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We present the results of a large-scale experimental campaign performed on the prototype structure of EuroProteas in
Thessaloniki, Greece, to assess the effectiveness of gravel-rubber mixture (GRM) layers underneath shallow
foundations as a means of geotechnical seismic isolation (GSI). We found that the geotechnical seismic isolation of
structures is optimized by increasing the rubber content of the soil rubber mixture up to 30% per mixture weight.
Although the effectiveness of the GSI systems has been investigated numerically and in small-scale experiments, this
paper seeks to fill the gap in the lack of full-scale experimental studies on this subject. Three soil pits were excavated
and backfilled with GRM of different rubber content per weight to serve as foundation soil for the structure. A large
number of instruments were installed on the structure, the foundation, the soil surface, and inside the gravel-rubber
mixture layers beneath the foundation to fully monitor the GSI-structure systems' response in three dimensions. The
experimental investigation included ambient noise, free- and forced-vibration tests. Our results showed that a
geotechnical seismic isolation layer composed of a gravel-rubber mixture with 30% rubber content per weight
effectively isolates the structure. Even 0.5m thickness (i.e., B/6 of the foundation width) of the GSI system is
successfully cutting off practically all emitted waves at a (horizontal or vertical) distance of B/6 from the foundation.
A significant reduction in the GSI-structure system's stiffness was apparent, leading to a rocking-dominant response.
Therise in the system's damping and the substantial energy dissipation inside the GRM layer highlight its effectiveness
as a geotechnical seismic isolation system.

KEYWORDS

Geotechnical seismic isolation, gravel-rubber mixtures, experimental soil-structure interaction, field testing, large
scale testing

INTRODUCTION

Over the last decades, seismic isolation has been adopted and widely used as an effective strategy in the earthquake
resistant design of structures. Seismic isolation systems intend to reduce the earthquake-induced structural damage by
decoupling the structure's horizontal motion from the ground shaking and, therefore, modifying the structure's
dynamic response. Different systems are used to isolate structures, such as elastomeric bearings, sliding elements, and
friction—pendulum systems [1,2]. Their use is emerging as the modern performance-based seismic design of structures
takes over the traditional capacity spectrum design. However, their installation and maintenance are considered quite
expensive economically and technically for conventional buildings, whereas these solutions are almost prohibited in
developing countries where the financial resources are limited.

The urge for alternative low-cost seismic isolation systems has led to various novel designs [3]. Many researchers
investigated fully coupled soil-structure isolation systems [4—7] and proposed exploiting the soil's nonlinear behavior
and its deformability as a means of natural passive isolation mechanism [8,9]. Although rocking isolation mechanisms
have been proven quite successful in the attenuation of motions through soil yielding below the foundations,
foundation rocking, uplift, and sliding [10-12], the residual differential settlement after a strong earthquake that
requires a realignment of the structure afterward can be considered a drawback. To overcome this challenge,
geotechnical seismic isolation (GSI) [13] emerged as a new technique for protecting the structures in earthquake-
prone areas. The main idea is to improve the foundation soil so that seismic energy will be partially dissipated within
it before being transmitted to the structure.
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Among other materials proposed for the foundation soil improvement, soil rubber mixtures (SRM) [13] have attracted
significant research interest. SRM, which have been recently included in ASTM and CEN standards [14,15], are
characterized by low specific weight, high elasticity, low shear modulus, and high damping [16—22]. Therefore, the
use of SRM is advantageous due to their good static and dynamic properties. Simultaneously, the effects of the soil-
foundation-structure interaction (SFSI) and rocking isolation are also considered.

Rubber grains for the mixtures are usually manufactured from scrap tires, the disposal of which has become a severe
environmental problem worldwide over the last years [23,24]. Consequently, the use of granulated rubber as a
construction material has immediate advantageous ecological effects. At the same time, it is considered an affordable
alternative for the seismic isolation of conventional structures, especially in developing countries. Besides, recycled
rubber in pure form or mixed with soil is proposed in the construction industry in many applications. Granulated tire
rubber has been studied numerically [25,26] or experimentally [27] as a lightweight backfill material to reduce the
lateral earth pressures on retaining walls. Moreover, the use of tire shreds was proposed in the design of embankments
overlying soft soils to minimize the vertical stresses and settlements [24,28] and have been investigated experimentally
in constructing a drainage layer based on their high hydraulic conductibility [29,30].

SRM suitability and advantages as GSI in the form of a layer underlying the foundation of a structure have been
investigated numerically by many researchers [13,31-38], demonstrating the decrease of the foundation's horizontal
and vertical motions. Additionally, it was stated that the low modulus of the SRM foundation layer contributes to the
reduction of the rocking stiffness of the structures.

On the other hand, only a few experimental studies on this subject are available in the literature, and they are limited
mostly to laboratory and small-scale testing. Kaneko et al. conducted a pseudo-dynamic (hybrid) test to examine the
positive effects of SRM in the seismic isolation of structures and prevent liquefaction [39]. Shaking table tests
performed on rigid blocks founded on SRM showed that the structural motion was substantially declined by increasing
the SRM layer thickness or the rubber proportion in the mixture [40,41]. Tsiavos et al. [42] investigated the sliding
response of structures founded on SRM layers with different mean size ratios and thickness, while the sliding interface
material was also examined. Furthermore, another shaking table experimental series highlighted the beneficial effects
of the SRM in the vibration isolation of structures. [27]. The first centrifuge test on a model structure founded on SRM
pronounced increased seismic energy dissipation through sliding and rocking and a resulting structural demand
reduction [43]. Relatively fewer field tests concerning the seismic isolation capability of the SRM-filled sleeve piles
and trench barriers have been reported [44].

Although the laboratory-scale experiments provide significant insight concerning the behavior of SRM as a GSI
strategy, there are certain limitations in reproducing realistic boundary conditions and stress fields in the mixture or
the underlying soil and capturing the attenuation of the motion. Large-scale field tests of SRM as a seismic isolation
layer beneath full-scale structures are necessary to investigate the SRM-foundation-structure systems' response.

We present the first experimental campaign results on a full-scale prototype structure founded on gravel rubber
mixtures (GRM). As a notation, we will use throughout the text the acronym GRM as is, regardless if it expresses
singular or plural nouns. Ambient noise was recorded, and free-, and forced-vibration tests were carried out on the
structure of EuroProteas located in the Euroseistest experimental facility (http://euroseisdb.civil.auth.gr) after
replacing the foundation soil with three different GRM. This study investigates the rubber content effect of the GRM
layer on the dynamic response and the overall performance of the GRM as a GSI system. Our results show that a
geotechnical seismic isolation layer composed of a gravel-rubber mixture with 30% rubber content per weight
effectively isolates the structure

EUROPROTEAS EXPERIMENTAL FACILITY
Test structure

EuroProteas (Figure 1) prototype structure (http://euroseisdb.civil.auth.gr/sfsi) was designed and constructed as a
simple test structure that promotes the SFSI phenomena very at the Euroseistest facility, 30km NE of the city of
Thessaloniki in Greece. Its large superstructure mass in conjunction with the soft foundation soil promotes SFSI effects
and soil's nonlinear behavior during the soil-structure system's excitation. EuroProteas serves as an ideal structure for
full-scale testing on SFSI and wave propagation.
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Figure 1 (a) A 2D sketch and (b) a photo of EuroProteas

EuroProteas is founded on a reinforced concrete slab (C20/25) of dimensions 3.00x3.00x0.40m. Four steel columns
of section QHS150x150x10mm clamped on the foundation support two identical reinforced concrete slabs forming
the superstructure. The columns are connected with steel X-braces of section L100x100x10mm in all directions to
ensure the structure's symmetry. Each slab's total mass is estimated at around 9.16Mg, assuming a uniform unit weight
of 25kN/m3 for the concrete. The total mass of the structure is calculated approximately at 28.5Mg. The structure's
outer dimensions are 3.0%3.0x5.0m. More details on the prototype's design and construction can be found in [45,46].

As the X-braces and the upper roof slab of the superstructure are removable, the modification of its mass and stiffness
is optional. Depending on the arrangement of the X-bracing system and the number of the roof slabs, the fixed-base
frequency of EuroProteas can vary between 1.78Hz and 13.06Hz as calculated numerically [45]. In the experimental
series presented in this paper, the configuration of EuroProteas involved X-bracing in all four sides and two roof slabs
yielding to a fixed-base fundamental natural frequency at 9.13Hz.

Foundation soil
Natural Soil

The soil stratigraphy and its physical and dynamic properties at the Euroseistest experimental facility center have been
extensively investigated with earlier geophysical and geotechnical studies [47,48]. Before constructing EuroProteas,
additional geotechnical and geophysical surveys, including drilling boreholes, Down-Hole tests, resonant column, and
cyclic triaxial tests on undisturbed soil samples, were carried out to define in detail the stratigraphy immediately below
the foundation [45].

The soil profile below EuroProteas consists of a 7m thick upper layer of silty clayey sand, which overlies a layer of
clayey to silty sand with gravels between 7m and 22m and, after that, a layer of marly silt to silty sand until the depth
of 30m (Figure 2a). The shear wave velocity of the uppermost 5m varies from 100m/s to 150m/s and then increases
to more than 250m/s at 25m depth (Figure 2b).



Ny-SP.T Vs (m/s)
o 10 20 30 40 0 50 100 150 200 250 300 350 400

— . 0 T
Browm silly clayey sand to silty sand L
with organics 150/
Light brovn loose to very loose I
silty sand 2 20| L1 F I.
A ! -
- | Light brown o broem soft marly ~ L 4
e silty clay to clayey silt with sand ] + 2 5
i
— R . - [
. Light brown well-graded sand_ _ | L
“ealh i, ¢ N
A 3
)
Light beown silty sand wilh gravels i » 19 10F 1
,
’
1’7
3 60 i
B ! L E
___________ 40 ®10 15
Grey to dark grey-black sity-sandy clay ' [
1o clayey sand 17.20 \ L
____________ e 13 +
~
19.80 *
. 927 201 .
3 Light brosn to brown silty sand L
sy-sc| to sandy clay with gravels r
2240 !
i
)
Light browm to brown-graen marty silt & 19 i
vath sand 28 ~ 25k SiL site -
0 S TST site
S 38
¢ M DH Test
Brown-green dense silty sand " F Proposed Mean
2930 ’ 3
Brown-graen marly sit " 30 L 1 1 L I I
(a) (b)

Figure 2 (a) Soil stratigraphy of the 30m deep borehole at the geometrical center of the foundation and (b)
V;s profile from down-hole tests (DH Test) compared with Vs profile at S1L site 50m south of EuroProteas, a
reference mean Vs model of the valley cross-section and the proposed in [47] Vs profile at the TST site.

In the experimental series presented here, we replaced the uppermost 0.5m of the foundation soil with three different
GRM backfills. To investigate the influence of the rubber content in the response of the soil-GRM-foundation-
structure system, we defined the rubber content per mixture weight (p.w.) 0%, 10%, and 30% for the three foundation
mixtures (corresponding to 0%, 25% and 75% per mixture volume respectively).

Improved soil with GRM for GSI

Before improving the foundation soil, a preliminary study was carried out at the Laboratory of Soil Mechanics,
Foundations and Geotechnical Earthquake Engineering of the Aristotle University of Thessaloniki to define the
physical properties of the three GRM mixtures for the foundation soil improvement.

GRM exhibit lower unit weight compared to natural soils, while their elasticity is higher [24,49,50]. Their dynamic
characteristics are quite attractive as the small strain shear modulus takes lower values than typical granular soils,
whereas the opposite is observed for the small-strain damping [16-18,21,51]. Additionally, the stiffness degradation
and the damping increase exhibit a more linear behavior in the medium and high-strain ranges than natural soils. The
behavior is becoming even more linear with increasing rubber content [18].

The relative ratio of the soil-rubber mixture's mean grain size is a critical parameter for the mixture's behavior
[18,20,21]. We studied uniform quarry gravel with angular particles fraction of mean grain size Dso,c equal to 20.76mm
as primary physical material (G). In contrast, a coarse fraction of rubber of mean grain size Dsor equal to 3.27mm was
studied as primary synthetic material (R) (Figure 3). As the ratio Dsor/ Dsoc is less than unity, we expected a small
increase in the mixture's rubber content would lead to a more rubber-like behavior of the GRM [18,20,52]. According
to the ASTM D854-02 specification [53], the specific gravity of soil solids, Gs, was found equal to 2.67 for the gravel
fraction and 1.10 for the rubber fraction.
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Figure3  (a) Gravel and (b) rubber materials used in the experiments.

The examined pure gravel specimens and the GRM exhibited "loose sand behavior" without reaching positive
volumetric strain values when the axial deformation varied in a range up to 20% [54]. The majority of the examined
specimens presented a contractive behavior with a tendency of reduction as the axial deformation increased, regardless
of the uniformity of the sample, the particle size, and the relative ratio Dsor/ Dsoc 0f the mean diameter of its granules.
However, as the rubber percentage in the mixture increased, or as the level of the applied envelope stress increased,
the specimens exhibited a more intense contractive behavior, meaning that the addition of the rubber in the mixture
leads to a reduction of the dilation angle values. This behavior is attributed to the high compression and contraction
of the soil structure during the consolidation stage because of the high level of the applied radial stress and the high
deformability of the rubber granules. Therefore, during the failure stage, the rubber grains, as part of the solid sample
structure, had a small margin of deformation left. In contrast, the solid structure in which the soil grains participated
was partly rearranged.

Table 1 summarizes the physical characteristics of the natural gravely soil and the synthetic material used in this
research. Simultaneously, Figure 4 shows the grain size distribution of the used materials that affect the examined
samples' mechanical properties. All of the parameters were determined according to the specification ASTM C136
[55]. The classification of the used physical soils and synthetic materials was performed by the D2487-00 [56] and by
the D6270-98 [57] ASTM specifications, respectively.

Table 1 Grain size characteristics and classification of materials used in the experiments.
Properties Gravel Rubber
Material 1D G R
Gs 2.67 1.10
D1 (mm) 14.69 2.07
D30 (mm) 18.80 2.67
Dso (mm) 20.76 3.27
Deo (mm) 21.67 3.56
Cu 1.48 1.72
Cc 1.11 0.97
max 1.385 1.616
€min 0.844 1.075

USCS Classification GP Granulated Rubber
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Figure 4 Grain size distribution curves of the gravel (G) and the rubber (R) materials used in the
experiments.
Installation of GSI on site

The preparation of the area where the experiments were carried out began with the excavation of three square-plan
pits in predetermined positions. With an excavator, three 3.2x3.2m square-plan pits were excavated down to 0.5m
depth. A thin geotextile layer was placed to cover the base and the pit walls to prevent the GSI from mixing with the
underlying and surrounding fine-grained soil material. The first soil pit was filled only with gravel (i.e., 0% rubber
content) to serve as a benchmark GSI case (Figure 5a and 5d). The other two pits were filled with GRM of 10% and
30% rubber content p.w., respectively (Figure 5b and 5¢). We will refer to the three GSI systems herein as GRM100/0,
GRM090/10, and GRM70/30 for the three rubber percentages 0, 10, 30%, respectively. The physical properties of the
three GRM are presented in Table 2.

The mixing of the two materials was done on-site, in an electrical construction mixer. During mixing the gravel with
the rubber, a small amount of water (2-3% per mixture) was added to prevent the rubber grains' segregation and ensure
rubber and gravel contact behavior during compaction. The GRM foundation soil was spread in two layers of 0.25m
height each. We compacted each layer using a soil compactor roller in the 3.2x3.2m area: the bottom layer was
compacted for about 10 minutes, as shown in Figure 5b, whereas the top layer for 13 minutes.
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Figure 5 (a) The first soil pit filled with GRM100/0, (b) the second soil pit filled with GRM90/10, (c) th

third soil pit filled with GRM70/30 and a detail of the mixtures at each soil pit in (d), (e), (f). A SAAR was
installed in the geometrical center of each soil pit until the depth of 1.20m.

Table 2 The foundation soil types used in the experiments.

Rubber content

GRM ID o.W. (%) Dsor/ Dsoc Gs D: (%) va (KN/™3)
GRM100/0 0 - 2.67 98 16.2
GRM90/10 10 251 98 15.2

0.16
GRM70/30 30 219 59-71 118

Apart from the pits' instrumentation presented in the next section, a mold with 15.2cm diameter and 17.8cm height
was placed inside each pit, at the bottom layer close to the mixture's base. After the end of the test, these molds were
carefully removed to calculate some critical parameters such as relative density, water content, void ratio, and
verification of the gravel-rubber percentage per weight in the respective pit. An additional identical mold was placed
in the third pit in the largest rubber content mixture (GRM70/30) to validate the defined parameters. This mold was
placed 0.25m higher, inside the top layer.

We noticed a small discrepancy in the relative density, Dr, of the third mixture, which was higher at the bottom layer
even though the conducted compaction tests were identical, and the compaction energy was the same (Table 2). We
believe that this is attributed to the poor compaction of the foundation soil near the mold. The proper layering of
mixtures consisting of such materials is an essential factor in achieving uniform relative density.

TESTING EQUIPMENT, INSTRUMENTATION, AND DATA ACQUISITION
Testing equipment

A wire rope of 14mm diameter with a nominal strength of 50kN was used to pull-out the superstructure during the
free-vibration experiments. The one end of the wire rope was clamped at a 3Mg reinforced concrete counterweight
buried in the soil (Figure 6a) and located at 20m away from the three soil pits' geometrical center. The tension to the
wire rope was applied by a pulling hoist having a working load limit of 32 kN attached to the counterweight. The
other end of the rope was fastened on a steel hook installed on the top roof slab. A load cell inserted between the wire
rope and the steel hook measured the applied tension force to the superstructure (Figure 6a).
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Figure6  (a) The pulling hoist attached to the counterweight and (b) the load cell attached to the roof slab
for the application and the measurement of the tension force, respectively.
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Figure 7 (a) The eccentric mass shaker MK-500U installed at the geometrical center of the roof and (b)
the amplitude of the produced harmonic based on the total eccentricity and the input frequency.

The eccentric mass vibrator system MK-500U (ANCO Engineers Inc.), owned and provided by the Institute of
Engineering Seismology and Earthquake Engineering (ITSAK-EPPO), was employed as a source of harmonic
excitation for the performance of the forced-vibration experiments (Figure 7a). It is a unidirectional dual counter-
rotating shaker that can produce a maximum sinusoidal horizontal force amplitude of 50 kN and can be operated in a
frequency range between 0.1Hz and 20Hz at steps of 0.1Hz. Four pairs of plates (A, B, C, and D) in 4 different sizes
can be used to modify the vibrator's eccentricity in a range between 0.15kg-m and 11.31kg-m. The output force
amplitude is adjusted by the eccentricity and the operating frequency (Figure 7b) according to the following Equation

F = EQ2nf)? M)

, where F is the output force (in Newton), E is the eccentricity of the shaker (in kg-m), and f is the rotational speed of
the shaker (in Hz).

Instrumentation

We designed a dense instrumentation scheme to monitor and record the response of the structure, the foundation, the
GRM layer, and the adjacent soil in three-dimensions (Figure 8). Instrumentation included digital broadband
seismometers (CMG-6T and CMG-40T, Guralp Systems Ltd), triaxial accelerometers (Etna2, Kinemetrics Inc. and
CMG-5TCDE, Guralp Systems Ltd), Laser Sensors (WayCon Positionsmesstechnik GmbH), Shape Acceleration
Arrays (Measurand, Inc.), and Uniaxial Accelerometers (Kistler Holding AG). Instrumentation was made available
from the Research Unit of Soil Dynamics and Geotechnical Earthquake Engineering of the Aristotle University of
Thessaloniki and the Laboratory of Geophysics of the School of Geology of the Aristotle University of Thessaloniki.
The sampling frequency of all the instruments was set at 200 Hz.



Structure monitoring

The structure was instrumented with eight triaxial accelerometers. Four of them were mounted on the roof, 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 (Figure 8a). Their positive x-axis was oriented parallel to the positive x-direction of the
structure, which forms an angle of 30 degrees with the magnetic North and is parallel to the loading axis in both the
free- and forced-vibration tests. The rest of the accelerometers were installed on the foundation slab forming a cross
shape to capture the foundation's translational, rocking, and possible out-of-plane motion (Figure 8b).

Moreover, four laser sensors were installed to record the vertical displacement of the foundation slab. These sensors
were mounted on two aluminum frames crossing over the foundation slab parallel to the loading axis (Figure 8c, d
and e). One laser sensor was also placed at the roof to measure the roof slab's horizontal in-plane motion (Figure 8f).

Soil monitoring
Ten seismometers and one triaxial accelerometer were installed on the soil surface at the foundation base level to

monitor the soil response. Eight of the instruments were placed along the loading axis, while the others were placed
on the perpendicular axis (Figure 8g). The distance between those close to the structure was defined at 0.50m (=B/6,
where B equals the foundation's width). The most distant instrument was installed at 5m (=5B/3).

GRM layer monitoring

A 1.2m shape-acceleration array (SAAR) equipped with eight triaxial MEM sensors every 0.15cm was installed
immediately below the foundation's geometrical center to capture the GRM layer's response. Additionally, four
uniaxial accelerometers were buried in specific locations under the foundation to fully monitor the response of the
GRM (Figure 8f).

Data acquisition and processing

The instruments acquired raw data output in a format that required a conversion in engineering units. Specifically, the
accelerometers' raw output is in analog to digital counts, the seismometers and the laser sensors in Volts, and the shape
acceleration arrays in m/s?, m, and Celsius degrees. The converted time series were organized in a separate database.
All the recordings were synchronized based on GPS time.

Further processing was necessary before examining the results because of the noise contamination of the recordings.
First, the recorded time series were truncated into time windows containing the event of interest and then were zero-
padded up to a size equal to a power of 2. This length definition facilitates the frequency domain process, and zero
padding is a convenient way to obtain reasonable time series through integration techniques. The time histories were
then processed by applying baseline correction and a Tukey window to tapper the edges. Finally, we followed the
guidelines recommended in [58] and used a suitable bandpass Butterworth filter with corner frequencies that minimize
the low- and high-frequency noise while preserving the frequency range of interest. After integrating in the frequency
domain to obtain the displacement response, we judged the chosen filter's appropriateness and its cutoff frequencies.
The filtering process was repeated if deemed necessary. The process is presented in the flow chart in Figure 9.
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Figure 8 Plan view of the instrumentation of (a) the roof slab (the hatched area indicates the position of
the shaker) and (b) the foundation slab with accelerometers. Instrumentation of the foundation slab with
laser sensors measuring displacements while resting on the (c) GRM100/0, (d) GRM90/10, and (¢) GRM70/30.
(f) shows a cross-section of the system and the GRM instrumented with the SAAR and the uniaxial
accelerometers and (g) a plan view of the foundation slab and the soil surface instrumented with
accelerometers and seismometers.
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Figure 9 Flowchart of the data processing.

EXPERIMENTAL CAMPAIGN
Ambient noise measurements

Ambient noise measurements provide a convenient means to estimate the dynamic characteristics of a structure
without applying any artificial excitation and risking its operation. In this case, environmental noise (wind, steps, etc.)
serves as the excitation input to the system. The instruments recorded ambient noise while the structure was sitting on
top of each GRM layer before running the free- and forced-vibration test series.

Free-vibration tests

Free-vibration tests are practical dynamic tests that allow the structure to oscillate at its fundamental natural frequency.
We carefully designed the free-vibration experiments to capture the structure's response, covering a wide range of
pull-out force amplitudes.

Using the equipment described above, when the desired pull-out force was reached by the pulling hoist, the wire rope
was cut loose and the structure oscillated freely until rest. In total, 15 pull-out forces varying from 1.35kN t015.20kN
were applied to the structure on the three GSI systems (Table 3).

Table 3 Summary of the free-vibration experiments per each GRM configuration.

Experiment ID Force (kN)
GRM ID GRM100/0 GRM90/10 GRM70/30

A 1.60 1.90 1.35
B 10.40 5.40 2.90
C 15.20 10.60 6.28
D 2.10 3.50 9.80
E 7.50 15.00
F 2.80




Table 4 Summary of the forced-vibration experiments per each foundation soil mixture.

. Eccentricity Frequency Range  Force Amplitude
Experiment ID Mass / Plates (kg-m) (H2) (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

Forced-vibration tests

The MK-500U eccentric mass shaker was installed at the geometrical center of the roof slab. The produced harmonic
force was applied along the structure's principal axis at approximately 30 degrees angle with the magnetic North-
South direction (Figure 8a). The performed forced-vibration experiments covered a wide range of excitation amplitude
varying from 0.07kN to 28.50kN in a frequency range of 1-10Hz (Table 4) to include the fixed- and flexible-base
natural frequencies of all the three GSI-structure systems. The amplitude of the sinusoidal force was calculated by
Equation (1), assuming that the mass of the shaker is negligible. The structure was shaken for a time window of 25s
at each excitation frequency to reach a steady state. Table 4 summarizes the forced-vibration tests.

EXPERIMENTAL RESULTS
System identification from ambient noise recordings

We applied various system identification techniques on the ambient noise recordings of the instruments installed on
the roof and the foundation to estimate the modal parameters of the GSI-structure system. We performed the system
identification of the structure using MACEC software [59], a MATLAB-based toolbox that offers various parametric
and non-parametric system identification methods. As the environmental ambient input noise is not quantifiable and
the actual excitation remains unknown, we implemented the parametric Reference-based covariance-driven Stochastic
Subspace Identification (SSI-ref), the non-parametric Peak Picking (PP), and the Frequency Domain Decomposition
(FDD) output-only methods. The first method (SSI-ref) provides a direct evaluation of the eigenfrequencies and the
modal damping, whereas the other two (PP and FDD) estimate only the modal frequencies.

The first three modes for each GRM configuration are presented in Table 5. The first two modes are identified as
translational and the third as torsional in all the GSI-structure systems. The fundamental natural frequencies calculated
by each method are almost identical for all the GRM configurations. The modes in the case of GRM100/0 are
practically equal to those corresponding to the GRM90/10, indicating that an addition of 10% of rubber content per
mixture weight has a marginal influence on the structure's response. On the other hand, when the rubber content per
mixture weight increases to 30%, the fundamental natural frequency of the GSI-structure system reduces significantly.
This increased rubber content in the GRM layer causes a considerable decrease in the system's stiffness. Furthermore,
the estimated damping ratio rises remarkably.

Table 5 Resonant frequencies and damping ratio identified using various system identification methods

GRM ID Method SSl-ref PP FDD

Mode f (Hz) C (%) f (H2) f(Hz)

1 4.44 1.95 4.44 4.44

GRM100/0 2 4.95 117 4.88 4.88

3 9.69 0.43 9.67 9.67

1 4.26 1.55 4.30 4.30

GRM90/10 2 4.64 2.49 4.64 4.64

3 9.41 0.50 9.42 9.42

1 2.39 5.60 2.44 2.44

GRM70/30 2 2.78 4.93 2.73 2.73
3

7.14 2.55 7.13 7.13
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Figure 10  Horizontal roof response in terms of acceleration (a, c, €) and displacement (b, d, f) for pull-out
forces of 1.5kN, 10kN, and 15kN, while the structure rests on the three different GRM layers.

Free-vibration results

In Figure 10, we present the horizontal roof translation when the structure is subjected to pull-out forces of amplitude
1.5kN, 10kN, and 15kN, and is placed on the three different GSI layers. The fundamental natural frequencies of the
response when EuroProteas rests on the GRM100/0 and GRM90/10 are approximately equal. The presence of only
10% rubber content per weight seems to have a modest effect on modifying the dynamic parameters of the GSI-
structure system. Additionally, the amplitude of the roof response in terms of acceleration and displacement is almost
the same. This negligible effect of the small rubber proportion on the mixture's dynamic characteristics was also
pointed out in earlier laboratory and numerical studies [33,51].

On the other hand, we clearly notice that the increase of the rubber content in the GSI layer to 30% significantly affects
the system's corresponding fundamental frequency, which shifts to a lower value indicating a reduction in the system's
stiffness. This increase in the fundamental natural period of the GSI-structure system with increasing rubber content
per mixture weight confirms our results of the system identification from ambient noise measurements.

Furthermore, in Figure 10, we see that the acceleration response amplitude decrease is more remarkable for the same
number of oscillation cycles in the GRM70/30 foundation soil. This decrease is plainly visible in Figure 11, which
shows the decay of the recorded acceleration at the roof during the first three oscillation cycles for two different free-
vibration experiments. When a small force of 1.5kN is applied, the decay of the recorded acceleration of the structure
founded on the GRM70/30 is only slightly larger than the GRM100/0 layer (Figure 11a and b). On the other hand,
when the structure is subjected to a larger pull-out force (Figure 11c and d), we notice a decrease in the acceleration



by 60% in the first cycle of oscillation for the GRM70/30. This decrease is more than a twofold reduction compared
to the response of the structure founded on the GRM100/0. Moreover, the amplitude of the acceleration of the structure
resting on the GRM70/30 in the second cycle is substantially reduced to almost 15% of its initial value, highlighting
the rubber's contribution in the damping of the GSI-structure system.

Another important observation in Figure 10 is the increase in the roof displacement during the first cycles of oscillation
when the structure is placed on the GRM70/30 layer. To further investigate this outcome, we disassembled the
recorded acceleration quantities into their components [60,61]. The foundation rotational acceleration, &, was
calculated from the difference of the vertical components of the two accelerometers placed on the foundation edges
divided by their intermediate distance, assuming that the foundation slab is rigid. The foundation translational
acceleration, iy, is evaluated by removing the term of translational acceleration related to the foundation rotational
acceleration (8¢ multiplied by the foundation slab thickness hr) from the measured horizontal acceleration at the top
of the foundation slab. Finally, the structural translational component because of flexure, iis, is estimated by subtracting
from the recorded acceleration the foundation translational acceleration, and the horizontal acceleration quantity
related to the foundation rotational acceleration (65 multiplied by the height of the roof mass center h).

In Figure 12, we present the time series of the components for two different free vibration experiments. When the
structure is founded on the gravelly soil (GRM100/0), the structural horizontal flexure component (iis) is almost equal
to the translational because of the rocking component (hés). A 10% increase of rubber content in the GRM results in
a slight difference between the roof horizontal components in favor of the translation produced by rocking. However,
when the rubber content increases to 30% of the mixture weight, the horizontal acceleration due to rocking clearly
dominates the structure's response, being over three times larger than the horizontal roof response irrespectively of the
applied pull-out force. Moreover, as iis decreases and becomes almost equal to iis, the structure tends to oscillate like
a rigid body. Therefore, the observed increased displacement response of the structure is attributed to the rocking-
dominant behavior of the GSI-structure system.
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Figure 11 Decay of the roof acceleration as measured (a, ¢) and normalized by its initial maximum
value during the first three cycles of oscillation (b, d) for pull-out force 1.5kN and 15kN, in the case of
GRM100/0 and GRM70/30.
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Figure 12 Components of the horizontal roof response during the free-vibration experiments with an
applied force of 1.5kN and 10kN while the structure sits on the (a, d) GRM100/0, (b, ) GRM90/10, and (c, f)
GRM70/30. hés is the horizontal acceleration of the roof because of the foundation rocking, iif is the
horizontal acceleration of the foundation, and iis is the horizontal acceleration of the roof slab because of
structural bending.

Figure 13 compares base moment and foundation rotation for pull-out forces of 1.5kN and 15kN in the case of the
GRM100/0 and GRM70/30. The base moment was calculated directly by multiplying the inertial force of the roof,
i.e., the product of the roof mass and the recorded horizontal roof acceleration, with the distance between the centers
of mass of the top and the foundation slab.

When the structure oscillates on the GRM70/30, a significant decrease is evident in the base moment acting on the
foundation and a significant simultaneous increase in the foundation rotation, regardless of the applied pull-out force.
This moment-rotation behavior results in an apparent reduction in the rocking stiffness in the presence of rubber in
the foundation soil, pronouncing the rocking-dominant response of the structure. Additionally, the hysteretic loops
have an elliptic shape. They remain relatively narrow, indicating an almost elastic behavior of the GRM and linearity
in the structure's response, even for large external forces. Furthermore, when the applied pull-out forces are large
(Figure 13b), we notice that the first loop in the GRM70/30 is wider, showing the increased damping because of the
rubber in the GSI layer. The latter supports the results of the stochastic subspace identification method (Table 5) and
the abrupt decay of the motion in the first cycle of oscillation shown in Figure 11c and d.
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the GRM100/0 and GRM70/30 foundation soil.

Forced-vibration results

Figure 14 shows a time window of the recorded roof acceleration per shaker frequency during Experiment 3 when
moderate to strong amplitude forces are applied to the structure placed on the three GSI mixtures (Table 4). The
acceleration response for all the excitation frequencies is approximately identical as the structure vibrates on the
GRM100/0 and GRM90/10. The motion is remarkably amplified for these two GRM when the input frequency is 4Hz,
close to the fundamental natural frequency of the GSl-structure system, and its amplitude becomes two times the
response at 3.5Hz. For larger input frequencies, the amplitude decreases until the shaker is set to operate at 7Hz. One
should consider that when the excitation frequency is 4Hz, the loading force amplitude is 4.38kN in Experiment 3. In
contrast, for the excitation frequency of 3.5Hz and 7Hz, the corresponding values are 3.35kN and 13.4kN, respectively
(Figure 7b).

The measured acceleration in the GRM70/30 is larger for excitation frequencies close to 2.5Hz, in the vicinity of the
GRM70/30-structure system fundamental natural frequency. For frequencies over 3.25Hz, the amplitude is
significantly reduced compared to the GRM100/0- and GRM90/10-structure systems' response, stressing out the GRM
rubber content's beneficial effect on the structure's response. We notice an average reduction of 40-60% in the
frequency range of 4.5-7Hz in all the experiments. A similar average decrease was also seen for the same rubber
proportion in soil-rubber mixture (SRM) layers studied as GSI in previous numerical and experimental reports [38,43].

At an operating frequency 9Hz during this test and at 8Hz in Experiment 4 (not shown here), we noticed an abrupt
and unexpected amplification in the motion for the GRM70/30. The source seems to be related to a sharp increase in
the movement's vertical and rocking components. However, further investigation is necessary on this incident before
attempting any explanation.
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Figure 14  Recorded acceleration response histories at the roof for a wide range of excitation frequencies
during the forced-vibration Experiment 3 (see Table 4).

Figures 15a and 15c present the peak acceleration amplitude recorded at the roof plotted against the shaker frequency
for two forced-vibration tests. The peak amplitude was defined when the vibration of the structure reached the steady-
state.

In Experiment 2, we applied low to moderate amplitude forces (Table 4) in a frequency range between 2 and 10Hz.
The resonant frequency of the GSI-structure system for the benchmark test of the GRM100/0 layer is estimated
between 4Hz and 4.5Hz. No significant difference is observed in the resonance when the structure is vibrating on the
GRM90/10, corroborating the system identification results from the ambient noise measurements and the free-
vibration tests. Similar conclusions are drawn from the plot of the acceleration response factor Ra versus the shaker
frequency (Figures 15b and d). Ra is calculated as the ratio of the recorded acceleration at the roof over the shaker
force divided by the superstructure mass [62].

In Experiment 4, the largest forces are applied to the structure in frequencies between 2 and 8Hz. The resonant
frequency of the system shifts to 4Hz for both GRM100/0 and GRM90/10. On further examination, we see that the
amplitude of accelerations for the same input frequency when the structure is founded on the GRM90/10 is slightly
smaller than the GRM100/0, indicating a modest increase in the damping due to the presence of rubber in the GSI
layer.
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Figure 15 (a), (c) Maximum amplitude of the acceleration recorded at the roof and (b), (d) calculated
transmissibility functions during the forced-vibration Experiment 2 and Experiment 4 at different excitation
frequencies.

On the other hand, the resonant frequency of the structure resting on the GRM70/30 presents a pronounced shift to
2.5Hz in both Experiments 2 and 4, underlining the rubber's strong effect in the stiffness reduction of the GSI-structure
system. The measured response and Ra values in the range 3-6Hz are much lower than the GRM100/0 layer, especially
in Experiment 4, indicating a significant increase in the damping.

We explored the wave propagation in the soil by examining the motion's decay with increasing distance from the
foundation slab. Figure 16 shows the maximum amplitude of the recorded velocity in the direction of loading on the
soil surface when the structure was subjected to three harmonic sinusoidal forces at 2.5Hz, 4Hz, and 6Hz, during the
forced-vibration Experiment 4.

We see a sharp 80% decrease of the motion at the top of the foundation (values at zero abscissae in the plots at distance
B/6 (B equals the foundation width) when the foundation is lying over the GRM100/0 (Figure 16a and b), and the
structure is excited at 6Hz. A slightly larger reduction is detected when the shaker frequency is 4Hz, closer to the
system's resonant frequency. In contrast, for the smaller harmonic force at 2.5Hz, the reduction is even more
considerable because of the lower force related to the lower excitation frequency. At a distance equal to 2B/3, the
recorded velocity decrease is more than 93% for all the harmonic forces.

When the structure is placed on the GRM90/10 layer, the measured horizontal velocities are lower as the GSI
contributes to the dissipation of a larger portion of energy (Figure 16¢ and d). The rubber's impact in the damping is
even more pronounced in the case of the GRM70/30. The velocity at B/6 is reduced by more than 92% compared to
the foundation motion and irrespectively of the shaker frequency, while at B/3, the response can be considered
negligible (Figure 16e and f). This reduction means that, for all practical purposes, this GSI (GRM70/30) layer absorbs
almost 100% of the outgoing energy for all excitation forces.
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Figure 16  Decay of the soil surface horizontal velocity as recorded (a, c, €), and normalized by the velocity
value recorded on the foundation (b, d, f) at increasing distance from the foundation slab, for the forced-
vibration Experiment 4 and different excitation frequencies.

We investigated the decay of the motion inside the GRM by analyzing the uniaxial accelerometers' recordings and the
SAAR sensors placed in the GRM immediately below the structure (Figure 8f). Figure 17 shows a time window of
the recorded acceleration at three depths inside the GRM layers and the foundation recording for the GRM100/0 and
the GRM70/30 during the excitation of the structure at 6Hz in Experiment 3. The recordings at the top of the
foundation and 0.09m immediately below it are almost equal in both GRM cases. However, it is clearly shown that
the motion reduces more than twice when at the bottom of the GRM70/30 layer compared to the GRM100/0 layer,
signifying the effect of the increased material damping of the GRM due to the increased rubber content.
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Figure 17  Acceleration response histories recorded at the top of the foundation and inside the GRM layers
at three depths (0.09m, 0.25m, 0.5m) by the uniaxial accelerometers for excitation frequency 6Hz during the
forced-vibration Experiment 3.

Figure 18 shows the maximum acceleration recorded in the GRM. Because the reinforced concrete foundation slab is
rigid, at zero-depth, the value is equal to the recording at the top of the foundation during forced-vibration Experiment
4, when the structure was excited at 2.5Hz, 4Hz, and 6Hz. The grey area of each plot portrays the thickness of each
GRM layer. It presents the corresponding maximum acceleration recorded at those depths by the uniaxial
accelerometers (solid markers) and by the SAAR sensors (hollow markers), wherever available.

In the case of the GRM100/0 layer (Figure 18a and b), the acceleration at 0.25m depth (equal to B/12) is reduced by
50-60%. Moreover, the recording at the bottom of the GRM layer at a depth approximately equal to B/6 is decreased
by about 75% from the top of the foundation. Besides, the recording below the mixture, at B/5, shows that the response
reduces further by another 5-10%.

In the presence of only 10% rubber content per weight, the motion's attenuation becomes significantly greater (Figure
18c and d). Moreover, inside the GRM70/30 (Figure 18e and f), the acceleration at depth=B/12 reduces remarkably
by almost 70% from the top of the foundation, whereas at the bottom of the GSI layer, the corresponding value
decreases by over 90%. Finally, below the GRM layer, the response amplitude can be considered negligible for
practical purposes. In conjunction with the recordings obtained on the soil surface (Figure 16), the latter suggests that
the most considerable portion of the structure's energy transmitted into the soil is dissipated inside the GSI gravel-
rubber mixture. Additionally, the decay of the motion with depth seems to be relatively independent of the excitation
frequency. The beneficial effects of the gravel rubber mixture's improved dynamic parameters cover a wide frequency
range of engineering interest.



ti(m/s) it/

10° 102 10" 10° 0 02 04 06 08 1

0 ® | y 1
e E A:".
0.2 ® - y )
M Ao
0.4 ° - .
0.6 a LN
GRM 100/0 (a) GRM 100/0 (b)
0 ® y | y !
® An y
E 0.2 ® h 'y
=
5 g4 = =2
(] ® (7' [ Y
12 DA
0.6
GRM 90/10 (c) GRM 90/10 (d)
0 ' @ A T A
¢:|-AA 2] -4
0.2 = A -A
a A oA
0.4 on A [N
0.6 oo A oA
GRM 70/30 (e) GRM 70/30 0]

® f{=25Hz ®m f=4Hz A f=6Hz

Figure 18  Decay of the motion with depth as recorded immediately below the structure inside and below
the GRM layer (grey color hatch) (a, ¢, €) and normalized by the recording on the foundation in forced-
vibration Experiment 4 (b, d, f). The value plotted at depth = O0m is recorded at the top of the foundation.

CONCLUSIONS

We performed and presented the first extensive experimental field campaign in the full-scale prototype structure of
EuroProteas to investigate the potential of gravel rubber mixtures (GRM) as a means of geotechnical seismic isolation
(GSI). The structure was placed on three GRM layers with different rubber content per mixture weight. A dense
instrumentation scheme was designed and implemented to monitor the structure's response, the GRM layer, and the
surrounding soil. Ambient noise measurements, free- and forced-vibration experiments were carried out to investigate
the effect of the rubber content of the GRM layer on the dynamic response of the structure and examine the overall
performance of the GRM as a GSI system in an actual structure.



Overall, our results showed that a geotechnical seismic isolation layer composed of a gravel-rubber mixture with 30%
rubber content per weight effectively isolates the structure. Even 0.5m thickness (i.e., B/6 of the foundation width) of
the GSI system is successfully cutting off practically all emitted waves at a (horizontal or vertical) distance of B/6
from the foundation, with B being the foundation width. In particular:

e For a GRM layer with low rubber content (10%), the alteration in the structure's dynamic characteristics is
almost negligible, as shown in all the results. The fundamental frequency remains the same, and there is only
a slight increase in the damping and a modest reduction in the structure's response when the excitation is
small.

e For 30% rubber content, we natice a significant modification in the dynamic properties of the GSI-structure
system, as its stiffness decreases and its damping increases.

e Aqgenerous increase in the rubber content reduces the lateral and rocking stiffness of the GSI-structure system
and amplifies the structure's rocking response irrespectively of the excitation amplitude.

e For practical purposes, an upper bound of 30% rubber per mixture weight can be considered. Beyond that
threshold, the mixture cannot be effectively compacted.

e Asignificant portion of the energy is dissipated in the GRM layer before its radiation to the surrounding soil,
proclaiming the beneficial effects of the GRM as a geotechnical seismic isolation system of the structure.
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