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Abstract

Nowadays, the high level of urbanization forces #mgineers to design closely-
separated structures and to take into account rfagtgrs influencing their response,
including collisions between them due to insuffitieseparation distance during
moderate to strong ground motions. Recent obsenatas well as experimental and
numerical investigations have confirmed that intBoas between structures may lead to
significant damage of structural elements and dwets total collapse. The aim of this
paper is to investigate the influence of collisidietween three insufficiently separated
models of steel structures on structural responaderu earthquake excitation.
The experimental tests as well as numerical anallyage been conducted in the study.

Keywords: earthquake excitation, structural pougdisteel structures, experimental
study, numerical analysis

1. INTRODUCTION

The high level of urbanization in the XXIst centuigrces the engineers to
design closely-separated structures. During modeoastrong ground motions,
collisions between such structures may occur du@gafficient separation
between them as well as due to differences in dimaarameters, which may
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result in the change in structural response [2,. l1dferactions between

structures under earthquake excitation may reaulbd¢al damage, substantial
destruction of structural elements and may eved teaheir total collapse [9,

13, 17, 18].

A major reason leading to such interactions, refirin the literature as the
earthquake-induced structural pounding, results filoe inappropriate distance
and differences in dynamic parameters of adjadenttsires. These differences
lead to the out-of-phase vibrations under earthguatcitations and finally to

collisions between buildings [9, 11].

Pounding between neighbouring, insufficiently saped structures has been
investigated so far applying various models of idoig structures and using
different models of collisions [7]. The fundamentstudy on interactions

between adjacent buildings in series, modelled iagles degree-of-freedom

systems, was conducted by Anagnostopoulos [1]hEudnalyses were carried
out using more detailed models, including discretglti degree-of-freedom

systems, in which mass of each storey is lumpezhel floor level [2, 8, 10].

The detailed linear and non-linear analyses of doun between adjacent
buildings using the Finite Element Method (FEM) evatso carried out [5, 15,
16].

On the contrary to numerical analyses, the resufitexperimental tests on
pounding between adjacent structures during eaalteps are very limited.

Papadrakakis and Mouzakis [12] used a shaking tablest models of two-

storey building frames without any in-between gafhe experimental

investigation on pounding between models of twoaeelit three-storey and
eight-storey steel framed model structures was edsded out [4]. Moreover,

the experimental study was conducted on the regpofisodels of two steel

towers with different dynamic properties [3]. Marcently, the shaking table
tests were performed on models of two equal-heighters equipped with

colliding elements made of different materials [6].

2. EXPERIMENTAL STUDY

2.1. Experimental setup

The study described in this paper has been focosdtie earthquake-induced
structural pounding between three adjacent modelsteel tower structures
with different dynamic parameters (Fig.1). Toweesgh 100 cm high) were
constructed out of four vertical columns (rectaagubox section 15x15x1.5
mm) connected at the base and the top with ho&keeéments made of the
same cross section. Additionally, skew bracingp atsade of rectangular box
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section, were used to prevent the transverse asbtal vibrations. To obtain

different dynamic properties of each tower, additlomass was mounted at the

top of each model. The configuration with two caterplates 50x50x7 cm and

weight of 42.4 kg mounted on the external towerd anly one plate mounted

on the middle tower was analysed in this paper Fégel).

The unidirectional shaking table located at in lthé&oratory of Department of

Metal Structures and Construction Management, ddadsiversity of

Technology, was used to simulate the seismic lsad @lso [14]). The device

can be used to obtain seismic excitations whiclke fallace during moderate as

well as strong earthquakes. The table is equipgddasplatform which allows

us to test the structural models of the maximumghtebdf 1000 kg. In this

paper, the results under three earthquake excaitahiave been shown:

- El Centro (19.05.1940, 100% of the nominal ampktwd NS component,
PGA=3.07 m/§

- Loma Prieta (18.10.1989, 50% of the nominal amgétof NS component,
PGA=3.16 m/§

- Kobe (16.01.1995, 25% of the nominal amplitude o Momponent,
PGA=2.01 m/§.

It should be underlined that some of the earthquakerds were scaled down

so as to prevent damage to analysed models of tastreictures. The

experimental study was performed for the 30 mm4thchm separation gaps.

Fig. 1. Experimental setup
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2.2. Freevibration tests

In order to identify the dynamic characteristicseath tower, the free vibration
tests were first conducted. Tests were carriedbyuteleasing towers after
applying the initial drift. During the tests, thecaleration time histories were
measured using accelerometers mounted at the tepadf tower. The natural
frequency values (vibrations in the longitudinaledtion) identified during the
tests are summarized in Table 1. As it can be §®&an the table, the natural
frequencies of the models are within the rangeypictl frequency values
of small buildings, up to few storeys in heightigfact justifies the acceptance
of the scaled structural models and allows us &vdnore general conclusions
related (up to some extend) to real civil enginagstructures. It is also worth
mentioning that Tower 1 and Tower 3 have slighifedent frequency values
(see Table 1), although both of them were suppdsete identical. It is
believed that the difference results from some temtional differences in
constructing as well as inaccurate connecting tiveets to the shaking table
platform.

Table 1. Natural frequency values of towers (landjital direction)

Tower no. Natural frequency [Hz]
1 2.400
2 3.380
3 2.260

2.3. Seismictests

After the free vibration tests, the seismic tes&senperformed on the shaking
table and the structural response was analyseithdagap values of 30 mm and
40 mm. During the tests, the acceleration timeohiss were measured using
four accelerometers. Three of them were mountebeatop of each tower, and
the reference one was located on the platform tdrabits movement. In this
paper, the exemplary results for the acceleratioe histories of the El Centro
earthquake are shown in Fig. 2. Also the peak salfieesponse acceleration for
the El Centro, Loma Prieta and Kobe earthquakesuanenarized in Table 2.

The results of the study indicate that the inflleeraf collisions between
adjacent towers on the response of the structsregnificant. Moreover, the
increase in the gap value by 10 mm leads to remudti the peak values of
acceleration in most of the cases, even by 57.8%t agms obtained, for
example, for Tower 1 under the Loma Prieta eartkgudt should be
underlined; however, that structural pounding miap @lay a negative role by
increasing structural response (see, for exampdeinicreased value of the peak
acceleration for Tower 1 under the El Centro eardkg in Table 2).
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Table 2. Peak acceleration values for the El Cehtvma Prieta and Kobe earthquakes

Peak acceleration value [rfi/s
Separation gap Separation gap Difference
30 mm 40 mm [%0]
The El Centro earthquake (1940)
Tower 1 21.427 38.717 Increase by 80.7%
Tower 2 88.871 79.945 Reduction by 10.0%
Tower 3 73.341 30.951 Reduction by 57.8%
The Loma Prieta earthquake (1989)

Tower 1 21.970 10.880 Reduction by 50.5%
Tower 2 72.917 55.988 Reduction by 23.2%
Tower 3 57.854 43.770 Reduction by 24.3%

The Kobe earthquake (1995)
Tower 1 6.569 6.497 Reduction by 1.1%
Tower 2 67.682 35.420 Reduction by 47.7%
Tower 3 49.352 26.771 Reduction by 45.8%
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Fig. 2. Acceleration time histories for Tower 1 enthe El Centro earthquake: a)
Separation gap of 30 mm; b) Separation gap of 40 mm
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3. NUMERICAL ANALYSES

3.1 Numerical model

In the second stage of the study, a number of noaleanalyses were
conducted using the commercial software MSC Mar@820n the numerical
model (see Fig. 3), columns and bracings madecef §235 JRW0.3, 0=7860
kg/m®) were modelled by beam-column elements, whereasdincrete plates
(v=0.2, p=1800 kg/m) located at the top of each tower were simulatedhi
use of solid elements with all dimensions describedsubchapter 2.1.
Structures were considered to be rigidly fixedh®e ground. Collisions between
towers were modelled using 12 three-dimensionaifgepon elements. These
elements, placed between main nodes of the modele Fig. 3), assure
frictional and gapping connection. In the momenewltontact is detected, the
nodes become fixed in the longitudinal directiod &mction forces are imposed
in the transverse and vertical directions. In nuocakrsimulations, the initial
gaps between structures of 30 mm and 40 mm wergdzmed.

Fig. 3. Numerical model of three colliding towensplemented in MSC Marc software
with gap-friction elements
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3.2 Modal analysis

In order to confirm the dynamic properties of nuicedr models of interacting
structures, the multi-dimensional modal analyssing the Lanczos method,
was first conducted. The results of the analysighe form of free vibrations
models together with the natural frequencies, drews in Figs. 4-5 and
summarized in Table 3, respectively. It can be seemparing the results shown
in Table 1 and Table 3 that the natural dynamigertes of the numerical
models of towers are consistent with the valuesiobt from the experiment
what somehow confirms the accuracy of the numeneadels created. It is also
worth underlining that, on the contrary to the expental results, the
frequency values for Tower 1 and Tower 3 obtainedthe longitudinal
direction from the numerical analysis are identiddiis is due to the fact of
applying the simplified way of numerical modellio§two external towers.

L. E TLY A

Fig. 4. Free vibration modes for Tower 1 and 3

b

L. L. A

Fig. 5. Free vibration modes for Tower 2
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Table 3. Natural frequency values for free vibnativodes obtained from modal analysis

Natural frequencies for free vibration modes
Tower no. — [Hz] -
Longitudinal Transverse Torsional
(X direction) (Y direction) (XY direction)
1 2.38 51.31 71.31
2 3.33 59.17 69.79
3 2.38 51.31 71.31

3.3 Dynamic analysis

After conducting modal analysis, the dynamic tdetscolliding three towers

during earthquakes were performed. Towers, semhveith the separation gaps
of 30 mm, were subjected to the one-dimensional (eat scaled down)

earthquake excitation. The example of the resiiltheanalysis, in the form of
the displacement time history in the longitudinakdtion for Tower 1 under

the El Centro earthquake, is shown in Fig. 6. Téakpvalues of displacements
in the longitudinal direction for all towers for éhcase with and without
pounding (large separation gap preventing collisjcere also summarized in
Table 4. The results of the dynamic numerical aialindicate that collisions

between adjacent structures may lead to significhange in their structural
behaviour. In the case of the structures analypednding resulted in the

decrease in the peak displacement (see Table 4).
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Fig. 6. Displacement time history for Tower 1 unttex El Centro earthquake
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Table 4. Peak values of displacement in the lodgial direction for the El Centro
earthquakePeak values of displacement for separgéip of 30 mm [cm]

Without pounding With pounding Dlﬁ[%/rsnce
Tower 1 8.525 9.994 17.2
Tower 2 4.216 5.883 39.5
Tower 3 8.525 8.605 6.7

Peak values of displacement for separation ga® ofidh [cm)]

Without pounding With pounding Dlﬁ[%/rsnce
Tower 1 8.525 9.633 13.0
Tower 2 4.216 5.867 39.2
Tower 3 8.525 9.407 10.3

4 CONCLUSIONS

In this paper, the experimental and numerical itigason for earthquake-

induced pounding between adjacent structures iesdras been conducted.
The investigation was performed using models okdhsteel towers with

different dynamic characteristics. The influencecoliisions between adjacent
structures was analysed.

The results of the study clearly indicate that ismihs between adjacent
structures may lead to significant change in thesponse during earthquakes.
In the case of the structures analysed in the ptgsgper, pounding resulted in
the decrease as well as in the increase in the pgonses. It should be
underlined, however, that even if the responseeduced, the effect of

interactions may result in considerable damagehto lbcations of impacts

between structures under earthquake excitatioms[{Se 17]).

Further experimental as well as numerical studies required so as to

investigate the effect of earthquake-induced paumndietween structures in
series in more detail. This remark concerns esfpe@gperimental tests on full

scale models of real steel structures under diftezarthquake excitations.
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PROBLEMY ZDERZEN POMIEDZY SASIADUJACYMI KONSTRUKCJAMI
STALOWYMI PODDANYMI OBCIAZENIOM SEJSMICZNYM

Streszczenie

Wieloletnie obserwacje oraz badania eksperymentalnaumeryczne potwierdzity
zwigzek wielkaci dynamicznego obgienia z odpowiedzikonstrukcji. Wysoki poziom
urbanizacji w XXI wieku zmusza iynieréw do projektowania budynkéw w coraz
wigkszym zagszczeniu. W wyniku niedostatecznej odlégioqpomiedzy konstrukcjami
oraz w zwizku z ré&nymi parametrami dynamicznymi obiektéw budowlanygbgczas
umiarkowanych i silnych tesien ziemi dochodzi do zderagpomiedzy konstrukcjami,
co prowadzi do zmiany ich odpowiedzi. Interakcjenik@jace z obcizen sejsmicznych
prowadz do zniszczé w elementach konstrukcyjnych, ale rownimog skutkowd
catkowitym zniszczeniem budynku. Zderzenia pgimy sisiadupcymi konstrukcjami
wynikaja gtéwnie z niedostatecznej odlegtd pomiedzy nimi i rownoczénie z r&nic w
parametrach dynamicznych poszczeg6lnych konstrukRjiznice w masach czy
sztywngciach powoduj przesungte w fazie drgania, te natomiast doprowadzdg
zderzé. Celem niniejszej pracy jest analiza zdérzeomigdzy modelami trzech
stalowych konstrukcji poddanych obgéniom sejsmicznym. Uzyskane wyniki z bada
eksperymentalnych i numerycznych pokazug zderzenia pomdzy sisiadupcymi
konstrukcjami mog prowadzt do znaczacych zmian w ich odpowiedziach. Analizy
przeprowadzone w pracy potwierdgajiz kolizije mog powodowa zar6éwno
zmniejszenie, jak i zwkszenie odpowiedzi konstrukcji.

Stowa kluczowe: obgienia sejsmiczne, konstrukcje stalowe, analiza nycaea

Editor received the manuscript: 15.04.2015






