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Abstract

The continuous increase in population coupled with migration towards urban areas put pressure
on the building stock and increased the demand for housing and office buildings. Some of
the most densely populated regions are located in areas prone to natural disasters out of
which earthquakes are of particular interest for designers and researchers in the field of civil
engineering because of their consequences in terms of human casualties, property and economic
losses. There are several approaches to mitigate such losses and experimental investigations
on the behaviour of different structural systems to seismic excitations is an indispensable tool,
albeit it being, sometimes, an expensive one. Most often this represents a significant obstacle
in advancing the knowledge in the field due to the lack of experimental data documenting the
realistic dynamic responses of structures tested under real or artificial seismic loads. The paper
presents a comprehensive overview of the experimental investigations on the seismic behaviour
of several structural systems by means of shake-table tests conducted at the Technical University
“Gheorghe Asachi” of lasi in the general context of the state of the art in the field. The experiments
highlighted the importance of such investigation methods in understanding the behaviour of real
buildings subjected to earthquake loads. The obtained results could also serve as calibration data
for the numerical models that may be used to explore a wide range of varying parameters.
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1 Introduction

Earthquakes have always been one of the major natural disasters capable of causing
casualties and significant economic losses, especially with the rapid development of
densely populated areas. This has lead to a gradual increase in the awareness of the
general public on the destructive potential of such natural disasters. A significant num-
ber of cities around the world were built in highly active seismic areas and are constant-
ly subjected to severe earthquakes but mostly to frequent moderate magnitude seismic
motions [1-3]. The scientific community intensified the efforts to better understand the
way different types of structures behave under seismic excitation. Their main objectives
were to increase structural safety and mitigate the risk of structures being damaged
beyond repair or collapse during earthquakes [4, 5]. Every structure is designed to fulfil
its intended purpose and to ensure the safety of its occupants. However, due to repeat-
ed seismic actions of moderate to high intensity during its lifetime, the structure may
require repairing or strengthening interventions to either continue to serve its purpose
or to comply with the new safety demands stipulated in the design codes [6].
Understanding the complex behaviour of new or existing buildings during seismic motions
is of paramount importance for structural engineers because it helps them understand
how to ensure the safety of occupants and prevent significant material losses. There are
three possible scenarios that can lead to gathering the necessary knowledge: 1.The oc-
currence of the natural disaster, which offers real life data [1, 2, 7, 8] but may also prove
disastrous; 2. Experimental investigations using specialized equipment (e.g. shake table
tests, pseudo dynamic testing) [5, 9, 10] and 3. Numerical simulations using specialized
software packages that are able to account for all complex phenomena in a structure
during a seismic motion [11, 12]. While the first mentioned scenario produces the most
accurate data, it is the least desired one because of its disastrous potential in terms of
casualties and property damage. There is no control whatsoever in the “input parameters”
in terms of occurrence, duration, direction and the intensity of the shaking motion. The
second scenario requires specialized equipment and highly trained personnel to be able
to simulate real life events. Due mostly to financial constraints coupled with the complex
nature of such experiments, investigations on the behaviour of full-size models are lim-
ited [13-15]. However, there are numerous studies on scaled down models of various
types of structures [5, 9, 10, 16-22]. The last scenario offers the largest flexibility in terms
of the number of parameters that can be investigated. It has also become quite afford-
able in terms of raw calculation power with the advancements in the computer hardware.
There are, however, limitations due to simplifying assumptions and the need to validate
the models by means of experimental tests [23-25]. The paper presents an overview of
the experimental investigations on the seismic behaviour of several structural systems by
means of shake-table tests conducted at the Technical University “Gheorghe Asachi” of
lasi. The experiments highlighted the importance of such investigation methods in under-
standing the behaviour of real buildings subjected to earthquake loads.
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2 Thin-walled cold-formed steel structure with wood fibre panels

The structural frame was made of thin walled steel profiles of type CW 147/52/1.5.
These elements were used as ribs for holding together the wall panels and the slabs.
The frame beams for the wall and slab panels consisted of UW 150/40/1.5 profiles. The
braces were made of type MP275 elements with a thickness of 1.5 mm. The structural
model is shown in Fig. 1a. A typical wall panel is presented in Fig. 1b, whereas Fig. 1c
presents the structural system of the floor.

The seismic motions consisted in a sine-sweep function from 2 Hz to 10 Hz, with a rate
of increasing of 0.5 Hz and varying amplitudes of the signal and two earthquake sce-
narios scaled to different amplitudes for accelerations (EI Centro, 1940; /rancea, 1986).
The input signals are shown in Fig. 2.

Figure 1. Hardell Type structures to be tested on the shake table [16]
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Figure 2. Seismic motions [16]

The obtained data were post-processed and the dynamic characteristics of the model
were determined after each seismic motion. The results showed a 29 % increase in the
fundamental period of vibration at the end of the sine-sweep loading scenarios which
meant that the model suffered some damages. They were confirmed by visual inspec-
tion and a detailed presentation can be seen in [16].
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3 Hybrid structural system with mineral matrix

The hybrid structure consisted of a modulated system of 60 cm wide and 3.00 m tall
cast-in-place panels. The resulted structural model is shown in Fig. 3. The experiment
on the shaking table started from a set of diagnostic low-level tests on intact specimen
including impulse loading and white noise excitation. The base motion records were ap-
plied to the building progressively. The loading scenarios taken into consideration were
two sine-beat motions (SB) of different frequencies and duration as well as two earth-
quake records for \/rancea 1986 earthquake and El Centro 1940 earthquake, presented
in Fig. 2b and Fig. 2c.
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Figure 3. Hybrid structural system with mineral matrix [18]

The obtained data suggest that even though several shaking motions with different
amplitudes were considered, the model behaved very well with very small degrada-
tions. Another advantage was the light weightiness of the structure compared to an
equivalent model made of traditional concrete.

4 Unreinforced masonry structure

The model designed for the experimental program aims at the most accurate replication
of the structural typology, using masonry made of solid ceramic bricks and weak mor-
tars based on lime and local aggregates. The structural model proposed for testing is a
building made of unreinforced brick masonry, ground-floor only, with a flexible ceiling
supported by wooden beams and a classic roof, as shown in Fig. 4.
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Figure 4. a) Building perspective view b) plan view of the model [26]

The damage to the corner area of the walls occurred because of two factors: the first
was the connection between the floor and the structural walls (lack of shear transfer
connections can lead to lateral forces acting perpendicular to the wall plane) and the
second factor was determined by the existence of window and door gaps in the im-
mediate vicinity of the corner area. The latter is produced due to the in-plane motion of
the longitudinal walls leading to the occurrence of a rocking moment at the joints that
connect the parapet and the lintel related to the gap.

5 Base isolated structure with multi-stage system

The model was a one-bay one-span steel frame structure with the in-plane dimensions
of 1.4 m x 1.0 m and a height of 1.5 m, as shown in Fig. 5. The columns and the beams
of the structure were made of INP steel profiles [19].

The multi-stage isolation system consisted of three steel frames made of HEB180 steel
profiles having the dimensions of 1.5 m x 1.21 m. The base isolation was achieved by
means of elastomeric bearings have 100 mm x100 mm plane dimensions and a thick-
ness 79 mm. The bearings were weakened following a pattern of nine circular holes 20
mm in diameter and the hardness of the elastomer was 60 ShA. The additional mass
consisted of three concrete slabs at the top of the structure and four concrete slabs at
the base of the structure, each of them weighing 360 kg [19].

Sine-beat actions and an artificial accelerogram were applied in the longitudinal direc-
tion of the experimental model (the x direction of the shaking table): Test 1 - a sine-beat
action with a frequency of 10 Hz and a maximum acceleration of 0.5g; Test 2 — a sine-
beat action with a frequency of 10 Hz and a maximum acceleration of 0.6g; Test 3 — a si-
nus beat action with a frequency of 10 Hz and a maximum acceleration of 0.8g; and Test
4 —an artificial accelerogram with @ maximum acceleration equal to 2.5 g. The response
of the model was recorded by means of displacement transducers and accelerometers
positioned as shown in Fig. 6.
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A comparison of the acceleration amplitudes at the level of the shake table (A0) and at
the base of the model (A1) rendered evident the efficiency of the solution for dampening
the seismic motions [19], as seen from Fig. 7.

Figure 5. Base isolated structure [19] Figure 6. Location of recording equipment [19]
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Figure 7. Acceleration amplitudes at the level of the shake table (top) and at the base of the model (bottom)
[19]

A significant reduction of the accelerations recorded at the top of the structure was
noticed compared to the maximum acceleration recorded at the level of the shake table.
The peak acceleration was about three times lower in the case of Test 1, approximately
four times lower for Test 2, three times lower for Test 3 and two times lower for Test
4. The experimental model behaved like a rigid body (the displacement values from the
top and the bottom of the structure were approximately equal) and the structure did not
show any degradations, even during severe action with PGA equal to 2.5g.
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6 Steel frame structure with energy dissipation device at the nodes

Steel structures are widespread in seismic areas due to their ductile behaviour and in-
creased energy dissipation capacity. The steel beam-to-column joints must be capable
of simultaneously providing the strength and deformation capacity of the structures
[27]. The model was a one-bay one-span steel frame structure with energy dissipa-
tion devices at the beam-column nodes in the longitudinal direction (direction of the
shaking motion) and was stiffened by means of braces in the transversal direction, as
shown in Fig. 8. The experimental data was recorded by means of 4 accelerometers and
4 displacement transducers. The latter were positioned in such a way so as to record the
relative displacements between the upper end of the column and the end of the beam
in order to assess the effectiveness of the adopted seismic energy dissipation solution.

Figure 8. Frame structure on the shake table (left) and the location of the recording equipment (right) [27]

The damping characteristics of the model subjected to different seismic scenarios, both
artificially generated and records of real earthquakes, were determined from the free
vibrations at the end of each shaking motion, as shown in Fig. 9. The proposed solu-
tion for the seismic energy dissipation devices at the nodes proved to be effective in
reducing the effects of the shaking motion and a patent application was filed, pending
acceptance.
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Figure 9. Assessment of the damping ratio from the free vibration decay

7 Reinforced concrete frame structure with short columns

The 1/3-scale symmetric structure was designed according to the specifications of Eu-
ropean norms and following the guidelines in the national annex for Romania. The “short
column scenario’, as seen in Fig. 10, was considered to account for RC frame structures
that have partial infill walls. The model was tested as part of the FP7 Anagennisi project.
The frame was designed to have shear failure in the short column span, to simulate
cases where a column is restrained along its height. The frames were tested using uni-
axial shaking, with Peak Ground Accelerations (PGA) starting at 0.14g and incrementally
increased depending on the response of the shake table and the strain measurement on
the longitudinal rebar in the column [10].
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Figure 10. Geometry of the model (steel frame to simulate the partial infill wall is shown in red)
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The reduction in the fundamental frequency of the structure with each seismic input
was a clear sign of damage accumulation. The structure however, being very stiff took
little damage during the first few tests. At 0.41g and 0.81g few hairline shear cracks be-
gan to propagate, decreasing the natural frequency by 24 % and 35 %, respectively. Dur-
ing the 1.62g test, the shear cracks opened and closed until cracks extended over the
full strut zone and total collapse of the short column occurred. The part of the column
below the restraining section remained intact with no visible cracks [10].

8 Conclusions

The paper presents an overview of the experimental investigations on the seismic be-
haviour of several structural systems by means of shake-table tests conducted at the
Technical University “Gheorghe Asachi” of lasi. The experiments highlighted the impor-
tance of such investigation methods in understanding the behaviour of real buildings
subjected to earthquake loads. As it can be seen, a wide range of structural typologies
were tested on the shake table to assess their behaviour during seismic motions. Each
test had its own particularities and the amount of data collected differed from one case
to another depending on what was investigated. The shake table tests provide insight-
ful information on the behaviour of the structural models subjected to seismic loads.
However, as previously mentioned, such tests require specialized equipment and highly
qualified personnel in order to obtain the best results. The research team at the “Gheo-
rghe Asachi” Technical University of lasi is always giving its best to obtain accurate and
meaningful results that can be used to validate observations made in the field during
each seismic even or be used as calibration tools for numerical models. Such valuable
experience was gathered during the past 15 years by a team of dedicated researchers
in the field of civil engineering.
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