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Abstract 

To increase the safety of structures against strong ground motions and their life due to environmental issues on the earth and 

saving in terms of materials, it is necessary to expand and upgrade seismic resistant systems. However, more cost-effective 

systems which have sufficient influence on the seismic performance of structures and also more compatibility with the regional 

conditions, will be more desirable than other systems. One of the seismic resistance systems is seismic isolation. In the event of 

interest in using the seismic isolation system for a mounted building on piles, the costly construction of piles and isolation 

equipment shall be provided simultaneously. The seismic isolating using sleeved-piles which is generally used in combination with 

various damper systems, can help to overcome this issue. In this research a seismic isolator system using sleeved-pile has been 

studied while considering the damping behavior of the soil-rubber mixture as the only source of damping. To investigate the 

proposed system, a series of tests including static lateral load test, dynamic free and forced vibration tests, were performed on a 

model pile in a field laboratory which has been constructed for this purpose. According to results of tests the proposed system has 

a good deformation ability and damping characteristics, and as a method of seismic isolation is completely efficient. 

Keywords: Seismic isolation, Sleeved pile, Soil-rubber Mixture. 

1. Introduction 

To increase the safety of structures against strong 

ground motions and their life due to environmental issues 

on the earth and saving in terms of materials, it is 

necessary to expand and upgrade seismic resistant 

systems. Nowadays the seismic isolation is widely used as 

a developed technology in many earthquake-prone regions 

of the world to protect important structures from strong 

earthquakes ‎[1]. However, more cost-effective systems 

which have sufficient influence on the seismic 

performance of structures and also more compatibility 

with the regional conditions, will be more desirable than 

other systems. In some situations it is necessary to use 

deep piles in order to fulfill requirements of bearing 

capacity, settlement, sliding, overturning and also uplift. In 

the event of interest in using the seismic isolation system 

for such buildings, the costly construction of piles and 

isolation equipment shall be provided simultaneously. 

Of the seismic isolation systems, the seismic isolating 

using sleeved-piles is generally used in combination with 

various damper systems. In this isolation system the piles 

are made flexible by being enclosed in pipes with a 

suitable gap for clearance ‎[1]. 
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Due to low horizontal stiffness between the structure 

and the foundation, the structure will be decoupled from 

the horizontal components of the ground motion. This 

isolation system does not absorb the earthquake energy, 

but rather deflects it through the dynamics of itself. 

Although this effect does not depend on damping, a certain 

level of damping is beneficial to suppress possible 

resonance ‎[1]. 

2. Proposed Seismic Isolation System 

According to available data in the literature, sleeved-

pile isolation system was implemented in the Union House 

in Auckland, New Zealand, (completed in 1983), 

Wellington Central Police building (completed in 1991) 

and Randolf Langenbach house in Oakland, California 

(completed in 1998) ‎[1]. In all these structures the 

horizontal stiffness is reduced by sleeving piles (primary 

demand of a seismic isolation system) and the required 

damping is provided by placing a damping system 

between the structure and the ground (the other seismic 

isolation system requirement), Fig. 1. The Union House, as 

the one of the earliest base isolation projects, is located in 

an area of poor soil and mounted on 10 m piles which are 

enclosed by steel sleeves with a clearance of 150 mm. The 

needed damping is provided by the elastic-plastic 

deformation of a set of tapered steel plates arranged 

around the perimeter of the building at ground level ‎[2]. 

The Wellington Central Police Station is supported on 15 

m sleeved piles with a clearance of 375 mm ‎[3]. Damping 
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in this structure is provided by 24 lead extrusion dampers 

‎[4]. The developer of seismic isolation for the Randolf 

Langenbach house is the owner of it. Damping in this 

building is provided by hydraulic viscous dampers, and 

also a rubber bumper system as an additional damping 

source ‎[1]. 

 

 
Fig. 1 Seismic Isolation System Using Sleeved-Piles in 

Combination with Various Damper Systems 

 

Ishimaru et al. has conducted studies on sleeved piles 

system to evaluate the feasibility of construction of 

seismic base-isolation on soft ground sites. They 

performed two set of tests on sleeved piles, one (1991) 

included four 6.2 m plies which were sleeved at the top 2 

m of them with a larger pipe and supporting a 1.8*1.8*2 

m3 concrete block ‎[5], and the other set (2004) included a 

real size seismic-isolation system in which a 20*15 m2 

concrete slab was supported on four 36 m sleeved piles 

(the sleeve pipe height was 7 m) ‎[6]. They used three 

different types of dampers in their tests and compared the 

results with the case that no damper in the test setup. They 

observed that the sleeved-pile isolation system can 

produce a damping force without implementing any 

additional damping system ‎[5]. However, because of the 

decreased stiffness of the relying system on the piles, a 

need to a damper to prevent unwanted deformation and 

resonance occurrence seems necessary. 

In this research a seismic isolator system using 

sleeved-pile has been studied while considering the 

damping behavior of the soil-rubber mixture as the only 

source of damping. Experimental evidences show that 

some energy is dissipated even at very low strain levels, so 

the damping ratio in soils is never zero ‎[7]. The damping 

behavior of soils varies by plasticity characteristics ‎[8], 

‎[9], ‎[10]. Damping ratios of highly plastic soils are lower 

than those of low plasticity soils at the same cyclic strain 

amplitude ‎[7].‎ The‎ authors’‎ proposed isolation system 

includes a sleeved-pile in which the annular space between 

the pile and the sleeve is filled with a mixture material 

according to Fig. 2.  

 

 
Fig. 2 Proposed Seismic Isolation System, Sleeved-Piles with 

Soil-Rubber Mixture 

 

This mixture was studied by Komakpanah and 

Mahmudi (2012) and is containing Firuzkuh 161 sand (a 

low plasticity soil) and rubber particles. As the rubber 

particles decrease the mixture shear modulus, it could be 

expected that the horizontal stiffness of a conventional pile 

system will be decreased by filling the sleeved part of the 

pile with soil-rubber mixture. Hence the system can 

perform as a seismic isolation system. Due to inherent 

damping characteristics of soil and energy absorbing 

ability of rubber particles, applying soil-rubber mixture 

can provide sufficient damping which leads to no need to 

additional damping equipment. Fig. 3 shows the maximum 

strain versus rubber weighted percentage according to 

Komakpanah and Mahmudi study. Area marked by the 

ellipse in this Figure defines the transition zone between 

the sand dominant behavior and the rubber. Weighted 

percentage of rubber particles of the used mixture in this 

study is considered 20% which is almost from the first 

points of the transition zone. Rubber particles size is 

between 2 and 3 𝑚𝑚, and the mixture density is 1.198 

𝑔𝑟 𝑐𝑚3 . Table 1 shows a simple comparison between 

existing sleeved pile seismic isolation systems and the 

proposed system in this article. 

 

 

Fig. 3 Maximum Strain versus Rubber Weighted Percentage ‎[11] 
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Table 1 Comparison between existing sleeved pile seismic isolation systems and the proposed system in this article 

Sleeve Pile Isolation System used in Damping Source 

Union House elastic-plastic deformation of a set of tapered steel plates 

Wellington Central Police building lead extrusion dampers 

Randolf Langenbach house hydraulic viscous dampers + A rubber bumper system 

Ishimaru et al. 

Lead damper 

Typical friction damper 

Double friction damper 

No Damper 

Proposed System in this Article Soil-Rubber Mixture 

 

3. Test Models 

To evaluate the proposed system, a series of field 

laboratory tests were performed on a model pile in a field 

laboratory which has been constructed for this purpose 

(Fig. 4). 

These tests include static lateral load test, dynamic free 

and forced vibration tests. Each test has been performed on 

three different models; Con Model, a conventional pile 

system, Iso Model, sleeved-pile system with an empty 

annular space between pile and sleeve and Iso_M Model, a 

sleeved-pile system while the annular space between the 

pile and the sleeve is filled with soil-rubber mixture. 

 

 
a. Field Laboratory Facility 

  
b. Pile Model c. Hydraulic Power Pack 
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e. Test Setup 

 

Position 

Transducer 

 
Accelerometer 

 Cap Pile 

Reaction 
Wall 

Load Transferring Rod 

 [
 D

O
I:

 1
0.

22
06

8/
IJ

C
E

.1
3.

2.
12

4 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

ce
.iu

st
.a

c.
ir

 o
n 

20
25

-0
7-

14
 ]

 

                               3 / 9

http://dx.doi.org/10.22068/IJCE.13.2.124
https://ijce.iust.ac.ir/article-1-1211-en.html


A. Komak Panah, A.H. Khoshay 127 

 

  

f. Instrumentation, Load Cell g. Hydraulic Double Action Cylinder 
Fig. 4 The Constructed Field Laboratory Facility to Assess the Proposed System 

 

4. Tests Description 

The performed tests program is presented in Table 2. 

 
Table 2 Tests Program 

Test Name Test Type 
Model 

Name 
No. 

St_Con Static Load Test Con 1 

DyFr_Con Free Vibration Test Con 2 

DyFo_Con Forced Vibration Test Con 3 

St_Iso Static Load Test Iso 4 

DyFr_Iso Free Vibration Test Iso 5 

DyFo_Iso Forced Vibration Test Iso 6 

St_Iso_M Static Load Test Iso_M 7 

DyFr_Iso_M Free Vibration Test Iso_M 8 

DyFo_Iso_M Forced Vibration Test Iso_M 9 

In these experiments, the compressive and tensile 

lateral load is applied to the cap pile by a double action 

hydraulic jack. For a better understanding of the tests, 

dimensions and arrangement of model elements are shown 

in Fig. 5. As specified in this Figure, a shaft of 1.6 m 

diameter (more than 8 times of pile diameter) is excavated 

and the pile is placed vertically at the center. According to 

the volume of the drilled shaft and the pile dimensions, the 

required soil weight is calculated and with a suitable 

method filled around the pile to achieve the desired 

density. The particle size analysis curve of this soil and its 

properties are shown in Fig. 6 and Table 3, respectively. 

Having filled the shaft, the pile cap is fixed to the pile and 

connected to the mounted hydraulic cylinder on the 

reaction wall using an appropriate load transfer tool. 

 

 

 
Fig. 5 Test Arrangement and Dimensions for Con, Iso and Iso_M Models (Dimensions according to 𝑚) 

 

Hydraulic Cylinder 
 

Load Cell Load Transferring Rod 

 

In Iso model the space between 

pile and sleeve will remain empty 

and in Iso_M model it will be filled 

with soil-rubber mixture. 

Applied Load Direction 

Applied Load 

Direction 
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Fig. 6 Particle Size Analysis Curve of Soil around the Pile 

 
Table 3 Model Soil Properties 

Value Unit Parameter 

1690 𝐾𝑔𝑓 𝑚3  𝛾
𝑚

 

0.543 − 𝑒𝑚  

0.19 − 𝐷𝑟  

0.039 − Slope of 𝑆𝑆𝐿 (𝛼) 

 

Fig. 8 shows the connection details between the cap 

pile, pile and load transfer device. The properties of 

aluminum model pile and concrete cap pile is presented in 

Table 4. 
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Fig. 7 The Used Soil Grains to Build the Soil Model According to Fig. 6 

 

 
Fig. 8 Cap Pile, Pile and Load Transfer Device for Connection Detailing 
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Table 4 Model Pile and Cap Pile Properties 

Value Unit Parameter Material 

3 𝑚 𝐿, length 

Aluminum 

Pile 

0.115 𝑚 𝐵, Outer Diameter 

0.004 𝑚 𝑡, Thickness 

1.363e4 𝐾𝑔𝑓 ∙ 𝑚2 𝐸𝐼, Flexural Stiffness 

2700 𝐾𝑔𝑓 𝑚3   𝛾𝐴𝑙  

0.55*0.65*0.65 𝑚 Dimension Concrete Cap 

Pile 2400 𝐾𝑔𝑓 𝑚3  𝛾𝐶𝑜𝑛𝑐  

 

5. Sleeved-Pile Model construction 

To construct sleeved-pile system, about 0.6 𝑚 from top 

of the Con model is excavated and after putting the sleeve 

around the pile (with the aid of template, Fig. 9-a), the 

sleeve is backfilled with the excavated soil at the 

considered density (Fig. 9-b). For construction of Iso_M 

model, the soil-rubber mixture is prepared with regards to 

its density and the volume between the pile and the sleeve, 

and is placed at that annular space with a suitable method 

to obtain the desired density (Fig. 10). 

 

 

a. Excavation of 0.6 𝒎 

of top of the Con 

model 

 

 

 

b. backfilling the sleeve 

with the excavated soil 

at the considered 

density 

c. The Used Template for Pile Sleeving 

Fig. 9 Constructing Iso Model 

 

 

 

 

 

 

    

 

 

 

 

Fig. 10 Preparing the Soil-Rubber Mixture and Constructing Iso_M Model 

 

6. Tests and Test Results 

6.1. Static lateral loading tests (compressive and tensile) 

In these tests the lateral compressive and tensile load is 

applied gradually to the cap pile by a double action 

hydraulic jack. In all three models the compressive load is 

increased to 100 𝑘𝑔𝑓 followed by unloading and reloading 

A                      A 

A-A View 
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to a tensile load of 100 𝑘𝑔𝑓. In the next steps of loading the 

load value is increased to 200, 300 and 400 𝑘𝑔𝑓 for each 

cycle and only in Con model it reached to 460 𝑘𝑔𝑓. The 

load-displacement curves for each model are shown in Fig. 

11. The dash-dot line in this Figure shows the linear load-

displacement relation. The horizontal stiffness of Con 

model, Iso model and Iso_M model are 53.878, 14.86 and 

29.004 𝑘𝑔𝑓 𝑚𝑚 , respectively. It should be noted that to 

achieve softer systems, one can use taller sleeves or soil-

rubber mixtures with higher percentages of rubber particles. 

As seen in this Figure due to sleeving the first 0.6 𝑚 of 

the pile, system stiffness has decreased considerably in the 

Iso model. 

 

 
Fig. 11 Load-Displacement Curves for Static Loading Tests 

 

6.2. Free vibration tests 

To perform these tests, the applied traction to the cap 

pile is released suddenly and system starts to vibrate. The 

tests were conducted presuming the initial displacement of 

1.6 𝑚𝑚 for Con model, 4.7 𝑚𝑚 for Iso model and 3.7 

𝑚𝑚 for Iso_M model. Fig. 12 shows normalized 

displacement responses of the cap pile to the initial 

displacement (𝑋0). Based on the recorded waveform and 

the logarithmic decrement, it is possible to calculate the 

natural period of vibration and the amount of viscous 

damping (𝜉). The damping can be calculated from 

Equation 1 for systems with damping less than 20% 

(𝜔𝑑 ≅ 𝜔𝑛 ) ‎[12]. 

 

𝜉 =
𝑙𝑛

𝑎𝑖

𝑎𝑗

𝜋 𝑗 − 𝑖 
 (1) 

 

 
Fig. 12 Normalized Displacement Time History 

Where 𝑎𝑖  and 𝑎𝑗  are response amplitude for 𝑖 and 𝑗 

cycle of vibration. The calculated values of natural period 

and viscous damping according to the test results are 

presented in Table 5. 

 
Table 5 Period and Viscous Damping Values from free Vibration 

Test Results 

𝜉, Viscous Damping  T (sec), Period Model 

0.16 0.18 Con 
0.11 0.42 Iso 
0.18 0.27 Iso_M 

 

The results of analytical studies of Shimomura et al. 

that approximates the influence of system damping as 

viscous damping, are in a good agreement with the 

measured one from the free vibration test on sleeved-pile 

system ‎[13]. Therefore, the obtained values from these test 

results can be taken as an accurate estimate of the system’s‎

damping. It is obvious from Table 5 that the natural period 

is increased by 50% in Iso_M model rather than Con 

model and there is also a good amount of damping has 

been presented in Iso_M model. On the other hand Fig. 12 

reveals that, although the initial displacement in Iso_M 

model is more than its value in Con model but the residual 

displacement in Iso_M model is less than its counterpart in 

Con model. This could be a result of the presence of 

rubber particles and the restoring force produced by them 

that lead the system to its initial position. 

6.3. Dynamic Forced vibration Tests 

Hydraulic loading equipment used in these experiments 

is able to apply a triangular cyclic load with a given 

k = 53.878 (kgf/mm)

k = 14.86 (kgf/mm)

k = 29.004 (kgf/mm)
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displacement amplitude and frequency, so it is possible to 

apply cyclic load to the cap pile using the mounted 

hydraulic jack on the reaction wall by the means of a 

loading rod. As it is expected, the forces applied to the 

isolated structure is less than the applied forces to the 

conventional structures, the dynamic load applied to the 

Iso and Iso_M models is less than the applied load to the 

Con model. The input vibration displacement amplitude 

for Con, Iso and Iso_M models are 1.75, 3.2 and 2.2 𝑚𝑚, 

respectively, and the loading frequency is 1 𝐻𝑧. The time 

history of the applied displacement to the cap pile is 

shown in Fig. 13 (𝑎, displacement amplitude). To ensure 

reaching a steady state of load-displacement, 18 cycles of 

loading and unloading is performed. 

 

 
Fig. 13 Time History of the Applied Displacement to the Cap 

Pile 

 

The load-displacement curves for each model is shown 

in Fig. 14. The horizontal cyclic stiffness of Con, Iso and 

Iso_M models are 47.794, 17.515 and 27.5 𝑘𝑔𝑓 𝑚𝑚 , 

respectively. According to the hysteresis loops (wasted 

energy) and the strain energy per cycle, the equivalent 

viscous damping can be calculated using Equation 2 ‎[12].  

 

𝜉𝑒𝑞 =
1

4𝜋

1

𝜔 𝜔𝑛 

𝐸𝐷

𝐸𝑆0
 (2) 

 

 

 
Fig. 14 Load-Displacement Curves for Dynamic Forced 

Vibration Tests 

 

Where 𝜔 = loading frequency, 𝜔𝑛  = natural frequency 

of system, 𝐸𝐷 = dissipated energy per cycle (the area of a 

closed loop) and 𝐸𝑆0 = strain energy. Strain energy in this 

Equation can be calculated by 𝐸𝑆0 = 𝑘𝑎2 2  (𝑘 and 𝑎 are 

linear stiffness and displacement amplitude) ‎[12]. 

Equivalent viscous damping values for each model based 

on the largest hysteresis loop are presented in Table 6. 

 
Table 6 Equivalent Viscous Damping values from Dynamic 

Forced Vibration Test Results 

Equivalent Viscous Damping Model 

0.771 Con 
0.088 Iso 
0.349 Iso_M 

 

It can be seen in Fig. 14 that sleeving of the pile (Iso 

model), decreases the system stiffness and also damping as 

a result of reducing the horizontal stiffness of pile due to 

removing surrounding soil at the top of it and accordingly 

increases the system sensitivity to lateral forces. Regard to 

the test results on the Iso_M model, the system stiffness is 

reduced and also an appropriate amount of damping is 

introduced to the system. For the Union House the main 

period of vibration of the sleeved-piles system is around 4 

sec. The used dampers in this building provide elastic 

stiffness in addition to damping and reduce the period to 

around 2 sec ‎[14]. According to the test results such a 

situation arises in the Iso_M model compared to the Iso 

model. However, the Iso_M model has an acceptable 

function. 

7. Conclusion 

According to results of static and dynamic tests, it is 

observed that; 

- A sleeved-pile system with soil-rubber mixture is quite 

effective in prolonging the period, so the primary 

demand of a seismic isolation system is achieved. 

- The used soil-rubber mixture, introduced sufficient 

damping to the system due to inherent damping 

characteristics of soil and energy absorbing ability of 

rubber particles, so the other important requirement for 

a seismic isolation system is obtained. 

- A restoring force is presented in the system because of 

elastic behavior of rubber particles. 

Meanwhile, to achieve a softer system with a longer 

period, one can increase the length of sleeve as well as 

using a mixture with more rubber particles. It is also 

suggested to evaluate the size of sleeve pipe on this 

isolation system performance. As the main conclusion, this 

proposed system has a good deformation ability and 

damping characteristics, and could be reported as an 

efficient method of seismic isolation. 

References 

[1] Kelly JM, Naeim F. Design of Seismic Isolated 

Structures: From Theory to Practice, John Wiley & Sons: 

New York, 1999. 

[2] Boardman PR., Wood BJ, Carr AJ. Union house-a 

0 5 10 15 20
Time (sec)

k = 27.5 (kgf/mm)

k = 17.515 (kgf/mm)

k = 47.794 (kgf/mm)

-100

-80

-60

-40

-20

0

20

40

60

80

100

-4 -3 -2 -1 0 1 2 3 4

F
o
rc

e 
(k

g
f)

Displacement (mm)

Con

𝑎 

−𝑎 

 [
 D

O
I:

 1
0.

22
06

8/
IJ

C
E

.1
3.

2.
12

4 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

ce
.iu

st
.a

c.
ir

 o
n 

20
25

-0
7-

14
 ]

 

                               8 / 9

http://dx.doi.org/10.22068/IJCE.13.2.124
https://ijce.iust.ac.ir/article-1-1211-en.html


132 International Journal of Civil Engineering, Vol. 13, No. 2, Transaction B: Geotechnical Engineering, June 2015 

 

crossbraced structure with energy dissipators, Bulletin of 

the New Zealand National Society for Earthquake 

Engineering, 1983, No. 2, Vol. 16, pp. 83-97. 

[3] Charleson AW, Wright PD, Skinner RI. Wellington 

central police station, base isolation of an essential 

facility, Proceedings of the Pacific Conf on Earthquake 

Engineering, New Zealand National Society for 

Earthquake Engineering, New Zealand, 1987, Vol. 2, pp. 

377-388. 

[4] Robinson WH, Greenbank LR. An extrusion energy 

absorber suitable for the protection of structures during 

an earthquake, Bulletin of the New Zealand National 

Society for Earthquake Engineering, 1975, No. 3, Vol. 8, 

pp. 187-191. 

[5] Ishimaru Sh, Niiya T, Morikawa K, Uotsu T, Yamazaki 

S, Yoshida A. A Feasibility Study for Seismic Isolation 

by Use of a Soil-Pole-Structure System. Part1: 

Fundamental Concept and Results of Static Load Tests, 

1999. 

[6] Ishimaru Sh, Hata I, Shimomura Y, Ikeda Y, Ishigaki H, 

Ogushi Y. A feasibilty study of new type seismic 

isolation - composed system of piles covered by pipes 

and dampers with partial soil improvement, 13th World 

Conference on Earthquake Engineering , Canada, 2004. 

[7] Kramer SL. Geotechnical Earthquake Engineering, 

Charter 6: Dynamic Soil Properties, Prentice-Hall: New 

Jersey, 1996. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[8] Kokusho T, Yoshida Y, Esashi Y. Dynamic properties of 

soft clay for wide strain range, Soils and Foundations, 

1982, No. 4, Vol. 22, pp. 1-18. 

[9] Dobry R, Vucetic M. Dynamic properties and seismic 

response of soft clay deposits, Proceedings, International 

Symposium on Geo technical Engineering of Soft Soils, 

Mexico City, 1987, Vol. 2, pp. 51-87. 

[10] Sun JI, Golesorkhi R, Seed HB. Dynamic moduli and 

damping ratios for cohesive soils, Report No. EERC-

88/15, Earthquake Engineering Research Center, 

University Of California, Berkeley, 1988. 

[11] Mahmoudi M, Komakpanah A. Investigation on the 

cyclic parameters of soil-rubber mixed material for using 

in seismic isolation of structures, Thesis Submitted in 

Partial Fulfillment of the Requirements of the Degree of 

M. Sc, Tarbiat Modares University, 2012. 

[12] Chopra AK. Dynamics of Structures: theory and 

applications to earthquake engineering, Prentice-Hall: 

New Jersey, 1995. 

[13] Shimomura Y, Ohshima K, Ishimaru Sh, Niiya T. A 

Feasibility Study for Seismic Isolation by Use fo a Soil-Pile-

Structure System. Part3: An Analytical Investigation in 

Consideration of Dynamic Soil-Structure Interaction, 1999. 

[14] Boardman PR, Wood BJ, Carr AJ. Union house - a cross 

braced structure with energy dissipators, Bulletin of the 

New Zealand National Society for Earthquake 

Engineering, 1983, No. 2, Vol. 16, pp. 83-97. 

 [
 D

O
I:

 1
0.

22
06

8/
IJ

C
E

.1
3.

2.
12

4 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

ce
.iu

st
.a

c.
ir

 o
n 

20
25

-0
7-

14
 ]

 

Powered by TCPDF (www.tcpdf.org)

                               9 / 9

http://dx.doi.org/10.22068/IJCE.13.2.124
https://ijce.iust.ac.ir/article-1-1211-en.html
http://www.tcpdf.org

