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Our society has been and still is affected by one of the deadliest and costly natural ca-
tastrophes that are earthquakes. High economic losses, thousands of casualties and even deaths
are the consequences of earthquakes over time.

Earthquake is the definition for earth movements, consisting of vibrations produced in
the internal areas of the Earth, propagated in the form of waves through the rocks.

The two main objectives of earthquake safety are life safety and collapse prevention, so
the desire for high-performance buildings has increased.

The classic anti-seismic design of structures was based on the concept of increasing the
rigidity of the structure against earthquakes by using retaining walls, braces, reinforcement
shirts, etc. These traditional methods induce large vertical accelerations and horizontal displace-
ments to the structures, therefore the structures can suffer major damages. Buildings that house
high precision and fine machines, especially for strategic constructions and infrastructures like
power plants (nuclear, hydro, and thermal), hospitals, schools, bridges, police and fire depart-
ments, communication centers, must remain operational after an earthquake.

Reducing the effects of earthquakes by reducing displacements and accelerations of the
structures, imposed the concept of seismic isolation, by installing special devices between in-
frastructure (foundation) and superstructure (building). In this way it is ensured the isolation of
the movement of the structure from that of the earth, practically decoupling them.

Regarding the development of innovative devices designed to reduce the effect of earth-
quakes on buildings, they are based on the following principles: use of inertia,
dissipation of energy transmitted to the building, respectively by changing the oscillation pe-
riod. The requirements for a high-performance seismic isolation device are the following: min-
imization of damage caused by earthquakes, maintenance in operation after the earthquake, low
installation and operating costs, and autonomous operation, independent of energy sources.

Given the worldwide concern regarding the field of seismic isolation, there are currently
numerous papers and studies on this subject. In this context, the results of the research regarding
the behavior of structures isolated by friction pendulum systems had as essential objective to
find out how the pendulum radii and friction coefficients, respectively the frequency of the
excitation, influences the structural response. The idea is to design the mentioned devices based
on the history of the place.

In these conditions, the specific objectives of the thesis can be summarized as follows:

14/148
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- study of specialized literature and normative documents on the éffécts'ot*arth-

quakes and methods to reduce their effects;

- elaboration of an algorithm regarding the digitization of earthquake signals stored

as images;

- development of an algorithm to estimate the velocity and displacement of the earth-

quake signals with known acceleration;

- validation of the application designed to convert earthquake signals from accelera-

tion in displacement and velocity for generated signals;

- determination of the effect of friction pendulum radius changes on the response of

isolated structures by dynamic simulations;

- determination of the effect of the friction coefficient and the pendulum radius on the

behavior of structures isolated with simple friction pendulums;

- design a friction pendulum system with variable radius and comparison of the per-

formance with current friction pendulums (uniform radii);

- development of an isolation system with a plan sliding surface restrained by springs

and with a counterweight on the top of the structure;

- validation the results obtained from dynamic simulations through experimental tests

performed on a small-scale model;

- dissemination of the research results.

The proposed objectives led to the structure of the thesis in a number of six chapters,
the content of which is presented below.

Chapter 1 — ” Literature review” presents the seismic activity from a global view and
some basic earthquake principles: causes of earthquakes, fault types, seismic waves, and
earthquake effects. Also, the earthquake magnitude and intensity scale are introduced. Further
are presented the most devastating earthquakes recorded, their effects, and the new building
design codes developed after each major event.

Chapter 2 — ” Digital processing of earthquake signals” presents some important web-
based databases that can be used to re-analyze the past and present earthquakes. Further is pre-
sented a rapid and accurate method to extract the signals and the numerical values from an
image with the help of the WebPlotDigitizer software. Also in this chapter is presented an ap-
plication developed in the Python programming language that generates digital signals with
known parameters (frequency, amplitude, phase, damping coefficient, existence of noise) and

exemplify outcomes for different settings of the parameters. An algorithm was developed to
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estimate the velocity and displacement of the earthquake signals with known a8&@tetatish®The
algorithm, nominated as PySEMO, was implemented in the Python programming language and
used to demonstrate the accuracy of the method. At the end of the Chapter, are presented some
recommendations for the acquisition strategy to guarantee to find precise velocities and displa-
cements.

Chapter 3— " Base isolation systems” explain the concept of base isolation and present
a short review of the history of base isolation. Further, the elastomeric (Low-Damping Rubber
Bearings and High-Damping Rubber Bearings) and sliding based (Electricite-de-France Sys-
tem, Resilient-Friction Base Isolation System, Friction Pendulum System, and Tuned Mass
Damper System) seismic isolation systems are briefly defined and described. Because friction
pendulum systems with variable radii are little studied and used, it was a good opportunity to
research the particularities of this system compared to those with spherical or cylindrical surfa-
ces.

Chapter 4 — 7 Dynamic simulations and behaviour of structures isolated by friction
pendulum” presents the results of simulations made on a rigid structure isolated with four sim-
ple friction pendulums. The structure was implemented in the Motion module of SolidWorks
and the model was used to find out how the pendulum radii and friction coefficients, respecti-
vely the frequency of the excitation, influences the structural response.

Chapter 5 — ” Experimental research” presents the experimental stand designed in the
Laboratory for studying the seismic actions of the Babes-Bolyai University and the virtual in-
strumentation. The software in which the data from accelerometers was processed and the in-
put-output applications were developed is LabVIEW. Experimental tests performed on a small-
scale model validated the results obtained by dynamic simulations.

Chapter 6 — " Conclusions and further works” presents the conclusions and the main
personal contributions, theoretical and applied, included in the doctoral thesis, as well as the
research directions that can be followed.
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1. LITERATURE REVIEW

1.1.  Seismic activity at a global view

94% of the Earth's surface is covered by seven major plaques with a thickness of up to
100 km. The seven major plaques (Figure 1.1) are in the order of magnitude: Pacific Plate,
African Plate, Eurasian Plate, Australian Plate, North American Plate, Antarctic Plate, and So-
uth American Plate. The Pacific Plate is the only plate entirely made of oceanic crust, the other
plaques containing both ocean bark and continental bark portions [1].

The dimensions of the tiles are permanently changed, and they can be expanded or
shrunk. These processes take place at the edges of the plates and there is a deep balance between
them. The boundaries of most of the plates are in the ocean, but some are marked by mountain
chains, such as the Himalayan chain, which marks the limit between the Eurasian Plate and the

Indian one.

Figure 1.1 The main tectonic plates

https://en.wikipedia.org/wiki/List_of_tectonic_plates#/media/File:Pla-
tes_tect2_en.svg
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Earthquakes are natural phenomena caused by the release of energy Withf-the Earth
following the fracture of the rocks subjected to the accumulated tensions.

Earthquake position has been analyzed in terms of seismic recordings from seismo-
graphic observatories. Areas with significant seismic activity (Figure 1.2) are concentrated

along belts delimiting large continental and oceanic stretches:

- the Pacific Ring of Fire Belt with over 81% of the world's largest earthquakes,
bordering the Pacific Ocean (from Chile to Alaska, Japan, the Philippines, and New Zea-

land);
- The Alpide belt with over 17% of the world's largest and most destructive earth-

quakes extends from Java to Sumatra through the Himalayas, the Mediterranean Sea to the
Atlantic. The belt also includes the Vrancea seismic area of the Carpathian Mountains;
- Mid-Atlantic Ridge Belt in the middle of the Atlantic Ocean. In these areas,

volcanic eruptions are frequent due to the presence of submarine mountain chains.

Europe
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Figure 1.2 Areas with significant seismic activity
(http://belt.cchronicles.com/what-is-a-seismic-belt/)
The earthquake generates seismic waves that occur beneath the surface of the ground
due to the sudden slippage of the edges of a fault. Seismic waves are responsible for producing
destructive effects from the surface of the earth, causing the soil to move. The seismic source

in which the seismic waves originate is called the focus or hypocenter.
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The projection of the hypocenter on the surface of the terrain is called eficetitét tEiGure
1.3). The focuses are in many cases at low depths, but there are regions where they are located
at hundreds of kilometers deep. Depending on the depth of the hypocenter, earthquakes can be
classified as follows:
= Surface earthquakes with a hypocenter depth of less than 70 km
= Intermittent earthquakes, with a hypocenter depth between 70 and 300 km

= Deep earthquakes, with a hypocenter depth of more than 300 km

epicenter

Figure 1.3. Hypocenter and epicenter of a ground earthquake
(https://en.wikipedia.org/wiki/Hypocenter)

With about 75% of the total seismic energy released by earthquakes worldwide, surface
earthquakes have the most devastating consequences (located in California, Turkey, and Ro-
mania). Surface earthquakes are followed by post-shocks that may occur in a short period of
time, like a few hours or a few months after the main shock. Post-shocks may be strong enough
to cause significant damage. Earthquakes with intermediate focuses have a moderate duration,
longer predominant periods, and a much larger area of manifestation. These earthquakes are
quite low in number, being present in Afghanistan, Colombia, Mexico, and Romania.

Earthquakes with deep focuses are lesser in number, with longer duration and longer
predominant periods. The most severe earthquake in the seismic record was the magnitude 8.3
Okhotsk Sea earthquake which occurred at a depth of 609 km in 2013 [2]. The deepest
earthquake ever recorded was a small 4.2 earthquake in VVanuatu at a depth of 735.8 km in 2004
[3]. Deep earthquakes, up to 680 km, are concentrated in the islands' chains of the Pacific Ocean

and the Eastern Caribbean.
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1.2.  Causes of earthquakes 20220113 14:18

The causes of producing earthquakes can be divided into natural and artificial:
Natural:

e tectonic: due to the tensions inside the Earth (90% of Earth's earthquakes);
e volcanic activity (7% of Earth's earthquakes);
e impact of meteorites;

e collapse of underground caverns.
Artificial:

e explosions;
e mining operations (such as mine collapses, excavation);

o filling of storage lakes.

Tectonic plates are huge masses of relatively stable rock that form the outer mantle of

the Earth. The average thickness of the main tectonic plates is about 80 km. The heat generated
in the core creates the convection movement in the mantle, which in turn causes the tectonic
plates to move. The relative movement of the tectonic plates is responsible for an important
part of the world's seismic activity. The collision between the lithospheric plates, the destruction
of the tectonic plate edges in the converging zones, or the expansion in the divergent areas are
mechanisms that can produce stresses and fractures in the earth's crust.

The inter-plate earthquakes are generated at the active edges of the tectonic plates. The
most powerful inter-plate earthquakes are in Chile, Peru, Central America, Southern Mexico,
California, Taiwan, South Alaska, Philippines, Japan, Indonesia, and New Zealand. Intra-plate
earthquakes are devastating earthquakes that occur within the tectonic plates. Such earthquakes
indicate that the lithospheric plates are not undeformable and that fractures can occur within
them. The most representative intra-plate earthquakes are those in northeast Iran, Charleston
(USA), New Madrid (USA), and northern China.

Volcanic earthquakes are relatively rare and of low intensity, and may be caused by

volcanic explosions, magma motion, or the collapse of the solidified magma from the volcano
basket on its hearth. Most volcanoes are located on the active edges of the tectonic plates, but

there are also intra-plate volcanoes, such as the volcanoes of the Hawaii Islands.
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Local earthquakes can be generated by larger meteorites that, due to tA¥r%izé 4t not

disintegrate into the atmosphere, reaching the terrestrial surface.

Earthquakes resulting from the crash of the ceiling of some mines and caverns have low

intensities. Another means of producing these earthquakes is the explosive decomposition of
large volumes of rock from mine walls due to accumulated stresses. Massive landslides can

also cause minor earthquakes. Earthquakes can be produced by underground detonations of

chemical or nuclear devices. Underground nuclear explosions that occurred in the past have

generated earthquakes of magnitude up to six.

Increases in seismic activity were observed in areas where large water dams were built.
The most plausible explanation is that the rock in the vicinity of the water dams is already in a
state of tension. Filling the tank with water either increases the stress state and generates slip-

page, or crack water pressure reduces the strength of the fault, or both phenomena occur.

1.3.  Fault types

Faults represent sudden changes in the structure of rocks that occur at the contact
between two different tectonic blocks. They may have different lengths from a few meters to
hundreds of kilometers.The slope of a fault is the angle that the surface of the fault creates with
the horizontal plane and the direction of a fault is the direction of the projection of the fault on
the land surface towards the North.

The relative displacements of the geological structures along the faults can be either
slow slopes that do not produce seismic movements or sudden breaks that produce earthquakes.
In most cases, the slides along the faults are not visible, not reaching to the surface of the terrain,

but there are cases when the faults extend to the surface of the ground (Figure 1.4)

Figure 1.4 The effect of a transcurrent fault on the surface of the ground
(https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fault-displacement)
Depending on their geometry and the direction of relative sliding, the faults are classi-

fied (Figure 1.5) as follows:

21/148



Researches regarding the behaviour of structires
isolated by friction penduliums

;I'/Ik/lslﬁ_%ﬁBRlELA—
- reverse faults - the sliding occurs in a vertical plane (parallel t¢%He 'stopES® the
upper plate of the inclined fault moving upward from the lower plate;
- normal faults - the sliding occurs in a vertical plane (parallel to the slope), the
upper plate of the inclined fault moving downwards from the lower plate;
- transcurrent faults - movement of rock blocks parallel to the fault;
- oblique faults - a combination of slopes in horizontally and vertically plane, being

the most common in nature.

Reverse fault Normal fault Transcurrent fault  Oblique fault

Figure 1.5 Fault types

1.4. Seismic waves

The seismic movement is due to the various types of waves generated by the sudden
sliding of the tectonic plates along a fault.
There are known two major types of seismic waves:
= volume waves - propagate through the interior of the earth:
o P-waves (also called primary, compression or longitudinal waves) gene-
rate a series of compressions and expansions of the material (liquid or solid) through
which they propagate, have the highest speed, are the first to reach a given location, and

the impact of the waves on seismic motion in a location is the smallest;

undisturbed
medium

Figure 1.6 P-waves

(https://www.britannica.com/science/earthquake-geology)
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o S-waves (also known as secondary, shear, or transversej’gefetatd Shear
deformations in the propagating material (solid only), the propagation velocity is less
than the P-waves, but the wave effect on the seismic motion in a location is the largest;

wavelength

Figure 1.7 S-waves

(https://www.britannica.com/science/earthquake-geology)

= surface waves - propagate only near the surface of the land:
o Rayleigh's waves are like waves created by a stone thrown into a pot of

water. The movement of the particles takes place in a vertical plane;

Figure 1.8 Rayleigh waves
(https://www.britannica.com/science/earthquake-geology)

o Love waves are similar to S-waves, being transversal waves propagating
to the surface of the field, the movement of the ground particles taking place horizon-
tally. Surface waves result from the interaction of volume waves with the surface of the

ground.

Figure 1.9 Love waves

(https://www.britannica.com/science/earthquake-geology)
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1.5.  Earthquake effects 20220113 14:18
The damage and destruction that may be caused by earthquakes is due to several
earthquake effects, among which:

e inertial forces induced in the structure due to seismic motion

e fires caused by earthquakes

o modification of the physical properties of the foundation ground (consolidation,

composting, liquefaction)

e the direct movement of the fault at the level of the land

e landslides

e changing the topography of the land

e earthquake-induced waves such as tsunami

The most significant and most common destruction of earthquakes is due to the vibrati-
ons induced in construction by seismic motion (Figure 1.10).

Another major danger resulting from an earthquake is fire. Thus, during the 1906
earthquake in San Francisco, only 20% of the total loss was due to direct destruction caused by
seismic movements, the remaining 80% being caused by the fires that devastated the city for

three days and which consumed an area of 12 km? and 521 blocks from downtown.

Figure 1.10 Partial collapse of a structure in Bucharest, Vrancea earthquake of March
4, 1977 (https://www.igsu.ro/)

Destruction due to base ground behavior has created major problems during the
earthquakes in the past, for example the 1967 Niigata earthquake (Figure 1.11(a)). The deve-
lopment of the city has forced the use of poor land from the former Shinano River bed. As a

result of the seismic movement, many buildings have leaned or overturned as a result of the
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liquefaction of the foundation ground. A total of 3018 buildings have been dest6%84'd1d§750
have suffered average to severe degradation, mostly due to uneven deposits and cracks in the
ground.

The direct shifts of ground fault (Figure 1.11(b)), are probably the most shattering at the
social level. This phenomenon is encountered relatively rarely, and the damage and the affected
area are minor compared to those caused by the vibrations induced in constructions by the se-

ismic movement.

(b)
(http://nisee.berkeley.edu/) (http://www.eas.slu.edu/)
Figure 1.11 Liquefaction at buildings foundation, Niigata earthquake, 1964 (a); tram

tracks bent as result of the earthquakes produced during the 1906 San Francisco earthquake (b).

Landslides caused by earthquakes (Figure 1.12), although they represent a major hazard,

do not occur very frequently.

- * a ; -

Figure 1.12 A landslide triggered by the Kumamoto earthquake, Japan 2016
(https://blogs.agu.org/landslideblog/2016/04/18/kumamoto-earthquake-1/)
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Topographic changes due to earthquakes do not directly lead to loss of’fif&- P& ¥host
important consequence of such changes is the destruction that structures such as bridges and

dams can suffer.

During an earthquake After an earthquake

early flooding caused 3-5 minutes of intense it direct
by land subsidence ground shaking during — oppos! oad

initial tsunami created the earthquake 'sunam's m F ward

by seafloor movement - an

first tsunami hits
coast in 10-20 min.

¢ \\

tsunami travels
into open ocean
at 400-500 mph

Figure 1.13 Tsunami generated by underwater earthquakes
(https://www.dnr.wa.gov/)

Tsunami are ocean waves generated by underwater earthquakes and can cause signifi-
cant damage to coastal localities (Figure 1.13). The Pacific Ocean is often the place for such
events. For an earthquake to generate a tsunami, it must be associated with an inverse or normal
fault.

Preventing human losses in the Pacific due to the tsunami is achieved through a moni-
toring and alert system composed of several dozen stations located in the Pacific Ocean. In
addition to this system, the risk of huge waves can be reduced by specific coastal construction

and avoiding the location of construction in low coastal areas.

1.6. Measuring earthquakes

The effects of the earthquake on the environment in the earthquake area are described
using Richter and Mercalli (Table 1.1) seismic intensity scales [4],[5]. The Richter scale was
built by Charles Richter and Beno Gutenberg (1935) for a measure of earthquake power [6]. It
is a logarithmic scale because the magnitude corresponds to the logarithm of measuring the
amplitude of the volume waves (type P and S) at 100 km from the epicenter and is graded from

1t0 9. Usually, the intensity of earthquakes is not expressed in whole numbers, but in fractional
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numbers [7]. Because the Richter scale is logarithmic, a change of one degreé®h’tHe Rithter
scale is correlated with a 10 times change in the amplitude of the seismic waves and about 30
times the energy released by the earthquake [8].

Table 1.1 Mercalli and Richter scales

Mercalli Richter
Category Effects
Scale Scale
. Instrumental | Mot felt. 1-2

Felt by only a few people, especially on upper
I Weak y-on ] .p e, & y PP 2-3
floors of tall buildings.

. Felt by some people inside the buildings in the
M. Slight . o 3-4
upper stories of tall buildings.

Felt by several people inside the buildings and

V. Moderate . 4
few outside.
Felt by everyone: sleeping people may be

V. Father strong y everyone. ping peop ' 4-5
awakened.

Trees sway, chandeliers swing, some damage
VI Strong . , 5-6
from falling objects.

VIL. Very strong | General alarm; walls and plaster crack. 5

. Poorly constructed buildings seriously
VIl Destructive , , . ’ 6-7
damaged; felt in moving vehicles.

IX. Ruinous Considerable damage; some houses collapse. 7
. Ground cracks; railroad tracks bent; some
X. Disastrous . 7-8
landslides.

) Few buildings survive; bridges damaged or
Xl Very disastrous o 8
destroyed; all services interrupted.

1. Extreme Total destruction. =8

The Mercalli scale, invented by the Italian seismologist Giuseppe Mercalli, is a scale
that determines the intensity of an earthquake based on personal, subjective observations,
during the earthquake [9].

The intensity of the earthquakes is assessed by the severity of the destruction of
buildings, by the type and magnitude of the deformations of the earth's surface and by the
reactions of the population to the seismic shock. The effects of the shock diminish

proportionally with the increase of the distance to the epicenter [10].

27/148



Researches regarding the behaviour of structires
isolated by friction penduliums

TIMIS GABRIELA-
VASILICA
2022.01.13 14:18

1.7.  The biggest earthquakes recorded

1.7.1. The San Francisco Earthquake, 1906

One of the largest earthquakes of all time is the California earthquake from 18 April
1906. At around 5 a.m. was the first strong shock that was felt in the entire bay of San Francisco.
The earthquake occurred 25 seconds later, with the epicenter near San Francisco. The powerful
earthquake shocks lasted about 60 seconds and were felt in Oregon, Los Angeles, and Nevada
[11].

The earthquake surprised geologists with its considerable rupture length and large hori-
zontal displacements, 477 kilometers of the San Andreas fault.

This earthquake is remembered in the public’s mind for the fire occurred in San Fran-
cisco, causing severe damage and a lot of deaths. Initially, there were an estimated 700 deaths,

but it is now believed that there were 3 or 4 times more victims than the initial estimate.

Figure 1.14 San Francisco Earthquake, Sacramento Street

(https://earthquake.usgs.gov/earthquakes/events/1906calif/18april/)

1.7.2. El Centro Earthquake, 1940
Another important earthquake was the El Centro earthquake also known as the 1940
Imperial Valley earthquake. Originated from the San Andreas fault line, the earthquake occur-
red in Southern California (in the Imperial Valley) on 18 May at around 9 pm and had a maxi-
mum intensity of X (on the Mercalli intensity scale). The epicenter of the earthquake was detec-
ted 8.0 km north of Calexico (California) [12]. An hour after the mainshock, a magnitude 5.5
secondary quake happened near Brawley, causing physical damage to the town’s residential

and business area [13].
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The EI Centro earthquake caused extensive and widespread damage, direGt'cadéed the
deaths of nine people and, indirectly, seven others.

Significant damage to irrigation systems were caused by the earthquake, leaving the
Imperial Irrigation District with compromised canals in multiple locations resulting in water
rationing during the following days. In Mexico, a 427 m wooden canal was completely destro-
yed, as well as water storage tanks at Holtville and Imperial [14],[15].

Close to the border, a surface rupture of approximately 60 km appeared during the
earthquake, recording a displacement of 4.5 m and having a sense of movement nearly pure
strike-slip, without any vertical displacement [12].

The same section of the fault was broken on the United States territory during the 1979
Imperial Valley earthquake having a similar displacement pattern as the rupture of the 1940
earthquake. The Mexican side was not affected by the 1979 earthquake, suggesting that the
Imperial Fault slides in discrete patches, two of them rupturing in 1940, and only one of them
in 1979 [16].

SRS

Figure 1.15 El Centro Earthquake

(https://en.wikipedia.org/wiki/1940_EIl_Centro_earthquake)

1.7.3. San Fernando Earthquake, 1971
On 9 February 1971, in southern California, at the base of San Gabriel Mountains a 6.5
magnitude and a maximum Mercalli intensity XI, San Fernando earthquake occurred at 6 am,
with a 12 seconds duration.
The unanticipated earthquake produced severe damage in the northern San Fernando
Valley and caused extensive surface faulting along city streets, affecting thousands of homes
and businesses. Gas lines exploded, power lines fell, windows shattered, and telephone service

cut. In Sylmar, the newly opened six-story tall psychiatric ward at the Olive View Community
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Hospital collapsed, killing three people, but the most impacted was the San Fefahtio'%/tktans
Administration Hospital with 44 dead [17].

At least a dozen bridges fell onto freeway lanes, and the transportation surrounding Los
Angeles suffered roadway collapse, one of the most important being the partial crash of some
major highway interchange nodes [18].

The Lower Van Norman Dam was so severely affected by the earthquake and threatened
to burst, that 80.000 downstream residents had to be evacuated for three days so that the water
level of the dam could be lowered as a precaution to prevent a possible collapse.

With 64 people dead, 2500 injured, and prejudice of more than 550 million US dollars,
the San Fernando earthquake was at that time the 3" worst earthquake regarding lost lives, and

the 2" in terms of property damage.

Figure 1.16 San Fernando Earthquake

(https://en.wikipedia.org/wiki/1971_San_Fernando_earthquake)

1.7.4. Vrancea Earthquake, 1977

On 4 March 1977 occurred the Vrancea earthquake, the second most powerful
earthquake registered in Romania, with a magnitude of 7.2. The epicenter was localized at a
depth of 94 km in the Vrancea Mountains, making the earthquake felt in the Balkans area [19].

The earthquake was so powerful that the communist dictator Nicolae Ceausescu decla-
red a state of urgency, due to a large number of victims, around 13.000 people and about 1.578
people were killed [20]. Even though the authorities at that time never confirmed it and a de-
tailed damage report was never published, the economic losses were believed to be huge, aro-
und two billion US dollars [19].
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Because most of the country’s buildings were constructed before WW PPafid W not
consolidated, the earthquake left about 32.900 buildings damaged or even destroyed and 35.000
families homeless, Bucharest was the most affected city with around 33 buildings collapsed.

The earthquake caused damage in Bulgaria also, deteriorating many buildings, inclu-
ding the Church of the Holy Trinity and the collapse of three blocks in Svishtov, taking the

lives of more than 100 people.

Figure 1.17 Vrancea Earthquake

(https://en.wikipedia.org/wiki/1977 Vrancea_earthquake)

1.7.5. Northridge, 1994 and Kobe,1995 Earthquakes

With a magnitude of 6.7, the Northridge earthquake (17 January 1994) caused 44 billion
US dollars material damage, considered to be the biggest damage in history [21]. The
earthquake showed the weakness of the buildings constructed until then. The number of victims
resulted was quite small, 57, even though the event occurred in a very populated area.

With a similar magnitude, 6.9, the Kobe earthquake occurred one year after the Nor-
thridge earthquake, but the number of victims was considerably higher killing 6.427 people.
The seismic movement determined the land rupture 20 km southwest of Kobe city, the intense
acceleration of the land causing the collapse of more than 100.000 buildings and damaging
another 80.000 structures severely. Most of the damaged buildings were traditional Japanese,
having wooden design and heavy roof, not efficient for earthquake action because they were
missing the elements that ease catching horizontal dynamic demands of the earthquake [22].

The Kobe earthquake had a long pulse with a period of approximate 0.8-1.2 seconds,
causing the collapse of many buildings with metal structures and the breakdown of Hanshin
highway piles and reinforced concrete pillars due to shear force (Figure 1.18).

The liquefaction of the land was another cause that resulted in the partial or total col-
lapse of some structures and the destruction of the Kobe port.
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Figure 1.18 Collapse of the Hanshin Motorway, Kobe, Japan
(https://www.researchgate.net/figure/Flexural-failure-at-the-base-of-bridge-pier-du-
ring-1995-kobe-earthquake-Hanshin_fig2_273573779)

1.8. Conclusions

The field of seismic engineering went through a process of continuous development,
and after each major event, new building design codes were developed. Currently, they help
construct buildings, making them much safer and reducing human and material losses.

The first important step in the seismic design of buildings was taken in 1914 when the
lateral force method was included in a design code (UBC 1927).

The importance of the foundation ground on the design forces was known from the
beginning, as well as the positive influence of the appropriate structural detailing. A more
dynamic approach to seismic engineering was brought by the first recording of an earthquake,
El Centro 1940, being recognized the influence of the rigidity of the building on the shear force
base. In the 1950s, the main objective was to set resistance standards for design to ensure the
safety of human life. After the massive earthquake of 1977, Romania developed the P100 de-
sign code, a document where the local design prescriptions were aligned to international stan-
dards. A better knowledge of the specific of Vrancea earthquakes was determined by the records
of earthquakes from 1977, 1986 and 1990.

The ATC-3.06 report in the US and the P100-78 norm in Romania have set down the
foundations for today's construction codes. The lateral force method and linear spectral analysis
are still used today to design structures.

The destruction caused by the Northridge and Kobe earthquakes has highlighted the
vulnerability of design codes and design in the elastic field. With the spreading of personal

computers, structural analysis in the inelastic field has become widely available.
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2. DIGITAL PROCESSING OF EARTHQUAKE SIGRALS **

The historical view related to earthquakes is an important concern for seismic risk eva-
luation, especially for strategic constructions and infrastructures like nuclear power plants, hos-
pitals, schools, bridges, etc. The knowledge about the evolution of earthquakes over long time
ranges is imperative.

Due to the availability of historical instrumental data, so important from the scientific
point of view, the earthquake instrumental catalogs were developed over 100 years. The original
recordings, like printed bulletins and analog seismograms, are kept still in most observatories
around the world. To keep the unique seismological heritage, new digital archiving techniques
have been created. The digital format and the modern techniques allowed the re-analysis of past

earthquakes and the re-evaluation of seismic hazards [26],[27].

2.1.  Earthquake registrations database

2.1.1 PEER Ground Motion Database

The web-based PEER Ground Motion Database (Pacific Earthquake Engineering Re-
search Center) contains many archives of seismograms and tools that allow the user to search,
select and download ground motion data from historical earthquakes [23]. The web-based da-
tabase is accessible on the website: https://ngawest2.berkeley.edu.

The PEER database provides two types of search: event or station characteristics and
parameters for the response spectra. In Figure 2.1 are provided the results of the search for the
1995 Kobe earthquake.

These characteristics are defined in the NGA-Wes:2 Flatfie. Spectrat Ordinate : [SRSS |
You need to re-run Search when any of these parameters are e =
updated. Damping Ratio
Record Characteristics:

RSN(s) s |&snea. rsme

Suite Average

Event Name : |[Kobe, Japan
Station Name | | Disgiey tene seres of selected record: [ Urscaed (Figh Resouson)

Horizontal-1 Component Horizontal-2 Compoaent
Search Parameters: resomo

- o ‘,I az
Fault Type : [All Types ~ = 1%&‘4“\\4‘w, AU ] = oty aﬁ AT
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| rvie, nax
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= |
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Figure 2.1 Search options from PEER database
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2.1.2 Center for Engineering Strong-Motion Data (CESMD§0%20113 14:18
The USGS (U.S. Geological Survey) and CGS (California Geological Survey) have
developed the CESMD (Center for Engineering Strong Motion Data) as a unified database to
provide earthquake strong-motion data for engineering applications [24]. The CESMD database
Is accessible on the website: https://www.strongmotioncenter.org.
In the CSMD database, the earthquake records are searchable in many ways, depending
on the user's interests. The search parameters can be a combination of earthquakes name, sta-

tion, and record parameters.

STRONG-MOTION VIRTUAIL DATA CENTER (VDO)

Global Component of the Center for Engineering Strong Motion Data
Home - LoginLogoff - Download - AboutUs - Contact
Earthquakes - Stations - Search - M ap

Acceleration
Station: El Centro. CA - Array Sta 9: Imperial Valley Irrigation District - 302
Commercial
Station Owner: United States Geological Survey
Station Latitude & Longitude: 32.7940_ -115.5490
Earthquake: El Centro 1940-05-19 04:36:41 UTC

Hypocentral Distance: 12.2 km

(Use the back button on yvour browser to return to the previous page)

Component: 180 Ground Level

34z

ch/sec/sec

!
(0]
B
N

| I I | I 1
(] 11 21 32 43 54
seconds

Figure 2.2 Search results from CESMD database

2.1.3 Strong-Motion Seismograph Networks K-NET and KiK-net

K-NET (Kyoshin network) and KiK-net (Kiban Kyoshin network) are two Japanese
strong-motion seismograph databases, consisting of more than 1700 observation stations that
uniformly cover the entire country. K-NET and KiK-net are operated by the NIED (National
Research Institute for Earth Science and Disaster Resilience).

The strong-motion data recorded by both networks are immediately transmitted to the
NIED and the data is widely available to the public through the internet from this website:
http://www.kyoshin.bosai.go.jp [25].

In the K-NET and KiK-net database, the earthquake records are searchable based on

several parameters (Figure 2.3).

34/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

TIMIS GABRIELA-
VASILICA

| GRS T ’ 01.13 14:18
o Sy . "' 4 4 L Phceaccess DDESSANBHE
—— 'E_—":—“': 8p: 3 " ’mnowum@n 0437688000
s B N «Stgon m’otionr
DA TR 'k Sei gg

Top

Introduction Download
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| Submit ]

Figure 2.3 Search options from K-NET and KiK-net database

There are many other web-based earthquake databases, but the above provides a reaso-
nable representation of the data freely available for download.

If the earthquake records are presented in their raw format, then are required baseline
correction and filtering.

2.2.  Digitization of earthquake signals stored as images

The retrieval of information from historical analogical records is essential for the study
of the seismic activity and of the seismic danger in the vulnerable areas during the earthquake.
This is possible due to modern techniques and methods of processing and converting analog
data into digital data.

Below is presented a method of the digitization of earthquake signals stored as images.
For this method, the software WebPlotDigitizer has been used to extract the signals and the
numerical values from an image.

WebPlotDigitizer is an open source software and can be used directly from the website
https://automeris.io/WebPlotDigitizer/. The software WebPlotDigitizer runs within most popu-
lar web browsers and does not require to be installed by the user [28].

WebPlotDigitizer is a semi-automated tool that makes easy and accurate data extraction:

o works with many types of charts (XY, bar, polar, maps, etc.);

e makes easier to extract many data points with automatic extraction
algorithms;
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e useful for measuring distances and angles between diverse feat(ifgs> % ***°
e permits manual adjusting and other intervention of the user;

e open source software and free to use.

MM WebPlotDigitizer o< Do
Web based tool to extract data 1romgts, images, and maps ... ‘ 6

Home Blog Tutorials Citation Privacy

Web Application

File Help

s English A
Image
Datasets I
DefauitDataset Launch Now!
Measurements
Bt Desktop Version
hxves: Image .. P
Rename Dataset . .
Delete Dataset (609,24, 445.10] ' ol
View Dats Automatic Extraction
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Bt Poins: 1 ST View Source
154 -5 color Fareground Calor 4 [l .
) Distance 120 | Fiter Colors GitHub

Algorithm Avaraging Wingow
X 10 P
aY 0 P

Run

Figure 2.4 WebPlotDigitizer software interface

Depending on the browser used, the image format supported is JPEG, PNG, GIF, and
BMP, but not PDF files.

After the application is launched, the image file can be uploaded into the software like
this: File Menu - Load Image, Drag & Drop Operation and Copy-Paste from Clipboard
(Figure 2.5).

File Help + - 100% Fit & @

Image

Axes

Datasets 2.0
Measurements

[77.59, 596,901

WebPlotDigitizer 4.2

Load Image
Tutorial Video
Visit Website
Visit GitHub

Figure 2.5 Loading images
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In the flowchart displayed in Figure 2.6 is explained the procedure fol [3%&d tb'éxtract

the signals from an image.

/ Load Image /

h 4

Calibrate Axes
(XY, Bar, Polar, etc)

Extraction . 3 Define
» method PRI (Mask & Box)
Manual l
Adj.USt Specify
(- Manual Add, Adjust Color Range

or Delete Points

A '
No Select
in‘snma:]!on - Algorithms &
L Parameters
OK

Digitized
Data

|

Extracting &
Processing
datain Excel

r

Saved
datain Excel
format

STOP

Figure 2.6 Flowchart for the extraction of the signals with WebPlotDigitizer
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To exemplify the process of digitization, a registration in form of .f&* &t t8ken
from PEER Ground Motion Database [23] is used. The .jpg file is saved on the computer and

uploaded in the WebPlotDigitizer software.

0.4

0.2
acc

(g) i

-0.2
0 5 10 15 20 25 30 35 40 45

Time (sec)

Figure 2.7 Kobe Earthquake, 1995, Japan (https://ngawest2.berkeley.edu)

After loading the image as shown in Figure 2.7, it must be specified the type of axis; for
this analysis has been used 2D X-Y Plot presented in the Figure 2.8. The software required this

to map the image pixels.

Manual Extraction
Choose Plot Type Add Point (A) Adjust Point (S)

Delete Point (D)

® 2D (X-Y) Plot
2D Bar Plot
Polar Diagram
Ternary Diagram
Map With Scale Bar
Image Algorithm Averaging Window v

Automatic Extraction

Mask Box Pen Erase View

Color Background Color v

Distance 120 Filter Colors

ax2 Px

aAY 2 Px
Align Axes Cancel
Run

Figure 2.8 Type of axis Figure 2.9 Data acquisition controls

Once the axis XY of the signal has been calibrated, the automatic extraction method
was chosen and was set up the controls for data acquisition as shown in Figure 2.9. Automatic
data extraction is based on separating the color of the data points or curves from the background
in the image. The controls from the Mask tab are used to mark the region for the extraction
algorithms, from this tab, has been used the Box tool to mark the searching region like it is
presented in the Figure 2.10.
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Figure 2.10 Rectangular region used for the extraction data points

After the region was marked for the extraction data points, the color controls was used
to specify the color of the data points. From the drop-down menu of the Color tab the Backgro-
und Color was chosen white, the color selection was made and the specified distance value from

the Filter Colors tab was extracted as shown in Figure 2.11.

0.4

0.2
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(@) 0.0

0 5 10 15 20 25 30 35 40 45
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Figure 2.11 The region used by the automatic extraction algorithms

Once all the settings were done, the auto-detection algorithm was started from the Run
button. Figure 2.12 presents the points extracted in WebPlotDigitizer software after the auto-

detection is completed.
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0.2 4
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(@ 0.0+

-0.2

Time (sec)

Figure 2.12 Points extracted in WebPlotDigitizer
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In the Figure 2.13 is presented the acquired data and can be viewed from’th8 et bata
tab and exported to a .CSV file. After the data has been obtained, the numerical values were

downloaded as .CSV file and were processed in an Excel file.

Acquired Data

Dataset: Default Dataset v Sort
Variables: X, Y Sort by: Raw v
|o.04430864123184375, -0.006171130348185894 -]  order: Ascending v
|0.2629346817266702, -0.006179802413284863 |
|0.4646602575680481, -0.006187807396453193 | Eoriniat

|0.6663858334094259,
39.8512998823877499,
|©.9525389661040586,
1.08829651574832044,
11.1541894952282332,
11.2877226207045824,

-9.006195812379621524
-9.0045361436303860792
-0.01227092752243708
-2.0010379348915079967
-0.011066177555606682
0.004290048488932108

©.006223162738779875

Number Formatting:
Digits: |5 Fixed v

Column Separator: |,

11.3556148842007998,

:1.3395382296711108, Format

-©.013080544056837067

{1.3401385834087352,
|1.3406388948567534,
|1.4041951258034713,
1.4723375450236977,

-8.02778258365682712
-9.03586761665681887
0.02368945811539741

©.009133730387689554

|1.538261916824374, 0.030421648959945036
11,5538983172798018, -0,004937429025563378

Copy to Clipboard | | Download .CSV | Graph in Plotly* Close

Figure 2.13 Acquired data

1648 points from the signal processing were obtained from the initial picture and were

used to digitize the signal in Excel as shown in Figure 2.14.

o The digitized signal

0.25

=
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=
=
[

0.05

=

-0.05
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&
=

-0.15
0.2
0.25

15

20 5
Time [sec]
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Figure 2.14 The digitized signal in Excel

43

Above it was presented a rapid and accurate method to extract the signals and the nu-

merical values from an image with the help of the WebPlotDigitizer software. Once the digital

signal is aquired, the Fast Fourier Transform (FFT) can be applied to convert the signal from

the time domain to the frequency domain. The FFT can be used to simply characterize the

magnitude and phase of a signal and the main advantage of this type of analysis is that little

information is lost from the signal during the transformation. In Figure 2.15 is presented the

digitized signal converted from time domain to frequency domain with FFT.
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Figure 2.15 FFT of the digitized signal

A sample of digital signal (t=5s) was analyzed like is shown in Figure 2.16, and the

FFT was applied to this sample of signal (Figure 2.17).

Sample of signal

Acceleration [g]
o i [=] =]
PO T = 5 & L
w = w (=] w = w

\
=]
o

o 1 2 3 4 5 6

Time [sec]

Figure 2.16 Sample of signal (t=5s)
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Figure 2.17 FFT of the signal sample
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The frequency-domain representation of a signal allows the observatiéfFot'sorife'Eha-
racteristics of the signal, for example, the cyclic behavior of a signal which would otherwise be

difficult to observe in the time domain.

2.3.  Development of a Python application to generate digital signals

The typical sensor for measuring the dynamic response of structures is the accelerome-
ter. It generates a digital signal that is represented by a sequence of discrete values [29]-[31].
When interpreting earthquake response signals measured with accelerometers, estimation of
velocities and displacements is often required [32].

To study the behavior of structures during earthquakes, digital signals are needed to
present different earthquake movements. A list of databases that can be accessed on the Web
that contain earthquake accelerograms in digital form are detailed in [33]. Due to modern tec-
hniques and methods of processing and converting analog data into digital data, the original

recordings from bulletins and seismograms can be digitized and re-analyzed [34].

2.3.1 Application description

For our research, digital signals were needed with known parameters, to calculate the
velocity and displacement from accelerograms and to use them as input for dynamic simulati-
ons, made for base-isolated structures.

Hence, an application developed in the Python programming language was created for
generating digital signals with known parameters (frequency, amplitude, phase, damping co-
efficient, existence of noise) and exemplifying outcomes for different settings of the parame-
ters.

In the proposed application the signals were generated with up to three harmonic com-
ponents S; (i=1...3), which have the amplitudes a, b and c, the frequencies fi and the phase Phi.
Thus, the harmonic components of the signal can be written as follows:

- the first sinusoidal component is:

Si=a-sin(2-mw-f,-t+m-Phy) (2.1)
- the second sinusoidal component is:
S,=b-sin(2-mw-f,-t+m-Phy) (2.2)
- the third sinusoidal component is:
Sg=c-sin(2-m-fz-t+m-Phy) (2.3)
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Both noise W and damping D can be added also to the signal. The dampitfg 15 tieHetated
by involving the term:

D = ebamp-t (2.4)
where Damp is the damping coefficient. Note that, the damping coefficient can get associated
positive values in the case of increasing the amplitude of the signal, or negative values in the
case the intend is to decrease the amplitudes.

In relations (2.1) to (2.4), t represents the time, i.e., the length of the signal.
The effect of noise can be expressed as:

W = p(x) - Noise/max[p(x)] (2.5)
where p(x) is the probability density for the Gaussian distribution and Noise is a randomly
generated value for each discrete time moment.

Finally, the most complex form of the signal is:
S=D-(5;+S,+S:+W) (2.6)

The signal is used to test application that derivate or integrate signals, for which the
signal parameters should be known.

The SignalGeneration application was developed based on the Python programming
language and is defined by four classes: "SignalGeneration”, "Table_Grid", "Plot" and "Plot-
Notebook™ and four public functions: "ExtragTextMemory", "ExtragimageMemory", "ISNu-
meric" and "Put_Clipboard". The main window represents a notebook control, which manage
one chart window with the named tab: "Signal Generated". The "Plot" and "PlotNotebook™
classes create the main window where the notebook with the chart windows will be created.

The public function "ExtragTextMemory" extract the Excel template from database to
be saved as Excel file into "RESULTS" folder created by application. The template contains
chart that will be updated at the end of the transfer. The public function "ExtraglmageMemory",
extracts the icons from database to memory to be used as icons when creating the toolbar.

The public function "Put_Clipboard” copies a string into Windows Clipboard and is
called by "OnExcel" function from "SignalGeneration" class. When the results are exported to
Excel file, these are memorized in strings copied to Windows Clipboard and pasted into Excel.
The reason of this operation is a significative short time required for transfer comparing with
export values cell by cell. The "Table_Grid" show the numerical results on screen into a grid

control.
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The application uses a SQL.ite database to memorize the toolbar icons 8% fiatje'fdfmat
and the "Excel template.xIs" file, where the numerical and charts results will be exported. These
files were loaded as Binaly Large Objects (BLOB) in "Config.db" application’s file. Features

of the toolbar are shown in Figures 2.18 and 2.19.

Figure 2.18 The toolbar of the SignalGeneration application — input data

B e v E & « + #

Generate Table Word Excel FitChart Zoom Pan Exit

Figure 2.19 The toolbar of the SignalGeneration application — processing buttons
The SignalGeneration application use the dependencies presented in Table 2.1.

Table 2.1 Dependencies used by the SignalGeneration program

Python(x, y) | A free scientific and engineering development | https://python-
software for numerical computations, data | Xy.github.io/
analysis and data visualization based on Py-
thon programming language.

Matplotlib | A Python 2D plotting library which produces | https://matplotlib.org/

publication quality charts.

wxPython The cross-platform Graphical User Interface | https://wxpython.org/
toolkit for the Python language.

SQLite A C-language library that implements a small, | https://www.sqlite.org/in-
fast, self-contained, high-reliability, full-fea- | dex.html

tured, SQL database engine.

numpy The fundamental package for scientific com- | https://numpy.org/

puting with Python.

The application’s toolbar is located at the top-left of the main window and includes text

and button controls marked, with the functions described in Table 2.2.
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Table 2.2 Functions of the Signal GeA¥retidn tbtibar

Open — Load signal form CSV saved previous file.

Text control to input ‘Number of samples’ N variable.

I E Uy

FR| 1000

Text control to input ‘Sampling frequency’ FR variable.

CelaT| 0.001

Text control to show ‘Time interval’ Delta T variable

(Read Only — computed by application).

aose[1 0] 0]

Text controls to input ‘First/Second/ Third Amplitude’ val-
ues of the A1/ A2/A3 variables.

fififz| 5 [ 15 | 20 |

Text controls to input ‘First/Second/Third Target Fre-
quency’ values of the f1/f2/f3 variables.

Phiph2ph3 0 | o

Text controls to input ‘First/Second/ Third Phase’ coeffi-
cients of the Ph1/ Ph2/Ph3 variables.

¥ Pi Moise III

Text control to input “White Noise” Noise variable.

Damp III

Text control to input ‘Damping coefficient’” Damp varia-
ble.

=

Generate — Calculate the signal based on equation (2.6)

and create the chart of the signal.

Data table — Shows the table of the signal values, calling
"Table_Grid " class.

Word — Save application’s graphical results to Word file.

Excel — Save application’s results (graphical and numeri-

cal) to Excel file.

Fit Chart — Returns to initial view in the chart windows.

Zoom - Enlarges selected area in chart windows.

Pan - zoom in/out with the right mouse button pressed.

VIR IS RS

Exit — Quit the application, calling "OnClose" function

from "SignalGeneration" class.
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2.3.2  Exemples of signals generated with the application =~ 20220113 14:18

The signals, which represent measured accelerations in mm/s? are generated with a
number of samples N=6000 by a sampling frequency FR=1000 Hz.
In Table 2.3 are presented different settings of the parameters used to generate signals

with the SignalGeneration application.

Table 2.3 Parameter settings for the generated signals

Curve | a b c | | f2 | f3 | Pha | Phz2 | Phs | Damp | Noise | Figure
1 1 0 0 1 0 0 0 0 0 0 0 2.20
2 1 0 0 1 0 0 1 0 0 0 0.5 221
3 1 0 0 1 0 0 1 0 0 0.5 0 2.22
4 1 1 0 1 (15| 0 0 0 0 -0.5 0.5 2.23
5 1 1 1 1 5 |10] O 0 0 0 0 2.24
6 1 1 1 1 5 |10] O 0 0 -0.5 0 2.25
7 1 1 1 1 5 |10] 1 1 1 -0.5 0.5 2.26

In Figures 2.20 to 2.26, the generated signals with the parameter settings from Table 2.3
are shown. The different signals are represented in these figures with different colors (green —
damping, gray — noise, cyan — signal with one to three components in the absence of damping
and noise) and with red is represented the resulted signal. These digital signals, since have

known parameters, can be used to create benchmarks for test and numerical simulation.

At | \/ \/ \/ \/ \/ |
Timme (s)
Figure 2.20 Generated Curve 1 - the signal with one harmonic component
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Figure 2.21 Generated Curve 2 - the signal with one harmonic component

polluted with noise

Figure 2.23 Generated Curve 4 - damped signal with two components
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Figure 2.26 Generated Curve 7 - damped signal with three components
polluted with noise
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2.4.  Algorithm development to estimate the velocity and displa¥riehit b the
earthquake signals with known acceleration

When interpreting technical standards and norms, estimation of velocities and displace-
ments is often required [35]. The velocity is the antiderivative of the acceleration, while the
displacement is the antiderivative of the velocity [36]. Numerical methods allow finding the
antiderivative (or primitive integral) as a discrete function by integration. This implies calcula-
ting integrals for the original function for all intervals limited by two consecutive samples.

The most difficult problem in calculating the antiderivative is finding the initial value,
which implies finding the integration constant [37]. As far as is known, there is no method to
calculate the antiderivative as a discrete function from an original discrete function. Herein is
presented a numerical method to calculate the antiderivative of alternating signals which inte-
gral has an insignificant value. The vibration of rotating machinery [38-40] and the response of
structures to impulsive excitation [41] are indicated as examples.

An algorithm to find the velocity and afterwards the displacement was developed by
repetitively calculating the antiderivative of accelerograms. Two aspects are of importance in
this calculus: finding the initial value and extraction of the zero-frequency component from the
first antiderivative (i.e. the velocity).

The exemplification of how the development of the algorithm to repetitively calculate
antiderivatives for a digital signal is made for a sinusoid. Afterward, the algorithm works for
signals with more harmonic components as well.

It was considered the i-th harmonic component a' of an acceleration signal a,

expressed as:

at = atsin(2nfit + ¢t) (2.7)

where: a; is the amplitude; f; is the frequency, t is the time and ¢; is the initial phase. For the

digital signal, the k-th sample is displayed at time:
te = (k — 1At (2.8)

Hence, the signal with more components can be expressed:

a=a+...+a'+.. (2.9)
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For the acceleration represented as a simple harmonic signal (for simphtaty'the'fiidex i
was not used here), the velocity is:

Vgs1 = Vg + LA (2.10)
where

tg=te+5 (2.11)

The problem is finding the initial value of the velocity v,, in fact the constant of inte-
gration. It was achieved by calculating the average of the velocity signal that starts from the
origin, i.e. the initial value equals zero. Or, in other words, it was subtracted the zero-frequency
component from the signal resulted by integration involving Eq. (2.10) for the case v, = 0. The
process is illustrated in Figure 2.27, which shows the velocity signal obtained for the initial

condition v, = 0 and after subtracting the average.

WA /\ /\

~N NN

SN
VAR

—velocity for V0=0

Amplitude (m/s)

—uvelocity for v0=-AVERAGE

-1.5

Figure 2.27 The velocity for the initial condition set to zero and after

subtracting the average

In a similar way, by performing again the calculus of the antiderivative, the displace-
ment was calculated with the mathematical relation:

sy =y + 22 At (2.12)

50/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

TIMIS GABRIELA-

VASILICA

2022.01.13 14:1
where 022.01.13 14:18

tm =t +5 (2.13)
Because the velocity curve does usually not contain an integer number of cycles, the
average can differ smoothly from the real zero-frequency component, thus slight increase or
decrease of the next antiderivative is expected.
To find the real displacement, the trendline of the displacement curve was extracted.
This has as result the subtraction of the average along with the rotation to get the curve to ensure
it a horizontal axis. Observe that the trendline for the displacement calculated for d, = 0, which
has the equation indicated in the Figure 2.28, is not perfectly parallel with the abscissa and is
translated in the positive direction of the ordinate.
Dissimilar, the trendline after correction (subtraction of the previously calculated tren-
dline) fit the abscissa, which means the displacement is now correctly calculated and displayed.

0.15

0.1

0.05

Amplitude (m)

-0.05

—displacement for d0=0

0.1
—displacement with the trendline subtracted

Figure 2.28 The displacement for the initial condition set to zero and after

subtracting the trendline
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The algorithm on which the application is based is comprehensively described THFGtE229.

Calculate the velocity curve with Eqg. (2.10) for vo=0
Calculate the average for the velocity curve
Subtract the average from the velocity curve found for vo=0

Figure 2.29 The algorithm to find the velocity and displacement curves from

the accelerograms

2.5.  Python Seismic Motion (PySEMO) application
2.5.1 Implementation of the algorithm in a Python application

The algorithm presented in Chapter 2.4 was implemented in a Python application named
PySEMO (Python Seismic Motion), in order to perform fast simulation and prove it works well
for signals with one or more components and in the absence or presence of damping. The inter-
face of PySEMO application is presented in Figure 2.30.

EI ‘EL\ = &+ @' ﬂ N= 796 FR= 1000 DetaT 0.001

Generate Fit Chart Zoom Pan Help Exit

— |
[Accatoration <] &5

Open
| Displacement | Velocity | Acceleration |

Figure 2.30 The interface of the PySEMO application to control the input data

52/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

VASILIGA
It permits importing a digital real-world signal acquired with an acquiéitfot-§ystefh or
generating one (especially for demonstration or didactic reasons). It is possible to mention the
type of the signal, acceleration, velocity or displacement as shown in Figure 2.31, and the ap-
plication generate the other two signals by calculating the antiderivative based on the proposed
algorithm. It is possible to display any signal and to save these as images or export the results

as Excel files.

B PySEMO software - o X

:] o > "*" @ ﬂ N= FR= DeltaT

Generate FitChart Zoom  Pan  Hep  Ext
on

Acceleration v

Displacement
Velocity up
Velocity down

7
Open
Accelerati

Acceleration Signal

—0.02

Acceleration [mmm/s2]

—0.04

—0.04 —0.02 0.00 0.02 0.04

Time [s]

Figure 2.31 Calculation options

With Open o button it is possible to import a signal (acceleration, velocity or displa-
cement) from an Excel file, like it is presented in Figure 2.32.

(]
=

Displacement -~ e
Open

E N~ - 4+ © o

Generate Fit C._hart Zoom Fan Help Exit

Displacement velocity Acceleration

Open XLS file to load the signal >
™ <« Desktop » PySEMO - o Search PySEMO
Organize Mew folder H== = (| 9
[l This PC -~ Mame Date modified Type
B 3D Objects RESULTS File f
[ Desktop !@ _Acceleration 793 Micr
2| Documents E3%] _Displacement 735 Micr
‘ o load !@ _Melocity 796 Micrd
ownloads
@ DataTest Micr
b music E3%] DataTest_Parameter Micr
=] Pictures £33 DataTest_PLUS Micr
B Videos
i Local Disk (C:)
€ >
File name: || v| CSV file (*.csv) -

Figure 2.32 Import a signal from an Excel file
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=
From Generate s=rerat= putton the application generate a signal; once the signal genera-

tion command has been launched, a new window opens like it is presented in Figure 2.33.

- O

X
=
; RET B @ 25 o < 4+ 4
- n[ 5000 | e[ 1000 | petat[ 0.001 Jasbre [1 [0 [0 |fjrres s [ 15 [ 20 [enupnzend 0 | o [ 0 |« Nmse@pampm&;ke & \% | I AR,

Signal Generated

" Discrete Fourier Transformation

Signal Generated for Tmax=4.999 sec. in file: C:\Users\Cristi\Desktop\PySEMO/DataTest.CSV
RMS_SG"2= 0.500 RMS_Noise”2= 0.000 SNR= 0.000 RMS_SG= 0.707 RMS_Noise= 0.000

ﬂ H n n : H n n FSinl[27PTLtH PPN LT b7sin| (2-P*T2°t) + PRI+ CoSin[{ 2 PRIZ L) +Pi*Ph3]
— G

ed signal

N

0.5

00

Amplitude [mm/s2]

Time [s]

X=2.8190, Y=09131

Figure 2.33 Signal generation window

After all the parameters required for signal generation are set, like presented in Chapter
2.3, it is necessary to push the Generate button in order to generate the signal. Figure 2.34 wait

to input the name of the Excel file where the signal will be saved.

52 e v = o < + #

Generate  Table Word Excel FitChart Zoom Pan Exit

Enter the file name for data saving...

DataTest

oK Cancel

Figure 2.34 File name for signal generated

L
Help button = of PySEMO application shows the algorithm behind the application

with all the steps followed for the calculation steps of the signal.
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Figure 2.35 Help menu of PySEMO application

To demostrate the accuracy of the proposed method an aplication was developed to cal-
culate the velocities and displacements from accelerograms. However, the application can be
used for any signal alternating around zero, for instance those measured on rotating machines.
In addition to performing two integrations, PySEMO is able to calculate the derivatives. Thus,
the velocities and displacements can be introduced to calculate the other two curves. After cal-
culating the velocity and the displacement the acceleration was reconstruct and compared with
the original signal.

2.5.2 Examples processed in PyYSEMO application

For comparison and understanding the necessary conditions for an accurate calculus,
simulations with the PySEMO application were made for 3 sets of signals. The signals, which
represent measured accelerations, are generated with a sampling frequency FR=1000 Hz and
all signals or components have the amplitude a=1.

The first set consists in a short signal (t=1.5 s) and a long signal (t=5.5 s), both having
the frequency f=1 Hz. It was desired to find out how the signal length affects the accuracy of
the calculated curves.

From the accelerations, velocities and displacement represented in the Figure 2.36 can
be deduced that the achieved results are accurate for the long signal, while for the short signal

the velocities (calculated as an antiderivative and reconstructed) are not perfectly overlapped.

55/148



Researches regarding the behaviour of structires
isolated by friction penduliums

TIMIS GABRIELA-
VASILICA

The reason is that the displacement curve, even after rotation, has not the trendIfff& 8fightd'vith
the abscissa. Note that the short signal has an initial phase and the method still works.
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Figure 2.36 Diagrams for the generated acceleration having the frequency f=1 Hz and the cal-
culated velocities and displacement (a) short signal with t=1.5s;
(b) long signal with t=5.5s.

56/148



Researches regarding the behaviour of structires
isolated by friction penduliums

TIMIS GABRIELA-

VASILICA

The second set of signals consist in a short signal with the frequency f=5%%Z2dftidrtped

and damped with the damping ratio 0.5 respectively. Figure 2.37 represents the acceleration

signal and its antiderivatives; in addition, the reconstructed velocities and accelerations are re-

presented for a comparison.
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Figure 2.37 Diagrams for the generated accelerations and calculated

velocities and displacements(a) undamped signal; (b) damped signal.
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One can observe the quality of the calculated velocities both for the uri®antpéd dsSvell
as for the damped signal. The curves representing the displacements are not smooth, so it was

concluded that the sampling rate should be increased to achieve better results. Next approach

is to demonstrate the algorithm works for a signal with more harmonic components.
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Figure 2.38 Diagrams for the acceleration signal generated with three harmonic

components and the calculated velocities and displacements

(@) undamped signal; (b) damped signal.
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First, an undamped signal with the time length t=2.5 s that has three hafRfohic toHipo-
nents with the frequencies: f1=2 Hz, f2=5 Hz and f3=12 Hz was tested. Secondly, the same
signal, but with the damping ratio 0.5 was considered, and the signals were represented in Fi-
gure 2.38.

From Figure 2.38.b the conclusion is that the damping does not affect the method’s
accuracy, both the reconstructed velocity and acceleration fit the original one. Comparing the
undamped and damped signals in Figures 2.37 and 2.38, it can be observed that the same sam-
pling strategy lead to similar precision in calculating the antiderivatives.

Analysing the Figures 2.36 to 2.38 it is visible that the algorithm implemented in the
PySEMO application is precise and can be used for calculating antiderivatives without knowing
the initial conditions of the analysed system if some conditions are fulfilled.

First, the ratio between the frequencies of the signal components and the time length
should be as big as possible, in order to ensure a sufficient big number of cycles in the signal.
From experience, the signal must contain at least five cycles of the fundamental frequency.

A second condition concerns the time resolution, which depends on the sampling fre-
quency. Here, it was discovered that each cycle of the highest frequency in the acceleration
signal must include 200 samples to ensure a smooth displacement curve. Regarding the initial
phase and the damping ratio, it was established that these do not affect the accuracy of the

results obtained with the PySEMO application.

2.6. Conclusions and contributions

The old earthquake recordings are very important from the scientific point of view. The-
refore, some important web-based database were presented to provide tools for searching, se-
lecting, and downloading ground motion data. The earthquake databases shown can be used to
re-analyze the past and present earthquakes. For this research, digital signals were needed to
describe various earthquake movements.

In this chapter, an algorithm was developed to extract the signals and the numerical
values from an image with the help of the WebPlotDigitizer software. The digital format allo-
wed the re-analyzation of the past earthquakes and the usage of digital data as input for dynamic
simulation made for base-isolated structures.

An application developed in the Python programming language was created to generate
digital signals with known parameters (frequency, amplitude, phase, damping coefficient, exis-

tence of noise) and exemplify outcomes for different settings of the parameters. These digital
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signals, since have known parameters, can be used to create benchmarks for tesCant ntitiéical
simulation.

In this Chapter also, an algorithm was designed to calculate the antiderivative of signals
that have the integral close to null, as the signals measured on structures during earthquakes
are. The method implies performing a series of numerical integration considering the initial
value being zero. Afterward, the average value for the primitive function is calculated and con-
sidered as initial value: this solves the initial value problem with acceptable precision. Because
of the minor errors, the second antiderivative that is the displacement in our case will gain a
continuously slight increase. This problem was overcomed by finding the trendline and extrac-
ting it from the signal representing the second antiderivative. In this way, accurate instantaneous
values for the displacement were obtained as well.

The algorithm, nominated as PySEMO, is implemented in the Python programming lan-
guage and can be used to find the velocity and the displacement evolution for earthquake signals
acquired with accelerometers. The algorithm can be used for other signals alternating around
zero, e.g. those measured on rotating machines, as well.

The accuracy of the method of the signal processing was demonstrated involving a large

variety of generated signals with known parameters.
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3. BASE ISOLATION SYSTEMS 2022.01.13 14:18

Protecting buildings from the devastating effects of earthquakes remains one of the ol-
dest challenges for structural engineers.The behaviour of structures during earthquakes is a par-
ticular case that is actually the focus of this work. To avoid harmful effects, the structures are
isolated by inserting between the ground and the superstructure devices that diminish the effect
of inertial forces.

Two main types of devices are used: that based on dissipation of energy by friction [42-
44] and that based on elastic supports which change the period of the system [45-47]. The latter
are manufactured from various materials and can achieve different configurations [48]. The
idea is to design the mentioned devices based on the history of the place, therefore the informa-
tion stored in earthquake registrations is essential. Repositories containing earthquake accele-
rograms in digital form exist [23], [49], [50].

3.1.  The concept of base isolation

The concept of base isolation systems is to interpose structural elements with low hori-
zontal stiffness between the structure and the foundation in order to decouple the structure from
the horizontal ground motion. Thus the seismic isolation system changes the fundamental pe-
riod of the structure from a high value to a small one or dissipates the energy by damping, thus
limiting the force that is transmitted to the structure which decreases drastically by reducing the
acceleration (Figure 3.1).

A

Damping
Changing the period

Acceleration

v

Period

Figure 3.1 Response acceleration spectrum
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Earthquake accelerations have a dominant period between 0.1 + 1.0 s witfra High'ttahger
of destruction in the interval of 0.1 + 0.6 s. The structures that have a natural period of vibration
between 0.1 + 1.0 s. are vulnerable during earthquakes because they can resonate. The most
important feature of seismic isolation systems is the increase of the natural period of the struc-
ture, higher than 1.5 s. Because the period increases beyond that of the earthquake, resonance
Is avoided and the seismic acceleration response is reduced [51].

A

Increase
of the
damping

Displacement

v

Period

Figure 3.2 Displacement of the response spectrum

Dampers are important to suppress resonance at the isolation frequency. Figure 3.2
shows the effect of damping on the controlled displacement where it is observed that, with the

increase of the damping, both the displacement and the acceleration of the structure are reduced
[52].

3.2.  History of base isolation

The idea of avoiding disastrous damages of earthquakes through insertion between the
ground and the protected structure of devices that reduce the effect of ground movement on
structures has a long history.

Jules Touaillon of San Francisco was among the first to obtain a patent on an
earthquake-resistant ball system in February 1870 (Figure 3.3). To isolate the structures, he

suggested using ball bearings between the base and the foundation of the structure [53].
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Figure 3.3 Jules Touaillon - earthquake-proof building [US Patent No. 99,973, 1870]

In 1891, Kozo Kawai published a method for seismic isolation in the Journal of the
Architectural Institute of Japan [54]. In the paper “Structures free from the maximum vibrations
during earthquake”, he proposed a base-isolated structure with the foundation of the structure
consisting of a concrete platform placed on several layers of timber logs assembled in a cris-
scross pattern. The structure had a triangular shape to increase the stiffness and the design in-

cluded a deep trench all around the building to cut off the surface waves (Figure 3.4).

Sectional view Front view

Cement—concrete-ﬁ;,:,,.. —

Layer of logs§

>o%

Figure 3.4 Kozo Kawai anti-seismic building [54]
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Some years later in 1907, Jacob Bechtold obtained a patent in whichf#éPresthtid a
structure on a rigid plate which supported on spherical mechanisms of hard material as an iso-

lation layer [55].
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Figure 3.5 Jakob Bechtold - earthquake-proof building [US Patent No. 845,046, 1907]

In 1909 J. A. Calantarients proposed the construction of buildings on sliding foundati-
ons. His construction method was to build the superstructure on a layer of fine sand, talc, and
mica to create a lubricated surface that allows the building to slide during earthquake motion
[56].

The first natural rubber isolation system was used in 1969 in Skopje (Macedonia) to
provide earthquake protection for a school. The Pestalozzi school was the first structure isolated
with unreinforced rubber bearings so that the weight of the building caused the bearings to
bulge sideways [57]. This was an important step in the development and implementation of the
multilayered laminated rubber bearings.

In the 1970s in New Zealand, were introduced lead-rubber bearings, as a more dissipa-
tive energy alternative to laminated-rubber bearings [58]. They consist of traditional elastome-
ric bearings with the addition of a lead plug, a detailed description of the behavior of laminated
elastomeric bearings can be found in [57]. Both lead-rubber bearings and laminated-rubber
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bearings have been used for seismic isolation around the world due to their effita8h¢y iipro-
tecting the buildings from the effects of earthquakes[52].

Victor Zayas conducted, in 1987, the first analytical and experimental studies on the
Friction Pendulum system [59]. A Friction Pendulum system consists of an articulated friction
slider that travels on a spherical concave sliding surface and uses gravity as the restoring force.
Friction Pendulum systems have been extensively studied analytically and experimentally by

many authors [60-67] and used for a variety of structures.

3.3.  Types of base isolation systems

Base isolation systems are generally classified in elastomeric and sliding based types.
The horizontal flexibility and the energy dissipative capacity are the common features that all
base isolation systems have. The advantage of sliding-based systems is their capacity to slide
freely over the foundation, thus reducing the forces transmitted to the structure. Many designs
for base isolators have been suggested over time [68-79]. Here are briefly described only a few
different types of base isolation systems that have been in use.

3.3.1. Elastomeric — based systems

Elastomeric bearings with steel reinforcement are the most commonly used for seismic
isolation because their constructive shape is simple, cylindrical, or prismatic and can be made
in a diverse range of sizes, depending on the structure to be seismically isolated. These systems
can be easily produced and are resistant to atmospheric conditions, temperature differences, do
not require maintenance during operation, with a lifespan of 50 years.

The main role of elastomeric based systems is to modify the fundamental period of the
structure. Through increasing the fundamental period of the structure, beyond that of the
earthquake, resonance is avoided and the seismic acceleration response and thus important
stresses are reduced.

Elastomeric bearings are very stiff in the vertical direction because of steel reinforce-
ments and very soft in the horizontal direction, because of the low stiffness of rubber, which
guarantees an isolation effect. Elastomeric seismic isolation systems are considered to be low
damping devices because they have relatively low damping values. Elastomeric bearings are

classified into two types: low- and high-damping.
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3.3.1.1. Low-Damping Rubber Bearings (LDRB) 2022.01.13 14:18

The LDRB were initially made entirely of natural rubber, later their properties were
improved by the addition of steel plates [80]. A bearing of this type consists of two thick steel
endplates and many thin steel shims, which are vulcanized and bonded to the steel in a mold
under heat and pressure. The steel shims prevent bulging of the rubber and provide the required
vertical stiffness without increasing the horizontal stiffness significantly. This type of seismic
isolation, made of natural or synthetic rubber, has been applied mainly in Japan, in combination
with additional damping devices, like viscous dampers, lead bars, and steel bars. The elastomer
used in Japan contains natural rubber, and neoprene has been used in projects in other countries,
such as France [57].

The advantages of these bearings are: easy to design and manufacturing production pro-
cess, and their mechanical response is unaffected by temperature, rate, history, or aging. The
main disadvantage of this system is that must be used together with other additional energy

dissipation systems because of a very low damping rate [57].

3.3.1.2. High-Damping Rubber Bearings (HDRB)

The HDRB are different from the low-damping rubber bearings presented above, in that
they have a special composition that gives them effective damping between 0.1 + 0.2. They
have been developed to avoid additional devices required when using the LDRB. The damping
of HDRB is improved by adding extra-fine carbon blocks, resins, oil, and some other fillers to
the elastomer composition [81]. The addition of these materials increases the critical damping
of the isolation system from 2 + 3% to 10 + 20% at 100% shear strain. The mechanical proper-
ties of high damping isolators are somewhat affected by the effect of rubber aging and tempe-
rature variations [80]. Changes in the horizontal characteristics of elastomeric isolators due to
aging over the life of these are estimated to be less than 20% of the initial values [82]. The
elements have higher stiffness and damping at the first loading cycle, after which the properties
stabilize [83].

Among the advantages of HDRB systems is the lack of need to combine with other
energy dissipation systems, as in the LDRB case, and the ease with which they are manufactu-
red and designed. Another important characteristic of HDRB is that they provide vibration re-

duction by filtering high-frequency vibration caused by underground traffic[57].
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3.3.2. Sliding — based systems

A natural and powerful energy dissipation device is based on friction force, which re-
duces the structure acceleration during an earthquake. The friction force depends on many fac-
tors: the sliding velocity, the contact pressure, the material of the rubbing surfaces, and the
history of loading.

The pure friction isolation systems are the simplest base isolation systems of all, where
the isolation mechanism is sliding friction. Because of numerous practical problems, this kind
of base isolation system was accepted much later than other types, even if the initial isolation
concepts were the sliding-based type.

Based on the same principle, a lot of different configurations were suggested [84-90].
In the coming section, few sliding-based systems will be shortly described.

3.3.2.1. Electricite-de-France system (EDF)

The Electricite-de-France system (EDF) is a combination of the elastomeric isolation
with the sliding type one and was developed in the early 1970s.

The system combines the elastomeric bearings with two plates that allow sliding
between them. One of the plates is made of an alloy of lead and bronze, and the other of stainless
steel, the latter being connected to the superstructure. The friction surfaces are designed to have
a coefficient of friction 0.2. The sliding elastomeric bearing pads consist of a block of elasto-
meric, reinforced by horizontal steel plates. The reinforced bearing pads have high vertical
stiffness and a low stiffness to horizontal shear forces. The elastomeric bearing pads act as a
filter between the structure and the ground, thus the forces transmitted to the structure are de-
pendent on the characteristics of the filter itself [92].

While for low-intensity earthquakes the structure vibrates on the elastomeric bearings
and returns to its original position, during severe earthquakes the structure vibrates on the elas-
tomeric bearings as well as slides on the frictional surface. The lead-bronze alloy plate and the
steel plate dissipate the energy induced by the earthquake by friction.

The EDF system is standardized for nuclear power plants in regions with high seismic
activity and it has been successfully implemented in nuclear power plants in South Africa, Iran,

and France.
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3.3.2.2. Resilient-Friction Base Isolation system (R-FBI) 20220113 14:18

The R-FBI is made of concentric layers of Teflon coated plates, that are in friction con-
tact, and to provide a restoring mechanism contains a central core of rubber, which carries no
vertical load [89-91].

The lateral stiffness of the rubber and the coefficient of friction of the sliding elements
are the parameters that characterize this isolation system. The friction damping is the main
energy dissipater of the R-FBI system because the damping capability of the rubber is small.
High friction coefficients produced by high sliding velocity between sliding layers are not ok
for the isolation effect. Instead of one layer of sliding plate, can be used more plates, to reduce
considerably the friction coefficients and the sliding velocity.

The R-FBI system is not a good isolator for the structures that are subjected to the ver-
tical movements of the ground because of its rigidity in the vertical direction. It has been shown
that this type of base isolation system is suitable for reducing the acceleration of light structures

or equipment [93].

3.3.2.3. Friction Pendulum System (FPS)

The FPS is an isolation method that combines the sliding motion and returns force given
by the geometric conformation of the system [57]. The FPS consists of an articulated slider on
a spherical surface. The idea of using an articulated slider on a concave spherical shape was
first proposed by Zayas [59].

Seismic isolation is obtained by changing the natural period of vibration of the sup-
ported structure. From the pendulum equation 3.1, it is determined the natural period of vibra-

tion (T) of a rigid structure isolated with FPS.

T =2m |- (3.1)

where g is the gravitational acceleration.

As can be observed from the pendulum equation the natural period is controlled by the
selection of the radius (R) of the spherical sliding surface.

The intensity of the force at which the slip begins is controlled by selecting the material

on which the friction is made. When the seismic forces are less than the friction force, the
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isolated structure behaves like a normal, unisolated structure with a certain naftfral Pefidt of
vibration. Once this friction force is exceeded, the dynamic response is controlled by the FPS
system, and the isolated structure responds with another period of vibration [60].

The lateral stiffness of the activated FPS system is:

.
K=- (3.2)
where w is the supported weight and R is the radius of the spherical surface.

3.3.2.4. Tuned Mass Damper system (TMD)

To reduce the dynamic response of a structure can be used a TMD device that is
composed of a shock absorber, a mass, and a spring. The frequency of the damper is tuned to a
certain frequency of the structure in such a way that when it is excited, the damper will vibrate
out of phase with the movement of the structure. The energy is dissipated by the inertial force
of the shock absorber acting on the structures.

Vibration control with the TMD's may be passive, semi-active, active, or hybrid. This
depends on the control strategies that are adopted for the device. Damping, mass, and rigidity
characterize the TMD device. The mass and stiffness of the damper with the given mass are
chosen in such a way as to bring the own vibration frequency of the device closer to the resonant
frequency of the structure to be protected [94].

The masses are made, in general, from steel or concrete blocks, mounted inside the
buildings. These are moving in the opposite direction to the oscillations of the structure, in the
resonance area, with the help of springs, fluids, or pendulums. The shock absorbers used in the

system are of the viscous type.

3.4. Conclusions and contributions

There are various isolation systems that each have their own particularities. For example
the elastomeric bearings can modify the fundamental period of the structure, but are very stiff
in the vertical direction because of steel reinforcements. Elastomeric seismic isolation systems
are considered to be low damping devices because they have relatively low damping values.

A natural and powerful energy dissipation devices are based on friction force, which
reduces the structure acceleration during an earthquake. The friction isolation systems are the
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simplest base isolation systems of all, where the isolation mechanism is slidiff§“fHctiofir®The
advantage of sliding-based systems is their capacity to slide freely over the foundation, thus
reducing the forces transmitted to the structure.

From the isolation system it was chosen the study of the friction pendulum systems and
tuned mass damper systems. Because friction pendulum systems with variable radii are little
studied and used, the research was concentrated on the particularities of this systems compared
to those with spherical or cylindrical surfaces.

Combinations of friction pendulums with various radii but also with the plan surface
associated with tuned mass systems are not analyzed, therefore these types of systems will be

studied in the next chapter.
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4. DYNAMIC SIMULATIONS AND BEHAVIOURGF" 1%
STRUCTURES ISOLATED BY FRICTION PENDULUM

4.1.  Description of the system

The structure was implemented in the Motion module of SolidWorks. The 3D model of
the perfectly rigid structure was build with steel bars and wood plates. Because unidirectional
displacement in X direction is considered in this study, for simplicity, instead of the real
spherical devices, cylindrical friction pendulums with the same radius R are employed in the
model.

The test structure, presented in Figure 4.1, is generated in SolidWorks as an assembly
with three parts:

1 - the structure with the dimensions 1200x400x200 mm;

2 - the base plate with the dimensions 600x200x10 mm as a reference;

3 - the shaking plate with the dimensions 600x200x10 mm reproducing the ground
motion.
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Figure 4.1 The test structure

The structure, as the part denoted with 1, has the geometry and essential dimensions

described in Figure 4.1. The ground is conceived as an assembly consisting of two parts. One
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of them is a base plate that is fixed, indicated as part 2 in the Figure 4.1, whith {5dséd s a
reference. The second part is the shaking plate 3 that can shift along the base plate without
friction. It reproduces the ground motion. The dimensions of the two plates are given also in
Figure 4.1.

The shaking plate is moved in the X direction with a feature of the SolidWorks program
called Linear Motor. It can impose a displacement after a harmonic function. A SolidBody
Contact with friction is imposed between the bottoms side of the structure and cylindrical

surface of the pendulums. The gravitational force oriented on Y direction is imposed for a
9806.65 mm/s? value of the gravitational acceleration.
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Figure 4.2 The Linear Motor and SolidBody Contact

4.2.  Study on the effect of a simple friction pendulum radius on the response of
isolated structures

The aim of the study is to identify the friction pendulum’s radius which the natural
frequencies ensures an efficient base isolation.

The model created in SolidWorks is employed in the research to find out the structural
behavior. The excitation, ensured by a simulated shaking table, follows a harmonic

displacement. The study revealed the frequency at which the chosen friction pendulums assure

72/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

efficient isolation. Also, it revealed the frequency domain in which the dispfatethént‘df the
structure is important.
The simulation was made in SolidWorks Motion, for the following conditions:

e the base plate is fixed;

¢ the shaking plate is moved on the X direction with a Linear Motor that imposes
displacement with the following parameter: Oscillating motion, Max

Displacement 10 mm, Frequency f = 1 Hz, Shift 0 deg;

e a SolidBody Contact with friction is imposed between the bottoms side of the
structure made from acrylic material and cylindrical surface of the shaking plate
made from steel (greasy) material. The following properties are imposed by
SolidWorks Motion for the dynamic and static friction coefficients up and s,
respectively the dynamic and static velocity coefficient v and vs. These are:

up=0.05 and vw=10.16 mm/s? respectively us=0.08 and »s=0. 1 mm/s?;
e the gravitational acceleration g=9806.65 mm/s? oriented in Y direction;
e the time of analyze is imposed as 30 s;

e the radius of the sliding surface extruded from the shaking plate was modified
in the range 110 + 960 mm, with a 50 mm step.

The system has a natural frequency f, which can be calculated using the mathematical

relation:

fo=2m |2 (4.1)

The structure’s response in terms of displacements in X direction during the 30 seconds
of forced excitation are presented in Figure 4.3, for the 18 analyzed cases, corresponding to
the radius modification in the 110 + 960 range with a 50 mm step. From these time-histories
one can observe that the structure’s displacement amplitude becomes smaller and stable as
value if the Ri0 > 560 mm. In addition, the system’s frequency gets stable and takes the value
of the pendulum. Table 4.1 show the minim and maxim values of the structure calculated by
SolidWorks Motion for the linear displacement in X direction. These values are graphically

presented in Figure 4.4.
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Table 4.1 Linear displacement in X%if¥ctidfi*®

Radius | Bottom limit | Upper limit | Radius Bottom Upper limit
[mm] [mm] [mm] [mm] limit [mm)] [mm]
110 -15.92 7.54 560 -16.08 7.8
160 -26.53 17.26 610 -16.51 6.52
210 -62.57 53.79 660 -15.05 5.08
260 -103.29 93.35 710 -14.92 4.74
310 -45.31 35.47 760 -14.57 4.55
360 -30.36 19.61 810 -14.41 3.95
410 -24.63 14.23 860 -14.13 3.21
460 -19.88 9.69 910 -13.9 2.84
510 -18.46 9.11 960 -13.73 1.55
:
| Ll — e
] -, S p— 14

(51

-
.......

Figure 4.4 Bottom and upper

displacement amplitudes

Figure 4.5 shows the evolution of the frequency ratio fn/f with respect to the sliding

surface radius R. One can observe that for the ratio fn/f > /2 a reduced transmissibility is
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Figure 4.5 Frequency ratio f./f versus the

sliding surface radius R

achieved and so the structure becomes isolated to the ground motion.

It was found efficient isolation is provided if the radius is bigger then 600 mm in the
case of exciting the structure with an oscillation having the frequency of 1 Hz and the
amplitude of 10 mm. In addition, from the response signal’s time history, an amplitude

increase is observed if the excitation frequency is in a narrow band around pendulum’s natural

frequency.
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4.3. Response of a structure isolated by friction pendulums with’8itferernt tadii

This study presents simulations that highlight the influence of the friction pendulum
radius on the behavior of isolated structures. A model was created in SolidWorks, which is
employed to find out the structural response. The excitation in term of displacements, ensured
by a feature of the software program, follows a sine function. The study has shown the fre-
quency evolution with the radius increase, along with the displacement of the isolated structure.

A schematic of the structure, reflecting the configuration and the component parts, the
dimensions and details regarding the imposed contacts is given in Figure 4.1.

The sliding surface radius, modeled as an extrusion from the shaking plate, was stepwise
modified in the range 110+960 mm with a 50 mm step. Contact with friction (Table 4.2) is
imposed between the bottom side of the structure and the cylindrical surface of the shaking
plate. All the other simulation condition remained the same as in sub-chapter 4.2. Both compo-
nents are made of steel. Frictionless contact was chosen between the fixed base plate and the

shaking plate. The system has a natural frequency which is given by the relation 4.1.

Table 4.2 Contact condition based on friction coefficients

Contact
Components | Contacttype | wo[-] | w[mm/s?] | wus[-] | v [mm/s?]
case
Structure Steel (dry)
1 0.25 10.16 0.3 0.1
Shaking plate Steel (dry)

The simulation results are presented in Figures 4.6 to 4.9. One observe that for the
frequency excitation fe=1 Hz, if the SFP radius is low, for example 110 mm, the displacement
of the structure follows the displacement of the ground, see Figure 4.6. If the radius of the
sliding surface is increasing, the structure crosses through resonance. In this case, the amplitude
of the structure’s displacement increases as well. This is shown in Figure 4.7.

The biggest amplitude is achieved for the case R4=260 mm, giving the natural fre-
quency f,=1.023 Hz, which is very close to the excitation frequency. An increase of the radius
leads to an increase of fn. After this frequency passes the excitation frequency, the amplitude of
the structure’s displacement decrease. The amplitudes for all cases in the resonance domain are

presented in Table 4.3.
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Table 4.3 Amplitudes achieved in the resonance domain

R 110 | 160 | 210 | 260 | 310 | 360 | 410 | 460 | 510
[mm]
[':‘n";:] 1495 | 2352 | -4754 | -55.65 | -35.31 | -24.38 | -19.09 | -17.62 | -15.00
AVerage | o1 | 523 | 532 | -468 | -474 | -538 | 506 | -541 | -4.70
[mm]
['rAnn;;X] 534 | 1307 | 36.90 | 4630 | 2583 | 1362 | 898 | 680 | 570
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Figure 4.8 Structural behavior in post-resonance

For even bigger friction pendulum radii, the natural frequency increases and the am-
plitude of the structure’s displacement decrease in consequence. The best results in isolating
the structure are obtained for the frequency ratio r = f,,/f, > /2 as stated in the theory. Not
just the amplitudes in the transitory regime are in this domain the lowest, but also the evolution
in the stabilized regime present low amplitudes. The highest amplitudes for the post-resonant
regime are presented in Table 4.4, while Figure 4.9 shows the amplitudes for all the analyzed

cases (sub-resonance, resonance and post-resonance domain).
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Table 4.4 Amplitudes achieved irf f6&-réséiénce

R 560 610 660 710 760 810 860 910 960
[mm]
[Qn;:] -13.52 | -13.38 | -13.24 | -13.00 | -13.01 | -12.92 | -12.83 | -12.75 | -12.55
AVerage | )59 | 471 | 495 | 546 | 561 | 595 | 627 | 638 | -6.28
[mm]
Amax 494 | 396 | 335 | 208 | 1.80 | 1.02 | 030 0 0
[mm]
* Amplitude [mm] +L"alues in the Ipcs'l:]\.ve domlal'n
—#— Values in the negative domain
//1\ — Average values
a0 P \
.’"’Il.’.’ .\‘
/dlf \\.h" M-
-« B e S ——l, . |,
-20 *~ e e N
o\ll\ ////
\I\'\\ .-'/
\ :-f,-’
\\_ < Radius [mm]

Figure 4.9 Amplitudes achieved for different friction pendulum radii (R = 110 + 910 mm)

Having a look onto Figure 4.9 one can observe that an effective isolation is achieved
for radii bigger then 610 mm. This means that, the friction pendulum must be designed to fulfill
this condition, or, if the sub-resonant domain is chosen the radius must be small enough to avoid
approaching the resonance. Obviously, design must consider the expected relevant period of
the earthquake. Comparing the results with those of other simulations made for similar circumstan-
ces, but for different friction coefficients and excitation frequencies [98], it was noticed that the
frequency ration r at which resonance is achieved moves to lower values for a bigger friction co-
efficient. Also, the amplitude in the resonance is smaller for the bigger friction coefficients.

It was found that the biggest amplitude is achieved for a natural frequency of the sys-
tem that is similar with the excitation frequency. On the other hand, an effective isolation is
obtained for frequency ratios r bigger then 1.4. For values of the friction pendulum radii ensu-
ring this condition the amplitudes, in the transitory as well as that in the stabilized regime,
accomplishes smallest values. In the stabilized regime, the structural displacement is half of the

excitation amplitude.
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4.4.  The effect of the friction coefficient and the pendulum radiu8®6r’tH2 Befiav-

iour of structures isolated with simple friction pendulums

A rigid structure isolated with simple friction pendulums (SFP) behave in respect to the
radius of the sliding surface. The friction coefficient of the involved materials has a limited, but
clear influence. The frequency of the ground trepidation has also to be considered.

For calculating the natural frequency f, of the isolated system one can involve the
relation 4.1. One can observe that the friction coefficient x and the weight of the structure G do
not influence the natural frequency.

The frequency and the amplitude resulted for a given excitation depends on the
excitation parameters, which are the amplitude Ae and the frequency fe. The task of the SFP is
to maintain the amplitude of the displacement Amax achieved in the transitory regime as well as
the amplitude in the stabilized regime Aswp as small as possible, in order to avoid dangerous
acceleration.

During ground shacking, the inertial forces belonging to the structure push it in
horizontal direction. The force caused by friction opposes to this action, being a reaction force.
Note that the friction coefficient x varies with the speed. If the inertia exceeds the friction force,
a relative displacement between the structure and the friction pendulum takes place and the
structure attains another frequency fsruc as the excitation. This is lower as fe and supplementary
contribute to the reduction of the structure’s acceleration.

This study shows the results of simulation made on a rigid structure isolated with four
simple friction pendulums. A model in SolidWorks was created that was used to find out how
the pendulum radii and friction coefficients respectively the frequency of the excitation
influences the structural response. It has also been found that the frequency of the structure does
not increase with the frequency of excitation if the latter exceeds the natural frequency of the
pendulum, but in the post-resonance domain, it remains constant taking the value of the natural
frequency of the system.

Description of the system composed by the structure and the friction pendulum has the
geometry and essential dimensions described in [43].

The shaking plate is moved in the X direction with a feature of the SolidWorks program
called Linear Motor. It can impose a displacement after a harmonic function.

Case 1 - for the first simulations following parameters were used: Ae1=5 mm ensured

by the command Max Displacement and nine frequencies fe1=0.75 Hz; feo=1 Hz; fe3=1.5 Hz;
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fea=2 Hz; fe5=2.5 Hz; fes=3 Hz; fe7=3.5 Hz; fes=4.5 Hz and fe9=6 Hz, ensured B§fHfe-totfimiand
Frequency.

The pendulum’s sliding surface is realized as a cylindrical material extrusion applied to
the shaking plate. In this stage of the research the radius R=260 mm was selected and the
analysis time was set for 10 seconds. The contact between the structure and the shaking plate
was simulated considering the static and dynamic friction coefficients up and us presented
in Table 4.5.

Table 4.5 Contact condition - friction coefficients

Contact
Components | Contacttype | wpo[-] | w[mm/s?] | us[-] | w [mm/s?]
case

Structure Steel (dry)

1 0.25 10.16 0.3 0.1
Shaking plate  [Steel (dry)
Structure Acrylic

2 0.05 10.16 0.08 0.1
Shaking plate  |Steel (greasy)
Structure

3 Custom 0.03 10.16 0.05 0.1

Shaking plate

Case 2 - the analyses in the second stage are made for a time length of 30 seconds and
an excitation with Ae2= 10 mm and feo=1 Hz. Several radii of the sliding surface were selected
for this stage of the study.

The initial radius was R1=110 mm and afterwards it was step-by-step modified by
increasing it with 50 mm until the radius value R1=960 mm was achieved. The three considered
contact conditions are indicated in Table 4.5.

The simulation results for the first study (Case 1) are presented in Figure 4.10, where
the acrylic/steel contact is considered. The FP with R4=260 mm has f,, = an =
0.9774 Hz, determining the occurrence of resonance at this excitation frequency. The largest
displacement is expected at this excitation and it is really achieved, Figure 4.11 confirming it.
Estimating the response frequencies fsrue from Figure 4.10, one can observe that this frequency

increases until the natural frequency f, of the system is achieved and stop increasing if fe>f,. In

the post-resonance domain fsyryc= fn.
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Figure 4.10 Elongation achieved in X direction for the structure isolated by SFPs with

acrylic pivots and stainless steel sliding surfaces
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Figure 4.11 Elongation achieved in X direction for different frequencies

of the excitation

82/148



Researches regarding the behaviour of structires
isolated by friction penduliums

VASILICA

If £, > /2f,, the displacement of the structure Amax is smaller as the grzglzjs,zri%lc'rlﬁ&ﬁésn Ae
and so a good isolation is accomplished. Moreover, because the frequency of the isolated struc-
ture does not increase if fe exceeds fn clearly results that the acceleration amplitude do not
change. In consequence, the best seismic isolation is ensured by the analyzed SFP for excitation
frequencies above 3 Hz, but an acceptable level of isolation is ensured also if fe is in the range
1-3 Hz.

Next results reflect the research made by considering different friction coefficients
and pendulum radii in the condition that the excitation frequency is maintained unchanged.
The responses of the structure in terms of displacements in the horizontal direction X are given
in Figure 4.12 for the resonance was passed, while the Figure 4.13 shows the behavior in the

post-resonance domain.
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Figure 4.13 Structural displacement evolution with the pendulum radii increase

in the post-resonance domain

From Figure 4.14 it can be observed that the effective isolation is assured for radii
bigger then 610 mm for all the three friction coefficients. In consequence, for the excitation
frequency fe2=1 Hz considered in the second stage of the study, the friction pendulum should
fulfill this condition. Evidently, for friction pendulums working in real conditions, their design
must consider the significant earthquake period T that is expected in the region of the isolated
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structure. Another conclusion rising from Figure 4.14 refers to the amplitude at¥felfel ify ¥éso-
nance; the higher the friction coefficient, the lower the amplitude is. Also, it ca be observed

here that the friction coefficient does not affect the resonance frequency.
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Figure 4.14 Maximum amplitudes for the different pendulum radii

and the three friction coefficients

It was found that the best isolation is achieved if the excitation frequency exceeds 1.5
times the natural frequency of the friction pendulum. This natural frequency is not influenced
by the weight of the structure and the friction coefficient has also a low influence, but if it has
higher values the amplitude of the oscillation decrease. Hence, these two parameters have a low
influence on the dynamic behavior of the isolated structure. On the other hand, the pendulum
radius has a significant influence on this behavior, since it is the parameter controlling the
natural frequency of the pendulum.

It was finally concluded that isolation can be made either by dissipating energy by
ensuring a certain significant friction coefficient or by permitting a large relative displacement
between the ground and the structure and avoiding in this way significant acceleration of the
structure. The two constructive parameters, namely the friction coefficient and the pendulum

radius, must be carefully adapted in both design cases.
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45.  Comparison of the performance of friction pendulums witffafiforitnd

variable radii

The study described in the following aimed to find the influence of the curvature of the
sliding surface on the response of the isolated structure under harmonic excitations.

To this aim, friction pendulums were designed which differ by the shape and dimension
of the cylindrical sliding surface, respectively by the friction coefficients. Our target was to find
out how the structure responds to a given excitation when the structure is equipped with diverse
friction pendulums. A sinusoidal excitation with the frequency of 1 Hz is applied and the
response in terms of displacements is captured. It was found that the frequency of the structure
does not change with the FP radius but the amplitude of the displacement is strongly dependent
on this parameter. Because the circular and elliptical sections of the FP provide the structure
with different natural frequencies, the resonance is achieved at other radii.

To obtain the response of a rigid structure isolated with diverse FPs, SolidWorks
simulations were performed, in particular by using the Motion module. The isolated structure’s
3D geometrical model is described in [44].

Simulations are made in the following conditions:

e The base plate, which is set as a reference, is fixed,;

e The shaking plate simulating the horizontal trepidation of the earth is
harmonically moved in the X direction. This is made with the help of the Linear
Motor, a feature of SolidWorks Motion module. It imposes a Max

Displacement A=10mm by a Frequency fexc = 1 Hz.

e The gravitational acceleration is set by default as g=9806.65 mm/s? and is

oriented in the Y direction;
e The time for this study is imposed as 30 seconds;

In this study, the mentioned parameters are maintained unchanged, but the radii of the
sliding surfaces are modified by each simulation. However, for all simulations these are
modeled as an extrusion applied to the shaking plate.

Case 1 - for the first set of simulations, the base of the cylinder used for extrusion is a
circle, the radius being modified in the range R = 110 + 960 mm by a 50 mm pitch. The depth

of the extrusion is 4 mm, therefore the minimum thickness of the shaking plate under the
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pendulum is 6 mm. A suggestive image showing all radii used to create of th&’EP"i$%di&h in
Figure 4.15.

—ETE.

C e

Figure 4.15 The extrusions made with a circular shape

The contact condition between the structure and the sliding surface is bounded contact
with friction, the friction coefficient x being dependent of the chosen materials. Note that the
friction coefficient depend on the relative speed beteen the two components in contact. The
values for the first two cases presented in Table 4.6 were taken from the SolidWorks library,

while for the third case the values were defined to achieve a lower damping.

Table 4.6 Contact condition

Contact
Components | Contacttype | wo[-] | w[mm/s?] | us[-] | w[mm/s?]
case
Structure Steel (dry)
1 : 0.25 10.16 0.3 0.1
Shaking plate Steel (dry)
Structure Steel (greasy)
2 0.05 10.16 0.08 0.1
Shaking plate | Steel (greasy)
Structure Teflon
3 0.03 10.16 0.05 0.1
Shaking plate | Steel (greasy)
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In the absence of friction between the structure and the sliding surfaté;’té dfural

frequency f, of a rigid structure isolated with a FP is found from the mathematical relation 4.1.
From relation 4.1 clearly results that f, is independent of the weight of the structure.
If subjected to a harmonic excitation fexc, the structure oscillates in respect to the two mentioned
frequencies. When the relation between the two frequencies is fn < fexc, the frequency of the
structure is the frequency of the excitation. If f, > fexc, the system maintain its natural frequency
no matter how big the frequency of the excitation is. When the two amplitudes achieve close
values, the amplitude of the oscillation increases dramatically, and for equal frequencies the
resonance is attained. The amplitude resulted in resonance depends on the friction coefficient;
the smaller the friction coefficient, the bigger the amplitude is.

Case 2 - for the second set of simulations, for extrusion were used cylinders that have
elipses at the base. The semi-major axis of the ellipse is allways Rv=960 mm, while the semi-
minor axis is modified in the range R+ = 110 + 960 mm by a 50 mm pitch, as shown in Figure
4.16. Because the slope of the sliding surface is significantly bigger for the case ellipse 110-
960 than for the case radius 110, it was expected in the case of the sliding surface having
constructed with an eliptical cylinder to get no relative displacement between the structure and
the shaking plate. It was also anticipated to achieve the resonance at higher values of the semi-
minor axis of the ellipse as the radius of the cylinder.

R

Figure 4.16 The extrusions made with an elliptical shape

It is no relation presented in the literature for determining the natural frequency of the
elliptical FP, thus the behavior in terms of frequencies and amplitudes of the oscillation of the
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lated structure cannot be predicted. In order to clarify this aspect, sinftiafibhs™*Rere

performed with elliptical FPs.

Figure 4.17 presents the signals in the time domain and the frequency domain (by FFT

representation) for three typical behaviors of both the FPs. In the left column in this figure it is

represented the analysis for a pre-resonance behavior, in the central column the behavior in

res

onance and in the right column the behavior in post-resonance. The friction coefficient is

chosen for the contact case 1 (steel dry — steel dry).

R =Rn =160 mm; Rv=960 mm R =260 mm; Rn =460 mm; Rv=960 mm R =Rn =910 mm; Rv=960 mm
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Figure 4.17 Response signal captured from the isolated structure

for different friction pendulum radii

Figure 4.18 offers a comprehensive image on the behavior of the structures when it is

isolated with FPs that have all considered radii and both circular and elliptic cylindrical shapes.

In

this figure, the minim and maxim values of the structure’s displacements in the X direction

are indicated in order to show for which horizontal radii the resonance is achieved.
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One can observe in Figure 4.18 that, as expected, the resonance is achié¥%&dfor Shidller
values of R in comparison with Rn. This determines a bigger pre-resonance domain for the
elliptical FP, while the post-resonance is earlier achieved by the FP constructed with a circular
cylindrical sliding surface. The magnitudes of the curves represented in Figure 4.18 are quite
similar for similar friction coefficients. Because the magnitudes are extracted from the signals
by involving the FFT, just coarse values are obtained. To precisely estimate the magnitudes an

advanced signal processing algorithm is requested [95].
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Figure 4.18 Maximum and minimum displacement amplitudes

It is possible to control the occurrence of resonance by changing the semi-minor axis of
the ellipse, therefore it is possible to design the FP in order to work in pre- or post-resonance
depending on the parameters (frequency and amplitude) expected for the ground excitation. For
both sets of pendulums, it was concluded that the best isolation of the structure is achieved
when the natural frequency of the pendulum is at least 1.5 times lower than the ground
excitation.

It was also found that the friction coefficient has the same influence on the amplitudes
of the structure’s response if the FP has the same natural frequency. This is best visualized at

resonance, the curves in Figure 4.18 achieving approximately the same magnitude.
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4.6.  Study on the behaviour of the isolated structures with frictiffi Peridtitims

and a counterweight

The aim of the study is to identify the behavior of the isolated structures with a friction
pendulum and a counterweight, as well as the influence of the spring constant k to assure
efficient isolation.

To determine the structural behavior, a model of a six-story building was created in
SolidWorks software with the help of which the simulations were made [96]. In Figure 4.19 is
presented the test structure generated in SolidWorks as an assembly with four parts: 1 — the
rigid structure, made of steel bars with the dimensions 1200x400x200 mm; 2 — the base plate
that is fixed and is used as a reference, with the dimensions 600x200x10 mm; 3 — the shaking
plate reproducing the horizontal trepidation of the ground and has the same dimensions as the
base plate; 4 — the counterweight, with the dimensions 100x150 mm and with the weight of
17.784 kg, which is fastened with 2 springs in the upper part of the structure and has the role
of stabilizing the structure subjected to the horizontal trepidation of the earth.
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Figure 4.19 The test structure designed in SolidWorks

91/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

TIMIS GABRIELA-
VASILICA

The simulations were performed in the SolidWorks Motion module, fof’th8'fb1i6k-ing

conditions:

The base plate is fixed and is used as a reference;

The shaking plate, simulating the horizontal trepidation of the earth, is moved
in the X direction with the help of the Linear Motor, a feature of the SolidWorks
Motion module. It imposes displacement with the following parameters:
Oscillating motion, Max Displacement A=20mm, Frequency f = 1 Hz, and
Shift=0 deg;

The gravitational acceleration is g=9806.65 mm/s2 and is oriented in the Y

direction;

A SolidBody Contact with friction is imposed between the structure and the
sliding surface, the friction coefficient u# being dependent on the chosen
materials. The contact between the structure and the shaking plate was simulated
considering the static and dynamic friction coefficients up and us, respectively

the dynamic and static velocity coefficient vp and vs presented in Table 4.7.
For this study the time of analysis is imposed as 30 s;

The counterweight and the structure are caught by the edge of the steel bars,
respectively the edge of the shaking plate by four springs. The spring
parameters (k —spring constant, coil diameter, number of coils, wire diameter)

are presented in Figure 4.20.

Table 4.7 Friction coefficients

Contact
case

Components | Contacttype | wo[-] | wo [mm/s?] | us[-] | vs [mm/s?]

Structure Steel (Greasy)
0.05 10.16 0.08 0.1

Shaking plate | Steel (Greasy)
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Figure 4.20 The springs position and parameters

Case 1 - in the first case of the research the contact between the structure and the
shaking plate was simulated considering the friction coefficients presented in Table 4.7, but
without friction between the structure and the counterweight. In this case, the constant k
of the springs with which the structure is caught with the shaking plate it remains unchanged
(k=0.01 N/mm), while the constant k of the spring with which the counterweight is caught
is modified with each simulation (k=0.004+0.01 N/mm).

Case 2 - the simulations in the second case are made with the same spring parameters
and conditions from the first case, both for the structure and the counterweight, but in this
case, a contact with friction between the structure and the counterweight was also added.
The contact between the structure — shaking plate and the structure — counterweight was
simulated considering the static (us) and the dynamic (up) friction coefficients presented in
Table 4.7.

The simulation results for the first case are presented in Figure 4.21 and Figure 4.22,
where contact with friction is considered only between the structure and the shaking plate.

93/148



Researches regarding the behaviour of structires
isolated by friction penduliums

TIMIS GABRIELA-
VASILICA
1 2022.01.13.14:18

Case 1
Time [s]

iR /) N A\
B/

NN
NI VI /R \ NI

\
N/ “ecams \E

w —K=0.007

S

A RN
asn —K=0.008 %,
e
—k=0.009 g
—K=0.01

400
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Figure 4.22 Case 1 — The acceleration of the structure
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One can observe that the acceleration and the displacement of the strutttré'Havéfeen
decreased as the spring constant k increased.

In the Figure 4.23 and Figure 4.24 are presented the results for the second case,
considering contact with friction between the structure — base plate and the structure —

counterweight.
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Figure 4.23 Case 2 — Displacement between the structure and the base plate
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Figure 4.24 Case 2 — The acceleration of the structure
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From Figure 4.23 and Figure 4.24, one can observe that the accelé¥atforafdf the
displacement of the structure decreased, even more than in the first case, when the second
friction contact between the structure and the counterweight was added. This means that to have

better isolation, both contacts with friction (structure - base plate and structure - counterweight)

Researches regarding the behaviour of structires

must be considered.

The next two figures present a comparison between the results from the Case 1 and the

Case 2. The analysis is made to find the best constructive solution in regard to the surface and

mass.
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4.7. Conclusions and contributions 2022.01.1314:18

The studies presented in this chapter show the results of simulation made on a rigid
structure isolated with four simple friction pendulums. A model in SolidWorks was designed
and used to find out how the pendulum radii and friction coefficients, respectively the frequency
of the excitation, influences the structural response.

The study regarding the effect of a simple friction pendulum radius on the response
of isolated structures revealed the frequency at which the chosen friction pendulums ensure
efficient isolation. Also, it revealed the frequency domain in which the displacement of the
structure is important. It was found that efficient isolation is provided if the radius is bigger
than 600 mm in the case of exciting the structure with an oscillation having the frequency of 1
Hz and the amplitude of 10 mm. In addition, from the response signal’s time history, an
amplitude increase is observed if the excitation frequency is in a narrow band around
pendulum’s natural frequency.

In the research regarding the response of a structure isolated by friction pendulums
with different radii was found that an effective isolation is achieved for radii bigger then 610
mm. This means that, the friction pendulum must be designed to fulfill this condition, or, if the
sub-resonant domain is chosen the radius must be small enough to avoid approaching the reso-
nance. Obviously, design must consider the expected relevant period of the earthquake. Com-
paring the results with those of other simulations made for similar circumstances, but for different
friction coefficients and excitation frequencies, it was noticed that the frequency ration r at which
resonance is achieved moves to lower values for a bigger friction coefficient. Also, the amplitude
in the resonance is smaller for the bigger friction coefficients.

Also, it was found that the biggest amplitude is achieved for a natural frequency of the
system that is similar with the excitation frequency. On the other hand, an effective isolation is
obtained for frequency ratios r bigger then 1.4. For values of the friction pendulum radii ensu-
ring this condition the amplitudes, in the transitory as well as that in the stabilized regime,
accomplishes smallest values. In the stabilized regime, the structural displacement is half of the
excitation amplitude.

In the study regarding the effect of the friction coefficient and the pendulum radius
on the behavior of structures isolated with simple friction pendulums it has been found that
the frequency of the structure does not increase with the frequency of excitation if the latter
exceeds the natural frequency of the pendulum, but in the post-resonance domain, it remains

constant taking the value of the natural frequency of the system. The results of simulation made
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for this study show that the best isolation is achieved if the excitation frequeRti7 Excett 1.5
times the natural frequency of the friction pendulum. The natural frequency is not influenced
by the weight of the structure and the friction coefficient has also a low influence, but if it has
higher values the amplitude of the oscillation decrease. Hence, these two parameters have a low
influence on the dynamic behavior of the isolated structure. On the other hand, the pendulum
radius has a significant influence on this behavior, since it is the parameter controlling the
natural frequency of the pendulum. It was finally concluded that isolation can be made either
by dissipating energy by ensuring a certain significant friction coefficient or by permitting a
large relative displacement between the ground and the structure and avoiding in this way
significant acceleration of the structure. The two constructive parameters, namely the friction
coefficient and the pendulum radius, must be carefully adapted to ensure efficient isolation.

In the research regarding the comparison of the performance of friction pendulums
with uniform and variable radii a friction pendulum was developed which differs by the shape
and dimension of the cylindrical sliding surface, respectively, by the friction coefficients, to
find out how the structure responds. It has been found that the frequency of the structure does
not change with the FP radius but the amplitude of the displacement is strongly dependent on
this parameter. Because the circular and elliptical sections of the FP provide the structure with
different natural frequencies, the resonance is achieved at other radii. Also, it was observed that
it is possible to control the occurrence of resonance by changing the semi-minor axis of the
ellipse, therefore it is possible to design the FP in order to work in pre- or post-resonance
depending on the parameters (frequency and amplitude) expected for the ground excitation. For
both sets of pendulums, it was concluded that the best isolation of the structure is achieved
when the natural frequency of the pendulum is at least 1.5 times lower than the ground
excitation. It was also established that the friction coefficient has the same influence on the
amplitudes of the structure’s response if the FP has the same natural frequency.

The last study regarding the behavior of the isolated structures with friction
pendulums and a counterweight is made on a combination of isolation systems consisting of
sliding surface and tuned mass at which the connection between the structure and the ground is
ensured by springs. For this system it was found that the best isolation is achieved if the spring
constant k, with which the mass is caught, is higher and if there are two surface contacts with
friction. The two constructive parameters, namely the spring constant and the friction

coefficient, must be carefully adapted to achieve efficient isolation.
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5. EXPERIMENTAL RESEARCH 20220113 1418

5.1.  Description of the experimental stand

To validate the results obtained by dynamic simulations, experimental tests were
designed and performed on a small-scale model. The experimental tests were realized on a
shaking table (Figure 5.2) designed in the Laboratory for studying the seismic actions of the
Babes-Bolyai University.

The experimental stand is composed of the elements described below, where the
position number corresponds to the number in Figure 5.1:

1. shaking plate;
sliding supports;
chassis;
control box;
control box support;
electric motor;
electric motor support;

crank mechanism;

© © N o g b~ w DN

linear rolling bearings;

Figure 5.1 Experimental stand
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The electric motor (6), the 2 linear rolling bearings (9), and the 4 sliding<uppdrts‘form
the actuation system. With the help of the electric motor (6) and the crank mechanism (8), the
rotational movement is transformed into a translational movement. During operation, the
shaking plate (1) executes a linear reversible displacement. The automatic control system (4)
commands the frequency of the shaking plate (1) and the speed of the electric motor (6). The
shaking plate (1) has the dimensions 2500x500 mm and, together with the sliding supports (2),
is mounted on the chassis (3).

Figure 5.2 Experimental stand for determining the dynamic characteristics of a rigid structure

isolated with friction pendulums

A FRENIC-Mini frequency converter was used for the electric drive of the motor,
presented in Figure 5.3.
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Figure 5.3 FRENIC-Mini frequency converter

The characteristics of the frequency converter are:

e power range: - 0.1kW - 2.2kW (200V single-phase power supply);

- 0.4kW - 4.0kW (400V three-phase power supply);
o frequency: max. 400 Hz;

e energy saving function;

e built-in PID control;

e potentiometer included on the console for setting the reference;
e simplified torque control algorithm;

e Dbraking unit included, accepts external braking resistance;

Among the most important advantages of this type of converter are voltage-frequency
control, an increase of safety and precision in the operation of the machine, smooth starting and
stopping of motors and mechanisms, and elimination of the shocks induced to the resistance
structure, being eliminated the sudden starts / stops.

Besides the FRENIC-Mini frequency converter, the control box contains the following
components:

e astart button (Figure 5.4);

e adirect on-off switch (Figure 5.5);

e acontrol potentiometer (Figure 5.6);

e aPLN4-C10/ 1N bipolar modular automatic fuse (Figure 5.7).

All these components are mounted in a PCT 121609 EURONORD box.
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Figure 5.4 Start button Figure 5.5 Direct on-off switch

W ém‘».»,
Figure 5.6 Control potentiometer Figure 5.7 Automatic fuse

The electric motor (Figure 5.8) is from the TechTop company, model T1A 90S-6, they
are ideal for any kind of general purpose application in which the starting torque performance

and low weight are key factors.

Figure 5.8 The electric motor (model T1A 90S-6)
used to drive the table

The technical data sheet of the electric motor is presented in the Table 5.1.
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Table 5.1 Technical data sheet of the electric motor (modéf F-LA'6¢%-6)

General data Electrical data

Regulations

IEC/DIN/ISO/VDE/EN

Standard

Frame size 90 Output 0.75 kW
Housing material Aluminum Frequency 50 Hz
Install model According to the standard 230 VA @ 50Hz
400 VY @ 50Hz
Type of feet Removable feet Voltage (£5%) 276 VA % 50Kz
Net weight 118 kg 480 VY @60Hz
) 940 RPM @ 50Hz
: F (Standard) Rotation speed
Insulation class H (Optional) 1130 RPM @ 60Hz
3.86 Al(ln) @ A 50Hz
: P35 (Standard) Rated current
Protection degree 1P 56 (Optional) 223 Afln)@Y 50Hz
- Starting current 4.1 %In
Thermal protection | . ‘J‘:Flt::aut .' (%a n?frd?
Lustomizabie (Uptionay, Rated torque 762 Nm (Mn)
Rotation direction “C!ockwlsle- . (fStanldaer“) Starting torque 18 ZMn
Counter clockwise (Optional)
, Breakdown torque 2.2 £Mn
Service duty 51
) IE1
Vibration level A Emciency 715 @ 100% load
Balance Half-key balanced ggg g ;gzﬁ :oag
. 0a
Cable glands 1-M20 % 15
g Power factor cosg 088 @ 100% load
Cooling IC 411
Pantingcolor | A- 1044 (Standard) Mechanical data
Customizable (Optional)

IEC 60034

Environmental conditions

Ambient temperature

From -20°C to +40°C

Maximum altitute

1000 m above sea level

. Cc&u (Standard)
Bearings brand Customizable (Optional)
Bearings fvoe 62052RZ C3 (DE)

g hp 6205 2RZ C3 (NDE)
Lifetime of bearings 20000 hours
Allowed radial load 921N
Allowed axial load 801N

Grease type
Lubrication interval of NDE bearing h
Lubrication interval of DE bearing h
Moment of inertia 0.003266 Kg'm?
Noise level 59 dB(A)

(www.techtop.com)
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The mechanical drive of the vibrating table - the movement is transfifet88 gt the
electric motor to the vibrating table through a pulley mounted on the motor shaft and a
connecting rod connecting the pulley and the vibrating table through a screw T. The three
components pulley, screw T and connecting rod set the vibrating table plate in motion.

In Figure 5.9 is presented the experimental stand electrical diagram:

—L_
.

7z

REGLAJ TURATIE

£

Figure 5.10 Vibrating table control box
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Vibrating table control box is presented in the Figure 5.10 and contairS?ee-ifoiking
elements:

- | - main on / off function switch;

- Il - green LED that signal the connection to the electrical network;

- I - motor on / off button;

- IV - potentiometer for adjusting the motor speed.

Vibrating table involves performing the following operation mode:
1. the vibrating table is connected to the 220 V AC mains through of a plug;

2. by turning the switch | from left to right and turning on the green LED II, the
system is switched on;

3. Dby pressing button 111, the electric motor is supplied with voltage;

4. from potentiometer 1V, by a fine rotation from left to right, the motor speed is
gradually started from 60 rpm to about 400 rpm;

5. to stop the gearing, potentiometer IV is brought to the initial position 0;
6. press button 111, switching off the power supply to the electric motor;

7. by turning switch | from right to left and turning off LED II, the system is
disconnected from the power supply;
The base isolation system is located on the shaking plate and is composed of 2 types of
FPs (with spherical and elliptical sliding surface):
- 4 spherical friction pendulums (made of stainless steel). The radius of the sliding

surface of the FPs is R=810 mm.

Figure 5.11 Spherical friction pendulum with radius of R=810 mm.

105/148



Researches regarding the behaviour of structires
isolated by friction penduliums

TIMIS GABRIELA-
VASILICA

4 elliptical friction pendulums (made of stainless steel). The radia$?6f'the'éliding

surface of the FPs is measured with a digital radius gauge from 5 to 5 mm distance,

and the values are presented in the Table 5.2.

P
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—
X

Figure 5.12 Elliptical friction pendulum with variable radius.

Table 5.2 Measured radius of the sliding surface of the elliptical FPs

Reference | X [mm)] Y [mm]
A 5 0.01
B 10 0.05
C 15 0.10
D 20 0.20
E 25 0.30
F 30 0.45
G 35 0.60
H 40 0.8
| 45 1.00
J 50 1.30
K 55 1.60
L 60 1.90
M 65 2.30
N 70 2.70
O 75 3.15
P 80 3.70
Q 85 4.30
R 90 5.00
S 95 6.00
T 100 7
U 105 8.50
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- 4 pivots composed of a hemispherical bronze cap, under which?#é%1&$t8rteric
layer with a thickness of 2.5 mm is fixed by vulcanization. The sole intended for

frictional contact is made of polyethylene with a thickness of 0.4 mm.

Figure 5.13 The pivot that slide on the surfaces of the FPs.

The test structure, presented in Figure 5.14, has the dimensions 1200x400x200 mm and
simulates a 6 storey building. The structure is made of a lightly drilled profile, made of
galvanized sheet metal with an L-shaped section 20x20 mm, assembled with screws. Its mass
can be modified by adding additional masses of known value.

Ly

=

{\‘-
|
|

|
|
,’

Figure 5.14 Laboratory test structure

It was used for measurements a seismic accelerometers PCB Piezotronics, model
393B05 presented in the Figure 5.15. The accelerometer was placed on the shaking table and

on the structure. The technical data sheet of the seismic accelerometer is presented in the
Figure 5.16.
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Dy £ PIEZOTRONICS

Figure 5.15 Seismic accelerometer

Model Number

SEISMIC ICP® ACCELEROMETER

393B05

pro— STeT———
Performance ENGLISH Si
Sensitivity(+ 10 %) 10 Vig 1.02 Vi(m/s?)
Measurement Range 0.5gpk 4.9 m/s® pk
Frequency Range(z 5 %) 0.7 to 450 Hz 0.7 to 450 Hz
Frequency Range(z 10 %) 0.5to 750 Hz 0.5 to 750 Hz
Frequency Range(z 3 dB) 0.2 to 1700 Hz 0.2to 1700 Hz
Resonant Frequency 2 25kHz =25kHz
Broadband Resolution(1 to 10,000 Hz) 0.000004 g rms 0.00004 mis* rms [1]
Non-Linearity s1% 1% 2]
Transverse Sensitivity s5% =5%
Environmental
Overload Limit(Shock) + 300 g pk + 2950 m/s* pk

Temperature Range -15to +176 °F -26 to +80 °C
Temperature Response See Graph See Graph

Base Strain Sensitivity < 0.0005 g/pe < 0.005 (m/s*)/pe [1]
Electrical

Excitation Voltage 18 to 30 VDC 18 to 30 VDC

Constant Current Excitation 2to 10 mA 2to 10 mA

Output Impedance <500 Ohm <500 Ohm

Output Bias Voltage 7 to 12 VDC 7 to 12VDC

Discharge Time Constant 0.5t0 2.0 sec 05to20sec

Settling Time <100 sec <100 sec

Spectral Noise(1 Hz) 0.50 pg/vHz 4.9 (um/secZyVHz m
Spectral Noise(10 Hz) 0.10 pg/vHz 1.0 (pm/sec2)yVHz m
Spectral Noise(100 Hz) 0.07 pg/VvHz 0.7 (pmlsecz)/\'Hz m
Spectral Noise(1 kHz) 0.05 pg/vHz 0.5 (um/sec?yvHz &)
Physical

Sensing Element Ceramic Ceramic

Sensing Geometry Flexural Flexural

Housing Material Titanium Titanium

Sealing Hermetic Hermetic

Size (Diameter x Height) 099inx1.22in 25 mm x 31 mm

Weight 1.8 0z 50 gm &)
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Electrical Connection Position Top Top

Mounting Thread 10-32 Female 10-32 Female

Typical Sensitivity Deviation vs Temperature

= 20

=
£g 10 —
= 0 o
c 2
a3 -10

3] o 20 T T T T
-20 20 60 100 140 180

Temperature (°F)

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.

IcP®isa registered trademark of PCB Group, Inc.

Figure 5.16 Technical data sheet of the seismic accelerometer (model 393B05)

(www.pch.com)
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The data is retrieved via a four-channel NI 9234 acquisition moduf@?tBupitt'to a
compact NI ENET-9163 chassis with Ethernet data transmission. Finally, they are downloaded

and processed in LabVIEW software from a laptop.

Figure 5.17 Data acquisition and processing system

5.2.  Description of the virtual instrumentation

The program in which the data was processed and the input-output applications were
developed is ""LabVIEW" [97]. The program uses the visual programming language being
developed by the company "National Instruments™.

A virtual tool created in the LabVIEW programming environment consists of a front
panel, block diagram, and graphic symbol/connector. The front panel is an interactive interface
to control inputs and observe outputs, which is basically the graphical user interface. It is
displayed on the computer screen and has the same role as the front panel of a physical
instrument, containing both controls and indicator and display elements.

For data acquisition a virtual tool capable of acquiring the signal was used, presenting
its evolution in time and frequency, and saving it in a file (Figure 5.18). The connection between
the virtual instrument and the physical acquisition system is made through the "DAQ
Assistant™ module, which allows the control of the number of samples and sampling rates.
With the help of DAQ, several signal channels can be read simultaneously, which are viewed
in the ""WaveForm Graph' oscilloscope.

By processing the signal, with the help of the *Spectral Measurements™ icon
calculates the Discrete Fourier Transfor (DFT) which is represented in Figure 5.20. In this way,
it is possible to roughly identify the frequencies for the signal acquired with the accelerometer
placed on the two levels: ground (mobile plate of the shaking table) and structure. The data is

saved using the ""Write to Measurements' icon.
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Figure 5.18 Front panel for writing data

An example of a signal acquired is presented in Figure 5.19.

Filename
s C:\Users\Raini\Desktop\malin2.lvm “

Semnal achizitionat [ Qccalestion W ]
- T S
16-
1,4
1,24

1_
0,8~
0,6~

04—
% 02+
o

-0,2
-04
-0,6
-08

-1
-1,2
14

325 35 375 4 425 45 475 5

W

225 25 275

Time

N=-

' ' ' ' ' ' ' '
0 02505075 1 125 15 175

Figure 5.19 The acquired signal
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Figure 5.20 DFT spectrum for the acquired signal

The second virtual instrument, represented in Figure 5.21 permits the visualization and

analysis of the stored signals, a front panel was built that can read (**"Read from Measurements

File') the saved data. The same signal as that presented in Figure 5.19 is displayed.

Fle €t View Project Operste Tools Window Help

=

Spectral

1

rigr-

Extract Portion Spectral
ofSegnal || Measurements
Sagraly 2

Begen Samgle .
Semplen [ HET - (Peak) e
Secton Phase

h—.: Sepnaks

Phate

v DFT

FFT - (Peak)

 —_—
= [

Etract Potion | Spectnal
oA Sgnal | M;M
Segrai b 4
Begn Samgle ™7 Segnahy

Phose

Figure 5.21 Front panel for signal visualization and analysis
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With this virtual instrument, 3 DFTs are made overlaped in a single cHafE ORHET is
for the entire acquired signal (25600 samples), and the other 2 have a smaller number of
samples. This number of samples is chosen after several attempts so as to obtain the highest
amplitude value. This method ensures the obtaining of the correct frequency which is placed
next to the highest amplitude [99]. This is explained by the fact that the frequencies are
displayed on spectral lines that depend on the signal length, the distance between two spectral

lines being the inverse of time:
Af=—=ﬁ—1 (5.1)

where Af is the frequency resolution, t — signal length in the time domain, N - number of
samples, r - frequency rate.

By changing the sample number N, Af is modified until the spectral line is brought to
the real frequency; here the maximum amplitude of the spectrum is obtained. The three spectra

are observed in Figure 5.22.

" Acceleration (FFT - (Peak)) Y ‘

Spectru DFT
Samples ( 0,24~
I-'
o 21250 0.22-
Begin Sample
:)0 0,2~
0,18~
Samples 2 ‘
5 21240 0'16"‘
Begin Sample 2 3 0,14~
7 =]
g0 £ 012-
£
< 01-
0,08~
0,06~
0,04 -
0,02~
o-l |} 1 4 ' 1 1 1 1 I ' 1 ' ) L 1
0 1 2 3 . 5 6 7 8 9 10 1 12 13 14 15
Frequency
 HRw ® Cursors: X Y
\ ) I Cursor0  1,20664 0,20667

Figure 5.22 Overlaped DFTSs spectrum for the acquired signal
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A zoom on the peak of the signal in the frequency range, marked in the®Fgtrd 522, is

represented in the Figure 5.23. Frequencies and amplitudes were read using the gray line cursor

in the below figure.
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Figure 5.23 Zoom on the peak of the signal

5.3.  Results

Experimental measurements were performed for the frequency obtained by setting the
potentiometer between 1.55 — 5 Hz, which were read from the frequency converter display. The
dependence between the potentiometer setting and the frequency are determined by 5
measurements, the values being presented in the Table 5.3. The accelerometer is placed on the
oscillating table and the settings of the acquisition system are: sampling rate 5120 Hz and

sample number 25600, resulting in an acquisition time of 5 seconds.
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Table 5.3 Frequncy - electronic panel dispfay tottéfation

Control panel File name DF_T Aver.age Measured Average
No. frequency Amplitude | Amplitude frequency frequency
[Hz] [a] [a] [Hz] Hz
calib 1.55 1.lvm 0.1595 0.40026
calib 1.55 2.lvm 0.15483 0.4007
1 1.55 calib 1.55 3.lvm 0.15483 0.154418 0.4007 0.40065
calib 1.55_4.lvm 0.15531 0.40089
calib 1.55_5.lvm 0.14762 0.4007
calib2_1.lvm 0.36788 0.60515
calib2_2.lvm 0.36075 0.60515
2 2.0 calib2_3.lvm 0.37144 0.367814 0.59803 0.603726
calib2_4.lvm 0.37468 0.60515
calib2_5.lvm 0.36432 0.60515
calib2.5_1.lvm 0.66455 0.80392
calib2.5 2.lvm 0.6867 0.80392
3 2.5 calib2.5_3.lvm 0.68006 0.674298 0.80392 0.80392
calib2.5_4.lvm 0.66898 0.80392
calib2.5_5.lvm 0.6712 0.80392
calib3_1.lvm 1.01297 0.98006
calib3_2.lvm 1.00949 0.99806
4 3.0 calib3_3.lvm 1.00949 0.9874 0.99806 0.99446
calib3_4.lvm 0.92721 0.99806
calib3_5.lvm 0.97784 0.99806
calib3.5_1.lvm 1.35582 1.17031
calib3.5_2.lvm 1.36544 1.17006
5 3.5 calib3.5_3.lvm 1.35556 1.357462 1.16084 1.168462
calib3.5_4.lvm 1.35924 1.17055
calib3.5_5.lvm 1.35125 1.17055
calib4_1.lvm 1.74236 1.29204
calib4_2.lvm 1.72594 1.29165
6 4.0 calib4_3.lvm 1.73452 1.738344 1.29192 1.292102
calib4_4.lvm 1.73661 1.29155
calib4_5.lvm 1.75229 1.29335
calib4.5_1.lvm 2.46013 1.40503
calib4.5_2.lvm 2.43544 1.40503
7 45 calib4.5_3.lvm 2.64051 2.556708 1.40503 1.40503
calib4.5_4.lvm 2.62468 1.40503
calib4.5_5.lvm 2.62278 1.40503
calib5_1.lvm 3.08544 1.59803
calib5_2.lvm 3.09573 1.59803
8 5.0 calib5_3.lvm 3.10601 3.09367 1.59803 1.59803
calib5_4.lvm 3.09573 1.59803
calib5_5.lvm 3.08544 1.59803
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Figure 5.24 Frequency evolution with motor speed
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Figure 5.25 Amplitude evolution with motor speed

Based on the correlation between the frequencies and the adjustment in the control
panel, the accelerometer was moved to the first level structure and measurements were made
again. The settings from the previous measurements were maintained: sampling rate 5120 Hz
and sample number 25600, resulting in an acquisition time of 5 seconds. Measurements were
performed under the same conditions for the 2 types of friction pendulums.

An overview with all measurements, for both types of friction pendulums, are
presented in Table 5.4 - Table 5.7. Also from the experimental results were plotted the

frequencies and amplitudes in Figure 5.26 - Figure 5.31.
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Table 5.4 Frequncy — spherical friction pendulums

Average Structure
No. C?P:;ﬂLﬁgSel File name exitacion measured avergzjgufcrteuqrjency
[Hz] frequency frequency [Hz]
[Hz] [Hz]
calib 1.55 1.lvm 0.40026
calib 1.55 2.lvm 0.4007
1 1.55 calib 1.55_3.lvm 0.40065 0.4007 0.40065
calib 1.55 4.lvm 0.40089
calib 1.55 5.lvm 0.4007
calib2_1.lvm 0.665665
calib2_2.lvm 0.665665
2 2.0 calib2_3.lvm 0.603726 0.657833 0.6640986
calib2_4.lvm 0.665665
calib2_5.lvm 0.665665
calib2.5_1.lvm 0.80392
calib2.5_2.lvm 0.80392
3 2.5 calib2.5_3.lvm 0.80392 0.80392 0.80392
calib2.5_4.lvm 0.80392
calib2.5_5.lvm 0.80392
calib3 1.lvm 0.8918546
calib3_2.lvm 0.9082346
4 3.0 calib3_3.lvm 0.99446 0.9082346 0.9049586
calib3_4.lvm 0.9082346
calib3_5.lvm 0.9082346
calib3.5_1.lvm 0.9947635
calib3.5_2.lvm 0.994551
5 35 calib3.5_3.lvm 1.168462 0.986714 0.9931927
calib3.5_4.lvm 0.9949675
calib3.5_5.lvm 0.9949675
calib4 1.lvm 1.0723932
calib4_2.lvm 1.0720695
6 4.0 calib4_3.lvm 1.292102 1.0722936 1.07244466
calib4_4.lvm 1.0719865
calib4_5.lvm 1.0734805
calib4.5 1.lvm 1.1521246
calib4.5_2.lvm 1.1521246
7 45 calib4.5_3.lvm 1.40503 1.1521246 1.1521246
calib4.5_4.lvm 1.1521246
calib4.5_5.lvm 1.1521246
calib5 1.lvm 1.2944043
calib5_2.lvm 1.2944043
8 5.0 calib5_3.lvm 1.59803 1.2944043 1.2944043
calib5_4.lvm 1.2944043
calib5_5.lvm 1.2944043
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Table 5.5 Amplitude — spherical fricorpEhtiufims

Structure
Control panel . Average Structure
No. frequency e REms amplitude meas_ured average amplitude
amplitude
[H2] [o] - [o]
calib 1.55 1.lvm 0.1595
calib 1.55_2.lvm 0.15483
1 1.55 calib 1.55_3.lvm 0.154418 0.15483 0.154418
calib 1.55 4.lvm 0.15531
calib 1.55_5.lvm 0.14762
calib2_1.lvm 0.36788
calib2_2.lvm 0.36075
2 2.0 calib2_3.lvm 0.367814 0.37144 0.367814
calib2_4.lvm 0.37468
calib2_5.lvm 0.36432
calib2.5 _1.lvm 0.731005
calib2.5_2.lvm 0.75537
3 2.5 calib2.5_3.lvm 0.674298 0.748066 0.7417278
calib2.5_4.lvm 0.735878
calib2.5_5.lvm 0.73832
calib3_1.lvm 0.9218027
calib3_2.lvm 0.9186359
4 3.0 calib3_3.lvm 0.9874 0.9186359 0.898534
calib3_4.lvm 0.8437611
calib3_5.lvm 0.8898344
calib3.5 1.lvm 1.152447
calib3.5_2.lvm 1.160624
5 35 calib3.5_3.lvm 1.357462 1.152226 1.1538427
calib3.5_4.lvm 1.155354
calib3.5_5.lvm 1.1485625
calib4_1.lvm 1.4461588
calib4_2.lvm 1.4325302
6 4.0 calib4_3.lvm 1.738344 1.4396516 1.44282552
calib4_4.lvm 1.4413863
calib4_5.lvm 1.4544007
calib4.5 1.lvm 1.7958949
calib4.5_2.lvm 1.7778712
7 4.5 calib4.5_3.lvm 2.556708 1.9275723 1.86639684
calib4.5_4.lvm 1.9160164
calib4.5_5.lvm 1.9146294
calib5_1.lvm 2.1906624
calib5_2.lvm 2.1979683
8 5.0 calib5_3.lvm 3.09367 2.2052671 2.1965057
calib5_4.lvm 2.1979683
calib5_5.lvm 2.1906624
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Case 2 - Elliptical friction pendulums 2022.01.13 14:18

Table 5.6 Frequncy — elliptical friction pendulums

Average Structure
No. C??:;ﬂ:éﬁﬁcel File name exitacign measured averzzjreufcrteuqrjency
[Hz] frequency frequency [Hz]
[Hz] [Hz]
calib 1.55 1.lvm 0.40026
calib 1.55_2.lvm 0.4007
1 1.55 calib 1.55 _3.lvm 0.40065 0.4007 0.40065
calib 1.55_4.lvm 0.40089
calib 1.55_5.lvm 0.4007
calib2_1.lvm 0.60515
calib2_2.lvm 0.60515
2 2.0 calib2_3.lvm 0.603726 0.59803 0.603726
calib2_4.lvm 0.60515
calib2_5.lvm 0.60515
calib2.5_1.lvm 0.80392
calib2.5_2.lvm 0.80392
3 2.5 calib2.5_3.lvm 0.80392 0.80392 0.80392
calib2.5_4.lvm 0.80392
calib2.5 5.lvm 0.80392
calib3_1.lvm 0.8232504
calib3_2.lvm 0.8383704
4 3.0 calib3_3.lvm 0.99446 0.8383704 0.8353464
calib3_4.lvm 0.8383704
calib3_5.lvm 0.8383704
calib3.5_1.lvm 0.9128418
calib3.5_2.lvm 0.9126468
5 35 calib3.5_3.lvm 1.168462 0.9054552 0.91140036
calib3.5_4.lvm 0.913029
calib3.5_5.lvm 0.913029
calib4_1.lvm 0.9431892
calib4_2.lvm 0.9429045
6 4.0 calib4_3.lvm 1.292102 0.9431016 0.94323446
calib4_4.lvm 0.9428315
calib4_5.lvm 0.9441455
calib4.5_1.lvm 0.983521
calib4.5_2.lvm 0.983521
7 45 calib4.5_3.lvm 1.40503 0.983521 0.983521
calib4.5 4.lvm 0.983521
calib4.5 5.lvm 0.983521
calib5_1.lvm 1.0227392
calib5_2.lvm 1.0227392
8 5.0 calib5_3.lvm 1.59803 1.0227392 1.0227392
calib5_4.lvm 1.0227392
calib5_5.lvm 1.0227392

118/148



Researches regarding the behaviour of structires
isolated Dy friction pendulums

Table 5.7 Amplitude — elliptical friciorPpehtfuftims

TIMIS GABRIELA-

VASILICA

Control panel File name Aver_age ;tg:gl;gg Structure_
No. frequency amplitude . average amplitude
amplitude
[H2] [o] - [o]
calib 1.55 1.lvm 0.1595
calib 1.55_2.lvm 0.15483
1 1.55 calib 1.55 _3.lvm 0.154418 0.15483 0.154418
calib 1.55 4.lvm 0.15531
calib 1.55 _5.lvm 0.14762
calib2_1.lvm 0.36788
calib2_2.lvm 0.36075
2 2.0 calib2_3.lvm 0.367814 0.37144 0.367814
calib2_4.lvm 0.37468
calib2_5.lvm 0.36432
calib2.5_1.lvm 0.731005
calib2.5_2.lvm 0.75537
3 2.5 calib2.5_3.lvm 0.674298 0.748066 0.7417278
calib2.5_4.lvm 0.735878
calib2.5 5.lvm 0.73832
calib3_1.lvm 0.774314268
calib3_2.lvm 0.771654156
4 3.0 calib3_3.lvm 0.9874 0.771654156 0.75476856
calib3_4.lvm 0.708759324
calib3_5.lvm 0.747460896
calib3.5_1.lvm 0.89890866
calib3.5_2.lvm 0.90528672
5 35 calib3.5_3.lvm 1.357462 0.89873628 0.899997306
calib3.5_4.lvm 0.90117612
calib3.5_5.lvm 0.89587875
calib4_1.lvm 1.055695924
calib4_2.lvm 1.045747046
6 4.0 calib4_3.lvm 1.738344 1.050945668 1.05326263
calib4_4.lvm 1.052211999
calib4_5.lvm 1.061712511
calib4.5_1.lvm 1.185290634
calib4.5_2.lvm 1.173394992
7 4.5 calib4.5_3.lvm 2.556708 1.272197718 1.231821914
calib4.5 4.lvm 1.264570824
calib4.5 5.lvm 1.263655404
calib5_1.lvm 1.380117312
calib5_2.lvm 1.384720029
8 5.0 calib5_3.lvm 3.09367 1.389318273 1.383798591
calib5_4.lvm 1.384720029
calib5_5.lvm 1.380117312
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5.4.  Conclusions and contributions 2022.01.1314:18

The tests were performed on a structure very similar to the one modeled and used for
simulations in SolidWorks. In the real case, to read the frequencies, a post-processing of the
signal is needed in order to find the maximum amplitude obtained when the signal is repeatedly
shortened. This amplitude is found on the spectral line that indicates the real frequency. This
operation was performed manually using 3 DFT spectra obtained for different signal lengths.

It was observed that the friction pendulums with small radii has a reduced effect on
the isolation of the structure with either spherical or elliptical surface. This is explained by the
fact that by reducing the size of the structure a proportional reduction of the radius of the friction
pendulum cannot be applied. In the case of the experiment, a relatively high frequency of
shaking table was needed to ensure the sliding of the pivots on the surface of the pendulum.

The detachment was not performed at low frequencies because the static coefficient of
friction does not ensure slipping. In the case of high speeds, the dynamic friction coefficient
comes into action, which has lower values than the static one, thus allowing slipping. One
problem with the experiment was the alignment of the pendulums and pivots. If they were not
perfectly aligned the relative movement between the structure and the pendulum, respectively
the moving plate of the oscillating table took place at higher frequencies of the oscillating table
because it was necessary to overcome higher resistance forces. Therefore, during experiments
to ensure good isolation it is necessary that the systems with sliding surfaces and pivots must
be perfectly aligned to ensure the relative movement between the pendulum and the structure

at low lateral forces.
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6. CONCLUSIONS AND ORIGINAL CONTRIBUTIGRES ™+

6.1. Conclusions

The main goal of the researches regarding the behavior of structures isolated by friction
pendulum systems was to find out how different parameters of the isolation devices (radii,
friction coefficients, spring stiffness, etc), respectively the frequency of the excitation,
influences the structural response.

For this research, it was important to know the digital signals describing various
earthquake movements. The digital format allowed to re-analyze the past earthquakes and to
use digital data as input for dynamic simulation made for base-isolated structures. An algorithm
was developed to extract the signals and the numerical values from an image with the help of
the WebPlotDigitizer software.

Also, another algorithm was developed to estimate the velocity and displacement of the
earthquake signals with known acceleration. The algorithm, nominated as PySEMO, was im-
plemented in the Python programming language and was used to find the velocity and the dis-
placement evolution for earthquake signals acquired with accelerometers.

An application in the Python programming language was created that generates digital
signals with known parameters (frequency, amplitude, phase, damping coefficient, existence of
noise). These digital signals, since have known parameters, can be used to create benchmarks
for test and dynamic simulations.

A model (with steel bars and wood plates) was designed in SolidWorks software, used
to perform the dynamic simulations in the Motion module of SolidWorks. The dynamic
simulations with SolidWorks also gave incorrect points in the case of the transformation from
accelerations to displacement solved by the solver. To eliminate them, it was necessary to
compare the results from SolidWorks with those obtained by direct integration with the PySemo
application.

It was found that efficient isolation is provided if the pendulum radius is bigger than
600 mm in the case of exciting the structure with an oscillation having the frequency of 1 Hz.
It has also been established that the frequency of the structure does not increase with the
frequency of excitation if the latter exceeds the natural frequency of the pendulum, but in the
post-resonance domain, it remains constant taking the value of the natural frequency of the

system.
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The results of simulation shows that the best isolation is achieved A°the"&ktitdtion
frequency exceeds 1.5 times the natural frequency of the friction pendulum. The natural
frequency is not influenced by the weight of the structure and the friction coefficient has also a
low influence, but if it has higher values the amplitude of the oscillation decrease. Hence, these
two parameters have a low influence on the dynamic behavior of the isolated structure. On the
other hand, the pendulum radius has a significant influence on this behavior, since it is the
parameter controlling the natural frequency of the pendulum.

It was concluded that isolation can be made either by dissipating energy by ensuring a
certain significant friction coefficient or by permitting a large relative displacement between
the ground and the structure and avoiding in this way significant acceleration of the structure.
The two constructive parameters, namely the friction coefficient and the pendulum radius, must
be carefully adapted to ensure efficient isolation.

A friction pendulum system was constructed which differs by the shape and dimension
of the cylindrical sliding surface, respectively, by the friction coefficients, to find out how the
structure responds. It has been found that the frequency of the structure does not change with
the FP radius but the amplitude of the displacement is strongly dependent on this parameter.
Because the circular and elliptical sections of the FP provide the structure with different natural
frequencies, the resonance is achieved at other radii. This determines a bigger pre-resonance
domain for the elliptical FP, while the post-resonance is earlier achieved by the FP constructed
with a circular cylindrical sliding surface.

It is possible to control the occurrence of resonance by changing the semi-minor axis of
the ellipse, therefore it is possible to design the FP in order to work in pre- or post-resonance
depending on the parameters (frequency and amplitude) expected for the ground excitation. For
both sets of pendulums, it was concluded that the best isolation of the structure is achieved
when the natural frequency of the pendulum is at least 1.5 times lower than the ground
excitation. Another conclusion was that the friction coefficient has the same influence on the
amplitudes of the structure’s response if the FP has the same natural frequency.

Finally, an isolation system with a plan sliding surface restrained by springs and with a
counterweight on the top of the structure was designed to find the best constructive solution
regarding the surface and mass. For this system it was found that the best isolation is achieved
if the spring constant k, with which the mass is caught, is higher and if there are two surface
contacts with friction. The two constructive parameters, namely the spring constant and the

friction coefficient, must be carefully adapted to achieve efficient isolation.
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The results obtained from dynamic simulations have been cordifAted® By the
experimental tests performed on a small-scale model in the laboratory.

In all cases, after a higher amplitude is observed at the beginning, it decreases and
remains constant in a relatively short time. Even if the experiments were done with precision
machined systems to ensure the best possible isolation, this goal could only be obtained at
higher frequencies of the vibrating table.

It was observed that the friction pendulums with small radii has a reduced effect on the
isolation of the structure with either spherical or elliptical surface. This is explained by the fact
that by reducing the size of the structure a proportional reduction of the radius of the friction
pendulum cannot be applied.

To ensure better isolation at low frequencies, very large radii should be applied to the
sliding surface. If it is possible in a balanced position, when the structure is centered, this

surface should be flat for easy detachment at a force as low as possible.

6.2. Personal contributions

Based on the researches regarding the behaviour of structures isolated by friction pen-

dulum, the following personal contributions can be retained as original methods and concepts:

a) an algorithm was designed to extract the signals and the numerical values from
an image with the help of the WebPlotDigitizer software;

b) an application was developed in the Python programming language that gener-
ates digital signals with known parameters (frequency, amplitude, phase, damp-

ing coefficient, existence of noise);

c) an algorithm was developed to estimate the velocity and displacement of the

earthquake signals with known acceleration;

d) Python Seismic Motion (PySEMO) application was developed to perform fast
simulation and prove it works for signals with one or more components, in the

absence or presence of damping, and with or without noise;

e) amodel for isolated structure (with steel bars and wood plates) was implemented
in SolidWorks software, used to perform the dynamic simulations in the Motion
module of SolidWorks;
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f) the connection between the different parameters of the isolatiorf féVices'{ria-
ble radii, friction coefficients, frequency of the excitation, and spring stiffness)

and the structural response was established;

g) afriction pendulum system with variable radius was designed and compared
from performance point of view with current friction pendulums (uniform ra-
dii);

h) development of an isolation system with a plan sliding surface restrained by

springs and with a counterweight on the top of the structure;

i) validate the results obtained from dynamic simulations through experimental
tests performed on a small-scale model,;

j) dissemination of research results in the relevant publication for the earthquake

engineering domain.

6.3. Dissemination of research results

The studies conducted during the doctoral research period had materialized in the
following materials published in specialized journals and national and international conferences
of profile.

Journal articles:

1. Gillich G R, Nedelcu D, Milin T C, lancu V, Hamat C A and Gillich N (2019),

"The effect of the friction coefficient and the pendulum radius on the behavior of
structures isolated with simple friction pendulums”, Romanian Journal of Acoustics
and Vibration 15(2) pp 130-135. (ISI)

2. Gillich Gilbert-Rainer, Nedelcu Dorian, Malin Tatian-Cristian, Gillich Nicoleta,
lancu Vasile, “Response of a structure isolated by friction pendulums with different
radii”, Annals of the "Constantin Brancusi" University of Targu Jiu, Engineering
Series, N0.3/2018. (BDI)

3. T. C. Miilin, G. R. Gillich, D. Nedelcu, V. lancu, "Earthquake registration
databases"”, Annals of the "Eftimie Murgu™ University of Resita, No. 1, 2019. (BDI)
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Tatian-Cristian Milin, Dorian Nedelcu, Gilbert-Rainer Gilliéft*%*4 Fihon
application to generate digital signals”, Studia Universitatis Babes-Bolyai,

Engineering 65(1) 2020. (BDI)

Conference proceedings papers:

1.

D Nedelcu, G-R Gillich and C Malin Tatian, “4 comparative study about some
application packages used in Photogrammetry”, The 23rd edition of Innovative
Manufacturing Engineering & Energy International Conference, Pitesti, Romania,
22-24 May 2019. (IS1)

Malin T C, Nedelcu D, Gillich G R, Petrica A and Padurean | (2019), "Comparison
of the performance of friction pendulums with uniform and variable radii*, 37th
International JVE Conference in Bratislava, Slovakia, April 24-26th 2019,
Vibroengineering Procedia 23 pp 81-86. (Scopus)

Gilbert-Rainer Gillich, Dorian Nedelcu, Cristian-Tatian Mailin, Istvan Biro and
Magd Abdel Wahab, “Efficient algorithm for frequency estimation used in
structural damage detection”, 13th International Conference on Damage
Assessment of Structures DAMAS 2019, 9-10 July 2019, Porto, Portugal. In: Wahab
M. (eds) Proceedings of the 13th International Conference on Damage Assessment
of Structures. Lecture Notes in Mechanical Engineering. Springer, Singapore.

(Scopus)

D. Nedelcu, T. C. Malin, G. R. Gillich, C. I. Barbinta and V. lancu, "Displacement
and velocity estimation of the earthquake response signals measured with
accelerometers”, The 9th International Conference on Advanced Concepts in
Mechanical Engineering - ACME 2020, June 04-05, 2020, lasi, Romania. (Scopus)

Tatian-Cristian Malin, Gilbert-Rainer Gillich, Dorian Nedelcu, “Study on the
behavior of the isolated structures with friction pendulums and a

counterweight ”, AVMS 2021, Timisoara, Romania. (Scopus)

Nedelcu, D., Gillich, G.R., lancu, V., Milin. C.T., "Study on the effect of a simple
friction pendulum radius on the response of isolated structures™, ICMSAV 2018 &
COMAT 2018 & Emech 2018, Brasov, Romania, 25-26 October 2018. (BDI)
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7. T. C. Milin, G. R. Gillich, D. Nedelcu, V. lancu, "Digitizatiorf°6t°éartHdfiake
signals stored as images", 43rd International Conference on mechanics of Solids,
Brasov, Romania, 21-22 November 2019. (BDI)

6.4. Future research directions

The research presented in this thesis opens new research directions, on the one
hand in the field of dynamic simulations of structures isolated by friction pendulum, as
well as the development of new devices based on the history of the place on the other
hand. For example, the structure can be considered as elastic, in this case certain modes
of vibration of the structure can overlap with the natural frequency of the friction
pendulum or excitation. It is also possible to study systems that have incorporated in the
pivot structure an elastomeric component that manifests itself at low lateral forces

induced by small accelerations of the ground.
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APPENDIX A
Study 1 (in chapter 4.2):
Contact Contact W v R f A Time
case Cloiil s type o[ [mm/s?] psl] [mMm/s?] | [mm] | [Hz] | [mm] [s]
Structure Acrylic 110
1 ] Steel 0.05 10.16 0.08 0.1 + 1 10 30
Shaking plate (greasy) 960
Study 2 (in chapter 4.3):
Contact
Components Contact type Lo [-] w [mm/s?] us -] vs [mm/s?]
case
Structure Steel (dry)
1 _ 0.25 10.16 0.3 0.1
Shaking plate Steel (dry)
Study 3 (in chapter 4.4):
e (Casel
Contact Contact W »w R f A Time
case |components) oo | B | immiey | A0 | mmis?) | pmm] | H2) | tmm] | 1s)
Structure |Steel (dry) 057
1 0.25 10.16 0.3 0.1 260 N 5 10
Shaking plate |Steel (dry) 6
Structure Acrylic 0.7
2 0.05 10.16 0.08 0.1 260 5 5 10
Shaking plate Steel R
(greasy) 6
Structure Og
3 Custom | 0.03 10.16 0.05 0.1 260 N 5 10
Shaking plate 6
o Case?2
Contact Contact w S R f A Time
case Ciil s type #o[] [mm/s?] | 45 ] [mm/s?] | [mm] | [Hz] | [mm] | [s]
Structure | Steel (dry) 110
1 Shaking plate| Steel (dry) 0.25 10.16 0.3 0.1 920 1 10 30
Structure Acrylic 110
2 Shaking plate Steel 0.05 10.16 0.08 0.1 + 1 10 30
9P (greasy) 960
Structure 110
3 . Custom 0.03 10.16 0.05 0.1 + 1 10 30
Shaking plate 960
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Contact Contact W » R f A Time
oy | CIERTENS type o[ [mm/s?] | 45 [] [mm/s?] | [mm] | [Hz] | [mm] [s]
Structure | Steel (dry) 110
1 0.25 10.16 0.3 0.1 + 1 10 30
Shaking plate| Steel (dry) 960
Steel
Structure (greasy) 110
2 0.05 10.16 0.08 0.1 + 1 10 30
. Steel 960
Shaking plate (greasy)
Structure Teflon 110
3 Steel 0.03 10.16 0.05 0.1 + 1 10 30
Shaking plate (greasy) 960
e Case 2 -ellipse
Contact Contact w v Rv RH f A Time
case | Components type | AP [ [mm/s?] | 45 L] [mm/s?] | [mm] | [mm] | [Hz] | [mm] | [s]
Steel
Structure (dry) 110
1 0.25 10.16 0.3 0.1 960 + 1 10 30
Shaking Steel 960
plate (dry)
Steel
Structure (greasy) 110
2 0.05 10.16 | 0.08 0.1 960 + 1 10 30
Shaking Steel 960
plate (greasy)
Structure | Teflon 110
3 ) 0.03 10.16 | 0.05 0.1 960 + 1 10 30
Shaking Steel 960
plate (greasy)
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» contact with friction between the structure and the shaking plate, and without fric-

» constant k of the springs: - k=0.01 N/mm (structure — shaking plate)

tion between the structure and the counterweight.

- k=0.004+0.01 N/mm (structure - counterweight)

Contact Components Contact [ W [] v R f A Time
case P type | #° [mm/s?q | 4 [mm/s?] | [mm] | [Hz] | [mm] | [s]
Structure Steel
(greasy)
1 0.05 10.16 0.08 0.1 - 1 20 30
. Steel
Shaking plate (greasy)

e (Case 2:

» contact with friction between the structure and the shaking plate and between the

» constant k of the springs: - k=0.01 N/mm (structure — shaking plate)

structure and the counterweight.

- k=0.004+0.01 N/mm (structure - counterweight)

Contact Components Contact [ 75} [] v R f A Time
case P type | #° [mm/s? | 4 [mm/s?] | [mm] | [Hz] | [mm] | [s]
Structure Steel
(greasy)
1 0.05 10.16 0.08 0.1 - 1 20 30
. Steel
Shaking plate (greasy)
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The Python code of the PySEMO application contains 1801 lines, from which only the
lines of code corresponding to the signal generation and the antiderivative calculation were
extracted for example.

def ChartGeneration(self): # Signal generation
self.Local_TIMP=[]
self.Local_SINUS=[]
self.Local_NOISE=[]
self.Local_DAMP=[]
self.Local_SIGNAL=[]

self. NOS=int(self.txt NOS.GetValue().strip())
self.FR=int(self.txt_FR.GetValue().strip())
self.DT=1/self.FR
self.a=float(self.txt_a.GetValue().strip())
self.b=float(self.txt_b.GetValue().strip())
self.c=float(self.txt_c.GetValue().strip())
self.fl=float(self.txt_f1.GetValue().strip())
self.f2=float(self.txt_f2.GetValue().strip())
self.f3=float(self.txt_f3.GetValue().strip())
self.Noise=float(self.txt_Noise.GetValue().strip())
self.Dump=float(self.txt_Dump.GetValue().strip())

self.fazal = float(self.txt_Phl.GetValue().strip())
self.faza2 = float(self.txt_Ph2.GetValue().strip())
self.faza3 = float(self.txt_Ph3.GetValue().strip())

LimTest=int(4 * max(self.f1,self.f2,self.f3))
if self.FR < LimTest:
msj="Frequency rate="+str(self.FR)+"\n"+"Must be "+str(LimTest)+"\n"+"Please increase 'Frequency
rate' 1"
wx.MessageBox(msj, "ERROR", wx.OK | wx.ICON_ERROR)
return

xyz=[]

xyz.append(self.f1)

xyz.append(self.f2)

xyz.append(self.f3)

xyz[:] = (value for value in xyz if value != 0) # Se elimina valorile nule din lista de frecvente "f1, f2, f3"
fmin=min(xyz)

Nr_Rec_Cycles=6

Perioada=1/fmin

Treal=self. NOS*self.DT

Tnecesar=Nr_Rec_Cycles*Perioada

msj="No. of samples NOS="+str(self. NOS)+"\n"

msj=msj+"Frequency rate="+str(self.FR)+"\n"

msj=msj+"Delta T="+str(self.DT)+"\n"

msj=msj+"Frequency min="+str(fmin)+"\n"

msj=msj+"Minimum number of requested cycles="+str(Nr_Rec_Cycles)+"\n"
msj=msj+"Period="+str(Perioada)+"\n"

msj=msj+"Required time="+str(Tnecesar)+"\n"

msj=msj+"Real time="+str(Treal)+"\n"

msj=msj+"'Required time' must be smaller then 'Real time"'+"\n"
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msj=msj+"Increase 'NOS' at minim value "+str(int(self. FR*Tnecesar)+1) +"\n\n" 2022.01.1314:18
if Tnecesar>Treal:
wx.MessageBox(msj, "ERROR", wx.OK | wx.ICON_ERROR)

f1f2=abs(self.f1-self.f2)
f1f3=abs(self.f1-self.f3)
f2f3=abs(self.f2-self.f3)
Freper=min(f1f2, f1f3, f2f3)

if Freper==0:
conditie2=5000
else:

conditie2=2*self.FR/Freper

msj="Frequency minim difference="+str(Freper)+"\n"

msj=msj+"No. of samples NOS="+str(self. NOS)+"\n"
msj=msj+"Frequency rate="+str(self.FR)+"\n"

msj=msj+"Two Frequency are too close. Increase NOS !!I"+"\n"
msj=msj+"Minimum requested NOS must be "+str(int(conditie2)+1)+"\n"

if self.NOS<conditie2:
wx.MessageBox(msj, "ERROR", wx.OK | wx.ICON_ERROR)

self.Dateln="No. of samples="+self.txt_NOS.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Frequency rate ="+self.txt_FR.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Delta T="+self.txt_ DT.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"a="+self.txt_a.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"b="+self.txt_b.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"c="+self.txt_c.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"f1="+self.txt_f1.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"f2="+self.txt_f2.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"f3="+self.txt_f3.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Ph1="+self.txt Phl.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Ph1="+self.txt_Ph2.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Ph1="+self.txt Ph3.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Noise amplitude="+self.txt_Noise.GetValue().strip()+"\n"
self.Dateln=self.Dateln+"Damping="+self.txt_Dump.GetValue().strip()+"\n\n"

if self.OpenedFile==0:
# Keyboard input of the file name
tit = "File name" ; msg = "Enter the file name for data saving... "
dlg = wx.TextEntryDialog(self, msg, tit, "DataTest", style = wx.OK | wx.CANCEL)
if dlg.ShowModal() == wx.ID_CANCEL.:
dlg.Destroy()
self.Close(True)
self.Destroy()
return
self.NumeFileMemo=str(dlg.GetValue())
file_namel=o0s.getcwd()+"/"+self. NumeFileMemo+"_Parameter.CSV"
file_CSV1 = open(file_namel,'w")
file_CSV1.write(self.Dateln)
file_CSV1.close

samples = np.random.normal(0, 0.25, size=self.NOS)
minl=min(samples)

max1=max(samples)

maxabs=max1

if abs(minl)>maxabs: maxabs=abs(minl)

samples = self.Noise*samples/maxabs
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Zgomot=samples.tolist() 2022.01.13 14:18

self.IDP=""; self.IDP_Excel=""; t=0 ; Time=[] ; Amplitudine=[] ; Sinus=[] ; Amortizare=[]
if self.OpenedFile==1:

file_name=o0s.getcwd()+"/"+self. FILENAME_DATA
else:

file_name=os.getcwd()+"/"+self. NumeFileMemo+".CSV"

self.txt DT.SetValue(str(self.DT)) # A nu se muta in fata
self.FILE_img_NAME=file_name
file_name_Plus=file_name[0:file_name.rfind(".")]+" PLUS.CSV"
file_CSV = open(file_name, w")

file_CSV.write(str(self. NOS)+'\n")

file_PLUS_CSV = open(file_name_Plus,'w")
file_PLUS_CSV.write(self.Dateln)

sir="n"+","+"Time"+","+"a*sin[(2*Pi*f1*t)+Pi*Ph1]"+","+"b*sin[(2*Pi*f2*t)+Pi*Ph2]"+","+"c*sin[(2*Pi*f3*t
)+Pi*Ph3]"+"," \
+"a*sin[(2*Pi*f1*t)+Pi*Ph1]+b*sin[(2*Pi*f2*t)+Pi*Ph2]+c*sin[(2*Pi*f3*t)+Pi*Ph3]" \
+","+"Noise"+","+"Damping"+","+"Signal Generated"+\n'
file_PLUS_CSV.write(sir)

if self.Noise==0: Zgomot=[0] * len(samples)
if self. Dump==0: Amortizare=[0] * len(samples)

RMS_Noise=0 ; RMS_SG=0
for i in range(1,self.NOS+1):
sl=self.a * math.sin((2*Public_PI*self.f1*t) + Public_PI * self.fazal)
s2=self.b * math.sin((2*Public_PI*self.f2*t) + Public_PI * self.faza2)
s3=self.c * math.sin((2*Public_PI*self.f3*t) + Public_PI * self.faza3)
Sinus.append(s1+s2+s3)
if self.Dump<>0:
Amort=math.exp( self.Dump*t)
Amortizare.append(Amort)
Ampl=Amort *((s1+s2+s3)+Zgomot[i-1])
else:
Amort=0
Ampl=(s1+s2+s3) + Zgomot[i-1]
Amplitudine.append(Ampl)
Time.append(t)

self.Local_TIMP.append(t)
self.Local_SINUS.append(s1+s2+s3)
self.Local_NOISE.append(Zgomot[i-1])
self.Local_DAMP.append(Amortizare[i-1])
self.Local_SIGNAL.append(Ampl)

RMS_Noise=RMS_Noise+Zgomot[i-1]*Zgomot[i-1]

RMS_SG=RMS_SG+(s1+s2+s3)*(s1+s2+s3)

self.IDP=self.IDP+("%5d" % i)+"\t"+("%0.4f" %0 t) + "\t"+("%0.41" % s1) + "\t"+("%0.4f" % s2)+
"\ +("%0.41" % s3)+ "\t"+ ("%0.41" %o (S1+52+s3)) + "\t"+("%0.41" % Zgomot[i-1]) + "\t"+("%0.4f" %
Amort)+ "\t"+("%0.4f" % Ampl)+"\n"

self.IDP_Excel=self.IDP_Excel+("%5d" % i)+"\t"+("%0.4f" % t) + "\t"+("%0.4f" % Ampl)+"\n"

file_CSV.write(str(t)+","+ str(Ampl)+"\n")

file_PLUS_CSV.write(("%5d" % i) + " +\
("%0.41" % t) + " +\
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("%0.4F" % s1) + " +\ 2022.01.13 14:18
("%0.4" % s2) + " +\
("%0.4f" % s3) + """ +\
("%0.41" % (s1+s2+s3)) + " +\
("%0.41" % Zgomot[i-1]) + " +\
("%0.41" % Amort) + " +\
("%0.4f" % Ampl) + \
"\n")
t=t+self.DT
file_CSV.close
RMS_Noise=RMS_Noise/self. NOS
RMS_SG=RMS_SG/self.NOS
SQRT_RMS_Noise=math.sqrt(RMS_Noise)
SQRT_RMS_SG=math.sqrt(RMS_SG)
SNR=0
if RMS_Noise<>0 :
SNR=RMS_SG / RMS_Noise

self.DateRMS="RMS_SG"2= "+("%0.4f" % RMS_SG)+"\n"
self.DateRMS=self.DateRMS+"RMS_Noise"2= "+("%0.4f" % RMS_Noise)+"\n"
self.DateRMS=self.DateRMS+"SNR= "+("%0.4f" % (SNR))+"\n"
self.DateRMS=self.DateRMS+"RMS_SG= "+("%0.4f" % SQRT_RMS_SG)+"\n"
self.DateRMS=self.DateRMS+"RMS_Noise= "+("%0.4f" % SQRT_RMS_Noise)+"\n"

file_PLUS_CSV.write(self.DateRMS)
file_PLUS_CSV.close

sirtxt="RMS_SG"2="+("%0.3f" % RMS_SG)+ " "
sirtxt=sirtxt+"RMS_Noise”2= "+("%0.3f" % RMS_Noise)+" "
sirtxt=sirtxt+"SNR= "+("%0.3f" % (SNR))+" "
sirtxt=sirtxt+"RMS_SG= "+("%0.3f" % SQRT_RMS_SG)+" "
sirtxt=sirtxt+"RMS_Noise="+("%0.3f" % SQRT_RMS_Noise)

msg="Signal Generated for Tmax="+str((self. NOS-1)*self.DT)+ " sec. in file: " + file_name+"\n"
msg=msg+sirtxt
self.file_name=file_name

self.axal.set_title(msg , fontsize=14)

self.axal.lines.remove(self.Curve_Sinus)
self.Curve_Sinus, = self.axal.plot(Time, Sinus, ".-', linewidth=2, color="Cyan", la-
bel="a*sin[(2*Pi*f1*t)+Pi*Ph1]+b*sin[(2*Pi*f2*t)+Pi*Ph2]+c*sin[(2*Pi*f3*t)+Pi*Ph3]")

self.axal.lines.remove(self.Curve)
self.Curve, = self.axal.plot(Time, Amplitudine, ".-', markersize=4, linewidth=2, color="Red", label="Gene-
rated signal")

self.axal.lines.remove(self.Curve_Noise)
self.Curve_Noise, = self.axal.plot(Time, Zgomot, ".-', markersize=4, linewidth=0.5, color="Gray", la-
bel="Noise")

self.axal.lines.remove(self.Curve_Damp)
self.Curve_Damp, = self.axal.plot(Time, Amortizare, '.-', linewidth=0.5, color="Green", label="Damping")

self.axal.legend(prop={'size": 9})
self.axal.relim()
self.axal.autoscale_view(True, True,True)
self.axal.figure.canvas.draw()
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def CALCULATE(self): #Antiderivate calculus

Verify Excel()
self.Recreate_ Axis()

self.OPTIUNE = self.Ist. VARIANTA.GetStringSelection().strip()

if self. OPTIUNE =="Displacement":
fex1=0s.getcwd()+"/RESULTS/Displacement.xlsx"
macheta="Macheta - Displacement.xIsx"
FisierExcel="Displacement"

if self OPTIUNE =="Velocity up":
fex1=o0s.getcwd()+"/RESULTS/VelocityUp.xlsx"
macheta="Macheta - VelocityUp.xIsx"
FisierExcel="VelocityUp"

if self OPTIUNE =="Velocity down":
fex1=o0s.getcwd()+"/RESULTS/VelocityDown.xlsx"
macheta="Macheta - VelocityDown.xIsx"
FisierExcel="VelocityDown"

if self OPTIUNE =="Acceleration":
fex1=o0s.getcwd()+"/RESULTS/Acceleration.xlsx"
macheta="Macheta - Acceleration.xIsx"
FisierExcel="Acceleration"

connection = sqlite.connect(os.getcwd()+\Config.db") ; cursor = connection.cursor()
blob=Extrag TextMemory(cursor, macheta)
cursor.close() ; connection.close()

open(fexl, ‘wb’).write(blob)

xIApp = Dispatch("Excel.Application™) # Connect Excel
xIApp.Visible=False

xIWb = x1App.Workbooks.Open(fex1)

XL Sheet=xIWh.Worksheets(FisierExcel)

sheets = xIWh.Sheets

self.LO=self.L1=self.L2=self.L3=self.L4=self.L5=""
if self. OPTIUNE =="Displacement":

# 1
msg=self. OPTIUNE+ " signal for Tmax="+str((self. NOS-1)*self.DT)+ " sec.from file: " + self.fex1
self.axa_Disp.set_title(msg , fontsize=14)
label1="Initial displacement"
self.DispCurvel, = self.axa_Disp.plot(self. Time, self. Amplitudine, '.-',
linewidth=2, color="Red", label=labell)

# 2

TimeDerl, Derivarel = self. DERIVARE(self. Time, self.Amplitudine)

label2="Velocity 1 calculated - Derivated"

self.VeloCurvel, = self.axa_Velo.plot(TimeDer1, Derivarel, '.-,
linewidth=2, color="Green", label=label2)

# 3

TimeDer2, Derivare? = self. DERIVARE(TimeDerl, Derivarel)

label3="Acceleration 1 calculated - Derivated"

self.AcceCurvel, = self.axa_Acce.plot(TimeDer2, Derivare2, .-,
linewidth=2, color="Blue", label=label3)

+H

4
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Timelntl, Integralal = self.INTEGRARE1(TimeDer2, Derivare2) 2022.01.1314:18
Timelntl=Timelnt1[0:len(Timelnt1)-1]
label4="Velocity reconstructed - Integrated"
self.VeloCurve2, = self.axa_Velo.plot(Timelntl, Integralal, '.-',
linewidth=2, color="Blue", label=label4)

# 5

Timelnt2, Integrala2 = self.INTEGRARE2(Timelntl, Integralal)

label5="Displacement reconstructed - Integrated*"

self.DispCurve2, = self.axa_Disp.plot(Timelnt2, Integrala2, .-,
linewidth=2, color="Blue", label=label5)

for x in self.Time: self.LO=self.LO+("%0.4f" % x)+"\n"
for x in self. Amplitudine: self.L1=self.L1+("%0.4f" % x)+"\n"
for x in Derivarel: self.L2=self.L2+("%0.41" % x)+"\n"
for x in Derivare2: self.L3=self.L3+("%0.41" % x)+"\n"
for x in Integralal: self.L4=self.L4+("%0.4f" % x)+"\n"
for x in Integrala2: self.L5=self.L5+("%0.41" % x)+"\n"

if self. OPTIUNE =="Velocity up™:

# 1
msg=self. OPTIUNE+ " signal for Tmax="+str((self. NOS-1)*self.DT)+ " sec.from file: " + self.fex1
self.axa_Velo.set_title(msg , fontsize=14)
label1="Initial velocity"
self.VeloCurvel, = self.axa_Velo.plot(self.Time, self. Amplitudine, '.-,
linewidth=2, color="Red", label=labell)

# 2

TimeDerl, Derivarel = self. DERIVARE(self. Time, self. Amplitudine)

label2="Acceleration 1 calculated - Derivated"

self.AcceCurvel, = self.axa_Acce.plot(TimeDerl, Derivarel, '.-,
linewidth=2, color="Red", label=label2)

# 3

Timelntl, Integralal = self.INTEGRAREL(TimeDerl, Derivarel)

label3="Velocity 1 calculated - Integrated"

self.VeloCurve2, = self.axa_Velo.plot(Timelntl, Integralal, ".-',
linewidth=2, color="Blue", label=label3)

# 4

Timelnt2, Integrala2 = self.INTEGRARE2(Timelntl, Integralal)

label4="Displacement calculated - Integrated™"

self.DispCurvel, = self.axa_Disp.plot(Timelnt2, Integrala2, '.-',
linewidth=2, color="Blue", label=label4)

# 5

TimeDerl, Derivare2 = self. DERIVARE(Timelnt2, Integrala2)

label5="Velocity reconstructed - Derivated"

self.VeloCurve3, = self.axa_Velo.plot(TimeDerl, Derivare2, '.-,
linewidth=2, color="Green", label=label5)

for x in self.Time: self.LO=self.LO+("%0.4f" % x)+"\n"
for x in self. Amplitudine: self.L1=self.L1+("%0.4f" % x)+"\n"
for x in Derivarel: self.L2=self.L2+("%0.4f" % x)+"\n"
for x in Integralal: self.L3=self.L3+("%0.41" % x)+"\n"
for x in Integrala2: self.L4=self.L4+("%0.4f" % x)+"\n"
for x in Derivare2: self.L5=self.L5+("%0.4f" % x)+"\n"
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if self OPTIUNE =="Velocity down":

# 1
msg=self. OPTIUNE+ " signal for Tmax="+str((self.NOS-1)*self.DT)+ " sec.from file: " + self.fex1
self.axa_Velo.set_title(msg , fontsize=14)
label1="Initial velocity"
self.VeloCurvel, = self.axa_Velo.plot(self. Time, self. Amplitudine, '.-',
linewidth=2, color="Red", label=labell)

# 2

Timelntl, Integralal = self. INTEGRAREZL1(self.Time, self. Amplitudine)

Integralal=Integralal[0:len(Integralal)-1]

label2="Displacement calculated - Integrated"

self.DispCurvel, = self.axa_Disp.plot(Timelntl, Integralal, '.-',
linewidth=2, color="Blue", label=label2)

# 3

TimeDerl, Derivarel = self. DERIVARE(Timelntl, Integralal)

label3="Velocity 1 calculated - Derivated"

self.VeloCurve2, = self.axa_Velo.plot(TimeDerl, Derivarel, ".-,
linewidth=2, color="Blue", label=label3)

# 4

TimeDer2, Derivare2 = self. DERIVARE(TimeDer1, Derivarel)

label4="Acceleration 1 calculated - Derivated"

self.AcceCurvel, = self.axa_Acce.plot(TimeDer2, Derivare2, .-,
linewidth=2, color="Red", label=label4)

# 5

Timelnt2, Integrala2 = self.INTEGRARE1(TimeDer2, Derivare2)

label5="Velocity reconstructed - Integrated"

Timelnt2=Timelnt2[0:len(Timelnt2)-2]

self.VeloCurve3, = self.axa_Velo.plot(Timelnt2, Integrala2, '.-',
linewidth=2, color="Green", label=label5)

for x in self.Time: self.LO=self.LO+("%0.4f" % x)+"\n"
for x in self. Amplitudine: self.L1=self.L1+("%0.4f" % x)+"\n"
for x in Integralal: self.L2=self.L2+("%0.4f" % x)+"\n"
for x in Derivarel: self.L3=self.L3+("%0.41" % x)+"\n"
for x in Derivare2: self.L4=self.L4+("%0.4f" % x)+"\n"
for x in Integrala2: self.L5=self.L5+("%0.4f" % x)+"\n"

if self. OPTIUNE =="Acceleration":

# 1
msg=self. OPTIUNE+ " signal for Tmax="+str((self.NOS-1)*self.DT)+ " sec.from file: " + self.fex1
self.axa_Acce.set_title(msg , fontsize=14)
label1="Initial acceleration"
self.AcceCurvel, = self.axa_Acce.plot(self. Time, self. Amplitudine, .-,
linewidth=2, color="Red", label=labell)

# 2

Timelntl, Integralal = self. INTEGRAREZL1(self.Time, self. Amplitudine)

Integralal=Integralal[0:len(Integralal)-1]

label2="Velocity 1 calculated - Integrated"

self.VeloCurvel, = self.axa_Velo.plot(Timelntl, Integralal, ".-',
linewidth=2, color="Blue", label=label2)
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# 3 2022.01.13 14:18
Timelnt2, Integrala2 = self. INTEGRARE2(Timelntl, Integralal)
label3="Displacement calculated - Integrated*"
self.DispCurvel, = self.axa_Disp.plot(Timelnt2, Integrala2, '.-',
linewidth=2, color="Green", label=label3)

# 4

TimeDerl, Derivarel = self. DERIVARE(Timelnt2, Integrala2)

label4="Velocity reconstructed - Derivated"

self.VeloCurve2, = self.axa_Velo.plot(TimeDer1, Derivarel, '.-,
linewidth=2, color="Red", label=label4)

# 5

TimeDer2, Derivare2 = self. DERIVARE(TimeDer1, Derivarel)

label5="Acceleration reconstructed - Derivated"

self.AcceCurve2, = self.axa_Acce.plot(TimeDer2, Derivare2, .-,
linewidth=2, color="Green", label=label5)

for x in self.Time: self.LO=self.LO+("%0.4f" % x)+"\n"
for x in self. Amplitudine: self.L1=self.L1+("%0.4f" % x)+"\n"
for x in Integralal: self.L2=self.L2+("%0.4f" % x)+"\n"
for x in Integrala2: self.L3=self.L3+("%0.4f" % x)+"\n"
for x in Derivarel: self.L4=self.L4+("%0.4f" % x)+"\n"
for x in Derivare2: self.L5=self.L5+("%0.4f" % x)+"\n"

Put_Clipboard(self.L0); XLSheet.Cells(4,1).Select() ; XLSheet.Paste()
Put_Clipboard(self.L1); XLSheet.Cells(4,2).Select() ; XLSheet.Paste()
Put_Clipboard(self.L2); XLSheet.Cells(4,3).Select() ; XLSheet.Paste()
Put_Clipboard(self.L3); XLSheet.Cells(4,4).Select() ; XLSheet.Paste()
Put_Clipboard(self.L4); XLSheet.Cells(4,5).Select() ; XLSheet.Paste()
Put_Clipboard(self.L5); XLSheet.Cells(4,6).Select() ; XLSheet.Paste()
XLSheet.Cells(1,1).Select()

xIWhb.Close(SaveChanges=1)
xIApp.Quit()

self.axa_Disp.legend()

self.axa_Disp.relim()
self.axa_Disp.autoscale_view(True, True, True)
self.axa_Disp.figure.canvas.draw()

self.axa_Velo.legend()

self.axa_Velo.relim()
self.axa_Velo.autoscale_view(True, True, True)
self.axa_Velo.figure.canvas.draw()

self.axa_Acce.legend()

self.axa_Acce.relim()
self.axa_Acce.autoscale_view(True, True,True)
self.axa_Acce.figure.canvas.draw()

sir="\nThe numerical results were exported to Excel file:\n\n "+fex1+"\n"
wx.MessageBox(sir, “Info", wx.OK)
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