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Abstract We present the results of an extensive large-scale experimental campaign
on the dynamic response of rubber—gravel mixtures as an innovative seismic isolation
material. In the first series of experiments, the foundation soil immediately below
the prototype structure of EUROPROTEAS was replaced only with gravel to serve
as benchmark tests, while in the following tests two rubber—gravel mixtures with
increasing rubber content per mixture weight were used. The experimental campaign
included free- and forced-vibration tests. A large number of instruments of various
types (accelerometers, seismometers, shape-acceleration arrays, and laser sensors)
were installed on the structure, in the foundation soil and at the adjacent soil surface
in order to obtain a well-instrumented 3D set of recordings to study the response of
the structure and wave propagation in soil media. In this study, we seek to investigate
the isolation capability of the rubber—gravel mixtures under dynamic loading. Our
primary goal is to assess the effect of the rubber content of the improved foundation
soil in the stiffness and the damping of the soil-structure system.

Keywords Experimental geotechnical engineering + Soil-rubber mixtures *
Seismic isolation * Large scale - Field test

1 Introduction

Over the last years, the disposal of a large volume of used tires has become a severe
environmental problem. A recent trend is the use of recycled tires in civil engineering
projects [1, 2]. An application in earthquake engineering consists in placing a shallow
and resilient layer of rubber—soil mixture (RSM) underneath a structural founda-
tion, an improvement method known as geotechnical seismic isolation [3-5]. This
emerging application is mainly based on theoretical and experimental studies that
have proven that granulated RSM has attractive mechanical and dynamic properties
[6-8].
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In this paper, we present an extensive experimental campaign conducted on
the large-scale prototype structure of EUROPROTEAS located in the EUROSEIS-
TEST experimental facility (https://euroseisdb.civil.auth.gr). The experiments were
conducted after replacing the foundation soil with three different rubber—gravel
mixtures (RGM). The standard gravelly soil derived from coarse uniform gravel
quarry, while the synthetic material (rubber) is derived from recycled used tires and,
after appropriate processing, can be found in the form of various sizes. Free- and
forced-vibration testing was performed over a wide range of load levels and input
frequencies in order to investigate the response of the soil-structure system, evaluate
the foundation soil damping behavior under the effects of different rubber content
per mixture weight, and to determine the optimum rubber content.

2 EUROPROTEAS Facility

2.1 Structure

EUROPROTEAS prototype structure was particularly designed to promote soil-
structure interaction phenomena (Fig. 1). It consists of three identical reinforced
concrete slabs, each having a mass of 9 Mg, one representing the surface foundation
and the other two the superstructure mass. The roof mass is supported by four steel
columns QHS 150 x 150 x 10 mm which are connected with steel X-braces L 100
x 100 x 10 mm in all directions to ensure the symmetry of the structure [9, 10].

(a) (b)

Fig. 1 a A 2D sketch and b a photograph of the EUROPROTEAS structure (https://euroseisdb.
civil.auth.gr)
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The outer dimensions of the structure are 3 x 3 x 5 m, while its total weight is
approximately 28.5 Mg. The X-bracings and upper roof slab are removable allowing
four different configurations of structure’s mass and stiffness covering a wide range
of natural frequencies between 1.78 and 13.06 Hz. For the experiments described
herein the configuration of EUROPROTEAS involved bracing in all four sides and
two reinforced concrete slabs on the roof.

2.2 Foundation Soil

The foundation soil stratigraphy and its dynamic properties are well documented from
extended geophysical and geotechnical tests reported in earlier studies [11, 12]. In
the series of experiments presented herein, the uppermost 0.5 m of the foundation
soil was replaced with RGM backfills.

Prior to the modification of 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 prop-
erties of the mixtures of gravel with granulated rubber at a percentage of 0, 10, and
30% per mixture weight to be used for the foundation soil improvement. The small
strain dynamic response of RGMs is characterized by low values of stiffness and high
values of damping. Additionally, the stiffness degradation and the damping increase
exhibit a more linear behavior in the medium and high strain range as the rubber
content increases [13-15].

According to [16], the relative ratio of the mean grain size of the soil-rubber
mixture is a determinant parameter for the behavior of the mixture. Herein, we
studied an uniform quarry gravel with angular particles fraction of mean grain size
D5 equal to 20.76 mm as primary physical material (G), whereas a granular fraction
of rubber of mean grain size D5 equal to 3.27 mm was studied as primary synthetic
material (R). The rubber grain is tire-derived materials and has been included in
ASTM and CEN standards in recent decades [17, 18]. The specific gravity of soil
solids, G, was determined according to the ASTM D854-02 specification [19] and
was found equal to 2.67 for the gravel fraction and 1.10 for the rubber fraction,
respectively.

According to [20, 21], it is seen that in a range of the axial deformation up to 20%,
the examined specimens of pure gravel fraction as well as the mixtures of gravel with
rubber content exhibited “loose sand behavior” without reaching positive values of
volumetric strain. The majority of the examined specimens present a contractive
behavior with a tendency of reduction as the axial deformation increases, regardless
of the uniformity of the sample, the particle size, and the relative ratio Dsg s/Dso, of
the mean diameter of its granules. However, as the rubber percentage in the mixture
increases or as the level of the applied envelope stress increases the specimens exhibit
a more intense contractive behavior, which means that the addition of the rubber in
the mixture leads to a reduction of the dilation angle values. This is because of the
high compression and contraction of the soil structure during the consolidation stage
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Table 1 Properties and classification of natural and synthetic examined materials

Properties Gravel Rubber
Material ID G R

Gy 2.67 1.10
Do (mm) 14.69 2.07
D3 (mm) 18.80 2.67
Dso (mm) 20.76 3.27
Dgo (mm) 21.67 3.56
Cu 1.48 1.72
Ce 1.11 0.97
€max 1.385 1.616
€min 0.844 1.075
USCS classification GP Granulated rubber

due to 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 sample solid structure, have a small margin of deformation left, while the solid
structure, in which the soil grains are participated, is partly rearranged.

Table 1 summarizes the physical characteristics of the natural soil and the synthetic
material used in this research, while Fig. 2 shows the grain size distribution of the
above materials that were used in this research and affect the mechanical properties
of the examined samples. The above parameters were determined according to the
specification ASTM C136 [22]. The classification of the used physical soils and
synthetic materials were performed adopting the D2487-00 [23] and D6270-98 [17]
of ASTM specifications respectively.

Three soil pits having dimensions 3.2 x 3.2 x 0.5 m were excavated (Fig. 3). The
first soil pit was filled only with gravel to serve as a benchmark foundation type. The
other two pits were filled with RGM of different rubber content by mixture weight.
Table 2 summarizes the properties of the RGM (G/R), for different percentages
of rubber content (0%, 10%, and 30%) per mixture weight (~ 0%, 25%, and 75%
per volume mixture, respectively), used as foundation material in the experimental
program. For the definition of the properties, two samples were taken from the bottom
and the top layer of each mixture. The same values of the properties were estimated
in both samples; however, there was a discrepancy in the determination of the relative
density of the third mixture, which had a higher value at the bottom layer despite
the fact that the compaction tests conducted were identical and the energy of the
compaction was the same. We believe that this is attributed to the poor compaction
of the foundation soil and that proper layering of mixtures consisted of such materials
is an important factor to achieve uniform relative density.
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Fig. 2 Sieve analysis of the gravel and rubber materials used in the experiments

Fig. 3 Three soil pits filled with the rubber—gravel mixtures, a G/R 100/0, b G/R 90/10, and ¢ G/R

70/30

Table 2 Foundation soil types used in the experiments

Foundation ID | Rubber by mixture weight (%) | Dso/Dsos | Gs | Dy (%) Yd (kN/m3)
G/R 100/0 0 - 2.67 | 97.81 16.2
G/R 90/10 10 0.16 2.51 [98.49 15.2
G/R 70/30 30 2.19 | 58.52-71.03 | 11.8
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2.3 Instrumentation Layout

A dense instrumentation scheme was designed in order to fully monitor and record
the response of the structure, the foundation soil, and the adjacent soil in three
dimensions (Fig. 4).

The structure was instrumented with nine triaxial accelerometers. Five of
them were mounted on the roof, whereas the foundation was instrumented with
four accelerometers. Moreover, laser sensors were installed to record the vertical
displacement of the foundation slab.

Eleven seismometers were installed on the soil surface buried at the level of the
foundation base. Eight of them were placed along the axis of loading, while the others
were placed on the perpendicular axis. A 1.2 m shape-acceleration array equipped
with 8 triaxial MEM sensors having an intermediate distance of 0.15 cm was installed
immediately below the geometrical center of the structure to capture the response of
the RGM mixture. Additionally, four uniaxial accelerometers were buried in specific
locations under the foundation in order to fully monitor the response of the foundation
soil.

3 Experimental Campaign

3.1 Free-Vibration Experiments

We carefully designed the free-vibration experiments to capture the response of the
structure for a wide range of pull-out force amplitudes. The forces were applied to
the superstructure by a wire rope of 14 mm diameter. The one end of the wire rope
was clamped at a 3 ton reinforced concrete counterweight buried in the soil 20 m
away from EUROPROTEAS (Fig. 5a). The other end of the rope along with a load
cell that measured the applied tension force was fastened on a special steel hook
installed on the top roof slab (Fig. 5b). Tension was applied by a pulling hoist and
when the desired level of force was reached, the wire rope was cut loose and the
structure oscillated freely until rest. In total, 15 pull-out force amplitudes varying
between 1.35 and 15.20 kN were applied (Table 3).

3.2 Forced-Vibration Experiments

An eccentric mass vibrator system was installed at the geometrical center of the
roof slab as a source of harmonic excitation (Fig. 6a). The axis of the produced
harmonic force was applied along the main axis of the structure forming an angle
of approximately 30 degrees with the magnetic north—south direction (Fig. 4). The
shaker has four pairs of plates (A, B, C, and D) in four different sizes that can be used
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Fig. 4 Cross section of the foundation soil and structure instrumentation (top left), plan view of the
foundation and soil surface instrumentation (top right), and plan view of the roof slab instrumentation
(bottom left), the foundation slab instrumented with the accelerometers (bottom center) and with
the laser sensors (bottom right)
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(a)

Fig. 5 a Pulling hoist clamped on the counterweight and b the load cell attached to the roof slab

Table 3 Summary of the free-vibration experiments per each foundation soil mixture

Foundation soil type G/R 100/0 G/R 90/10 G/R 70/30
Experiment ID Force (kN)

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

Shaker Force

—C— mass A

40 |—0—mass A+B
—&—mass A+B+C
—o—mass A+B+C+D

Force (kN)

0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

(a) (b)

Fig. 6 a Eccentric mass shaker installed on the upper roof slab and b the force-frequency
relationship governing its function

to adjust the vibrator’s eccentricity. The amplitude of the output force can be adjusted
according to the eccentricity and the operating frequency (Fig. 6b). The performed
forced-vibration experiments covered a wide range of excitation amplitude varying
between 0.07 and 28.50 kN in a frequency range of 1-10 Hz (Table 4).
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Table 4 Summary of the forced-vibration experiments

Experiment ID Mass/Plates Eccentricity Frequency range | Force amplitude
(kg m) (Hz) (kN)

A A 1.85 1-10 0.07-7.30

B A+B 3.93 1-10 0.15-15.50

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

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

4 Experimental Results

4.1 Period Elongation

The maximum amplitude of the acceleration recorded at the roof versus the period of
the input signal during the forced-vibration Experiments B and D for each foundation
soil mixture are reported in Fig. 7. The natural period of the soil-structure system
for the benchmark test, in which the foundation soil is replaced only by gravel, is
estimated at 0.25 s in both the experiments. The effect of the 10% rubber content per
mixture weight does not seem to significantly affect the natural period of the system
which remains approximately the same. However, it appears to slightly increase
the damping of the system as the values of the recorded roof acceleration for the
same input frequencies are reduced. On the other hand, in the case of the G/R 70/30
foundation soil mixture, the period is clearly shifted to 0.4 s implying a strong effect
of the increased rubber content in the stiffness of the soil mixture-structure system.

Similar conclusions are drawn by looking at the transmissibility functions (Fig. 8)
of the three different soil-structure systems, which are estimated according to [24].
The acceleration response factor Ry is calculated as the ratio of the acceleration
recorded at the roof to the shaker force normalized by the superstructure mass. The
acceleration response function is decreased in the case of the G/R 70/30 foundation
soil mixture indicating an increase in the value of damping. This is attributed to

2 Roof Acceleration - Experiment B 5 Roof Acceleration - Experiment D
—8—GR 1000 > —8— G/R 1000 |
_ —8—GR 3010 a | —8— GR 9010 |
“p 15 —8—GR 7030 B 15 —8— G/R 70130
E E 7 —
< c |
3 2 i
g 5 |
05 8 osl
< < |
0 = 0
0 0.2 04 0.6 08 1 L] 0.2 0.4 0.6 0.8
Period (sec) Period (sec)
(a) (b)

Fig. 7 Maximum amplitude of the acceleration recorded at the roof during the forced-vibration
a experiment B and b experiment D at different excitation frequencies
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Fig. 8 Transmissibility functions estimated for the forced-vibration a experiment B and b experi-
ment D

the strong effect of the increased rubber content in the mixture. Additionally, the
acceleration response function is decreased for large amplitude forces for the same
foundation soil mixture (e.g., in Experiment D) indicating an increase in the damping
due to possible nonlinearities introduced in the response of the system.

4.2 Roof Response Decay

In Fig. 9a, we compare the decay of the amplitude of the acceleration recorded at the
roof of the structure during the two free-vibration experiments labeled A in the case
of the foundation soil mixture G/R 100/0 and G/R 70/30 (Table 3). The amplitude
of the applied pull-out force in both experiments was approximately 1.5 kN. The
acceleration values normalized by the initial maximum recorded acceleration in each
test are presented in Fig. 9b. A decrease of more than 70% in the amplitude is noticed
after three cycles of oscillation in both tests. This pronounces the large amount of
energy dissipated in only the first few cycles of oscillation. However, the rate of
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Fig. 9 Decay of the roof response a as it was recorded and b normalized by the initial acceleration
value with respect to the number of cycles of oscillation during the free-vibration experiment A
(Table 3) for G/R 100/0 and G/R 70/30
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Fig. 10 Decay of the roof response a as it was recorded and b normalized by the initial acceleration
value with respect to the number of cycles of oscillation during the free-vibration experiment C in
the case of the G/R 100/0 mixture and experiment E in the case of G/R 70/30 mixture (Table 3)

the decrease of the acceleration seems to be slightly greater in the case of the G/R
70/30 mixture indicating the contribution of the rubber content in the damping of the
system.

While the rate of the decrease of the response appears almost similar in the case
of the gravelly foundation soil irrespectively of the amplitude of the applied pull-
out force, we notice a much steeper decline when the rubber content is present and
the amplitude of the pull-out force is much greater (Fig. 10). A decrease in the
acceleration by 50% is shown in the first cycle of oscillation, whereas in the next
cycle the response is almost negligible demonstrating the increased damping of the
system due to the increased rubber content.

4.3 Adjacent Soil Motion Decay

We investigated the wave propagation in the soil and specifically the decay of the
amplitude of motion with increasing distance from the structure when it was subjected
to harmonic sinusoidal forces during the forced-vibration Experiment D, in which
the greatest forces are applied at the roof of the structure (Table 4).

In the case of the G/R 100/0 foundation soil mixture, the amplitude of the response
recorded at the soil surface is greater when the structure is excited close to its resonant
frequency indicating that the foundation soil and the structure respond to the loading
as a whole system (Fig. 11). A reduction in the motion by 80% is noticed at a distance
equal to B/6 (B = foundation width) compared to the response recorded at the top of
the foundation, whereas the amplitude of the response can be considered negligible
at a distance equal to 2B/3 irrespectively of the excitation frequency. In the presence
of the rubber in the foundation soil, the decrease is greater at the same distances as the
foundation soil contributes to the dissipation of a bigger portion of energy (Fig. 12).
At a distance equal to B/6, the decrease of the recorded velocity is approximately



572 A. Vratsikidis et al.

Soil Recording Decay - G/IR 100/0 - ExpD

= & oMz
¥ 25z
® 30Hz
v 35Hz
B 40+
6.0Hz
2 ?
35 3 v R &
¥ ¥ v
BA 283 B 4B 5B3 7B B3 2873 B 4B/3 5B/ 28
Distance from the foundation Distance from the foundation
(a) (b)

Fig. 11 Decay of the recorded soil surface response a as it was recorded and b normalized by
the velocity value recorded on the foundation at increasing distance from the foundation in forced-
vibration experiment D in the case of the G/R 100/0 foundation soil
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Fig. 12 Decay of the recorded soil surface response a as it was recorded and b normalized by
the velocity value recorded on the foundation at increasing distance from the foundation in forced-
vibration experiment D in the case of the G/R 70/30 foundation soil

90%, while at distance equal to B/3 the amplitude of the motion is decreased by
almost 98% irrespectively of the excitation frequency.

5 Conclusions

We performed a series of free- and forced-vibration experiments to study the behavior
of RGM as an alternative and innovative foundation soil improvement. We specifi-
cally focused on the effect of the rubber content per mixture weight by investigating
the dynamic response of the prototype structure of EUROPROTEAS founded on
three different RGM mixtures. The results pronounced that a 10% rubber content
per mixture weight has a slight and almost negligible effect in the response of the
structure. On the other hand, an increase in the rubber content to 30% per mixture
weight affects significantly the predominant frequency and the damping of the soil-
structure system. Additionally, it is evident that there is a significant decline in the
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amplitude of the recorded response at the adjacent soil surface indicating a greater
dissipation of energy in the foundation soil.
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