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ABSTRACT 
 

We present the first large-scale experimental campaign performed on the prototype structure of EuroProteas 

in Thessaloniki, Greece, to assess the effectiveness of gravel-rubber mixture (GRM) layers placed underneath 

shallow foundations as a means of geotechnical seismic isolation (GSI). The paper aims to provide insight into 

the response of the GSI-structure systems in the forced vibration experiments. Three GRM with different 

rubber content per mixture weight (0%, 10%, and 30%) were used as foundation soil layers. Before the 

execution of the field experiments, laboratory tests were carried out to determine the physical, mechanical, and 

dynamic properties of the three GRM. A large number of instruments were installed to fully monitor the 

response of the structure and the GRM layer. An eccentric mass shaker applied harmonic forces at the top of 

the structure over a wide range of frequencies and force amplitudes. The field test results showed that a GSI 

layer of 0.50 m thickness composed of a GRM of 30% rubber content reduces the fundamental frequency of 

vibration of the GSI-structure system and thus its stiffness, whereas the structure tends to oscillate as a rigid 

body over soft soil. Additionally, the increased material damping of the mixtures leads to an increase in the 

system’s damping. Overall, the recorded motion at the top of the structure is effectively reduced indicating 

that a thin GRM layer of 30% rubber content per mixture weight can be an efficient and affordable seismic 

isolation scheme.  
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INTRODUCTION 

 

Over the past 40 years, seismic isolation systems in the form of laminated elastomeric bearings, sliding 

bearings and friction-pendulum systems were extensively studied and widely used in civil engineering practice 

to reduce earthquake-induced structural damage (Naeim & Kelly, 1999; Banović et al., 2019). However, due 

to the increased cost of their installation and maintenance, the adoption of such solutions is almost prohibited 

for conventional buildings, especially in developing countries. Recently, researchers have investigated the 

exploitation of the soil’s deformability underneath the foundations as a natural passive isolation mechanism 

(Anastasopoulos et al., 2010; Gazetas et al., 2013). Although the studies have demonstrated that the concept 

of rocking isolation is quite effective in reducing the seismic demand certain drawbacks associated with the 

residual differential settlement of the structure may arise. 

Over the past decade, several researchers have examined geotechnical seismic isolation (GSI) as an innovative 

alternative technique to control the structural response (Tsang, 2009). Various materials have been proposed 

for the improvement of the foundation soil, however, much of the current literature on GSI and geostructures 

has paid attention to the use of soil-rubber mixtures (SRM) or gravel-rubber mixtures (GRM) due to their 

favorable physical and dynamic properties (Kim & Santamarina, 2008; Tsang, 2008; Anastasiadis et al., 2012a; 

Anastasiadis et al., 2012b; Senetakis et al., 2012a; Senetakis et al., 2012b; Senetakis & Anastasiadis, 2015; 
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Tsinaris, 2018). Several numerical studies thus far have investigated the use of SRM or GRM as a geotechnical 

seismic isolation (GSI) system in the form of a layer underlying the foundation of a structure (Tsang, 2008; 

Mavronicola et al., 2010; Pitilakis et al., 2015; Brunet et al., 2016; Tsang & Pitilakis, 2019; Dhanya et al., 

2020; Pistolas et al., 2020). However, very few studies, focused mainly on laboratory and small-scale testing, 

have investigated experimentally the seismic isolation potential of the SRM/GRM (Xiong et al., 2014; Tsiavos 

et al., 2019; Tsang et al., 2021). 

Moreover, rubber grains used in the mixtures are derived from scrap tires, the accumulation and disposal of 

which has become a severe global environmental issue (Torretta et al., 2015). Therefore, the use of GRM as a 

construction material has advantageous ecological effects. Considering that most of the developing and 

agricultural countries have not yet explored alternative uses of scrap tires, the use of GRM in the seismic 

isolation of conventional structures in developing countries can be considered an affordable and sustainable 

alternative. 

The present study presents the first experimental campaign conducted to assess the effectiveness of gravel-

rubber mixture (GRM) layers placed underneath shallow foundations as a means of geotechnical seismic 

isolation (GSI). Ambient noise was recorded, and free- and forced-vibration tests were performed on the 

prototype structure of EuroProteas (http://euroseisdb.civil.auth.gr/sfsi) after replacing the foundation soil with 

three different GRM. The experimental findings show that a thin GSI layer with a height of 0.50 m and 

composed of a GRM with 30% rubber content per mixture weight could effectively isolate the structure. 

 

 

EXPERIMENTAL CAMPAIGN 

 

Test Structure 

 

EuroProteas prototype structure (Fig.1) was designed according to modern codes and constructed to function 

as a test structure in large-scale experiments for the investigation of soil-foundation-structure interaction 

phenomena and the wave propagation in soil due to the vibration of the structure. It is a stiff structure with a 

large superstructure mass founded on soft soil so that the soil’s nonlinear behavior is activated during the 

excitation of the soil-structure system.  

Two identical reinforced concrete slabs (C20/25) of dimensions 3.00x3.00x0.40 m and a mass of 9.16 Mg each 

represent the superstructure mass, which is supported by four steel columns of section QHS150x150x10 mm. 

The columns are clamped on a foundation slab similar to the superstructure slabs and are connected with steel 

X-braces of section L100x100x10 mm in all directions to increase the stiffness of the structure and ensure its 

symmetry. The total mass of the structure is calculated approximately at 28.5 Μg. More details on the 

prototype’s design and construction can be found in Pitilakis et al. (2018). The fixed-base fundamental natural 

frequency of EuroProteas is estimated numerically at 9.13Hz. 

 

  

Figure 1. A photo and a 2D sketch of EuroProteas prototype structure 

http://euroseisdb.civil.auth.gr/sfsi


 

Foundation Soil 

 

The soil formation and its physical and dynamic properties at EuroSeisTest experimental facility have been 

extensively investigated and presented in previously published geophysical and geotechnical studies (Pitilakis 

et al., 1999; Manakou et al., 2010). Furthermore, additional geotechnical and geophysical surveys were carried 

out before the construction of the structure, including drilling boreholes, down-hole tests, resonant column, 

and cyclic triaxial tests on undisturbed soil samples, to define in detail the soil profile immediately below the 

structure (Pitilakis et al., 2018). The foundation soil shear wave velocity varies from 100 to 150 m/s up to a 

depth of 5 m and then increases to more than 250 m/s at 25 m depth. 

As this research seeks to investigate the influence of the rubber content of a GRM foundation layer in the 

dynamic response of a structure and its seismic isolation potential, three GRM with different fractions of rubber 

and gravel were considered as foundation soil materials. We defined the rubber content per mixture weight 

(p.w.) 0, 10, and 30% for the three foundation GRM (corresponding to 0, 25, and 75% per mixture volume, 

respectively). 

Before installing the GRM in the field, a laboratory experimental program was carried out at the Research Unit 

of Soil Dynamics and Geotechnical Earthquake Engineering of the Aristotle University of Thessaloniki in 

Greece, including sieve analysis, resonant column tests and cyclic triaxial compression tests, to determine the 

physical, mechanical and dynamic properties of the three GRM. Quarry gravel with ID C1D21 consisted of 

angular particles and classified as GP and synthetic granulated rubber material with ID R3 classified as GR 

according to ASTM-D2487-17 (2017) were mixed to create the mixtures. Due to the large grain sizes of C1D21 

and R3 and the limitation of the maximum allowed dimensions of the specimens in the resonant column 

apparatus, an additional GRM composed of gravel with ID C1D9 and granulated rubber with ID R2 was also 

studied in the laboratory. The two additional materials have smaller medium grain sizes but the same mean 

grain size ratio (D50,r / D50,g) so that their response in low-strain conditions could be considered approximately 

the same with the corresponding response of the GRM used in the field (Anastasiadis et al., 2012b; Senetakis 

et al., 2012b; Pistolas et al., 2018). The properties and the classification characteristics of the materials mixed 

to create the GRM are presented in Table 1, while the physical properties of the GRM used in the field 

experiments are presented in Table 2. 

 

Table 1. Properties and classification of natural and synthetic materials 

Properties \ Data Natural Materials Synthetic Materials 

Material Gravel Gravel Rubber Rubber 

Material code C1D21 C1D9 R3 R2 

Gs 2.67 2.67 1.10 1.10 

D50 (mm) 20.76 8.96 3.27 1.58 

Cu 1.48 1.38 1.72 1.79 

Classification GP GP GR GR 

 

Table 2. Physical properties of the GRM installed as foundation soil layers 

GRM ID 
Rubber 

content (%) 
D50,r/D50,g Dr (%) γd (kN/m3) Gs 

GRM100/0 0 - 98 16.2 2.67 

GRM90/10 10 0.16 98 15.2 2.51 

GRM70/30 30 0.16 59-71 11.8 2.19 

 



The G/Go-logγ-D curves of the three GRM as determined are presented in Fig.2 in four different mean effective 

isotropic confining pressures. It is apparent that an increase in the rubber content leads to more linear G/Go-

logγ curves due to the more rubber-like behavior of the mixture. In contrast, the increase of the rubber content 

results in an increase in the damping ratio and a more non-linear shape of the D-logγ curves. 

 

  

Figure 2. Normalized shear modulus, G/Go, and damping ratio, D (%), versus the shear strain γ (%), for 

(a) GRM 100/0, (b) GRM90/10 and (c) GRM 70/30 

 

Instrumentation 

 

  

Figure 3. Plan view of (a) the foundation and (b) the roof slabs instrumented with triaxial accelerometers 

(the hatched area represents the position of the eccentric mass shaker) and (c) a cross-section of the 

structure and the GRM foundation layer instrumented with the uniaxial accelerometers and the SAAR 

 

A dense instrumentation scheme was designed to monitor and record the response of the structure, the 

foundation and the GRM layer. Four triaxial accelerometers (Etna2, Kinemetrics Inc. and CMG-5TCDE, 

Guralp Systems Ltd) were mounted on the foundation slab forming a cross shape to record the foundation’s 

translation, rocking, and possible out-of-plane motion (Fig.3a), while four more were mounted on the upper 



roof slab; two along the axis parallel to the direction of shaking (in-plane) and the other two at the opposite 

corners of the slab to capture possible out-of-plane motion (Fig.3b). Moreover, the GRM layer response was 

captured by four uniaxial accelerometers (Kistler Holding AG) buried inside the GRM layer along the loading 

axis at three different levels (Fig.3c); one was installed approximately at the top of the GSI layer (0.09m), two 

of the uniaxial accelerometers were installed in the middle of the layer (0.25m), and one at the base of the layer 

(0.50m). In addition, the GRM layer was also monitored with a 1.2-m shape-acceleration array equipped with 

eight triaxial MEM sensors every 0.15 cm that was installed immediately below the foundation’s geometrical 

center (Fig.3c). The positive x-axis of the instruments was oriented parallel to the positive x-direction of the 

structure, which forms an angle of 30o with the magnetic North and is parallel to the loading axis. 

 

Experimental Program 

 

The experimental program involved ambient noise measurements, free-vibration tests, and forced-vibration 

tests. The results of the system identification based on the ambient noise recorded by all the instruments while 

the structure was sitting on top of each GRM layer before the free- and forced vibration experimental series 

were carried out as well as the findings of the free-vibration experiments are reported in Pitilakis et al. (2021). 

This study focuses on the results of the forced-vibration experiments which can provide an insight into the 

response over a wide frequency range of interest.  

A portable eccentric mass shaker provided by ITSAK-EPPO was installed at the geometrical center of the roof 

slab to serve as a source of harmonic excitation. The modification of the shaker’s eccentricity with the use of 

four pairs of steel plates (configuration A, B, C, and D) and the excitation frequency allow the adjustment of 

the amplitude of the output force. Three identical series of forced-vibration experiments were performed on 

each GSI-structure system covering a wide range of excitation amplitude varying from 0.07 to 28.50 kN in a 

frequency range of 1–10 Hz (Table 3). 

 

Table 3. Summary of the forced-vibration experiment per each GSI-structure system 

Test ID Mass/Plates 
Eccentricity 

(kg-m) 

Frequency Range 

(Hz) 

Force Amplitude 

(kN) 

1 A 1.85 1-10 0.07-7.30 

2 A + B 3.93 1-10 0.15-15.50 

3 A + B + C 6.93 1-10 0.30-27.30 

4 A + B + C + D 11.31 1-8 0.50-28.50 

 

 

DYNAMIC RESPONSE OF THE GSI-STRUCTURE SYSTEM 

 

The analysis of the ambient noise measurements recorded by all the instruments for the tree GSI-structure 

systems is reported in Pitilakis et al. (2021). The fundamental natural frequencies of the system founded on 

the GRM100/0 and the GRM90/10 were estimated almost equal, while this value was decreased significantly 

in the case of the GRM70/30 foundation soil layer showing a remarkable decrease in the system’s stiffness. 

Another important finding was the increase in the estimated damping ratio of the GRM70/30-EuroProteas 

system. 

The peak acceleration amplitude recorded at the roof versus the shaker frequency for the forced-vibration 

experiments 3 and 4, in which the largest harmonic forces are applied to the structure, is presented in Fig.4. It 

is apparent that the response of the GSI-structure system founded on the GRM100/0 is almost similar to this 

founded on the GRM90/10 layer. The motion is amplified when both systems are excited at 4Hz defining the 

structure’s resonant frequency at approximately this value. On the other hand, the amplification of the response 

of the structure founded on the GRM70/30 layer is noticed when the excitation frequency is set at 2.5Hz. These 

findings indicate the decrease in the stiffness of the system due to the increase in the rubber content. Another 

important observation is the significantly reduced values of the recorded acceleration in the case of the 



GRM70/30 over a wide frequency range compared to those corresponding to the other GRM layers showing 

the contribution of the rubber content in the damping of the system. 

 

 

Figure 4. Maximum amplitude of the acceleration recorded at the top of EuroProteas at different 

excitation frequencies in the forced-vibration experiments (a) 3 and (b) 4 

 

Furthermore, Fig.5 illustrates the peak acceleration values recorded by the uniaxial accelerometers that were 

installed in the GRM layers after normalizing them by the horizontal component of the motion recorded at the 

top of the foundation slab. When the structure is founded on the GRM100/0 the motion at the bottom of the 

layer is decreased by almost 65% for excitation frequencies over 4Hz. Moreover, when the rubber content is 

increased to 10%, a slightly more significant decline in the acceleration amplitude is noticed at the bottom of 

the layer. This discrepancy can be attributed to the modest contribution of the rubber content to energy 

dissipation. The high values of the normalized acceleration observed for frequencies less than 3Hz in both 

GRM layers are the result of the very low motion amplitude recorded by the accelerometers combined with 

the meager signal-to-noise ratio of the recordings at those frequencies. In the case of the GSI-structure system 

with the 30% rubber fraction, the motion recorded at the middle and the bottom of the GRM layer is reduced 

by approximately 75% and 90% respectively, indicating the increase in the material damping with increasing 

rubber content.  

 

 

Figure 5. Maximum acceleration recorded in the (a) GRM100/0, (b) GRM90/10 and (c) GRM70/30 at 

0.09m, 0.25m, and 0.50m below the foundation slab normalized by the horizontal acceleration recorded at 

the top of the foundation slab in the forced-vibration experiment 4 

 



The acceleration recorded at the top of the structure includes the translational acceleration component due to 

the bending of the structure, üs, and the translational acceleration component related to the foundation rotation, 

h�̈�f, where h is the height of the structure (Tileylioglu et al., 2011; Vratsikidis et al., 2021). The latter is 

associated with the rocking motion of the structure. As can be seen in Fig.6, üs is almost equal to h�̈�f when the 

structure sits on the GRM100/0 and GRM90/10 over the whole range of excitation frequencies. Besides, only 

a modest difference in the acceleration components is detected with the increase of the rubber content by 10%. 

In the case where these two GSI-structure systems are excited at 4Hz, close to their resonant frequency, the 

component associated with the foundation rotation is becoming greater due to the rocking of the structure. On 

the other hand, when the structure is oscillating on the GRM70/30 the horizontal acceleration due to rocking 

dominates the structure’s response irrespectively of the shaker frequency. More importantly, the values of h�̈�f 

are decreased compared to those corresponding to the other two GSI systems for frequencies over 3Hz. In 

addition, üs is significantly reduced demonstrating the rigid body-like response of the structure when the rubber 

content is increased to 30% due to the decrease in the stiffness of the foundation layer. 

 

 

Figure 6. Maximum amplitude of the translational acceleration component due to (a) structural bending, 

üs, and (b) foundation rotation, h�̈�f, for each excitation frequency in experiment 4 

 

 

Figure 7. Effect of the rubber content of the GRM layer on the amplitude of the translational acceleration 

component due to (a) structural bending, üs, and (b) foundation rotation, h�̈�f, in experiment 4. The values 

of the acceleration are normalized by the value recorded for the structure on the GRM100/0 

 



Fig.7 presents the effect of the rubber content of the GRM layer on the components of the motion for each 

frequency that excited the structure in the forced vibration experiment 4. A decrease in the acceleration due to 

structural bending by almost 90% is noticed for most of the excitation frequencies in the case of the GRM70/30. 

Regarding the effect of the rubber content on the rocking component, although favorable for frequencies over 

3Hz, is not as much significant. However, the sum of these components is reduced with increasing rubber 

content indicating the beneficial effect of the rubber in the overall response of the structure. The increased 

values for low frequencies are attributed to the resonant frequency of the GSI system with 30% rubber content 

which amplifies the overall motion recorded at the top of the structure and specifically the rocking component. 

 

 

CONCLUSIONS 

 

We performed the first large-scale experimental campaign on the prototype structure of EuroProteas to assess 

and evaluate the seismic isolation capabilities of GRM layers placed underneath shallow foundations. The 

design of the GSI-structure systems was based on laboratory experiments which demonstrated that the increase 

in the rubber content leads to a decrease in the small-strain shear modulus and a rise in the damping ratio of 

the GRM, while the degradation of the shear modulus is becoming more linear for a rubber fraction of 30%. 

The experiments were carried out on the structure founded on three GRM layers with rubber content of 0, 10%, 

and 30% per mixture weight to study the effect of rubber content in the system's response. 

A 10% rubber content in the GRM layer has a negligible effect on the structure’s dynamic characteristics. On 

the other hand, a decrease in the system’s stiffness is noticed when a GRM layer of 30% rubber content is 

placed underneath the structure and the resonant frequency is shifted to lower values. Moreover, the material 

damping is increased as indicated by the significantly reduced acceleration recorded at the bottom of the GSI 

layer. Another important result is the remarkable decline in the component of the horizontal acceleration due 

to structural stiffness and the rigid body-like response of the structure with increasing rubber content. 

Considering the fact that seismic waves are transmitted from the ground to the structure, these experimental 

findings indicate that a GSI layer composed of a GRM with 30% rubber content per mixture weight effectively 

isolates the structure. 
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