
HAL Id: hal-04018471
https://hal.science/hal-04018471v1

Submitted on 7 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Shaking table tests for seismic stability of stacked
concrete blocks used for radiation shielding

Luca Sironi, Marco Andreini, Cristiana Colloca, Michael Poehler, Davide
Bolognini, Filippo Dacarro, Pierino Lestuzzi, Frédéric Dubois, Ziran Zhou,

José E Andrade

To cite this version:
Luca Sironi, Marco Andreini, Cristiana Colloca, Michael Poehler, Davide Bolognini, et al.. Shaking
table tests for seismic stability of stacked concrete blocks used for radiation shielding. Engineering
Structures, 2023, 283, pp.115895. �10.1016/j.engstruct.2023.115895�. �hal-04018471�

https://hal.science/hal-04018471v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Engineering Structures 283 (2023) 115895

0

S
r
L
F
a

b

c

d

e

A

K
S
S
R
R
C
L

1

p
d
e
s
o
E

s
d
a
a
r
(

[

h
R

Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

haking table tests for seismic stability of stacked concrete blocks used for
adiation shielding
uca Sironi a, Marco Andreini a, Cristiana Colloca a, Michael Poehler a, Davide Bolognini b,
ilippo Dacarro b, Pierino Lestuzzi c,∗, Frédéric Dubois d, Ziran Zhou e, José E. Andrade e

CERN, European Organization for Nuclear Research, Esplanade des Particules 1 - 1217 Meyrin, Switzerland
EUCENTRE, European Centre for Training and Research in Earthquake Engineering, Via Adolfo Ferrata,1 - 27100 Pavia, Italy
EPFL ENAC IIC EESD, Swiss Federal Institute of Technology Lausanne, GC B2 485 (Bâtiment GC) - Station 18 - CH-1015 Lausanne, Switzerland
LMGC, Université de Montpellier, CNRS, Montpellier, 163 rue Auguste Broussonnet, 34090 Montpellier, France
Caltech, California Institute of Technology, 1200 E. California Blvd., MC 104-44 Pasadena, CA 91125, USA

R T I C L E I N F O

eywords:
haking table tests
eismic stability
ocking
adiation shielding
oncrete blocks
MGC90

A B S T R A C T

This paper describes the shaking table tests carried out at the European Centre for Training and Research in
Earthquake Engineering (EUCENTRE) to investigate the seismic behaviour of four configurations of stacked
concrete blocks, commonly used at the European Organisation for Nuclear Research (CERN) as a shielding
barrier against different types of radiation. The blocks used for these configurations have been designed to
guarantee an adequate level of protection to radiation and, at the same time, to be easily transported and
managed for different installations. The block configuration specimens have been tested using the acceleration
time-histories of two different earthquakes occurred in the Mediterranean region. Each configuration has been
tested several times with acceleration amplitude increments until rigid kinematisms are triggered. This paper
presents the test setup and inputs, the related experimental readings and the main results obtained by these
tests. The two main mechanisms observed at the interfaces between the blocks during the tests were sliding
and rocking. The data collected at the end of the experimental campaign constitute an important source to
calibrate different discrete-system-models, in order to study the seismic response of block configurations used
for radiation protection in particle physics research institutions.
. Introduction

Particle physics research laboratories often have the need to shield
ersonnel, equipment and high-technology devices from radiations pro-
uced during daily functioning, such as operations of particle accel-
rators. The most common approach to achieve the required level of
hielding is to use blocks of significant mass. Different configurations
f stacked concrete blocks are commonly used for this purpose at the
uropean Organization for Nuclear Research, abbreviated CERN.

In this context, there is the need to guarantee an adequate level of
tructural safety of stacked concrete block assemblies under static and
ynamic loads (i.e. seismic actions). Among similar research centres
round the world, CERN is one of the few that uses such blocks without
ny joint-connections or any additional metallic bracing systems that
esist to lateral forces that might be induced during seismic excitations
Fig. 1).

This kind of particular configurations is not codified in Europe
1,2] and there is no standardized procedure to carry out a structural

∗ Corresponding author.
E-mail address: pierino.lestuzzi@epfl.ch (P. Lestuzzi).

safety assessment of it. From 2012 to 2019, CERN investigated the
behaviour of the stacked concrete blocks subjected to seismic actions
by means of theoretical methods based on analytical and numerical
models for simple block piles as well as more complex configurations.
Several analytical models for the prediction of the dynamic response
of individual rigid blocks or simple piles during earthquake exist in
literature [3–13]. Most of them were developed for applications in the
refurbishment of ancient buildings and in the architectural heritage
context. The models that have been adopted were oriented to predict
the seismic behaviour of monolithic stone elements, recurrently present
in the Greek and Roman monumental buildings [14], and equipment of
significant mass [15,16]. Piles of several blocks have been treated as a
single equivalent rigid block. Such a simplification has been verified on
the basis of results from the analysis of ancient temple columns [14].

For what concerns multiple and complex block configurations, little
has been done in terms of experimental testing. Some numerical dis-
crete element models have been developed in the last decades [17–19].
141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a
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Fig. 1. Examples of concrete block configurations at CERN: (a) Experimental Hall North, (b) Eastern Area, (c) Antimatter Factory and (d) Large Hadron Collider beauty (LHCb)
experiment.
Nevertheless, such models were not fully validated by experimental
tests and, therefore, the bias associated to the obtained results on the
analysed block configurations was not known and should be assessed.

To this end, an experimental campaign concerning shaking ta-
ble tests on four different block configurations has been carried out
at EUCENTRE (Pavia, Italy). This paper presents the test setup, the
adopted acceleration time-histories, the measurement systems and the
related experimental readings, which have been taken with the intent
to calibrate discrete rigid element models, such as Level Set Discrete
Element Method (LSDEM) and ‘‘Logiciel de Mécanique Gérant le Contact ’’
(LMGC90) [20], but not necessarily limited to them. The results of the
most relevant experimental tests are commented and the importance
of such a test campaign is discussed to investigate the real seismic
behaviour of multi-blocks structures.

2. Previous studies

Doherty and Griffith [21–23] studied the seismic stability of mul-
tiple stacked concrete blocks structures considering the behaviour of
an equivalent single block rigid body, subject to rocking and sliding
phenomena. They used a tri-linear model to analyse the out-of-plane be-
haviour of this kind of structures, using a linearized method to describe
the non-linear behaviour of discrete elements masonry structures.

Psycharis, Papastamatiou and Alexandris [14] analysed the seismic
behaviour of a multi-block stone column of an ancient Greek temple
through the study of a multi-drum column model and the simpler equiv-
alent single-block model. They concluded that the single-block analysis
was a first acceptable approximation to evaluate the seismic response of
the structure but, to have complete and precise study, further and more
complex analyses had to be done. Pitilakis, Tsinidis and Karafagka [24]
analysed numerically and through real seismic tests on a shaking table
the seismic behaviour of a multi-drum column. Their conclusions were
validated by the experiments done on a real column. The need and
the importance to validate complex numerical mechanical models to
predict the seismic behaviour of multi-block structures through the use
of shaking table tests has also been highlighted by Al Shawa, De Felice
and others [25].
2

Harmon, Gabuchian and others [26] adopted the same approach
to evaluate the seismic assessment of multi-block tower structures
conceived to store energy. They developed both analytical and physical
models to benchmark their assessment.

The purpose of mentioned tests at EUCENTRE is to physically anal-
yse the seismic response of shielding blocks used as radiation protection
for physical experiments, a domain little investigated in literature.

3. Shaking table tests

To calibrate the parameters of numerical models, a validation
against the results of experimental tests is required. In particular, the
seismic response and the stability of different configurations of stacked
concrete blocks were studied through specifically designed dynamic
tests on shaking table. The blocks used for these tests are made of
reinforced concrete with dimensions 2.40 × 1.60 × 0.80 m and weight
77 kN (Fig. 2), and are endowed with anchoring steel elements for their
handling and transportation. The ones of these dimensions are the most
used for radiation protection installations at CERN and they can be
considered as a ‘‘standard’’. Although some multiples and sub-multiples
of this standard exist and are used at CERN, they were chosen as the
most representative to be tested under seismic loads in EUCENTRE.
The block configuration specimens were thought to investigate mainly
the rocking behaviour of simple piles (Configurations 1 and 2) and,
afterwards, the effect of a roof on top of them (Configuration 3 and 4).
The blocks have been designed according to the EN 206–1 norms [27]
and Eurocode 2 (EN 1992-1-1) [28]. Referring to the nomenclature
adopted by such Norms, the main characteristics are: concrete qual-
ity C40/50, exposure class XC4-XD3-XF3, maximum diameter of the
aggregates 32 mm, chloride content 0.20, metallic form-work type IV,
edge chamfers 2 cm and reinforcement steel type B500B, characterized
by a yielding stress greater than 500 MPa.

3.1. Test setup

Specimens of the four different configurations, whose height varied
from 4.8 m to 7.4 m were built (Fig. 3). The first and the second
specimen consisted of three and four stacked solid blocks, respectively.
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Fig. 2. Dimensions of CERN standard concrete blocks.
The third and the fourth ones consisted of two parallel walls of four
stacked solid blocks, with an additional block placed at the top; in
particular, in the fourth specimen, a system of four parallel steel profiles
supported the top block. The steel profiles, which can be seen in Fig. 3,
had I shaped sections with height 96 mm (European HEA geometrical
type).

The specimens were assembled on the platform of an unidirectional
shaking table. They were simply supported by a base concrete slab,
whose translations were restrained by two steel profiles fixed to the
platform of the shaking table. Undesired effects due to unexpected
large displacements or rotations were prevented through retaining steel
systems provided along the height of the specimens, designed to not
affect the specimens during the tests (Fig. 4).

A detail of the retaining system along the height of the specimen is
depicted in Fig. 5. It consists of two protruding bars partially embedded
in the upper block and a system of steel profiles having a sort of ‘‘T’’
shape, fixed to the lower block. If excessive rotations occur, a bar
is stopped by the steel system to avoid damages to the laboratory,
as shown in Fig. 5. Actually, no interactions occurred between the
retaining systems and the blocks during the experimental campaign.

The seismic input of the dynamic tests consisted of two differ-
ent recorded acceleration time-histories, called Alkion and Basso Tir-
reno [29], applied at increasing amplitude levels at the base of the
specimens. This input is an upper bound of the standard acceleration
time-history representing the Geneva Area, according to the Swiss
applicable norms [30]. The acceleration time-histories and their charac-
teristics can be found in Fig. 6 and Table 1. More in detail, according to
the test protocol, the initial intensity level was equal to 50% of the max-
imum acceleration (Peak Ground Acceleration (PGA)) characterizing
each accelerogram. The successive tests had an amplitude increment of
about 25% up to the achievement of an incipient instability condition of
the specimens. At each new intensity level, the relative position of the
blocks was checked and, in case of large misalignments, the specimen
was restored to its initial configuration. Additional low intensity tests
with sinusoidal waves characterized by constant amplitude and vari-
able frequency (random wave tests) in the range 0–60 Hz, have been
performed to assess the current dynamic properties of the specimens.
3

Table 1
Characteristics of the ground motions.

Earthquake Date Magnitude [Mw] Distance [km] PGA [m/s2]

Alkion 02/25/1981 6.3 25 1.176
Basso Tirreno 04/15/1978 6 18 1.585

3.2. Measurements

The assessment of the dynamic properties and of the seismic re-
sponse of the specimens were based on the spatial components of
accelerations and displacements measured at different levels along the
height of the specimens themselves. The specimens were equipped with
up to 21 2g- and 6g-acceleration transducers, 4 displacement transduc-
ers and 101 retro-reflective optical markers, belonging to two different
acquisition systems. Further data regarding force, accelerations, veloc-
ities and displacements of the shaking table came from both control
system and additional transducers. The recording frequencies were
512 Hz and 200 Hz for accelerations and displacements, respectively.
Moreover, the accelerations were filtered with a 50 Hz-low-pass filter,
since the frequency response of the transducers was 0–200 Hz. Redun-
dant measured displacements coming from both external acquisition
systems and control system allowed data synchronization. Furthermore,
33 spatial displacement components were monitored for each block
through retro-reflective markers; the common layout consisted of 5 +
5 markers distributed at the top and at the bottom levels along two
orthogonal sides of the block, and one additional marker placed at
the middle level of one side. The displacement transducers were used
to check the relative displacements between the concrete basement
and the shaking table. An example of the layout of the transducers is
depicted in Figs. 7 and 8 for the specimen of Configuration 4.

3.3. Test results

As mentioned, each specimen was preliminarly subjected to inves-
tigations with ‘‘random tests’’ to determine their natural frequency of
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Fig. 3. Specimens of the four block configurations: (1) 4.8 m-height three-block specimen (2) 6.4 m-height four-block specimen; (3) 7.2 m-height nine-block 2-wall specimen; (4)
7.4 m-height nine-block 2-wall specimen with the top block supported by steel profiles. Lengths are in mm; the green double arrow indicates the direction of the base shaking.
Fig. 4. Common details of each specimen: (1) concrete foundation slab, (2) steel
profiles to inhibit the translation of the slab, (3) steel stoppers at the base, (4) steel
retaining system between concrete blocks along the height of the specimen.
4

Fig. 5. Detail of the retaining systems along the height of the specimens, used only
for safety reasons.
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Fig. 6. Alkion and Basso Tirreno earthquakes: (a) horizontal acceleration time-histories and (b) spectral acceleration.
Table 2
Elastic frequency 𝐹0 and period 𝑇0 of the specimens.

Configuration 𝐹0 [Hz] 𝑇0 [s]

1 27.460 0.036
2 15.420 0.065
3 12.120 0.083
4 11.940 0.084

vibration. Such tests consisted of the imposition of an acceleration at
the base at low constant intensity and variable frequency. The results
are summarized in Table 2.

Regarding the main results of the tests, the specimen of Configu-
ration 1 was subjected to 10 tests at different acceleration intensity
levels, ranging from 0.035 g to 0.210 g (Alkion accelerogram) and from
0.037 g to 0.201 g (Basso-Tirreno accelerogram), as resumed in Table 3.
5

The displacement profiles were almost linear; at the maximum inten-
sities, the specimen experienced maximum positive and negative top
longitudinal displacements (relative to the base) of about 50 mm and
-58 mm, respectively (Fig. 9). Since the blocks were simply supported,
an incipient rocking mechanism was noticed during the tests at higher
intensities, characterized by a maximum vertical detachment at the
base of about 2–3 mm. No evident torsional mechanisms were noticed
directly during the tests. The maximum horizontal acceleration amplifi-
cations on the specimen were 5.2 and 4.5 for Alkion and Basso-Tirreno
accelerograms, respectively; the corresponding vertical amplifications
were 80% and 120% of the horizontal ones.

Specimen of Configuration 2 was subjected to 10 tests ranging
from 0.037 g to 0.136 g (Alkion accelerogram) and from 0.032 g
to 0.101 g (Basso Tirreno accelerogram), as summarized in Table 4.
The displacement profiles were almost linear, but not symmetric when
the Alkion accelerogram was applied; the maximum negative relative
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Fig. 7. Specimen of Configuration 4: layout of the accelerometers (left) with Wall A (middle) and Wall B (right) from the observer view respectively.
Fig. 8. Specimen of Configuration 4: layout of the retro reflective markers (left) with side view of the structure (middle) from the observer view.
Fig. 9. Configuration 1: specimen total and relative displacement profiles corresponding to the attainment of the maximum acceleration intensities (0.21 g, Alkion accelerogram
(left) and 0.20 g, Basso-Tirreno accelerogram (right)). Displacement profiles were obtained at three different levels of a block (see Fig. 8 as an example), hence nine data points
in total per single wall.
displacement at the top was greater than the positive one (ratio of about
1.5) at 0.105 g, whilst the positive displacement was twice the negative
one at 0.126 g. At the maximum intensities, the specimen experienced
maximum positive and negative top longitudinal displacements (rela-
tive to the base) of 44 mm and −23 mm, respectively (Fig. 10) and an
incipient rocking mechanism at the base was noticed, with a vertical
6

detachment at the base less than 2 mm. The maximum horizontal accel-
eration amplifications on the specimen were 4.9 and 7.5 for Alkion and
Basso-Tirreno accelerograms, respectively; the corresponding vertical
amplifications were 1.3 and 0.9 times the horizontal ones.

Specimen of Configuration 3 was subjected to 13 tests at different
acceleration intensity levels ranged from 0.105 g to 0.210 g and from
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Fig. 10. Configuration 2: specimen total and relative displacement profiles corresponding to the attainment of the maximum acceleration intensities (0.136 g, Alkion accelerogram
(left) and 0.101 g, Basso-Tirreno accelerogram (right)).
Table 3
Sequence of tests carried out on the specimen of Configuration 1.

N. ID Input type Acceleration at the base
of the specimen [g]

1 – Random wave test –
2 1AL1 ALKION 0.035
3 1AL2 ALKION 0.086
4 1AL3 ALKION 0.105
5 – Random wave test –
6 1AL4 ALKION 0.157
7 1AL5 ALKION 0.210
8 1BT6 BASSO-TIRRENO 0.037
9 1BT7 BASSO-TIRRENO 0.070
10 1BT8 BASSO-TIRRENO 0.101
11 1BT9 BASSO-TIRRENO 0.151
12 1BT10 BASSO-TIRRENO 0.201

Table 4
Sequence of tests carried out on the specimen of Configuration 2.

N. ID Input type Acceleration at the base
of the specimen [g]

1 – Random wave test –
2 1AL1 ALKION 0.037
3 1AL2 ALKION 0.071
4 1AL3 ALKION 0.105
5 1AL4 ALKION 0.115
6 1AL5 ALKION 0.126
7 1BT6 ALKION 0.1367
8 1BT7 BASSO-TIRRENO 0.032
9 1BT8 BASSO-TIRRENO 0.056
10 1BT9 BASSO-TIRRENO 0.091
11 1BT10 BASSO-TIRRENO 0.101

0.101 g to 0.181 g for Alkion and Basso Tirreno accelerograms, respec-
tively (see Table 5 for more details). Its response was characterized
by the following peculiarities: (i) the maximum horizontal acceleration
amplifications on the specimen were 1.7 g and 1.8 g for Basso-Tirreno
and Alkion accelerograms, respectively; the vertical components were
75% of the horizontal ones; (ii) the displacement profiles of the two
walls were quite similar, in particular they were quite linear and
symmetric for intensities lower than 90% of the PGA of the Alkion
accelerogram; after that, unsymmetrical positive and negative maxi-
mum displacement profiles were observed; (iii) the maximum positive
and negative relative displacements at the top of the walls (excluding
the block at the top) were approximately 62 mm and -53 mm for the
left wall and 62 mm and -55 mm for the right wall (Fig. 11); (iv) the
block at the top performed relevant relative torsional rotations with
respect to the two walls at high PGA intensities (Fig. 12); (v) A rocking
7

Table 5
Sequence of tests carried out on the specimen of Configuration 3.

N. ID Input type Acceleration at the base
of the specimen [g]

1 – Random wave test –
2 1AL1 ALKION 0.105
3 1AL2 ALKION 0.146
4 1AL3 ALKION 0.147
5 1AL4 ALKION 0.157
6 1AL5 ALKION 0.168
7 1BT6 ALKION 0.189
8 1BT7 ALKION 0.210
9 1BT8 BASSO-TIRRENO 0.101
10 1BT9 BASSO-TIRRENO 0.121
11 1BT10 BASSO-TIRRENO 0.141
12 1BT10 BASSO-TIRRENO 0.151
13 1BT10 BASSO-TIRRENO 0.161
14 1BT10 BASSO-TIRRENO 0.181

mechanism at the base was noticed during the tests, especially at higher
intensities; the maximum vertical detachment at the base was of 2 mm;
(vi) a slight torsional mechanism was developed during the tests (the
relative rotation of the block at the top was about 5 degrees after the
last test with Alkion accelerogram).

Finally, specimen of Configuration 4 was subjected to 12 tests at
different acceleration intensity levels ranged from 0.105 g to 0.210 g
and from 0.101 g to 0.151 g for Alkion and Basso-Tirreno accelero-
grams, respectively (see Table 6 for more details). The response of
the specimen may be summarized as follows: (i) the displacement
profiles of the two walls differed and became not symmetrical at higher
intensity levels; (ii) the displacement profiles were heavily conditioned
by relevant resonance effects arisen when Alkion accelerogram was
applied; when the resonance effects did not arise (Basso-Tirreno ac-
celerogram), maximum top displacements of approximately ±50 mm
(excluding the top block) were noticed for both walls, otherwise the
displacements were unsymmetrical and increased up to +380 mm and
−310 mm for both walls (Fig. 13); (iii) without resonant effects, the
maximum horizontal acceleration amplification on the specimen was
about 2, otherwise it achieved values greater than 5; (iv) also in case of
resonance effects, the maximum vertical acceleration were still compa-
rable to the horizontal one (about 1.10 g for both components); (v) the
top block performed significant relative displacements and rotations at
high PGA intensities and a slight torsional mechanism was developed
during the tests; (vi) a rocking mechanism at the base developed,
especially at higher intensities, with maximum vertical detachment at
the base greater than 10 mm.
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Fig. 11. Configuration 3: specimen total and relative displacement profiles corresponding to the attainment of the maximum acceleration intensities (top: 0.210 g, Alkion
accelerogram; bottom: 0.181 g, Basso-Tirreno accelerogram).
Fig. 12. Configuration 3: relative rotation of the block at the top of the specimen at the end of the tests with Alkion accelerogram.
4. Discussion

The comparisons in terms of maximum and minimum top dis-
placements (Fig. 14), top accelerations (Fig. 16) and shear action at
the base (Fig. 17) as a function of the acceleration applied at the
base are briefly discussed in this section. The relation between peak
displacements and acceleration at the base (Fig. 14) tended to be
not linear already at medium acceleration intensities, but substantially
only for the first the specimens of the Configurations 1 and 2. The
specimens of Configurations 3 and 4 had similar responses, except
for the resonant effects regarding the latter at the highest intensity.
The reason why the resonance effects occurred on Configuration 4
lies in the dynamic characteristics of its specimen combined with the
intensity of the acceleration at the base and the characteristics of the
Alkion accelerogram. The initial period of the specimen was 0.084
8

s. During the dynamic tests, the specimen started oscillating and a
rocking mechanism occurred, which increased the period to values
were the spectral amplification at the base is relevant; the spectrum
of Alkion has acceleration peaks of 0.71 g at 0.27 s and 0.68 g at
0.40 s (Fig. 15). When the period of the specimen reached the values
corresponding to these peaks, the resonance effects started, generating
relevant oscillations for several seconds even when the shacking table
stopped. For what concerns the Basso-Tirreno accelerogram, it was
applied up to an acceleration at the base of 0.151 g. This implies
that the spectra at the base had a minor peak of 0.4 g at 0.28 s
and no peaks between 0.35 s and 0.55 s (Fig. 15). These conditions
did not generate resonance effects on the same specimen. The reason
why no resonance effects occurred in all the other cases, especially for
Alkion accelerogram, is probably related to the fact that the period of
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Fig. 13. Configuration 4: specimen displacement profiles. Last iterations of Alkion 100% (top) and Basso Tirreno 100% (bottom).
Table 6
Sequence of tests carried out on the specimen of Configuration 4.

N. ID Input type Acceleration at the base
of the specimen [g]

1 – Random wave test –
2 1AL1 ALKION 0.105
3 1AL2 ALKION 0.146
4 1AL3 ALKION 0.147
5 1AL4 ALKION 0.157
6 1AL5 ALKION 0.168
7 1BT6 ALKION 0.189
8 1BT7 ALKION 0.210
9 1BT8 BASSO-TIRRENO 0.101
10 1BT9 BASSO-TIRRENO 0.121
11 1BT10 BASSO-TIRRENO 0.141
12 1BT10 BASSO-TIRRENO 0.151
13 1BT10 BASSO-TIRRENO 0.161
14 1BT10 BASSO-TIRRENO 0.181

the specimens increased without reaching the values associated to the
major peaks of the spectrum.

The acceleration at the top of the specimens, compared to the
acceleration at the base (Fig. 16), increased not linearly for medium-
high intensities. In particular the specimen of Configuration 1 was
subjected to amplifications up to 5.2 and 4.5 for Alkion and Basso-
Tirreno accelerograms, respectively. The maximum amplifications on
the specimen of Configuration 2 were of 4.9 and 7.5. The results of the
tests on the specimen of Configuration 3 gave a measure of the possible
amplifications on the double pile configurations (with nine blocks)
without resonance effects; with Alkion accelerogram, the maximum
amplification was 11.7 at low intensities, then its values were between
6.0 and 10.0. In the case of the tests with Basso-Tirreno accelerogram,
the amplification was between 8.9 and 11.6, with the maximum value
9

at the highest intensity. The resonance effects (specimen of Configu-
ration 4, Alkion accelerogram) imposed an amplification up to 35.0.
No resonance effects occurred on the specimen of Configuration 4 with
Basso-Tirreno Accelerogram, the maximum amplification was equal to
13.0.

The shear action at the base (Fig. 17) was calculated as a function
of the distribution of the acceleration along the height of the specimens
and the mass of the blocks. Maximum values of 60 kN were determined
for the specimens of Configurations 1 and 2. Some uncertainties are
associated to the calculation method in the case of the double pile
configurations with nine blocks, due to the configurations themselves
and to the rocking mechanism which was triggered.

5. Findings and conclusions

This paper describes the shaking table tests carried out at EUCEN-
TRE to investigate the seismic behaviour of four different configu-
rations of full scale stacked concrete blocks, not connected, simply
supported by each other. The acceleration time-histories of two differ-
ent earthquakes have been used. The specimens of each configuration
have been tested several times at increasing amplitudes until some
rocking or sliding mechanisms have been triggered. The paper treats
a type of structure in a domain – seismic response of shielding instal-
lations for radiation protection in nuclear research institutions – little
investigated in literature.

The main conclusions of the testing campaign can be summarized
in the following points:

• the two main phenomena that can be noticed with this type of
comprised of sliding and rocking. A rocking mechanism at the
base was noticed during the tests, especially at higher intensities
of seismic action;
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Fig. 14. Maximum and minimum displacements at the top of the specimens as a function of the level of acceleration at the base at each test and of the applied acceleration (ALK
= Alkion, BT = Basso-Tirreno). (a) Configuration 1; (b) Configuration 2; (c) Configuration 3, the displacement is the average value at the top of the two walls; (d) Configuration
4, the displacement is the average value at the top of the two walls.
Fig. 15. Configuration 4: comparison between reference command and feedback signal in terms of acceleration spectrum at the base of the specimen for (a) Alkion (acceleration
level of 0.210 g, last test) and (b) Basso-Tirreno (0.151 g, last test) accelerograms.
• other rocking mechanisms were noticed between the blocks for
the highest configurations and the highest seismic actions;

• the lateral displacement at the top of each configuration was
proportional to the height of the configuration itself and the
intensity of the seismic action;

• for Configuration 4, the block at the top of the specimen per-
formed relevant relative displacements and rotations with respect
to the two walls at high PGA intensities. The fact of having
introduced the four steel beams between the roof block and the
columns, which is the sole difference between Configurations 3
and 4, increased the relative maximum displacement with a ratio
of approximately 3.50 with respect to Configuration 3 (10 cm);

• these data constitute an important source to calibrate different
discrete element models to study the seismic response of shielding
multi-block installations used for radiation protection in particle
physics research institutions like CERN.
10
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgement

The Authors would like to acknowledge CERN - Site and Civil
Engineering Department (SCE), which funded the experimental tests
presented in this paper.



Engineering Structures 283 (2023) 115895L. Sironi et al.
Fig. 16. Maximum and minimum accelerations at the top of the specimens as a function of the level of acceleration at the base at each test and of the applied acceleration (ALK
= Alkion, BT = Basso-Tirreno). (a) Configuration 1; (b) Configuration 2; (c) Configuration 3; (d) Configuration 4.
Fig. 17. Maximum and minimum shear action at the base of the specimens as a function of the level of acceleration at the base at each test and of the applied acceleration (ALK
= Alkion, BT = Basso-Tirreno). (a) Configuration 1; (b) Configuration 2; (c) Configuration 3; (d) Configuration 4.
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