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Abstract: Previous investigations have demonstrated that strong earthquakes can cause severe 

damage or collapse of storage tanks. Theoretical studies by other researchers have shown that using 

energy-dissipating anchors can reduce the axial compressive stresses in the tank shell compared to 

the fully anchored case. Those studies have also shown that using energy-dissipating anchors can 

reduce the displacement of the tank compared to the unanchored case. However, there is no 

experimental work to validate the results obtained from these numerical studies. This paper reports 

on a series of experiments using a shake table on a scale model PVC tank containing water. A 

comparison of the seismic behaviour of a fully fixed base system (tank with anchorage), a system 

free to uplift (tank without anchorage) and a partially fixed system (tank with slip-friction 

connectors) is presented. The slip-friction connectors are calibrated by performing cyclic tests. The 

experiments were performed using recorded ground motion scaled to the New Zealand design 

spectra for two Wellington sites. Measurements were made of the axial compressive stresses in the 

tank shell and the horizontal displacement of the top of the tank. The experiments showed the 

beneficial effects of using slip-friction connectors in storage tanks, reducing the uplift displacement 

in comparison with an unanchored tank and reducing the axial stresses compared to a fully fixed 

tank. A numerical model is proposed which corroborates these results. 
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1. INTRODUCTION 

Storage tanks are essential structures that provide basic supplies such as water and fuel. 

Hence, these structures should remain operational after strong ground motions. Because of 

the importance of these structures, several studies have been carried out [1–3], and 

standards and design guides have been established [4–6]. Most storage tanks are anchored 

to their foundations due to the established belief that separation of the tank from the 

foundation is harmful, creating significant loading on the restraining mechanism [4,5,7]. 

However, numerical studies [8] have demonstrated that allowing uplift (separation) of the 

base plate from the foundation reduces the base shear and the overturning moment acting 

on the tank. On the other hand, unanchored tanks will likely experience larger 

displacements than those that are fixed to the foundation, damaging the piping that is 

connected to the tank [9–11]. An intermediate solution that reduces the seismic load in 

comparison with anchored tanks and reduces the displacements compared to those of 

unanchored tanks, are tanks provided with energy-dissipating anchors. Malhotra [12] 

reported using a numerical analysis the advantages of these anchors. 

Firstly, the use of energy dissipating anchors lengthened the natural period and increased 

the damping of the tank system. Both effects produce a reduction of the seismic forces 

applied to the tank in comparison with a tank provided with conventional anchors. In 

comparison with a tank without anchorage, energy dissipating anchors reduced the 



horizontal displacements of the tank during an earthquake.  The energy dissipating device 

proposed by Malhotra [12] is a torsional-beam steel damper. It dissipates energy through 

inelastic twisting of a mild-steel bar that is induced by the vertical movement of the tank 

wall. To the authors' knowledge, torsional beam dampers have not been implemented in 

storage tanks but have been used in buildings and bridges [13] and have shown to be 

effective in reducing the seismic demand.  However, incursions in the plastic range cause 

permanent deformation of the mild-steel bar.  Therefore, these connectors may require 

replacement after large earthquakes. Curadelli [14] proposed a device for energy dissipation 

for a spherical vessel that uses the deformation of lead. The device consists of two coaxial 

steel cylinders with lead rings between them. It dissipates energy through plastic 

deformation of the lead caused by relative displacement between the cylinders [15]. As 

with torsional beam dampers, many incursions in the plastic range may cause permanent 

damage to the device leading to the replacement of the connector.  This kind of connector is 

defined as a passive control system device [16,17] because it uses the motion of the 

structure to develop the control forces, i.e., it does not need an external source of power to 

work.  A device that needs a large power source (different from the structure motion) to 

develop the control forces is called active control system device [16,17]. 

Another kind of fully passive control system to control the seismic forces acting on storage 

tanks is base isolation.  Malhotra [18] proposed to base isolate a storage tank by removing 

the structural connection of tank wall and base plate.  In that study [18], the tank wall is 

supported by flexible bearings and the base plate by the ground.  Malhotra [18] reports that 

base isolation reduces dramatically overturning moment, base shear and axial stresses on 

storage tanks without increasing significantly the vertical displacements.  Panchal and Soni 

[19] present a complete review of the state of art of base isolation on storage tanks.  While 

fully passive control systems, mainly base isolation, have been investigated in numerous 

studies [18–22], active and semi-active control systems (which combine featured of passive 

and active control systems [16,17]) have not been studied for storage tanks to these authors' 

best knowledge.         

Another passive energy dissipating device is the slip-friction connector. This kind of 

connector was developed originally for steel framed structures and dissipates energy 

through friction between parallel steel plates (Figure 1). Butterworth [23] used a 

symmetrical sliding joint to dissipate energy in concentrically braced steel frames. MacRae 

et al. [24] developed a sliding hinge moment connection. Loo et al. [25] proposed a new 

type of symmetric slip-friction connector that avoids the use of brass shims. This reduced 

the cost of this kind of connector. Slip-friction connectors have the advantage of being 

stable and keeping their mechanical properties after several cycles of load.  Despite the fact 

that semi-active control systems have shown a great potential to reduce the seismic forces 

on structures combining the best characteristics of passive and active control systems 

[16,17], slip-friction connectors were chosen for this study because of a) their promising 

performance in timber walls [25] and b) their incomparable ease for implementation.  

This work had two main objectives. The first was to study the feasibility of using slip-

friction connectors to anchor storage tanks to their foundation. This involved cyclic tests 

with an Instron machine to determine the mechanical properties of the connector. The 

second objective was to quantify the seismic response of storage tanks anchored with slip-



friction connectors in terms of the axial stresses in the tank wall and uplift of the tank base. 

This involved a PVC model tank that was subjected to earthquake motion on a shake table. 

To the authors' knowledge an experimental investigation on the use of any energy 

dissipating anchors on storage tanks had not been reported in the literature. Successful 

development of methods to reduce the seismic demand on storage tanks will lead to more 

efficient tank designs. 

2. METHODOLOGY 

2.1 Symmetric slip-friction connector 

Slip-friction connectors are either asymmetric or symmetric. Symmetric connectors display 

superior elasto-plastic behaviour [25]. They transfer the friction force from a central plate 

to two outer plates (Figure 1). The connector force, Fslip, is equal the total friction force 

between the plates. This friction depends on the friction coefficient, µ, of the materials in 

contact and the normal force, T, applied by the bolt. The central plate has a slot that allows 

relative displacement between the plates. 

 

 

Figure 1. Symmetric slip-friction connector. 

2.2 Belleville washers 

Loo et al. [25] used Belleville washers to achieve the tensile force required in the connector 

bolt. Belleville washer are extensively described in [26]. A brief summary is presented 

herein. This type of  washer behaves as a spring and within a range of deflections, which is 

provided by the vendor, these washers behave elastically. Figure 2 shows the force-

deflection relationship obtained for two washers. The washers are type M8-L-1.3-PB, from 

Solon Manufacturing Co., USA. 



 

Figure 2. Force-deflection relationship for Belleville washers, type M8-L-1.3-PB. 

Figure 3 (left) shows a sketch of a Belleville washer. The maximum deflection, dmax, is 

equal to the height, h, less the thickness, t. The load required to flatten the washer is given 

by PFlat.  In the case of a Belleville washer type M8-L-1.3-PB, hmax = 1.66 mm, hmin = 1.49 

mm and dmax = 0.3 mm. The maximum inside diameter is 8.33 mm and the minimum 8.18 

mm. The maximum outside diameter is 17.48 mm and the minimum 17.22 mm. The 

material is phosphor bronze. Belleville washers can be arranged in series (Figure 3 

(middle)), in parallel (Figure 3 (right)) or in a combination of series and parallel. 

 

Figure 3. Belleville washer (left).  Washers in series (middle).  Washers in parallel (right). 

In the case of washers arranged in series, PFlat remains constant. Equation (1) shows the 

relation of the equivalent stiffness, keq, and the individual stiffness, ki, for washers in series. 
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In the case of washers arranged in parallel the maximum deflection d remains constant. 

Equation (2) shows the relation of the equivalent stiffness and the individual stiffness for 

washers in parallel. 
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2.3 Cyclic tests 

2.3.1 Cyclic load 
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Figure 4 shows the displacement time-history schedule used for all the cyclic tests. The rate 

of vertical displacement of the washers constant and equal to 1 mm/s. 

 

Figure 4. Displacement time-history schedule. 

2.3.2 Slip-friction connector 

Loo et al. [25] reported that using a central plate of hardened steel and outer plates of mild 

steel gave stable behaviour after many cycles of testing. The same configuration was used 

in the tests presented in this work. The central plate was Bisalloy 400 and the outer plates 

were mild steel (grade 350). Figure 5 shows a typical specimen built for the tests. 

 

Figure 5. Slip-friction connector mounted in the Instron machine. 

Figure 6 shows the dimension of the plates utilised. All the values are in mm. 
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Figure 6. Steel plate grade 350 (left).  Bisalloy 400 plate (right).  

2.3.3 Experimental Setup 

Figure 5 shows a typical specimen mounted in the Instron machine. For ease of adjustment 

of the normal force in the connector, eight Belleville washers were arranged in series. In 

this way, PFlat of the eight washers in series is the same as those for one washer but the 

maximum deflection d is eight times higher. This gave more sensitivity in controlling the 

total deflection of the washer group and hence a finer capacity for load adjustment. The 

connector will be used for tests on a scale model tank, on which the expected loads in the 

washers are less than 1 kN. It is noticeable from Figure 2 that a washer type M8-L-1.3-PB 

is enough to provide that level of force to the connector. The group of washers was 

subjected to eight different levels of deflection in each test. Figure 7 (left) shows the washer 

deflected to the maximum. Digital callipers were used to measure the deflection of the 

washers (Figure 7 (right)). 

 

 

Figure 7. Group of washers completely flat (left).  Digital callipers used in the tests (right). 

The bolt utilised is a M8 steel bolt, class 8.8 with a minimum tensile stress of 800 MPa. 

2.4 Shake table tests 

2.4.1 Tank model 



Figure 8 shows the PVC tank used to represent a prototype steel tank. The Buckingham π 

theorem [27] was used to meet the similitude conditions between the scale model and the 

prototype. Current standards for seismic design are based mainly on the spring-mounted 

masses analogy proposed by Housner [1] (Figure 9). This model establishes that liquid 

storage tanks behave mainly in two vibration modes. The portion of the liquid contents 

which moves rigidly with the tank shell is the impulsive mass, Mi, while the portion of the 

contents which moves by developing a sloshing motion is the convective mass, Mc. 

 

Figure 8. PVC model utilised in the experiments. 

 

Figure 9. Spring-mounted masses analogy after Housner [1]. 

In most practical cases, storage tanks can be represented as a single-degree-of-freedom 

system [28–30]; i.e., they are considered to behave in the impulsive mode only. In this way, 

to meet the requirements of similitude, the Cauchy number as defined by Qin et al. [31] is 

utilised. It is given by 
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where  Fi = inertial force; 

 Fe = elastic restoring force;  

   m = mass of the system Mi (see Figure 9);  

 a = horizontal acceleration (impulsive acceleration); 

 k = translational stiffness (impulsive stiffness); and 

 u = horizontal deflection.   



Although the mass of the tank structure is part of the impulsive mass of the fluid-structure 

system, a good approximation for computing the impulsive mass is to consider only the 

liquid. Because the model and the prototype store the same liquid (water), the masses of the 

model and prototype have the same density and thus the length scale factor determines the 

mass scale factor. The stiffness (k) is determined by the geometry and the mechanical 

properties of the tank and liquid. For this reason, the only variable that can be adjusted to 

meet the requirement of the relationship of Equation (3) is the acceleration (a). Equation (4) 

shows the dimension of acceleration. 
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where  l = length; and 

 t = time.   

Length (l) is already set, so the time scale factor must be adjusted to meet the requirement 

of Equation (3). Table 1 shows the dimensions and properties of the model and prototype. 

Scale factors for the experiments are shown in Table 2.  

To ease the computation of the dynamical properties of the model a roof was not provided. 

Design documents [4–6] assume that the top of the tank wall is not stiffened by ring girders 

or a roof structure. This approximation is satisfactory for most practical cases where the 

tank is provided with a roof [4].     

Table 1. Dimensions and properties of model tank and prototype. 

 Model Prototype 

Material PVC Steel 

Young's modulus (MPa) 1.6*10
3
 2.068*10

5
 

Density of the tank shell material (kg/m
3
) 1200 7850 

Yield stress (MPa) 25 250 

Diameter (m) 0.50 10.00 

Liquid height (m) 0.75 15.00 

Wall and base thickness (mm) 4 10 

Mass of the contents (kg)  147 1178097 

 

Table 2. Scale factors. 

Dimension Scale factor 

Length 20 

Mass (liquid content only) 8000 

Time 4.64 

Stiffness 369.5 

Acceleration 0.93 

Force 7440 

The system analysed is non linear and for this reason the response of the model cannot be 

justifiably multiplied by the corresponding scale factor to obtain the response of the 

prototype.  However, the results presented in the following sections will help to understand 

the seismic behaviour of the prototype under different fixity conditions. 



2.4.2 Experimental setup 

Three different fixity conditions were invoked in the experimental work: fixed to the shake 

table (fixed base), free to uplift (free base) and anchored to the shake table by slip-friction 

connectors (friction base). The aspect ratio (water height/ tank radius) was also adjusted, to 

ratios of 2 and 3. The aspect ratio was of interest because it significantly influences the tank 

response, including the amount of uplift. 

Two slip-friction connectors were used to fix the tank to the shake table. To reach the fixed 

base condition the bolts were tightened to the maximum deflection of the washers. A wire 

transducer was used to measure the horizontal displacement at the top of the tank. An 

accelerometer was used to measure the tank wall horizontal acceleration. This instrument 

was located at a height of 600 mm on the shell of the tank, orientated in the direction of the 

applied motion. Figure 10 (left) shows the arrangement of the devices. 

Two LVDTs were used to measure the uplift of the tank with free base and friction base. 

These LVDTs were aligned with the loading direction and were positioned on the moving 

part of the slip-friction connectors, i.e. the outer plate.  

Two columns of strain gauges were used to compute the axial stresses of the outer skin of 

the tank wall. Each column had seven strain gauges arranged vertically. Both columns were 

aligned with the loading direction (Figure 10 (right)).  

 

Figure 10. Sketch of the PVC model and the devices used (left). Vertical arrangement of 

strain gauges in the direction of the excitation (right) 

2.4.3 Harmonic tests 

A series of thirteen harmonic excitations were applied to the model tank system. The 

frequencies ranged from 1 to 3 Hz and the amplitudes varied between 20 to 100 mm. The 

tests were not intended to demonstrate seismic performance, as the intensities and 

frequency content were very different to that of typical earthquake ground motion. Rather, 

the tests were used as a simple preliminary pilot study from which to  analyse the response 

of the slip-friction connectors. All three fixity conditions were employed using an aspect 

ratio of 3. 

 



2.4.4 Tests employing seismic ground motion 

A set of eleven earthquake records was utilised to perform time-history analyses. The 

ground motions were selected according to the recommendations given by Oyarzo-Vera et 

al. [32], for two Wellington sites. The earthquakes selected are shown in Table 3. 

The earthquakes were scaled using the procedure given by the current New Zealand 

loadings code, NZS 1170.5 [33]. This procedure establishes that at least three records must 

be used and scaled using two independent factors, i.e. the record scale factor (k1) and the 

family scale factor (k2). The aim of this process is to minimise the difference between the 

response spectra of the chosen records and the target spectrum in the range of periods 

between 0.4 T1 and 1.3 T1, where T1 is the fundamental translational period in the direction 

being considered. NZS 1170.5 [33] imposes a minimum value of 0.4 s for T1 but, as is 

described in [30,34] storage tanks have impulsive periods shorter than this value, in this 

study T1 (prototype) is  0.167 s [4]. Additionally, Ormeño et al. [34] showed that the 

minimum period imposed by [33] resulted in an underestimation of the seismic loading. For 

this reason, the restriction on the minimum value imposed by [33] was removed in this 

study.  

The target spectra are given by [4]; these originate from a modification of the spectra given 

by [33] for the specific case of liquid storage tanks. The parameters necessary to compute 

the target spectra were selected as being appropriate for Wellington with site classifications 

of C and D. Site subsoil class C, also known as "Shallow soil sites", and D, also known as 

"Deep or soft soil sites", are defined in [33].  Table 4 shows the ground motions used for 

each site class [32]. 

Table 3. Earthquake records selected. 

Record Name Date 
Magnitude 

(Mw) 

(*)Distance  

(km) 

Depth 

(km) 

Fault 

Mechanism 

El Centro, USA 19-May-40 7 6 10 Strike-Slip 

Tabas, Iran 16-Sep-78 7.4 2 5 Reverse 

La Union, Mexico 19-Sep-85 8.1 16 15 Subduction 

Lucerne, Landers, USA 28-Jun-92 7.3 44 5 Strike-Slip 

Arcelik, Kocaeli, Turkey 17-Aug-99 7.5 4 15 Strike-Slip 

Duzce, Duzce, Turkey 12-Nov-99 7.2 0 10 Strike-Slip 

HKD085, Hokkaido, Japan 26-Sep-03 8.3 46 33 Subduction 

El Centro #6, Imperial Valley 15-Oct-79 6.5 0 10 Reverse 

Caleta de Campos, Mexico 19-Sep-85 8.1 0 15 Subduction 

Yarimka YPT, Kocaeli, Turkey 17-Aug-99 7.5 4 15 Strike-Slip 

TCU 051, Chi-Chi, Taiwan 20-Dec-07 7.5 7 - Reverse 

(*) Distance to the epicentre 

 

 

 

 



Table 4. Sets of records for each site classification. 

Site Classification C Site Classification D 

Record Name ID Record Name ID 

El Centro, USA CEQ1 El Centro, USA DEQ1 

Tabas, Iran CEQ2 El Centro #6, Imperial Valley DEQ2 

La Union, Mexico CEQ3 Caleta de Campos, Mexico DEQ3 

Lucerne, Landers, USA CEQ4 Yarimka YPT, Kocaeli, Turkey DEQ4 

Arcelik, Kocaeli, Turkey CEQ5 TCU 051, Chi-Chi, Taiwan DEQ5 

Duzce, Duzce, Turkey CEQ6 Duzce, Duzce, Turkey DEQ6 

HKD085, Hokkaido, Japan CEQ7 HKD085, Hokkaido, Japan DEQ7 

The scaled response spectra of the earthquakes and the target spectrum for each site 

classification (bold line) are shown in Figure 12. The similitude requirement was met by 

applying the scale factors shown in Table 2.  

      

Figure 12. Target spectrum and response spectra of the ground motion records scaled 

according to NZS 1170.5 [33].  Site classification C (left) and site classification D (right). 

 

3. RESULTS 

3.1 Cyclic tests results 

Three different specimens and three different set of washers were combined to perform the 

cyclic tests. Eight different levels of washer deflection (d) were tested for each 

configuration. Therefore, 72 cyclic tests are presented in this work. The naming convention 

of the results shown herein is SpX-setY, which means the test of specimen X with the 

washer set Y. Figure 13 shows the results of the cyclic tests of Sp2-set3 for 8 different 

levels of washer deflection (d). 

It is noticeable from Figure 13 that for different levels of deflection (d) the force-

displacement relation remains stable during the whole test. This  is also reported by [25] but 

for much higher levels of force. This versatility is very important for future implementation 

0.01

0.1

1

10

0.01 0.1 1 10

S
p

ec
tr

a
l 

a
cc

el
er

a
ti

o
n

 (
g

) 

Period (s) 

0.01

0.1

1

10

0.01 0.1 1 10

S
p

ec
tr

a
l 

a
cc

el
er

a
ti

o
n

 (
g

) 

Period (s) 

0.4T1 T1 1.3T1 0.4T1 T1 1.3T1 



of the connectors in prototype tanks because the level of the forces in those anchors will be 

much higher than those in the model tested.  

Following the same criterion used by [25], the portion of the hysteresis loop from the point 

of slippage to the point of slippage in the other direction is excluded to compute the total 

energy dissipated during the cyclic test. Those steps were excluded as an effort to eliminate 

the "noise" and low forces that are not related to the sliding behaviour of the connector.  

Equation (5) defines the energy dissipated by friction during a cyclic test [25]. 
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where: E = Energy dissipated in a test; 

 Ei = Energy dissipated in the i
th

 time step; 

 Fi = Force in the i
th

 time step; and 

 i  = Displacement in the i
th

 time step. 

The effective distance travelled, D, is: 
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Loo et al. [25] defined the connector strength, Fslip, as the average energy absorbed per unit 

distance. 

D

E
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Figure 14 (left) shows the relationship between Fslip and the deflection of the group of 

washers. It is noticeable that this relation is almost linear. 

 

 

 

 

 

 



    

    

    

    
 

Figure 13. Cyclic tests of Sp2-set3. 
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Figure 14. Fslip - d relation for Sp2-set3 (left).  Fslip - d relation for all the tests (right). 

Figure 14 (right) corroborates that the linearity of the Fslip - d relation is replicated in all the 

tests. A linear regression, taking into account only values of deflection lower than 2.4 mm, 

gives the following equation to relate Fslip to d. 

d54.0Fslip                                                              (8) 

where Fslip is expressed in kN and d in mm.  The limit of 2.4 mm for the deflection is 

imposed to take into account only those values along the linear range of the washers. 

Equation (8) will be used to calculate Fslip in the tank model.  Using Equation (8) and 

Figure 2 the friction coefficient, µ, can be calculated.  The value obtained is µ = 0.48. 

To assess the stability of the force-displacement behaviour, the standard deviation, ESD, and 

corresponding coefficient of variation (COV) for work done per unit distance of cumulative 

travel, as defined by [25], are computed: 
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where Ej is the energy dissipated along the distance between the step j-1 and j, and E is 

equal to Fslip. 

Table 5 shows the values of ESD and COV computed.  It is noticeable  that the values of 

COV are very low, in most of the cases less than 0.10. This demonstrates the stable 

behaviour of the connector during several cyclic tests.  
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Table 5. ESD and COV 

Sp1-set1 Sp1-set2 Sp1-set3 

ESD (kN) COV ESD (kN) COV ESD (kN) COV 

0.008 0.073 0.023 0.192 0.020 0.101 

0.018 0.083 0.017 0.058 0.017 0.066 

0.026 0.074 0.025 0.059 0.026 0.060 

0.032 0.067 0.026 0.055 0.034 0.056 

0.047 0.074 0.035 0.057 0.051 0.069 

0.056 0.070 0.050 0.060 0.047 0.053 

0.069 0.071 0.065 0.058 0.066 0.063 

0.070 0.053 0.104 0.065 0.101 0.060 

Sp2-set1 Sp2-set2 Sp2-set3 

0.058 0.280 0.045 0.152 0.035 0.131 

0.060 0.148 0.074 0.152 0.078 0.219 

0.063 0.113 0.079 0.105 0.078 0.135 

0.072 0.095 0.074 0.089 0.065 0.086 

0.056 0.054 0.086 0.085 0.083 0.084 

0.096 0.079 0.087 0.073 0.069 0.059 

0.080 0.058 0.095 0.069 0.101 0.074 

0.113 0.057 0.142 0.062 0.090 0.046 

Sp3-set1 Sp3-set2 Sp3-set3 

0.018 0.091 0.011 0.061 0.021 0.098 

0.020 0.110 0.016 0.081 0.058 0.163 

0.031 0.126 0.024 0.069 0.046 0.125 

0.068 0.170 0.034 0.070 0.040 0.063 

0.071 0.116 0.042 0.063 0.050 0.057 

0.078 0.088 0.087 0.096 0.057 0.054 

0.082 0.076 0.108 0.087 0.067 0.056 

0.098 0.071 0.095 0.060 0.090 0.058 

3.2 Harmonic test results 

All the results presented in this section are for an aspect ratio equal to 3.  Figure 15 is a plot 

of the uplift of one side of the tank for one harmonic input.  Four different fixity conditions 

are shown.  Tank fully fixed to the shake table (fixed base), tank free to uplift (free base), 

tank connected by slip-friction connectors with a washer deflection of 0.3 mm (friction base 

0.3 mm) and 0.6 mm (friction base 0.6 mm).  It shows that the level of uplift decreased with 

increasing fixity (amount of friction force). This trend was observed in all thirteen tests. 

This is a desirable result because large amounts of uplift can cause damage to tanks [9–11].  

A small amount of uplift was recorded for the fixed base condition due to the flexibility of 

the system. It should not be interpreted as uplift but as a baseline for comparison.   



 

Figure 15. Uplift of one side of the tank for a harmonic input (1.34 Hz, 80 mm amplitude). 

As well as controlling uplift, the slip-friction connectors are designed to dissipate energy. 

The energy dissipated in one harmonic cycle, E, in terms of equivalent viscous damping, 

can be calculated by 

                                                          (11) 

where Fslip (N) is calculated from equation (8) and U (m) is the sum of the maximum uplifts 

recorded at each LVDT. Equation (11) is obtained from Figure 13. In general terms, the 

area contained by the outer curve is equal to the energy dissipated in one cycle for one 

connector. Both connectors uplift in one harmonic cycle, thus the displacement part (U) 

sums the uplifts of the two LVDTs. Table 6 gives a comparison of the energy dissipation 

achieved for the 0.3 and 0.6 mm friction base settings.  The energy dissipated in one cycle 

is also given in terms of the equivalent damping ratio in Table 6.  Equation 12 gives the 

equivalent viscous damping of the energy dissipated in one cycle. 

U

F4
C

e

slip

c






                                                            (12) 

where Cc is the equivalent viscous damping constant and e is the frequency of excitation. 

Figure 16 shows a plot of those values.  It is noticeable in Figure 16 that in all cases, the 0.6 

mm friction base yields the highest energy dissipation.  This result suggests that the 

additional uplift by the tank for the 0.3 mm friction base setting does not counteract the 

higher force Fslip  using the 0.6 mm friction base setting.   
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Table 6. Energy dissipated per cycle for 0.3 mm and 0.6 mm friction bases 
Harmonic 

Excitation* 

Energy dissipated per cycle (J) Equivalent viscous damping ratio (%) 

0.3 mm Friction 

Base 

0.6 mm Friction 

Base 

0.3 mm Friction Base 0.6 mm Friction 

Base 

1, 80 2.0 2.6 1.30 4.01 

1, 100 11.8 13.0 0.22 0.80 

1.22, 60 6.4 7.2 0.33 1.19 

1.22, 80 14.2 19.0 0.15 0.45 

1.34, 60 5.8 7.6 0.34 1.02 

1.34, 80 15.8 18.6 0.12 0.42 

1.34, 100 22.8 31.2 0.09 0.25 

1.5, 60 6.6 9.8 0.26 0.71 

1.5, 80 19.2 24.0 0.09 0.29 

1.73, 60 8.2 10.6 0.18 0.57 

2.12, 40 4.0 5.8 0.31 0.85 

2.12, 60 10.0 12.4 0.12 0.40 

3, 20 1.6 2.0 0.54 1.74 

*Notation is frequency (Hz), amplitude (mm) 

 

 

Figure 16. Energy dissipated per cycle for 0.3 mm and 0.6 mm friction bases. 

Uncertainty in results, from calibration fluctuation, is represented by the standard error bars 

in Figs. 17 - 21.  Figs. 17 -21 show results for a series of companion tests, i.e. tests using 

the same excitation but with a different fixity condition. Where the error bars do not 

overlap the results are considered to be significantly different, while situations where the 

error bars do overlap the results are considered no different. 

The maximum axial compressive stress (MCS) in the tank wall is an important design 

factor. It is discussed further in section 3.3. It was of interest to see whether there was any 

correlation between energy dissipated at the connectors and the MCS. Figure 17 gives the 

MCS for each harmonic input on both sides of the tank.  In 38% of all cases, the MCS for 

the 0.6 mm friction base is significantly lower than (error bars do not overlap) that of the 

0.3 mm friction base.  In 54% of all cases the MCS for the 0.6 mm friction base is no 
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different to (error bars overlap) that of the 0.3 mm friction base. Because the differences in 

energy dissipation between the two conditions are small, this is reflected in the small MCS 

differences. Overall, the extra energy dissipation results in a reduction to the MCS.   

The values of the strain gauges located at a height of 110 mm above the base, i.e. SG07 and 

SG14, were affected by local bending of the tank wall near the connectors (the top of the 

connectors were 100 mm high). This was due to the large difference in stiffness between 

the steel connectors and the PVC tank. The ratio between the flexural stiffness of the 

connector and the tank (EIconnector/EItank) was 436. The bending occurred before and after 

connector sliding and resulted in an increase in measured strain at these locations, rather 

than an increase in pure axial compressive strain. Since the prototype tank is steel, this 

effect would be less severe in reality. Also, full scale tanks are anchored to the foundation 

by a perimeter of connectors that distributes the load in the tank wall.  For this reason, the 

results of strain gauges SG07 and SG14 are not shown in Figure 17 and the MCS was taken 

to occur at the 200 mm strain gauge to effectively compare the consequences of the 

different fixity conditions.  

 

Harmonic excitation (frequency, Hz – amplitude, mm) 

Figure 17. MCS for SG06 (left) and SG13 (right). 

3.3 Ground motion test results 

Figure 18 shows the distribution of maximum axial compressive stresses on one side of the 

tank for site class C, horizontal component 2 of EQ7 (EQ7-2). This should not be confused 

with the MCS which is the overall maximum stress (near the bottom of the tank wall). All 

three fixity conditions generated similar stresses at heights of 300 to 700 mm. At 200 mm, 

the fixed base stress is the highest, with the friction base stress similar to the free base 

stress.  Figure 19 shows the distribution of maximum axial compressive stresses on one 

side of the tank for site class D, EQ4-1. The stress distributions are similar to those of site 

class C (Figure 18).  This suggests that the slip-friction connectors do improve the stress 

distribution in comparison to the fixed base case.  
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Maximum axial compressive stress (MPa) 

Figure 18. Maximum axial compressive stress distribution for Site class C, EQ7-2, SG08-

14. Aspect ratios of two (left) and three (right). 

 

 

Maximum axial compressive stress (MPa) 

Figure 19. Maximum axial compressive stress distribution for Site class D, EQ4-1, SG08-

14. Aspect ratios of two (left) and three (right). 

As with the harmonic tests, the data was analysed to determine the MCS for all ground 

motion tests.  Figure 20 shows the MCS on one side of the tank for each earthquake 

component of site type C. In 64% of all cases, the MCS for the friction base is significantly 

lower than that of the fixed base. In none of the tests is the friction base MCS significantly 

higher than the fixed base MCS. Interestingly, in six of the fourteen tests for site class C 

and aspect ratio three, the friction base MCS was the lowest of all the fixity conditions by a 

significant margin. 

Figure 21 shows the MCS on one side of the tank for each earthquake component of site 

class D.  EQ5 is not included in Figure 21 because it exceeded the capacity of the shake 
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table.  In 57% of all cases, the MCS for the friction base is significantly lower than that of 

the fixed base. Only one test yielded a friction base MCS higher than the fixed base MCS. 

 

Figure 20. A comparison of the MCS values for Site class C, SG13. Aspect ratios of two 

(left) and three (right). 

 

Figure 21. A comparison of the MCS values for site class D, SG13. Aspect ratios of two 

(left) and three (right). 

In 44% of all cases the reduction in MCS due to slip-friction connectors is higher than 20%.  

In 63% of all cases this reduction is higher than 15%.  Figures 20 and 21 corroborate the 

beneficial effect of using slip-friction connectors on storage tanks, reducing the MCS in 

comparison with the fixed base case, i.e. a storage tank fixed to the base with conventional 

anchors. 

Figure 22 is provided to assess the accuracy of the shake table reproducing the input signals 

in comparison with the target spectrum.  The target spectra and response spectra shown in 

Figure 22 are for an aspect ratio of 3. 
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Figure 22. Target spectrum of the tank model and response spectra of the ground motion 

recorded in the shake table.  Site classification C (left) and site classification D (right). 

It is noticeable that along the period range of interest the ground motions match the target 

spectrum for both site classes. 

3.4 Numerical results 

A numerical model using SAP2000 software is implemented to confirm the experimental 

results obtained in this study.  Figure 23 shows the proposed numerical model. 

 

Figure 23. Model of the tank with the slip-friction connectors 

where: Mi = Impulsive mass; 

 ki  = Impulsive stiffness; 

 ci = Impulsive damping;  

 hi = Height of the impulsive mass; 

 ky = Rotational stiffness of the base plate; 

 Fslip = Connector strength depending on the washers deflection (d); and 

 u = Horizontal degree of freedom of the system. 
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The rotational stiffness of the base plate, ky, is computed following the procedure given by 

[35,36] and adjusted to the properties of the tank material [37].  The rigid connector is 

included in the model to keep the distance between the slip-friction connectors.  The slip-

friction connectors are defined in this study by the  same method as Loo et al. [38]. In this 

way, the force-displacement behaviour of the slip-friction connector is modelled as the 

combination of three non-linear elements.  A multi-linear plastic link element which 

provides the strength of the connection, a gap element which avoids a force depending on 

displacement behaviour when the tank goes downward and a hook element that limits the 

maximum vertical displacement to the length of the slot of the connector when the tank 

goes upward.  Additional details of the slip-friction connector modelling are provided in 

[38]. 

Figure 24 shows the force-displacement behaviour of the multi-linear plastic link, the gap 

element, the hook element and the slip friction connector. 

 

 

Figure 24. Force-displacement relationship of (a) multi-linear plastic link element, (b) gap 

element, (c) hook element and (d) slip-friction connector as a combination of the three 

previous elements. 

Figure 25 shows the uplift on one side of the tank for 3 harmonic loads for an aspect ratio 

equal to 3 and for a washer deflection (d) equal to 0.3 mm.   
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Figure 25. Uplift of one side of the tank for a harmonic input.  1.22 Hz, 60 mm amplitude 

(top); 1.22 Hz, 80 mm amplitude (centre); 1.0 Hz, 100 mm amplitude (bottom). 

It is noticeable that there is a reasonable agreement between the numerical and 

experimental results in terms of uplift of the tank.  Figure 26 shows the ratio of the axial 

stresses obtained by numerical analysis to those obtained in the experiments (COM) for 

both site classes, for an aspect ratio 3 and for a washer deflection (d) equal to 0.3 mm. 

    
                                             

                                          
                                       

Average COM values of 1.22 for site class C and 0.87 for site class D show that there is a 

reasonable agreement between the numerical and experimental results in terms of 

maximum axial stresses.   
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Figure 26. Difference between numerically and experimentally obtained stresses for 

H/R=3.  Site class C (top), site class D (bottom). 

Table 7 shows a comparison of the equivalent viscous damping ratio of the experimental 

and numerical results for an aspect ratio 3 and for a washer deflection (d) equal to 0.3 mm. 

Table 7. Equivalent damping ratio for a washer deflection (d) equal to 0.3 mm 
Harmonic 

Excitation* 

Equivalent viscous damping ratio (%) 

Experimental Numerical 

1, 80 1.30 1.03 

1, 100 0.22 0.25 

1.22, 60 0.33 0.28 

1.22, 80 0.15 0.14 

1.34, 60 0.34 0.29 

1.34, 80 0.12 0.15 

1.34, 100 0.09 0.07 

1.5, 60 0.26 0.21 

1.5, 80 0.09 0.08 

1.73, 60 0.18 0.15 

2.12, 40 0.31 0.23 

2.12, 60 0.12 0.10 

3, 20 0.54 0.38 

Table 7 confirms the results shown in Figures 25 and 26, presenting a reasonable agreement 

between experimental and numerical results. 

4. CONCLUDING REMARKS AND RECOMMENDATIONS 

A series of harmonic and earthquake ground motion shake table tests on a slip-friction 

connector  have been presented and described in this work.  A total of 72  tests resulting 

from a combination of 3 specimens, 3 sets of washers and 8 levels of deflection of the 

washers have been assessed to examine the feasibility of using this type of connector in a 
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scaled model tank.  Shake table tests with harmonic and earthquake motions were 

performed to assess the performance of the connectors as energy dissipating devices to 

enhance the seismic behaviour of the tank.   

The investigations reveal: 

1. Using steel Bisalloy 400 as the central plate and mild steel as lateral plates in the 

connectors removes the need of using brass shims between the plates. 

2. Using Belleville washers as means to calibrate the friction force in the connector 

proves to be a reliable and consistent method. 

3. Cyclic tests reveal that the slip-friction connector maintains stability for several 

cycles of loading. 

4. A linear relationship between friction force and deflection of the washer group is 

presented to calculate the maximum force expected at the connector to create 

slippage. 

5. Harmonic tests reveal that using slip-friction connectors reduces the maximum 

vertical displacement of the tank compared to the free base case. 

6. A higher level of washer deflection results in a higher amount of energy dissipated 

by the anchors during the harmonic tests.  This higher amount of energy dissipated 

results in a reduction of the maximum axial stresses in the tank wall.  In 38 % of the 

cases this reduction is significant. 

7. Shake table  tests using scaled recorded seismic ground motion showed that using 

slip-friction connectors reduces the maximum axial stresses in the tank wall 

compared to the fixed base case in 64 % of the cases for site class C and in 57 % of 

the cases for site class D.  

8. A numerical analysis corroborates the results obtained from the experiments. 

The performance of the tank fitted with slip-friction connectors in this study was promising. 

However, some areas must be addressed for further development. One is the local effects of 

the connectors on tank wall stresses. The difference in stiffness between the connector and 

the tank must be addressed. Rings of stiffeners around the tank’s circumference at the 

height of the connectors would share the load more evenly. Full scale testing on a steel tank 

with such a setup would be beneficial.  

This study focused on the tank wall response, but the tank base response is equally as 

important. Some failure mechanisms associated with uplift, particularly fracture of the wall 

to base weld, were not analysed in this study. Further work with slip-friction connectors 

should consider this issue. Pressure mats attached to the tank base may aid this analysis. 

The slip-friction connector relies its performance in the mechanical properties of the 

components.  This study shows that the mechanical properties remain the same after several 

cycles.  However, storage tanks are commonly located near the coast, where the corrosion 

is very high.  Stainless steel or galvanised steel resist corrosion. The steel used in this work 

was not either stainless or galvanised, then, further studies are needed to determine whether 

those options could perform or not as good as the mild steel and hard steel used in this 

work.  Another is a periodic  maintenance of the connectors but this may increase the cost 

of the connector.   
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