure 

exceeds on 14 occasions the elastic limit (horizontal dashed line in Figure 6.7) resulting in 

a permanent lateral displacement of 12.7 mm. 
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Figure 6.7 Effect of plastic deformation on top displacement due to R8 

Figure 6.8 summarizes the maximum inter-storey drifts due to different excitations. While 

Figure 6.8(a) illustrates the case of an elastic structure (using 2 mm plate), Figure 6.8(b) 

represents the case considering plastic hinge development (using 1.6 mm plate). As shown, 

plastic hinge development in the structure caused a larger maximum drifts at the first and 

second floors. In contract, the drifts at the third and top floors of the structure decreased. 

On average, the maximum inter-storey drifts from the first to the top floors of the structure 

were 5.6%, 7.6%, 6.2% and 4.6%, respectively. Without plastic hinge development, the 

corresponding maximum inter-storey drifts were 5.3%, 7.3%, 6.8% and 4.9%. 

 

Figure 6.8 Inter-storey drift (a) with and (b) without plastic hinge 
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Figure 6.9 compares the maximum bending moment at different storeys. The values were 

calculated by summing the bending moments at the lower end of the four columns of each 

storey. Because of the plastic hinge development at the first and second floors, the storey 

bending moments at these two floors were reduced significantly. Without plastic hinge 

development, the average maximum storey bending moments at the first and second floors 

were 20.1 Nm and 12.7 Nm, respectively. When plastic hinges developed, the 

corresponding maximum bending moments were only 14.4 Nm and 11.3 Nm. The storey 

bending moments at the top two floors of the structure were similar, with and without 

plastic hinge development. 

 
 

Figure 6.9 Bending moment distribution (a) with and (b) without plastic hinge 

development 

Induced vibrations are of concern to secondary structures. In order to reveal the effect of 

plastic hinge development on induced vibrations, response spectra of the horizontal 

accelerations at the top of the structure are calculated (Figure 6.10). A damping ratio of 5% 

is assumed. The spectrum values represent the estimated maximum responses of secondary 

structures attached to the roof level. It is found that plastic hinge development can reduce 

the impact of vibration on the secondary structure induced from primary structure. For 
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the elastic structure. Since secondary structures generally have high frequencies, reducing 

the spectrum acceleration at the regions of high frequencies will reduce the response of 

secondary structures. 

 

 
Figure 6.10 Reduction of spectrum acceleration at the roof level as a result of plastic hinge 

development due to R8 

 

6.2.1 Effect of uplift on the structure 

A series of shake table tests were conducted on the structure with allowable uplift. For all 

experiments considering footing uplift, plastic hinge development in the structure was 

permitted, i.e. 1.6 mm thick plates were used at the plastic hinge zones. Figure 6.11 

compares the moment-drift relationship in the first two floors of the structure. With a fixed 

base, the plastic hinge developments were evidenced at the first two floors. However, when 

uplift was permitted, the structure remained elastic, i.e. no plastic hinge development was 
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Figure 6.11 Effect of uplift on plastic hinge development and bending moment of (a) 

ground and (b) first floors of the structure due to R8 

Figure 6.12 shows the maximum inter-storey drift and storey bending moment at each level 

of the structure with uplift. Compared to the drift of the nonlinear structure with an 

assumed fixed base (Figure 6.8(a)), the inter-storey drift at each floor level of the structure 

became smaller because of uplift. On average, the maximum inter-storey drift from the 

first to the top level of the structure was 3%, 5%, 4% and 3%, respectively.  

 
Figure 6.12 Maximum (a) inter-storey drift and (b) storey bending moment at each floor of 

the structure with uplift and allowable plastic hinge (wf/wt = 27%) 
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in the structure from the ground to the roof was 7.08 Nm, 5.85 Nm, 2.59 Nm and 0.38 Nm, 

respectively. Compared to the structure with a fixed base and plastic hinge development, 

the corresponding storey bending moment was 54.9%, 48.2%, 23.8% and 82.7% smaller 

(see also Figure 6.9(a)). 

Figure 6.13 shows the response spectra of acceleration at the roof level of the nonlinear 

structure with and without allowable uplift. The spectra are calculated with 5% damping 

ratio. As shown, the structure with uplift causes a larger induced vibration on the 

secondary structure in the frequency region below 1.05 Hz. In the frequency range between 

1.05 Hz to 1.97 Hz, there is a great reduction in of induced vibrations on the secondary 

structure.  

Overall, in the higher frequencies region (greater than 1.97 Hz) the spectrum accelerations 

in the structure with uplift are smaller than those in the structure with a fixed base. This 

observation is also evidenced in the case of other excitations. Secondary structures are 

generally of relatively higher frequency, thus structural uplift is more effective in reducing 

the effect of induced vibrations on the secondary structure compared to the influence of 

allowing plastic hinge development (see Figure 6.10). 

 

 

Figure 6.13 Spectrum acceleration at the top of the nonlinear structure with uplift due to 

R8 
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structure with and without uplift. In the case of a fixed base, the maximum top horizontal 

displacement was 55.6 mm. In comparison, allowing the structure to uplift caused much 

larger displacement of 92.4 mm, i.e. a 66.2% increase. The large increase in horizontal 

displacement will increase the relative movement between adjacent structures and may 

lead to pounding damage. 

Compared to the fixed-base structure the vibration period of the structure with uplift is 

longer (Figure 6.14). This explains why the vibrations induced into the secondary 

structures, from the structure with uplift, increased in the low frequency region. 

 

 

Figure 6.14 Uplift increases the horizontal displacement of structure 

 

6.3 Controlled uplift 

The increase of horizontal displacement at the top of the structure was due to the footing 
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where b is the half footing width; g is the gravitational acceleration; n is the number of 

storey; hi and mi is respectively the height and the mass of the ith floor; ai is the floor 

acceleration before uplift takes place. i = 0 represents the footing of the structure. 

Base on static moment equilibrium, uplift will take place on one edge of the footing if: 

 

F RM M  6.6 

 

Using the horizontal acceleration at each floor prior to uplift, a 37.6 Nm moment at the 

footing was calculated. The footing weight (wf) was 15.7 N and the total storey weight (wt 

from the sum of active mass) was 57.8 N. The moment resistance for footing uplift was 

18.2 Nm.  

To reduce the footing uplift, 7.5 kg mass was applied at the centre of the footing. The 

footing weight (wf) was increased to 89.3 N. The footing weight to total storey weight ratio 

(wt/wf) was increased from 27% to 154% (Table 4), resulting in an additional 17.3 Nm 

moment to resist footing uplift. The sum of the moment to resist uplift was 36.5 Nm. Uplift 

can thus still be initiated. 
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Table 6.4 Change of footing mass 

Original With additional 

Footing weight wf (N) 15.7 89.3 

MR (Nm) 18.2 36.5 

Total storey weight wt (N) 57.8 57.8 

wt/wf 27% 154% 

 

Figure 6.15 shows the relationship between the displacement at the top of the structure and 

the rotation at the footing. The additional weight on the footing can reduce the uplift 

amplitude. When uplift was initiated, the additional footing weight caused less footing 

rotation. The maximum footing rotations without and with the additional footing weight 

are 3.9o and 1.8o, respectively. As a result, the maximum lateral displacement at the top of 

the structure is 54.8 mm. Compared to the maximum horizontal displacement of structure 

without additional footing weight (92.4 mm, also see Figure 6.14), the horizontal 

displacement of structure without additional footing weight is 69% larger than that of 

structure with additional footing weight. 

 

Figure 6.15 Reduction of the maximum horizontal displacement and footing rotation due to 

an additional footing weight 
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Figure 6.16 summarizes the maximum horizontal displacement at each level of the 

structure relative to the ground. For both cases, the horizontal displacement increased 

almost linearly. This is because the horizontal displacement is dominated by the uplift 

initiated rigid body motion of the structure. On average, the horizontal displacement at 

each level from the first floor to the roof of the structure, without additional weight was 

22.6 mm, 42.7 mm, 62.3 mm and 80.9 mm, respectively. With an additional weight, the 

corresponding displacements were only 11.2 mm, 26.1 mm, 37.8 mm and 46.3 mm. 

When an additional weight was applied to the footing, the inter-storey drift in the structure 

increased. Figure 6.17(a) shows the maximum inter-storey drift developed in the structure 

due to all considered excitations. The maximum inter-storey drift, on average is 4.1%, 

6.1%, 5.9% and 4.0% for the first floor to the roof level, respectively. Compared to the 

results in Fig 14(a), the maximum inter-storey drift on average increases by 36%, 22%, 48% 

and 33% for the first floor to the roof level, respectively. Figure 6.17(b) shows the 

maximum storey bending moment at each level. Applying additional weight on the footing 

increases the storey bending moment. 

 

Figure 6.16 Horizontal movement of the upliftable structure (a) with, and (b) without 

additional footing weight due to R8 
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Figure 6.17 Maximum (a) inter-storey drift and (b) storey bending moment in the structure 

with an additional footing weight (wf/wt = 154%) 

Figure 6.18 shows that the maximum horizontal displacement at the top of the structure 

with fixed base was 55.6 mm. In comparison, the maximum horizontal displacement at the 

top of the structure with an additional weight was 54.8 mm. In this case, uplift even 

slightly reduces the horizontal displacement of the structure. Thus, the likelihood of 

pounding against adjacent structures will not increase 

 

 

Figure 6.18 Horizontal displacement at the top of the nonlinear structure with fixed base 

and controlled uplift due to R8 
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Figure 6.19 shows the relationship between the horizontal displacement at the roof of the 

structure and the storey bending moment at the ground floor. As shown, plastic hinges in 

the structure with uplift, can still be avoided with the additional footing weight. 

Considering different excitation on the structure with additional footing weight, no plastic 

hinge development is evidence. Since uplift reduced the bending moment in the structure, 

plastic hinge development was avoided. No residual displacement was observed in the 

structure. 

 

Figure 6.19 Avoiding plastic hinge in the structure through controlled uplift due to an 

additional footing weight 

According to Equations 6.4-6.6 an additional 10 kg footing mass, equivalent to a total 

moment resistance of 41.24 Nm, will eliminate uplift. The footing weight to total storey 

weight ratio (wf/wt) was 195%. In the experiments, however, uplifts took place. The reason 

is when horizontal displacements developed in the structure, the weight of floor does not 

act at the centre of the footing. The moment to resist uplift provided by the floor weight, 

should therefore be calculated using the actual horizontal distance between the floor mass 

and the footing edge, rather than half the footing width (b). Thus, Equation 6.5 is modified 

to Equation 6.7. 
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where ui is the horizontal displacement at the ith floor prior uplift occurs. 

Using the acceleration and displacement at each floor level before uplift occurs, the 

moment to resist uplift MR and the moment at the footing MF caused by horizontal 

accelerations are calculated to be 39.75 Nm and 42.2 Nm, respectively. Thus, uplift can 

take place. It is confirmed that the estimation of the moment to resist uplift can be more 

accurate if the response of the structure is considered. 

Figure 6.20 shows the relationship between the horizontal displacement at the top of the 

structure and the rotation at the footing. Because of the larger additional footing weight, a 

slightly larger horizontal displacement developed in the structure prior to uplift. The 

maximum horizontal displacement of the structure with the larger footing weight was also 

greater than that with the smaller weight. This could be attributed to the interaction 

between the structural response and the footing response. With a larger footing mass, the 

rotational inertia of the footing increases. Although a greater moment to resist footing 

uplift was applied, the footing rotation interacted with the structural response. The footing 

with the larger weight (dotted line) had a larger rotation and caused a greater horizontal 

displacement of the structure. When wf/wt = 195%, the maximum horizontal displacement 

and footing rotation was 59.1 mm and 1.9 o, respectively. 

 

Figure 6.20 Consequence of additional footing weight for the top displacement-footing 

rotation relationship 

With an additional footing weight, the response period of the structure with uplift is also 
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vibrations on the secondary structure. Figure 6.21 compares the response spectrum of 

induced accelerations at the top of the structure with different footing weights. Overall, the 

spectrum accelerations of structure without additional footing mass were larger in the low 

frequency range (lower than 0.72 Hz). However, the additional footing mass caused a 

larger footing rotational inertia. The elastic deformation of the structure interacts with the 

footing rotation during uplift. This interaction increases the higher modes contribution to 

the structural response. At the frequency around 1.1 Hz and 4.1 Hz, the spectrum 

acceleration of the structure increase with the footing weight. 

However, a greater footing weight might not always cause a larger induced vibration in the 

high frequency range. In the frequency range greater than 6 Hz, the spectrum acceleration 

of the structure with wf/wt = 154% is the highest. It is concluded that footing weight and 

higher modes of vibration associated with the upliftable structure have a large influence on 

the induced vibration of the secondary structure. 

 

  

Figure 6.21 Effect of controlled uplift due to additional footing weight on the induced 

vibration to a secondary structure (R8) 

6.4 Conclusions 

This work investigates the feasibility of achieving low damage seismic design of a 

structure through allowing structural uplift. A multi-storey structural model with a correct 

consideration of the influence from gravitational force on structural uplift is used. The 

model structure properly simulates the plastic hinge development in the prototype. Shake 
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table tests on the structure with fixed base and allowable uplift considering different 

footing masses were carried out using ten earthquake records. The plastic hinge 

development, drift performance, and bending moment distribution in the structure were 

studied. The impacts of induced vibrations on potential secondary structures are also 

investigated. 

This investigation reveals that: 

 Plastic hinges in the structure can reduce the effect of induced vibration on 

secondary structures. When uplift is allowed, the induced vibrations can be further 

reduced especially in high frequency range. 

 To take advantage of uplift effect and at the same time to avoid possible large uplift 

induced horizontal displacement, the uplift can be controlled by considering 

additional mass at the footing.  

 With additional footing mass, the inter-storey drift and storey bending moments 

may increase. But the development of plastic hinges in the structure can still be 

avoided.  

 With additional footing weight, the contribution of higher mode to the response of 

upliftable structure may increase. 
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Chapter 7 Conclusions and recommendations for future research 

Conclusions and recommendations for 

future research 

7.1 Conclusions 

This study develops multiple approaches in order to reproduce the response of upliftable 

structures with plastic hinge development and nonlinear soil deformation. The proposed 

formulas, developed based on experimental data, are more accurate, than those that have 

been proposed to date. 

The first part of this study (Chapter 2) investigates the performance of structures with 

uplift. Shake table tests on three SDOF models on sand in a rigid box with different 

column moment capacities were conducted. Compared to a fixed base condition, allowing 

the structures to uplift reduces the bending moment. If plastic hinge development is 

permitted, allowing the model to uplift can impede the development. If the soil plastic 

deformation and the plastic hinge development occur, less residual rotation of footing can 

be observed.  

As shown in Chapters 3 and 4, allowing uplift also reduces the response spectrum values of 

acceleration of the footing. The spectrum values obtained from the footing acceleration is 

smaller than those obtained from the free-field acceleration of the soil surface. Using 

existing theoretically derived equations, the response of structures with uplift calculated 

using free-field ground motions will overestimate the maximum response of the structure. 

The investigation of the boundary effect, i.e. the distance between the footing edges and 

the boundaries of the sand, shows that using the large laminar box a larger volume of sand 

is unaffected by the boundary. As anticipated the response of the model is less influenced 

by the boundary effect. 

In the second part of the work (Chapters 5 and 6), a new modelling approach for shake 

table experiments is developed. The advantage of the new approach is that scaling of 

structural frequency is not required, while the effect of gravitational acceleration can still 
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be correctly incorporated. The important aspect is that the uplift motion of a structure can 

be more realistically reproduced. As an example, two multi-storey structural models, each 

one obtained according to either the conventional or the proposed modelling approach 

were considered. The results show that the model obtained using the conventional scaling 

method, i.e. with frequency scaling, cannot simulate the response of a structure during 

uplift. In contrast, the model developed using the proposed approach adequately 

reproduces the characteristics of structural response. The experimental results are used to 

validate existing predictive formulas for estimating the response of an upliftable structure. 

Free rocking tests were conducted to develop an equation that describes the relationship 

between the uplift amplitude and the nonlinear rocking period of the structure. The 

equation is applicable in the calculation of the seismic response of an upliftable structure.  

With structural uplift, the horizontal displacement of a structure may increase due to the 

rotation of the footing. However, this horizontal displacement can be controlled by 

increasing the weight of the footing. A formula is proposed to estimate the uplift resistance 

of a structure due to self-weight. The shake table experiments confirmed that the footing 

weight can effectively reduce the horizontal displacement of a structure during uplift, 

while at the same time avoiding plastic hinge development. However, it was observed that 

an increase of the footing weight can cause larger induced vibrations of secondary 

structures. 

7.2 Recommendations for future studies 

Based on the findings from this research, the following is recommended for future studies: 

 With uplift, impact forces develop at the footing and ground support interface. With 

small scale experiments, this impact force cannot be simulated. A larger scale 

experiment on an upliftable structure should be carried out so that this impact force 

can be quantified, and its effect on the response of the structure can be understood. 

 Studies on upliftable structures should not be limited to the unidirectional excitation 

case. Additional studies can be carried out considering bi/tri-axial excitations so that a 

more realistic assessment of seismic performance of upliftable structures in real 

earthquake events can be studied. 
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 The consequence of near-source earthquakes with strong vertical ground motions, 

stronger than the horizontal ones, for the seismic performance of upliftable structures 

should be investigated. 
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Appendix A - Shake table test results (Chapter 2) 

  

Figure A.1 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 1 

 

Figure A.2 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 2 

 

Figure A.3 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 3 
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Figure A.4 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 4 

 

Figure A.5 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 5 

 

Figure A.6 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 6 
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Figure A.7 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 7 

 

Figure A.8 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 8 

 

Figure A.9 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 9 
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Figure A.10 Development of moment (BM) and rotation (r) in the footing of model (a) M1, 

(b) M2 and (c) M3 due to load case 10 

 

Figure A.11 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 1 

  

Figure A.12 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 2 

 

Figure A.13 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 3 
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Figure A.14 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 4 

 

Figure A.15 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 5 

 

Figure A.16 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 6 

  

Figure A.17 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 7 

-0.4

-0.3

-0.2

-0.1

0

-0.1 -0.05 0 0.05
-0.9

-0.6

-0.3

0

-0.4 -0.2 0 0.2
-0.9

-0.6

-0.3

0

-0.6 -0.4 -0.2 0 0.2

-0.6

-0.4

-0.2

0

-0.1 0 0.1 0.2 0.3
-0.8

-0.6

-0.4

-0.2

0

-0.4 -0.2 0 0.2
-0.6

-0.4

-0.2

0

-0.2 -0.1 0 0.1

-0.6

-0.4

-0.2

0

-0.2 0 0.2 0.4
-0.8

-0.6

-0.4

-0.2

0

-0.2 0 0.2 0.4
-1.2

-0.8

-0.4

0

-0.4 -0.2 0 0.2 0.4

-0.8

-0.6

-0.4

-0.2

0

0 0.1 0.2 0.3
-0.8

-0.4

0

-0.2 0 0.2 0.4
-0.8

-0.4

0

-0.4 -0.2 0 0.2 0.4

r (o) 

(a) (b) (c) 

v
(m

m
)

r (o) 

(a) (b) (c) 

v
(m

m
)

r (o) 

(a) (b) (c) 

v
(m

m
)

r (o) 

(a) (b) (c) 

v
(m

m
)



Appendix A 

154 
 

 

Figure A.18 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 8 

 

Figure A.19 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 9 

 

Figure A.20 r-v relationship of elastic (a) M1, (b) M2, and (c) M3 due to load case 10 
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Appendix B - Shake table test results (Chapters 5 & 6) 

 

Figure B.1 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) 

M2 and (b) M1 due to Record 1 

 

Figure B.2 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 2 
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Figure B.3 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 3 

 

Figure B.4 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 4 

 

Figure B.5 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 5 
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Figure B.6 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 6 

 

Figure B.7 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 7 

 

Figure B.8 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 8 
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Figure B.9 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 9 

 

Figure B.10 Lateral displacement (u) at top of structure vs. footing rotation (θ) for (a) M2 

and (b) M1 due to Record 10 
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