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ABSTRACT: 

 This article focus  at providing a review of recent research on exploring the technical 

feasibility of using synthetic materials as an alternative low cost seismic isolation technique. 

Geosynthetic liners placed under foundations can absorb seismic energy and hence transmit 

smaller ground motions to an overlying structure. Under dynamic excitations, slip 

deformations occur along smooth geosynthetic interfaces, thus reducing the energy 

transmitted through the interfaces. This concept of using geosynthetics for foundation 

isolation is similar to mechanical isolators used in structural engineering. In addition, soil 

isolation using geosynthetic liners at different depths within new slopes, embankments or 

hydraulic fills which are known to be extremely vulnerable to liquefaction, can reduce the 

soil amplification effect on the ground motion and the liquefaction potential of loose fills.  

 

The innovative concept of using geosynthetic liners to reduce earthquake ground 

motion intensity can be a very cost effective and simpler alternative to conventional 

earthquake hazard mitigation measures. 
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INTRODUCTION: 

 

Earth quakes continue to pose serious threats to our communities‟ world wide. 

Ideally, an earthquake resistant design should ensure that earthquakes, regardless of their size 

and location, cause negligible or no damage. To achieve this, base isolation and other 

structural control systems are being developed to reduce seismic structural response, thus 

minimizing damage. In seismic isolation, the aim is to reduce the earthquake energy 

transmitted to a structure by placing the structural columns on mechanical isolators.  

 

Over the years, several types of base isolators have emerged and been installed 

including natural rubber bearings (NRB), high damping rubber bearings (HDR), lead-rubber 

bearings (LRB), resilient-friction base isolation (R-FBI), and friction-pendulum system 
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(FPS). Base isolation techniques have been successfully implemented worldwide in 

buildings, bridges, nuclear power plants, and large storage tanks. However, 

 

Conventional seismic base isolation can be quite expensive to implement and 

maintain and therefore, to date, only important structures have been furnished with these 

systems. 

 

Use of synthetic materials as an alternative low cost seismic base isolation technique, 

is of paramount importance in this situation. A concept of using a smooth geosynthetic liner 

underneath building foundations to dissipate earthquake energy through sliding along the 

geosynthetic interface, thus transmitting reduced accelerations to the overlying structure, is 

adopted. Researchers have been going on, for improving this technique into an isolation 

technique which will be very cost effective and efficient. 

 

SEISMIC PROTECTION BY GEOSYNTHETIC LINERS: 

 

Smooth synthetic materials placed underneath foundations of structures can provide 

seismic protection by absorbing energy through sliding. Two alternate approaches can be 

adopted for the implementation of this concept. 

 

1. Foundation Isolation – Placement of the liner immediately underneath the foundation 

of a structure. It is shown schematically in Fig.1  

2. Soil isolation - The geosynthetic liner is placed within the soil profile at some depth 

below the foundation of a structure. It is shown schematically in Fig.2.   

 
 

 

 

 

 

 

 

 

Fig.1. Foundation isolation using smooth synthetic 

liner [Ref.2] 

 

 

       

                         Fig. 2. Soil isolation using smooth synthetic 

         liner [Ref. 3] 
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GEOSYNTHETIC LINERS - REQUIREMENTS: 

 

The first important task of the research is the selection or development of a proper 

geosynthetic material for use as foundation isolation. Several interface materials were 

explored for their suitability as foundation isolator. Ideally, foundation isolation material 

should satisfy the following requirements,  

 

 The friction coefficient during sliding should be small to minimize the acceleration 

transmitted through the interface. In general, friction coefficients between 0.05 and 

0.15 would be desirable for the isolation concept to be used worldwide not only in 

regions of high seismicity, but also where earthquakes pose a moderate threat, and 

seismic mitigation measures can be cost prohibitive. 

 The static friction coefficient should be slightly larger than the dynamic coefficient to 

prevent sliding under non-seismic loads including wind. 

 To simplify introduction of foundation isolation in engineering design, the friction 

coefficient should be insensitive to several factors including sliding velocity, normal 

stress, sliding distance, moisture, and temperature. 

 The interface material should be resistant to chemical and biological attacks, and to 

long-term creep effects. 

 The maximum and permanent slip displacements induced by an earthquake should be 

small enough to allow functionality of the structure and its utilities. 

 

SCHEMES OF SEISMIC PROTECTION: 

The two schemes of geosynthetic seismic protection can be explained as: 

 

Foundation Isolation 

 

Fig.3 shows a typical structure founded on a soil profile experiencing earthquake 

induced ground motions. 

 

In a conventional design, the foundation of the structure rests firmly on the soil. 

During an earthquake, because of the large friction between the foundation and the 

underlying soil, the ground motions are fully transmitted to the superstructure. This seismic 

energy then causes lateral distortion of the building and introduces shear forces in the 

columns. 

 

To limit the seismic energy transmission to a structure, structural engineers have been 

developing mechanical devices referred to as base isolators.  

 

Fig.4 shows a schematic drawing of a building using conventional base isolators 

experiencing earthquake induced ground motions. In a building application, a base isolator 

provides a discontinuity between a footing and the overlying column. Typically, a base 

isolator performs two functions: 

a) It shifts the natural period of the building away from that of the earthquake 

b) It provides additional damping to absorb the energy. 

 

However, at present, the cost of installation and maintenance of such isolation 

systems is prohibitively high for their wide application in engineering practice. 
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Fig.5 shows the use of geosynthetic materials as seismic energy absorbing systems for 

application in earthquake hazard mitigation. It is the use of horizontally placed smooth 

geosynthetics underneath building foundations that will absorb seismic energy, and thus 

transmit significantly smaller accelerations to the overlying structure. 

The concept of foundation isolation is similar to base isolation except that, in this 

case, the entire building is isolated from the ground through the use of a geosynthetic liner. 

Under strong ground shaking the smooth geosynthetic liner underneath the building 

foundation dissipate earthquake energy through sliding along the geosynthetic interface, thus 

transmitting reduced accelerations to the overlying structure. (Yegian et al, 1999) 

 

The following Figure, Fig.6 shows a comparison of the building responses with and 

without foundation isolation. 

 
Fig.6. Seismic response of building with and without foundation isolation subjected to 0.8g 

PGA.  [Ref. 5] 

Fig.3. Ordinary Structure 

subjected to 

earthquake[Ref.6] 

 

Fig.4. Structure with 

conventional base isolation  

subjected to earthquake [Ref. 6] 

 

Fig.5. Structure with 

geosynthetic  base isolation  

subjected to earthquake [Ref.6] 
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Soil Isolation: 

 

A smooth synthetic liner placed within a soil deposit can dissipate earthquake energy 

through slip deformations along the liner interface, thus reducing the intensity of the 

propagating shear waves. Such a system is referred to as soil isolation because the soil layer 

above the liner is isolated from the underlying soil deposit that is experiencing the seismic 

shaking. Soil isolation can be potentially beneficial if applied in the construction of new 

buildings, slopes, embankments, and reclaimed land using hydraulic fill that is known to 

liquefy during seismic shaking. (Yegian et al, 1995, 1998) 

 

The geometry of the low friction interface is a key factor controlling the magnitude of 

the transmitted accelerations and resulting slip displacements of the „isolated‟ soil mass 

relative to the free field. The expected significant reduction in surface acceleration is 

followed by slip displacements at the interface. For soil isolation to function properly, an 

allowance has to be made for the slip deformations to occur along the liner. 

 

In addition, the permanent deformations associated with the slip along the isolation 

liner need to be within acceptable limits if soil isolation is used to protect an overlying 

building or other structures. For these reasons, instead of horizontal placement of liners, 

curved shapes can be used; in which the ends of the isolation liner terminate at the ground 

surface where provisions can be made for slip deformations that may occur along the liner. 

 

The curved shaped liners generate a restoring gravitational force that would bring the 

isolated soil back to its horizontal position, thus reducing the permanent slip of the ground. 

The penetration of the liner into the soil layer relative to the horizontal length of the isolated 

soil mass does not affect the effectiveness of the liner as an energy absorbing system. 

(Panagiotis et al, 2005) 

 

The different geometries that can be used are: 

 

Cylindrical shaped liner: 

 

A cylindrical shape liner (Fig.7) provides a restoring mechanism that minimizes the 

permanent slip deformations along the liner, a condition desirable for practical application of 

soil isolation. 

 

Although geosynthetics applied in a cylindrical shaped form is capable of reducing 

the transmitted accelerations during an earthquake, the installation of such a system may not 

be practical in field applications. To give a cylindrical shape to the ground prior to the 

installation of the liner would be expensive and impractical. 

 

Tub shaped liner: 

 

A tub shaped liner, (Fig.8) that is placed mostly in a horizontal way with sharply curving side 

slopes, is more practical to install in the field. 

 

Trapezoidal liner: 

 

The trapezoidal liner has side angles 30˚ or 60˚ (Fig.9). The plane surfaces are easy to 

construct and require less space beyond the main isolated wedge. 
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Compound trapezoidal with reinforced core:  

 

The liner geometry is also trapezoidal, with a side angle of 60˚, and a compacted or 

reinforced soil core in the middle (a truncated pyramid), where the structure will be founded 

(Fig.10). The space between the core and the non- isolated free field soil (two inverted 

truncated pyramids) is backfilled with lower stiffness soil. The interface between the 

„reinforced‟ and the „loose‟ isolated soil is also draped with the same low friction synthetic 

liner. 

 

The most effective ground isolation geometries are the cylindrical and the compound 

trapezoidal. They result in substantial reduction of acceleration on the surface, with only 

limited relative displacements (maximum and permanent) without causing any local soil 

failure zones. 

 

 

 

 

 

       Fig.7. Soil isolation by Cylindrical                       Fig.8.  Soil isolation by Tub shaped     

                   shaped liner[Ref.1]                                                      liner [Ref.1]              

 

Fig.9.  Soil isolation by Trapezoidal  

liner[Ref.1] 

 

 

Fig.10.  Soil isolation by Trapezoidal  liner 

with reinforced core[Ref.1] 

CURRENT RESEARCH: 

 

M. K. Yegian and U. Kadakal (2004) presents typical experimental test results, which 

support the selection of a synthetic liner most suitable for seismic isolation. The details and 

results of shaking table experimental tests that were conducted using a rigid block as well as a 

model structure to investigate the performance of a foundation-isolated structure are 

presented. Various tests including cyclic loading and rigid block shaking table experiments 

were performed on various geosynthetic interfaces to evaluate the dynamic response of each 

interface. The following four interfaces were selected for foundation isolation. 

 

 Geotextile/HDPE: A high-strength nonwoven geotextile called “Typar 3601” was 

used against 1.5 mm smooth HDPE (high density polyethylene). 



International Journal of Emerging Trends in Engineering and Development        Issue 5, Vol. 5 (Aug.-Sep. 2015) 

Available online on http://www.rspublication.com/ijeted/ijeted_index.htm                                  ISSN 2249-6149 

R S. Publication (rspublication.com), rspublicationhouse@gmail.com Page 24 
 

 PTFE/PTFE: Two layers of 1.5 mm thickness PTFE (polypropylene) sheets were 

utilized in this interface. 

 

 UHMWPE/UHMWPE: Two layers of 6.4 mm thick UHMWPE (ultrahigh molecular 

weight polyethylene) “TIVAR 88-2 Antistatic” were used in this interface. 

 

 Geotextile/UHMWPE: Typar 3601 geotextile was used against TIVAR 88-2, 6.4 mm 

thick UHMWPE. 

 

Cyclic load tests:  

 

 The purpose of the cyclic load tests was to measure the friction coefficients of the 

selected geosynthetic interfaces under controlled conditions. Measured friction coefficients 

can be highly dependent on the testing and loading conditions including sliding distance (or 

number of cycles), sliding velocity, normal stress, temperature, and geosynthetic surface 

condition.  

 

In the cyclic load tests, the influence of normal stress, number of cycles, and sliding 

velocity were investigated before more complex shaking table tests were performed. 

 

Two quantities were measured during the cyclic load tests: (1) shear forces 

transmitted along the interface, and (2) relative-displacement (slip) between the two 

geosynthetic interfaces.   

 

Effect of number of cycles: To identify the effect of number of cycles on friction 

coefficients, a series of cyclic tests were run using the selected four interfaces. A combination 

of slip velocity (± 2.5cm/sec at 0.25 Hz) and frequency induced a sliding distance of 5 cm per 

cycle that was easily accommodated by the test apparatus. 

 

From Fig.11, It was evident that during the first 10 cycles the friction coefficient 

varied by about ±30% depending on the interface tested. Beyond 10 cycles, the variation in 

friction coefficient was negligible. 

 
Fig.11 Effect of number of cycles of application of interface shear on the friction coefficient 

of tested interfaces [Ref.2] 
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Effect of normal stress: Understanding the effect of normal stress on friction 

coefficient is important because in real application of foundation isolation, the design level 

normal stresses can vary significantly depending on the size of the structure, the area of the 

isolation plane, and the magnitude of the seismically induced overturning moments. The four 

interfaces were tested under a normal stress varying between 35 and 153 kPa.  

 

Generally, the friction coefficient slightly decreased with increasing normal stress of 

up to about 80 kPa, beyond which the friction coefficient remained constant (Fig. 12).  

 
Fig.12 Effect of normal stress on the friction coefficients of the tested interfaces [Ref.2] 

 
Effect of sliding velocity: Friction coefficients between various materials can change 

significantly with sliding velocity, which also is referred to as slip rate. Corresponding 

variations of friction coefficients may change the response characteristics of the overlying 

structure substantially. Therefore, velocity dependent characteristics of all candidate 

interfaces were investigated by cyclic load tests. A series of tests were carried out on all 

interfaces by changing the sliding velocity between 0.001 and 20 cm/s, which is a typical 

range for static to large seismic loading conditions.  

 

The friction coefficient of the geotextile/UHMWPE interface was small and 

independent of the sliding velocity (Fig 13). This low and almost constant nature of friction 

coefficient with sliding velocity observed from the geotextile/ UHMWPE interface made this 

liner a leading candidate for foundation isolation. 

 
Fig. 13 Effect of sliding velocity on the friction coefficient of tested interfaces [Ref..2] 
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Foundation Isolation Tests 

 

Rigid block tests: Shaking table tests using a rigid block placed on a synthetic liner 

was used to understand how a structure with foundation isolation may behave under dynamic 

loads such as those induced by an earthquake.  

 

Harmonic excitations: Initially, the rigid block tests were conducted under sinusoidal 

excitation of the table to understand how accelerations are transmitted through each interface, 

and to determine the variation of transmitted accelerations, slips, and slip rates for each 

interface as a function of excitation frequency and amplitude.  

 

Subsequently, the rigid block tests were repeated using earthquake-type shaking table 

excitations. The block slided at an acceleration of about 0.08g indicating a dynamic friction 

coefficient of 0.08. The data also indicated that sliding was initiated only after an acceleration 

of 0.11g is exceeded. This indicates that the static friction coefficient 0.11 of the interface is 

slightly larger than the dynamic friction coefficient 0.08. 

 

Earth quake excitations: The rigid block tests were repeated using earthquake type 

excitations in order to understand the acceleration transmissibility and slip deformations 

along the interface under more realistic transient motions.  

 

Three earthquake records with different frequency bands were selected for the table 

motion. They were the Corralitos, Capitola, and Santa Cruz records of the 1989 Loma Prieta 

Earthquake. The response spectra are shown in Fig.14. 

 

In all tests, stick-slip motions were clearly observed in the transmitted acceleration 

records of the block during sliding, resulting in slightly higher transmitted accelerations than 

observed in the cyclic or harmonic rigid block tests. In all tests, the transmitted accelerations 

to the block were less than 0.11g, which was less than one-half of the table acceleration. 

 
Fig.14 Response spectra of the three earth quake motions used to excite the shaking table, 

scaled to 0.25g acceleration [Ref.2] 
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 Single storey model tests: Experimental tests were conducted to investigate the 

dynamic response of a building model on foundation isolation. Its responses, with and 

without foundation isolation, were measured during harmonic and earthquake type table 

accelerations.  

 

The three earthquake records scaled to 0.25g and were used in the experiments. 

Initially, the model was tested by fixing its base to the shaking table. This allowed the 

evaluation of the dynamic response of the structure to the base excitation without the effect of 

foundation isolation. Subsequently, the tests were repeated by allowing the model base to 

slide along the geotextile/UHMWPE liner. 

 

Restoring system for slip reduction: Slip displacements may cause several problems 

including breakage of utility lines and shifting of entrance stairs. In order to test the influence 

of a restoring force on limiting the slip displacements of a foundation isolated structure, the 

model was modified such that the base plate was attached to the shaking table through soft 

steel springs. The springs were used to provide the restoring force necessary to bring the 

model to its original position at the end of the shaking.  

 

Almost identical peak drifts are measured for models with and without restoring 

springs. However, the restoring springs substantially reduced the permanent slip. Base 

springs produced almost no change in the peak-to-peak slip displacements and, therefore, 

need to be accommodated in design as for any other mechanically isolated structure. 

 

From various tests, it has been found that Geotextile/UHMWPE interface has been 

found most satisfying to the criteria specified in the requirements for geosynthetic liners for 

seismic isolation. 

 

The friction coefficient of a plastic material is influenced by its molecular weight. The 

interface specified above is an Ultra High Molecular Weight Poly Ethylene (UHMWPE) and 

a non woven spun bonded geotextile. From the cyclic load tests, it has been proved that the 

friction coefficient of the interface is quite low (0.06) and is nearly constant over a wide 

range of slip rates. 

 

UHMWPE is a thermoplastic which has outstanding toughness, cut and wear 

resistance, excellent chemical resistance, and good low temperature impact resistance. Its 

average molecular weight is approximately ten times that of high molecular weight, high 

density polyethylene resins. It has self lubrication and has a non stick smooth surface. 

As the geotextile specified above, Typar 3601 can be used. Typar is a tough, long 

lasting and versatile, non woven geotextile. It is manufactured from high quality poly 

propylene and is long lasting as well as durable. 

 

Results of various tests have shown that at a base acceleration greater than 0.07g the 

geosynthetic liner absorbs energy, and thus dramatically reduces the column shear forces in 

the building model. For example, at a base acceleration of 0.4g, the column shear force in the 

building model on foundation isolation is only 35% of that corresponding to the fixed case. 

This demonstrates the excellent energy absorption capacity of UHMWPE/geotextile 

interface. 

 

Associated with this significant reduction in shear forces, as a result of foundation 

isolation, is the potential problem of slip deformations occurring along the geosynthetic 
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interface. The slip deformations typically are of the order of a few centimetres, and increase 

with increasing base accelerations. 

 

Soil Isolation Tests: 

 

For providing an allowance that is needed for the slip deformations to occur along the 

liner, curved shapes were explored, in which the ends of the isolation liner terminated at the 

ground surface where provisions could be made for slip deformations that are anticipated to 

occur along the liner.  

 

Yegian, M. K., and Catan, M. (2004) presents experimental and analytical results that 

demonstrate the potential benefits of using the synthetic liner for soil isolation in which the 

horizontal earthquake energy is dissipated through slip deformations along the liner. Shaking 

table tests were conducted to obtain the suitability of curved shaped liners for soil isolation. 

Cylindrical and tub-shaped liners   were considered in the experiments on soil isolation.  

 

Cylindrical shaped liner: A series of tests was carried out with harmonic table 

excitations of frequencies 2, 5, and 10 Hz. For each frequency, the table acceleration was 

increased from 0 to 1g in 10 steps. Three force-balanced accelerometers were used to 

measure the transmitted accelerations at the surface of the sand layer. Fourth accelerometer 

was used to analyze the effect of the soil (amplification or de-amplification) on the sliding 

system. 

 

It was observed that the difference between the measurements made by the three 

accelerometers positioned on the surface of the sand deposit were insignificant, indicating 

that the soil layer was acting as a rigid block undergoing pure rotation (fig.15). The 

maximum transmitted acceleration was about 0.3g when the system experienced 1g harmonic 

excitation.  

 

After completing the shaking table tests using harmonic excitations, the experiments 

were repeated using earthquake motions to excite the table. The shaking table was excited 

using selected three earthquake records and the transmitted accelerations and slips (peak-to-

peak during shaking and permanent) were measured and compared with the values predicted 

by theory.  

 

In all the earthquake excitation tests, the peak transmitted accelerations were smaller 

than 0.4g (Fig.16). Also, it was noted that the permanent slips from all three earthquakes used 

were almost zero. This indicates that a cylindrical-shaped geotextile/UHMWPE liner can 

provide a restoring-force mechanism, in which the gravitational force of the soil wedge 

brings the mass back to equilibrium position, thus minimizing the permanent slip of the 

isolated soil. 

 

Tub shaped liner: The four-accelerometer tests were run under both harmonic and 

earthquake based excitations. In the harmonic excitation tests, three different frequencies 

were used: 2, 5, and 10 Hz. For each frequency, three different peak table accelerations (0.18, 

0.5, and 1.0g) were assigned.  

 

The results showed that generally when the table acceleration exceeded 0.2g, sliding 

was initiated along the isolation liner, thus resulting in reduced accelerations at the surface of 

the soil deposit. Generally, the measurements of the accelerometers in the horizontal region 
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of the liner were almost identical and much smaller than the table acceleration (about 0.3g 

regardless of the table acceleration).  

 

 
Fig. 15 Transmitted acceleration versus table acceleration under harmonic excitation tests 

using cylindrical shaped liner [Ref.3] 

 
Fig. 16 Measurements from tests with Santa Cruz record scaled to 0.6g acceleration: (a) table 

acceleration (b) transmitted acceleration (c) slip displacement [Ref. 3] 

 

The tests described above were repeated using earthquake based excitations. 

Earthquake records were scaled to peak accelerations ranging from 0.18 to about 0.9g.  

 

The results were quite similar to those obtained from the harmonic excitation tests. 

When the peak acceleration of the table was greater than 0.2g, the peak transmitted 
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accelerations in the central region of the sand were much smaller than the peak table 

accelerations.  

 

It was noted that the response spectra of the transmitted accelerations measured at 

four different locations were not very different from each other despite differences in peak 

transmitted accelerations. From the response spectra, it was observed that the tub-shaped soil 

isolation is capable of reducing the spectral accelerations of the ground surface motion. It was 

observed that the effectiveness of the system increased with increasing peak table 

acceleration. 

 
Fig. 17 Typical measured responses of tub shaped isolated soil subjected to the Santa Cruz 

record scaled to 0.8g (a) table acceleration (b) transmitted acceleration (c) slip displacement 

[Ref.3] 

 

Fig. 17 shows typical table and transmitted accelerations at the centre of the soil mass 

and slip displacements measured using the Santa Cruz record. As can be seen, the peak 

transmitted acceleration of 0.32g from the Santa Cruz record is much smaller than peak table 

acceleration of 0.8g.  

 

In addition, it is noted that the permanent slips measured at the end of shaking is 

almost zero, which indicates that a tub-shaped geotextile/UHMWPE liner can have a 

restoring effect very similar to the cylindrical-shaped liner, thus minimizing the permanent 

slip deformation of the overlying soil deposit.  

 

Analysis of field scale applications were done and it has been found that the curved 

portion of the liner be outside the footprint of the building extending away from the edge of 
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the building a distance of approximately equal to the depth of the isolated zone. Shallower 

foundations would require even smaller isolated regions. Hence, soil isolation does hold good 

promise for real field applications. 

 

CONCLUSION: 

 

 The research in the field of seismic base isolation using geosynthetic liners provide 

the following conclusions. A synthetic liner consisting of a nonwoven geotextile over an 

ultrahigh molecular weight polyethylene, geotextile/UHMWPE, placed within a soil profile 

can dissipate seismic energy transmitted to the overlying soil layer and structure.  

  

 Similarly, the introduction of these materials beneath foundations, reduce the 

accelerations transmitted to the structure from the soil during an earth quake. This concept of 

soil isolation can be an effective and inexpensive way of reducing seismic ground motions 

through slip displacements. An isolation liner can significantly reduce the accelerations at the 

surface of the isolated soil mass. Accompanying such a reduction in accelerations are slip 

displacements that manifest around the perimeter of the isolated soil. Permanent slips are 

minimized by the restoring effect of the gravitational forces of the isolated soil mass.  

 

 Analytical results under field scale conditions indicate that a soil isolation liner can 

dramatically reduce the peak and spectral accelerations of a vertically propagating shear 

wave. Such a reduction can provide seismic protection to a structure founded on soil-isolated 

ground. 

 

 The research results are presented demonstrating the technical feasibility of using a 

synthetic liner to dissipate earthquake energy, thus reducing structural response and 

minimizing the potential for damage from an earthquake. 

 

 For the concept of soil isolation to be implemented in earthquake engineering 

practice, further research is required on the manufacturing and installation of the liner, the 

effects of multidirectional shaking on the isolated soil and on an overlying structure, the 

effect of environmental conditions on the liner, the long term performance of the liner under 

creep and liner deformations induced by soil settlement, soil type, and compaction level, and 

development of an analytical tool for the evaluation of a three dimensional soil-liner-structure 

system under seismic excitation. (Yegian, M. K., and Catan, M., 2004) 
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