GDANSK UNIVERSITY OF TECHNOLOGY

Faculty of Civil and Environmental Engineering

Wojciech MIGDA

Study on deformed steel columns
subjected to impact load
dueto soft-storey failurein
buildings during earthquakes

DoOCTORAL DISSERTATION

DOCTORAL SUPERVISOR: dr hab. inz. Robert JANKOWSKI, prof. PG
DEPARTMENT OF METAL STRUCTURES
AND CONSTRUCTION MANAGEMENT

GDANSK 2013
























CONTENTS

CONTENTS

CONTENTS 9
SUMMARY 11
STRESZCZENIE 15
LIST OF SYMBOLS 19
WYKAZ OZNACZEN 23
LIST OF FIGURES 27
SPIS RYSUNKOW 33
LIST OF TABLES 39
CHAPTER 1. 43
INTRODUCTION 43
1.1 PREFACE 43
1.2 THE PHENOMENON AND PROBLEM 43
1.3 PREVIOUS STUDIES ON EARTHQUAKE-INDUCED IMPACTS IN BUILDINGS 45
1.4 AIM AND SCOPE OF THE DISSERTATION 48
CHAPTER 2. 51
PRELIMINARY PROBLEMS 51
2.1 SOFT-STOREY FAILURE AND ITS REASONS 51
2.2 IMPACT LOADS ACTING ON STEEL COLUMNS AND BARS 59
2.3 STRAIN RATE EFFECT IN STEEL 61
CHAPTER 3. 69

STIFFNESS DEGRADATION OF DEFORMED COLUMNS UNDER IMPACT LOAD 69

3.1 INTRODUCTION 69
3.2 THEORETICAL APPROACH 69
3.3 NUMERICAL MODEL 74
3.3.1 RESPONSE OF BUILDING BEFORE IMPACT 75
3.3.2 RESPONSE OF BUILDING DURING IMPACT 76
3.3.3 RESPONSE OF BUILDING AFTER IMPACT 77
3.4 RESULTS OF THE NUMERICAL SIMULATIONS 78
3.5 CONCLUSIONS 86
CHAPTER 4. 89
EXPERIMENTAL STUDY ON MODELS OF DEFORMED STEEL COLUMNS 89
4.1 INTRODUCTION 89
4.2  SETUP OF THE EXPERIMENT 89
4.3 EXPERIMENTAL RESULTS 94
4.4 CONCLUSIONS 101



'CONTENTS

CHAPTER 5. 103
NUMERICAL ANALYSIS OF A MODEL OF DEFORMED STEEL COLUMN 103
5.1 INTRODUCTION 103
5.2 MODEL AND ITS VALIDATION 105
5.3 NUMERICAL ANALYSIS 109
5.3.1 PARAMETRIC STUDY ON STATICALLY PRE-DEFORMED COLUMNS 109
5.3.2 NONLINEAR STUDY UNDER DYNAMIC EXCITATION 114
5.4 CONCLUSIONS 118
CHAPTER 6. 121
NUMERICAL ANALYSIS OF A STEEL FRAME BULIDING DURING EARTHQUAKE 121
6.1 INTRODUCTION 121
6.2 NUMERICAL MODEL 122
6.3 MODAL ANALYSIS 126
6.4 DYNAMIC ANALYSIS 128
6.4.1 PARAMETERS OF THE ANALYSIS 128
6.4.2 STRUCTURAL RESPONSE 134
6.5 CONCLUSIONS 152
CHAPTER 7. 153
FINAL CONCLUSIONS AND REMARKS 153
7.1 FINAL CONCLUSIONS 153
7.2 GENERAL REMARKS 155
ACKNOWLEDGMENTS 157
BIBLIOGRAPHY 159

10



SUMMARY

SUMMARY

The so called soft-storey failure is one of the most typica types of damage
induced in buildings as the result of earthquake excitation. It has been observed
during ground motions that the failure of an upper soft storey of a structure resultsin
large vertical impact load acting on the lower floors. If the resistance of the structural
members of the lower storeys is not sufficient it may further lead to progressive
collapse of the whole building substantially intensifying material damages as well as
human loses.

The main aim of the dissertation is to study the behaviour of steel columns
that experience horizontal deformations due to earthquake forces and are additionally
subjected to vertical impact load (the effect of the soft-storey failure during ground
motion). Furthermore, the response of a multi-storey steel frame building that suffers
from a soft-storey failure under real earthquake excitation is also investigated in
details.

First, the horizontal stiffness degradation of deformed building steel columns
subjected to vertical impact has been investigated. The results of the study indicate
that the degradation of horizontal stiffness of the columns may have a considerable
influence on the structural response under earthquake excitation. Moreover, the
results show that the time of impact plays a substantial role in the overall behaviour
of a building indicating that the structural response may be increased significantly if
impact takes place when the structure is in the range of its peak deformations during
the ground motion.

Then, the experimental investigation focused on the behaviour of models of

deformed steel columns that are additionally subjected to vertical impact load, by
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'SUMMARY

dropping the steel sphere from different heights onto the top of the models, has been
carried out. The results of the experiments show that, with the increase in the pre-
deformation of a column, the value of the peak force acting on its top initially
decreases and then shows a considerable increase trend. Moreover, the experimental
results indicate that, with the increase in the pre-deformation, the peak horizontal
displacement of the middle part of column substantialy increases for al drop height
values considered.

The detailed numerical investigation concerning the behaviour of a model of
deformed steel column that is additionally subjected to vertical impact load has been
studied in the next part of this dissertation. The geometric nonlinearity (large strain
analysis) as well as the elasto-plastic material behaviour with the strain rate effect
have been considered in the analysis. The accuracy of the numerical model of the
specimen has been confirmed by comparing the results of the numerical analysis
with the experimental results. The first stage of the numerical study show that with
the increase in the static pre-deformation of the column the peak mean normal stress
values induced at the bottom of the specimen as well as the peak horizontal
displacement at the middle of the column show a substantial increase trend for all
height drop values considered. The results of the second stage of the study show that
vertical impact may substantially influence the response of the column, which is
dynamically excited in its horizontal direction, indicating that the response may be
increased significantly if impact is initiated when the specimen is in the range of its
peak horizontal deformation.

Finaly, the detailed, nonlinear, three-dimensional numerical analysis using

FEM, focused on the behaviour of multi-storey steel frame building that suffers from
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a soft-storey failure under ground motion excitation, has been conducted. The
geometric nonlinearity due to impact and the second order effects as well as the
elasto-plastic material behaviour with the strain rate effect have been considered in
the numerical analysis. The results of the study confirm conclusions obtained in the
previous chapters of the dissertation in which simplified numerical models have been
used. They show that not only the value of the impact force is crucial but also the
moment when impact occurs. It has been confirmed, based on the results obtained,
that the most critical moment for the structure for being subjected to a vertical
impact, due to the soft-storey failure, is when its horizontal deformation is closeto its
peak. Moreover, the results clearly indicate that the incorporation of the strain rate
effect in the impact-involved numerical analysis is realy important in order to

increase its accuracy.
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STRESZCZENIE

STRESZCZENIE

Podczas trzgsien ziemi wielokrotnie obserwowano wystepowanie tzw. awarii
stabego pigtra w budynkach polegajacel na zniszczeniu elementow nosnych danej
kondygnacji. Tego typu awaria, jezeli dotyczy wyzszych pigter, powoduje znaczace
pionowe obcigzenie uderzeniowe dziatajace na elementy nosne w kondygnacjach
znajdujacych si¢ ponizej. Przy braku dostatecznego zapasu nosnosci tych elementow
konstrukcji moze to spowodowaé postepujace zniszczenie catego budynku, a co za
tym idzie znaczne straty materialne oraz ofiary Smiertelne.

Ninigjsza rozprawa poswigcona jest analizie zachowania si¢ stalowych
stupéw poddanych deformacji poprzecznej, spowodowanej Sitami  poziomymi
bedacymi skutkiem trzesienia ziemi, oraz dodatkowo pionowym obcigzeniom
uderzeniowym spowodowanym awariag sStabego pietra budynku. W pracy
szczegotowo przeanalizowano rowniez zachowanie si¢ wielopietrowego budynku
0 konstrukcji szkieletowej stalowej, w ktorym wystapita awaria stabego pigtra
podczas rzeczywistego obcigzenia Sejsmicznego.

Pierwsza czgs¢ pracy dotyczy problemu degradacji sztywnosci poprzeczne
stalowych  stupow poddanych deformacji oraz pionowemu obcigzeniu
uderzeniowemu. Wyniki analizy wskazuja, iz degradacja sztywnosci stupow moze
mie¢ znaczny wptyw na odpowiedz budynku poddanego obcigzeniu dynamicznemu
w postaci trzesienia ziemi. Analiza wykazata ponadto, ze moment wystapienia
obcigzenia uderzeniowego odgrywa istotng role. Uzyskane wyniki pokazuja, iz
sytuacja, w ktéreg moment wystapienia obcigzenia uderzeniowego zbiega Si¢
z maksymalnag pozioma deformacja budynku powoduje nawickszy wzrost

w odpowiedzi konstrukcji podczas trzgsienia ziemi.
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STRESZCZENIE

W kolginym etapie przeprowadzono badania doswiadczalne, w ktérych to
wstepnie zdeformowane modele stalowych stupéw poddano uderzeniowym
obcigzeniom pionowym poprzez zrzucanie na gorna podpore stupa stalowej kuli
spuszczang z roznych wysokosci. Wyniki tych badan wskazuja, iz wraz ze wzrostem
wstepnej deformacji poziomej, maksymalna wartos¢ sity dziatajacej na gore stupa
poczatkowo maleje, a nastepnie wzrasta w sposob istotny. Dodatkowo potwierdzono,
iz wraz ze wzrostem wstepne deformacji nastepuje znaczny wzrost wartosci
ekstremalnego  przemieszczenia poziomego Srodka stupa dla  wszystkich
analizowanych wysokosci zrzutu kuli.

Szczegbtowym badaniom numerycznym dotyczacym modelu
zdeformowanego  stupa  stalowego  poddanego  pionowemu  obcigzeniu
uderzeniowemu poswigcono nastepny rozdziat rozprawy. Analiza obemowata
nieliniowos¢ geometryczna (duze odksztatcenia) oraz nieliniowos¢ materiatowy
poprzez zastosowanie modelu elastyczno-plastycznego z uwzglednieniem efektu
predkosci odksztatcenia. Doktadnos¢ modelu numerycznego badanego elementu
potwierdzono poprzez poréwnanie wynikow analiz numerycznych z wynikami badan
eksperymentalnych. Rezultaty pierwsze czesci badan numerycznych pokazuja, ze
wzrost wstepngl deformacji prowadzi do wzrostu ekstremalnych naprezen
normalnych u podstawy stupa oraz ekstremalnych wartosci przemieszczenia
poziomego srodka stupa. Wyniki drugig czesci badan numerycznych wskazuja, iz
obciagzenie uderzeniowe ma istotny wptyw na odpowiedz stupa, ktory jest poddany
poziomemu wymuszeniu dynamicznemu. Zaobserwowano, iz najwigkszy wzrost
odpowiedzi dynamiczng ma migjsce w Sytuacji, gdy obcigzenie uderzeniowe

wystepuje w chwili ekstremalnegj deformacji stupa.
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STRESZCZENIE

W koncowe czesci dysertacji przeprowadzono dokiadna, nieliniowa,
tréjwymiarowa analiz¢ numeryczna z wykorzystaniem MES, dotyczaca zachowania
sie budynku wielokondygnacyjnego o konstrukcji stalowe] szkieletowej poddanego
obcigzeniu sgjsmicznemu, w Kktorym wystagpita awaria stabego pietra. Analiza
obgmowata nieliniowos¢ geometryczng (zderzenia i efekty drugiego rzedu) oraz
nieliniowos¢ materiatowa poprzez zastosowanie modelu elastyczno-plastycznego
stali z uwzglednieniem efektu predkosci odksztatcenia. Wyniki analizy potwierdzaja
wnioski otrzymane podczas wczesnigjszych badan przy zastosowaniu prostszych
modeli numerycznych. Wyniki te wskazuja, iz nie tylko wartos¢ obcigzenia
uderzeniowego, ae réwniez moment jego wystapienia ma istotny wptyw na
zachowanie si¢ konstrukcji. Potwierdzono, iz najbardziej krytyczna chwilg w trakcie
trzesienia ziemi dla budynku poddanemu dodatkowo obcigzeniu uderzeniowemu, na
skutek awarii stabego pigtra, jest moment, gdy pozioma deformacja konstrukcji jest
bliska wartosci ekstremalnej. Zaobserwowano réwniez, iz uwzglednienie efektu
predkosci odksztatcenia stali w analizie numerycznegj uwzgledniajacej zderzenia ma

istotny wptyw na doktadnosé¢ uzyskiwanych wynikéw.
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Fig. 1.1: Awaria stabego pigtra na poziomie pierwszej kondygnacji (trzgsienie ziemi
Boumerdes, 2003)

Fig. 1.2: Awaria stabego pictra na poziomie srodkowej kondygnacji (trzgsienie
ziemi w Kobe, 1995)

Fig. 1.3: Awaria stabego pi¢tra na poziomie gornej kondygnacji (trzgsienie ziemi na
Haiti, 2010)

Fig. 1.4:  Postgpujace zniszczenie budynku (trzesienie ziemi Kocaeli, 1999)

Fig. 2.1: Schematyczna ilustracja kolejnych faz awarii stabego pietra dla budynku
poddanego trzesieniu ziemi

Fig. 2.2: Uszkodzenie potacznia rygiel-stup — peknigcie Srodnika dwuteownika
(Naeim 2001)

Fig. 2.3:  Uszkodzenie potacznia rygiel-stup — pekniecie pasa dwuteownika (Naeim
2001)

Fig. 2.4: Wyboczenie gorneg czesci stupa w wyniku trzesienia ziemi na Alasce w
1964 (Elnashai i Di Sarno 2008)

Fig. 2.5: Uszkodzenie dolnej czgsci stupa skrzynkowego w wyniku trzesienia ziemi
Michoacan w1985 (Mexico City) (Elnashai i Di Sarno 2008)

Fig. 2.6: Uszkodzenie gornej czesci dwuteownika w wyniku trzesienia ziemi na
Alasce w 1964 (Elnashai i Di Sarno 2008)

Fig. 2.7: Peknigcie stezenia w wyniku trzgsienia ziemi w Kobe w 1995
(Elnashai i Di Sarno 2008)

Fig. 2.8: Przygotowanie fragmentu istniejacego budynku do testu typu , push-over”
(Wibowo et al. 2010)

Fig. 29: Stanowisko badawcze do testu typu ,push-over” dla fragmentu
istnigjacego budynku (Wibowo et al. 2010)

Fig. 2.10: Stanowisko badawcze odzwierciedlajace konfiguracj¢ potaczenia typu
~Staby rygiel - mocny stup” (Plumier et al. 2005)

Fig. 2.11: Obcigzenie uderzeniowe stupa stalowego przez woézek widtowy (Hilpert
i Willnow 1999)

Fig. 2.12: Osiowe obcigzenie uderzeniowe stupa ze wstepna deformacja w ksztatcie
tuku (Hao et al. 2000)

Fig. 2.13: Schemat konfiguracji preta Kolsky’ ego (Vaynman et al. 2006)

Fig. 2.14: Granica plastycznosci, oy, oraz wytrzymatos¢ na rozcigganie, o,, W
zaleznosci od predkosci odksztatcenia dla roznych gatunkow stali
podanych w Tab. 2.1 (Ansell 2006)

Fig. 2.15: Wykresy zaeznosci naprezenie-odksztatcenie dla roznych predkosci
odksztatcenia dla stali 18G2 w stanie dostawy (numery przy wykresach
nawigzuja do badan przeprowadzonych przez autoréw, Malinowski et al.
2007)

Fig. 2.16: Szczegotowe porownanie wykresdw zaleznosci naprezenie-odksztatcenie

dla predkosci odksztatcenia 0.001 s i 5 s'dla stali 18G2 (Malinowski et
al. 2007)
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Fig. 2.17: Wykresy zaeznosci naprezenie-odksztatcenie dla roznych predkosci
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odksztatcenia dla stali 18G2 po wyzarzaniu normalizujagcym (numery przy
wykresach nawiazuja do badan przeprowadzonych przez autorow,
Malinowski et al. 2007)

Zaleznos¢ pomigdzy predkoscia odksztatcenia a 5% granicy plastycznosci
dlatemperatury 25°C (Vaynman et al. 2006)

Whptyw predkosci odksztatcenia oraz temperatury na granicg plastycznosci
dla odksztatcenia 0,05 dla stali AINiCu-150 (Vaynman et al. 2006)

Zdeformowany stup poddany zginaniu (w wyniku dziatania poziomego
obcigzenia sgjsmicznego) i réwnoczesnie pionowemu obcigzeniu
dziatajacemu najego gore

Zaleznosé pomiedzy parametrem degradacji, d(t), ak(t)l
Model niesprezysty o jednym stopniu swobody
Model sprezysty o trzech stopniach swobody

Przebieg czasowy przyspieszenia sktadowej pétnoc-potudnie trzesienia
ziemi El Centro (18.05.1940)

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=1s

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=2 s

Przebieg czasowy przemieszczen pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=3 s

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=4 s

Przebieg czasowy przemieszczenia pierwszej kondygnacji  budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=5s

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=6 s

Przebieg czasowy przemieszczenia pierwszej kondygnacji  budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasiet=7 s

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasie t=8 s

Przebieg czasowy przemieszczenia pierwszej kondygnacji budynku
poddanego trzgsieniu ziemi El Centro, z i bez uwzglednienia efektu
degradacji sztywnosci poziomej dla zderzeniaw czasie t=9 s

Przebiegi czasowe: a) sity zderzenia; b) pionowej deformacji wzgledne)
zderzajacych si¢ elementow konstrukgji c) ttumieniaw modelu zderzenia
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Schemat pokazujacy stalowa kule spadajagca na gore zdeformowanego
preta

Stanowisko badawcze (widok ogdlny)

Ruchoma platforma ze stalowa kula i podktadka z plasteliny

Dolne utwierdzenie preta z mechanizmem pozwal ajacym na wprowadzenie
wstepnej deformacii

Spod platformy ruchomej z gornym utwierdzeniem preta oraz
akcelerometrem

Przyspieszenie kuli podczas zderzenia bez wstepnej deformacji preta dla
wysokosci zrzutu wynoszacej 200 mm

Przyspieszenie platformy podczas zderzenia bez wstepnej deformacji preta
dlawysokosci zrzutu wynoszacej 200 mm

Poziome przemieszczenie zarejestrowane w potowie wysokosci preta
podczas zderzenia bez wstgpnej deformacji preta dla wysokosci zrzutu
wynoszacej 200 mm

Przyspieszenie kuli podczas zderzenia przy wstepnej deformacji preta
wynoszacej 60 mm dlawysokosci zrzutu wynoszacej 200 mm

Przyspieszenie platformy podczas zderzenia przy wstepne deformagi
pretawynoszacej 60 mm dlawysokosci zrzutu wynoszacej 200 mm

Poziome przemieszczenie zarejestrowane w potowie wysokosci preta
podczas zderzenia przy wstepnej deformacji preta wynoszacej 60 mm dla
wysokosci zrzutu wynoszacej 200 mm

Zaleznos¢ pomiedzy ekstremalng sity, Fpeqk, dZiatajacy na gore elementu
oraz wstepna deformacja preta dlaroznych wysokosci zrzutu, H

Zaleznos¢ pomiedzy ekstremalnym przemieszczeniem poziomym preta
oraz jego wstepna deformacja dlaroznych wysokosci zrzutu, H

Model numeryczny preta stalowego z ruchoma platforma

Model numeryczny wstepnie zdeformowanego preta stalowego poddanego
pionowemu obciazeniu uderzeniowemu

Przebiegi czasowe poziomych przemieszczen $rodka preta (dla deformaci
wstepnej wynoszacej 20 mm i wysokosci zrzutu wynoszacej 200 mm):
() badania doswiadczalne; (b) analiza numeryczna

Mapa srednich naprezen normalnych u podstawy zdeformowanego
elementu (dla deformacji wstgpne] wynoszacej 60 mm) przed zderzeniem

Mapa srednich naprezen normalnych u podstawy zdeformowanego
elementu (dla deformacji wstepnel wynoszacej 60 mm) w chwili dziatania
na gore preta maksymalnej sity uderzeniowej

Ekstremalne srednie naprezenia normalne w zaleznosci od deformaci
wstepnej preta dlaréznych wysokosci zrzutu, H

Ekstremalne poziome przemieszczenie Srodka preta w zaleznosci od
wstepnej deformacji dla roznych wysokosci zrzutu, H

Przebieg czasowy poziomego przemieszczenia srodka preta poddanego
wymuszeniu harmonicznemu (zakres czasu 0.82 - 0.92 s) z oznaczonymi
momentami wartosci szczytowych sity zderzenia
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Przebieg czasowy poziomego przemieszczenia srodka preta poddanego
wymuszeniu harmonicznemu dla pigciu réznych przypadkow zderzenia w
porownaniu do przypadku, w ktorym nie zadano obcigzenia
uderzeniowego

Poréwnanie przebiegbw czasowych przemieszczen przy wymuszeniu
harmonicznym dla przypadku zderzenia 3, z i bez uwzglednienia efektu
predkosci odksztatcenia

Widok ogdlny modelu numerycznego budynku
Widok od przodu modelu numerycznego budynku
Widok z boku modelu numerycznego budynku

Widok z géry modelu numerycznego budynku z zaznaczonymi numerami
stupéw

SzczegOtowy widok zageszczenia siatki elementow w miejscu potaczen
stupéw ze stropem

SzczegGty modelu stupow z zaznaczonym weztem referencyjnym

Pierwsza posta¢ drgan wtasnych (poprzeczna) otrzymana dla
czestotliwosci f;=1.238 Hz

Druga posta¢ drgan wtasnych (skretna) otrzymana dla czestotliwosci
f,=1.648 Hz

Trzecia posta¢ drgan wtasnych (podtuzna) otrzymana dla czgstotliwosci
f3=1.960 Hz

Przebieg czasowy przyspieszenia sktadowej wschod-zachdd trzesienia
ziemi El Centro (18.05.1940)

Przebieg czasowy przyspieszenia sktadowej pionowej trzgsienia ziemi
El Centro (18.05.1940)

Przebieg czasowy przemieszczenia poziomego sStropu  pierwszel
kondygnacji (kierunek X) pod wptywem dziatania trz¢sienia ziemi El
Centro

Przebieg czasowy przemieszczenia poziomego sStropu  pierwszel
kondygnacji (kierunek Y) pod wptywem dziatania trzgsienia ziemi El
Centro

Przebieg czasowy przemieszczenia pionowego Stropu  pierwsze)
kondygnacji (kierunek Z) pod wptywem dziatania trzg¢sienia ziemi El
Centro

Przebieg czasowy wypadkowego przemieszczenia poziomego stropu
pierwszej kondygnacji pod wptywem dziatania trz¢sienia ziemi El Centro
Z zaznaczonymi momentami zderzenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 1 dla
czterech r6znych momentéw zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 2 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia
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Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 3 dla
czterech r6znych momentéw zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 4 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 5 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 6 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 7 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 8 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 9 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 10 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 11 dla
czterech r6znych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Przebieg czasowy wypadkowego przemieszczenia srodka stupa nr 12 dla
czterech roznych momentow zderzenia oraz dla przypadku, gdy zderzenie
nie wystepuje: a) bez uwzglednienia efektu predkosci odksztatcenia;
b) z uwzglednieniem efektu predkosci odksztatcenia

Widok ogélny zdeformowanego modelu budynku dla przypadku zderzenia
1 pokazujacy rozktad zredukowanych naprezen Hubera-Misesa: a) bez
uwzglednienia efektu predkosci odksztatcenia; b) z uwzglednieniem efektu
predkosci odksztatcenia

Widok ogdlny zdeformowanego modelu budynku dla przypadku zderzenia
2 pokazujacy rozktad zredukowanych naprezeh Hubera-Misesa: a) bez
uwzglednienia efektu predkosci odksztatcenia; b) z uwzglednieniem efektu
predkosci odksztatcenia
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Fig. 6.30:

Fig. 6.31:
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Widok ogélny zdeformowanego modelu budynku dla przypadku zderzenia
3 pokazujacy rozktad zredukowanych naprezen Hubera-Misesa: a) bez
uwzglednienia efektu predkosci odksztatcenia; b) z uwzglednieniem efektu
predkosci odksztatcenia

Widok ogdlny zdeformowanego modelu budynku dla przypadku zderzenia
4 pokazujacy rozktad zredukowanych naprezen Hubera-Misesa: @) bez
uwzglednienia efektu predkosci odksztatcenia; b) z uwzglednieniem efektu
predkosci odksztatcenia
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Chapter 1. INTRODUCTION

Chapter 1.

INTRODUCTION

1.1 Preface

Civil and structural engineering has experienced a vast improving, unifying
and standardising process over the past thirty years. Also, the accessibility of fast
computers and sophisticated computer software integrates this achievement into
advanced tools for engineers. Nowadays, as an outcome of this development,
engineers can create designs that have not been possible two or three decades ago
with the certainty of complete calculations based on standards that have been
created, developed and confirmed by scientists and engineers worldwide. But one of
the most critical aspects in structural engineering are the design loads applied.
Among them, earthquake excitations are considered to be the most dangerous and, at
the same time, the most unpredictable dynamic loads acting on civil engineering
structures (see Ciesielski and Kawecki 1978-2009, El Kafrawy and Bagchi 2007,
Amiri et al. 2008, Davoodi et al. 2009, Naeini and Zarincheh 2010, Paulay and

Priestley 1992, Sasan and Mohammadsadegh 2011, Zembaty 1987, 2007).

1.2 The phenomenon and problem
The so called soft-storey failure is one of the most typica types of damage

observed in buildings during earthquakes. In the 1989 Loma Prieta earthquake, for
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example, many wood-frame buildings in the Marina District experienced permanent
offsets of their soft storeys (Maison et al. 2011). During the Boumerdes earthquake
of 2003, substantial number of buildings were subjected to the soft-storey failure at
the ground level of the structure (see Figure 1.1). As the result of the Hyougoken-
Nanbu (Kobe) earthquake of 1995, a large number of the damaged steel and
reinforced concrete buildings suffered from failure of the first or intermediate storey
(see Figure 1.2) due to lack of lateral strength as well as ductility of columns
(Elkholy and Meguro 2004, Watanabe 1997). The soft-storey failure was very
common during the 2004 Asia earthquake resulting in major damage in downtown of
Banda Aceh (Ghobarah et al. 2006). Destruction of one particular storey in buildings
was also observed during other ground motions, including the collapses of the top

storeys of structures — see Figure 1.3.

Fig. 1.1: Soft-storey failure of the first storey of building (Boumerdés earthquake, 2003)
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It has been observed during earthquakes that the failure of an upper soft
storey of a structure results in large impact load acting on the lower floors. If the
resistance of the structura members of the lower storeys is not sufficient it may
further lead to progressive collapse of the whole building (see Figure 1.4)
substantially intensifying material damages as well as human loses (see, for example,

Talaat and Mosalam, 2009).

Fig. 1.2: Soft-storey failure of the intermediate storey of building (Kobe earthquake, 1995)

1.3 Previous studies on earthquake-induced impacts in buildings

The investigation on earthquake-induced impacts in buildings has been
conducted in earthquake engineering for more than two decades now. However, all
of the previous studies were only focused on horizontal structura interactions

observed during earthquakes as the result of the difference in dynamic properties of
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neighbouring buildings. This phenomenon, known as the earthquake-induced
structural pounding, may lead to substantial damage or even collapse of colliding

structures.

Fig. 1.3: Soft-storey failure of the top storey of building (Haiti earthquake, 2010)

The basic investigation on pounding between insufficiently separated
buildings in series, modelled as single degree-of-freedom systems, was carried out
by Anagnostopoulos (1988). Davis (1992) used this simple structural model to study
pounding of a building against a rigid adjacent structure. Single-degree-of-freedom
models were a'so employed by other researchers (see, for example, Chau and Wei

2001, Ruangrassamee and Kawashima 2001, Mahmoud et al. 2008,

Jankowski 2010).
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Fig. 1.4: Progressive collapse of building (Kocaeli earthquake, 1999)

More detailed analyses were carried out using discrete multi degree-of-
freedom structural models, in which mass of each storey was lumped at each floor
level. Maison and Kasal (1992) employed such models to study the response of a
light high-rise structure colliding against a massive low building. The lumped mass
models of 5-storey and 10-storey buildings were used by Anagnostopoulos and
Spiliopoulos (1992). Further investigation concerned nonlinear analysis of pounding
between two neighbouring 3-storey and 4-storey buildings with substantially
different dynamic properties (Jankowski 2008, Mahmoud and Jankowski 2009). A
study on multi-degree-of-freedom models of colliding structures of unequal storey

heights was also carried out by Karayannis and Favvata (2005).
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The research on earthquake-induced pounding was also conducted using the
Finite Element Method (FEM). The method was employed in the study conducted by
Papadrakakis et al. (1996), in which floors of colliding buildings were modelled as
single four-node plane stress elements and walls as four linear beam-column
elements. More accurate, three-dimensional, nonlinear analyses of pounding between
two insufficiently separated buildings using FEM have been recently carried out by

Jankowski (2009, 2012).

1.4  Aim and scope of the dissertation

On the contrary to the earthquake-induced horizontal collisions in buildings,
impact between the damaged upper part of the building falling onto the lower storeys
after the soft-storey failure has not been investigated so far. Therefore, the main aim
of the present work is to study the behaviour of the steel columns that experience
horizontal deformations due to earthquake forces and are additionally subjected to
vertical impact load (the effect of the soft-storey failure). Furthermore, the response
of amulti-storey steel frame building that suffers from a soft-storey failure under real
earthquake excitation is also investigated in details.

This PhD dissertation consists of the following chapters:

Chapter 1 introduces the problem of a soft-storey failure in buildings during
earthquakes and describes previous research on earthquake-induced impacts in
structures. The aim and scope of the work are also presented.

The preliminary problems related to the subject of the dissertation are
described in Chapter 2. The chapter includes such topics as. soft-storey failure

mechanism, impact loads acting on steel columns/bars and strain rate effect in steel.
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The influence of the horizontally deformed steel columns that are additionally
subjected to vertical impact load (the effect of the soft-storey failure during
earthquakes) on the response of the building is considered in Chapter 3. Basic
results are obtained based on the theoretical approach as well as on the simplified
numerical analysis using the lumped mass model of the building. Specia attention is
paid to investigate the influence of the horizontal stiffness degradation of columns on
the overall structural response during the ground motion.

Chapter 4 is focused on the experimental investigation concerning the
behaviour of models of horizontally deformed steel columns that are additionally
subjected to vertical impact load. In the experiment, impact load has been generated
by a steel sphere dropped onto a pad of technical clay, so asto simulate nearly plastic
impact observed in the reality during earthquakes.

The detailed numerical analysis concerning the behaviour of the model of
horizontally deformed steel column under impact load is described in Chapter 5. In
the first stage of the study, different static pre-deformations of the column as well as
various impact load time histories have been considered. Then, the detailed nonlinear
analysis has been conducted by exciting dynamically the base of the specimen as
well as by applying impact vertical load at different times of the harmonic ground
motion excitation.

Chapter 6 deds with the detailed, nonlinear, three-dimensional numerical
analysis concerning the behaviour of a multi-storey steel frame building that suffers
from a soft-storey failure under real earthquake excitation. A model of the structure
has been exposed to an impact that would have been generated after a soft-storey
failure due to falling of the upper floors. The geometric nonlinearity due to impact

and the second order effects as well as the elasto-plastic material behaviour with the
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strain rate effect have been considered. During the analysis, different moments have
been chosen for the impact so as to estimate the most critica moment for the
building.

Fina conclusions and general remarks of the study are presented in

Chapter 7.

50



Chapter 2. PRELIMINARY PROBLEMS

Chapter 2.

PRELIMINARY PROBLEMS

2.1 Soft-storey failure and its reasons

The presence of a soft-storey in a building is strictly related to the weakness
of structural elements, which can be verified by comparing the lateral stiffness of
adjacent storeys. According to ASCE (2006), we usually deal with a soft-storey if the
lateral stiffness of particular storey is less than 70% of the stiffness of the storey
above or less than 80% of the average stiffness of the three storeys above. It should
be underlined, however, that in some cases, a soft-storey failure might take place
even if the above criteria are not satisfied (ASCE 2006). It is due to the fact that the
soft-storey failure is also much dependant on the nature of the earthquake, which isa
random phenomenon with its unpredictable properties such as direction of seismic
wave, peak ground acceleration, frequency contents and duration (Chen and
Scawthorn 2003, Green 1981, Wiegel 1970).

The mechanism that leads to a soft-storey failure in a steel frame building
under earthquake excitation is schematically shown in Figure 2.1. It starts with
seismic induced horizontal ground motion that generates a horizontal excitation of
the foundation. This excitation results in horizontal movement of the whole building
(swaying of the structure) and the structural response increases during the time of the

earthquake due to inertial forces (see stage 1 of Figure 2.1). The increased vibrations
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may cause significant increase in the internal forces, especially bending moments
and shearing forces at the connections between horizontal elements (slabs and
beams) and vertical members (columns) of the structure (Y oshimura 1997, Plumier
et al. 2005). This increase may remarkably exceed the yield strength of steel leading
to damage of connections (see Figure 2.2 and Figure 2.3) or damage of columns in
the vicinity of connections (see Figures 2.4-2.6). This may further results in forming
the plastic hinges (stage 2 of Figure 2.1) and a failure of the particular structural
element or the collapse of the whole storey, as has been schematically shown at the

stage 3 of Figure 2.1 (Y oshimura 1997, Plumier et al. 2005).
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Fig. 2.1: Schematic illustration of the stages of a soft-storey mechanism in building under

earthguake excitation
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The lateral stiffness of particular storeys of the building as well as the nature
of the ground motion excitation determine the location of the storey, which exhibits
failure. It is usually the first storey of a structure, which is in the largest danger of
being damaged. However, in the case of multi-storey buildings, damage is quite
often concentrated at the intermediate or top storey level. It isdueto thefact that it is
a common practice in multi-storey buildings to reduce the cross section of the load
carrying elements (i.e. columns) at particular level in order to minimize the dead load
of the upper storeys of the structure as well as the construction costs. Such a
reduction in the cross section, and therefore the reduction in the lateral stiffness, may
cause the concentrations of high values of stresses at this particular storey leading to
its failure. Moreover, as it can be seen form Figure 1.3, the same structural elements,
in this case reinforced concrete columns, may suffer from damage at different
heights due to different support conditions or due to the presence of adjacent
secondary elements. It is also possible that the soft-storey failure is initiated at the
particular level of the structure due to failure of some secondary elements, such as

bracings (see Figure 2.7).

Fig. 2.2: Damage to beam-to-column connection — crack in aweb of | cross section
(Naeim 2001)
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Fig. 2.3: Damage to beam-to-column connection — crack in aflange of | cross section
(Naeim 2001)

Fig. 2.4: Buckling of the top of column as the result of the 1964 Alaska earthquake
(Elnashai and Di Sarno 2008)
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Fig. 2.5: Damage at the bottom of the box column as the result of the 1985 Michoacan
(Mexico City) earthquake (Elnashai and Di Sarno 2008)

Fig. 2.6: Damage at the top of the | column as the result of the 1964 Alaska earthquake
(Elnashai and Di Sarno 2008)
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Fig. 2.7: Fracture in a brace connection as the result of the 1995 K obe earthquake
(Elnashai and Di Sarno 2008)

A number of studies were conducted in the past so as to verify the reasons of
a soft-storey failure in steel as well as in reinforced concrete buildings and
investigate the problem in more details (see, for example, Sezen et al. 2002, Plumier
et al. 2005, Arslan and Korkmaz 2007, Inel et al. 2007, Wibowo et al. 2010, Ju et al.
2012). A detailed experimental investigation was carried out on a part of existing
building by Wibowo et al. (2010) by conducting a push-over test (see aso
Krawinkler and Seneviratna 1998). The preparation of a part of the structure for the
test is presented in Figure 2.8; whereas Figure 2.9 shows the setup of the push-over
test. The results of the study have confirmed that the failure of connections between
vertical and horizontal structural elements are the major reasons initiating the soft-
storey failure. Other studies were focused on the failure behaviour of beam-column
connections caused by inappropriate stiffness relation between beams and columns
(strong beam - weak column failure as well as weak beam - strong column failure —

see Figure 2.10), insufficient reinforcement ratio, poorly designed building geometry
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or wrong material combinations (see Sezen et al. 2002, Plumier et al. 2005, Arslan

and Korkmaz 2007, Inel et al. 2007, Ju et al. 2012, Zhoudao et al. 2011).

Fig. 2.8: Preparation of a part of existing building for a push-over test (Wibowo et al. 2010)

Fig. 2.9: The setup of a push-over test on a part of existing building (Wibowo et al. 2010)
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Fig. 2.10: Thetest setup reproducing a ‘weak beam - strong column’ configuration
(Plumier et al. 2005)

There have also been some ideas to use the first soft-storey as a kind of a
base-isolation system for buildings in order to reduce damage generated by an
earthquake at the levels of the upper storeys (see Mo and Chang 1993). It should be
underlined, however, that such kind of solutions allow for major damage at the

ground level of the structure what can be dangerous for inhabitants and what |eads to
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the necessity of demolishing the building after the earthquake, so it cannot be
considered as the effective seismic isolation technique (Naeim and Kelly 1999).
Because of the above, it is rather a common practice to consider a soft-storey failure
as not desired under any circumstances due to possible human as well as material

| osses.

2.2 Impact loads acting on steel columns and bars

The failure of the intermediate or top storey of a building during earthquake
results in large vertical impact load acting on the top of columns of the lower storey
due to the fall of the upper floors. The earthquake-induced horizontal impacts
between insufficiently separated buildings have aso been recorded, as described in
Introduction. Besides cases observed during ground motions, other situations may
also induce impact loads acting on buildings, in particular on columns of structures.
One of the most common reason of such a situation is related to the impact of a
vehicle or forklift, in which impact force is exerted on the column perpendicularly to
its axis (see Figure 2.11). The studies on such types of impacts have recently been
much advanced. Hilpert and Willnow (1999) studied the load bearing behaviour of
thin-walled columns subjected to impact loads from any direction. A study
concerning a collapse of a column by vehicle impact was also conducted by Tsang
and Lam (2008). Wigch and Jankowski (2012) analysed impacts at steel |-columns of
the building investigating the influence of support conditions of the column and
place of force application. The problem of transverse impact on columns was aso
analysed by other researchers (see, for example, Adachi et al. 2004, Sastranegara et

al. 2005, 2006).
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Fig. 2.11: Impact load on a steel column by aforklift (Hilpert and Willnow 1999)

There have also been a number of studies related to axial impact loading
acting on steel columns and bars, which are observed in the mechanical systems. The
studies have concerned perfectly straight elements as well as elements with some
initial imperfections in the form of a bow, under the assumption that both ends of the
column/bar are not displaced (see Figure 2.12). Very extensive theoretical
fundamentals for analyses concerning such problems were given by Grybos (1980).
Some aspects of dynamic buckling of axially loaded steel columns were also
considered by Langer (1980). More recently, Cui et al. (1999) analysed a fluid-solid
impact of columns that were mounted in a frame which was dropped into water.
Another example was considered by Kenny et al. (2000), where a dynamic elastic
buckling of a slender beam with geometric imperfections was investigated after
being subjected to an axial impulse. Wu and Zhong, 2000 analysed the computation
efficiency of the lower bound dynamic buckling loads of imperfect bars under impact

loading. Dynamic buckling of columns with initial imperfections under intermediate
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velocity impact was considered by Hao et al. 2000. The problem of axial loading
acting on columns and bars was also studied by other researchers (see, for example,
Cui et al. 2001, 2002, Gur and Elishakoff 1997, Karagiozova and Jones 1996, Zhang

and Taheri 2002).
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Fig. 2.12: Axial impact loading acting on a column with initial imperfection in the form of a
bow (Hao et al. 2000)

2.3 Strain rate effect in steel

Impact loads acting on structural elements induce usually high values of
strain rates. Experimental studies have shown that some materials are sensitive to the
speed of load applied and their properties may differ for different strain rates (see
Mania 2010). This phenomenon, known as the strain rate effect, concerns
particularly structural elements made of steel, for which, with rising strain rate, the
yield strength and the ultimate strength also gain. The strain rate effect is

traditionally tested using the Hopkinson bar or the Kolsky bar (see Figure 2.13).
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Fig. 2.13: Schematics of Kolsky bar setup (Vaynman et al. 2006)

The general principle of operation of the apparatus is as follows. A sample of
the material is placed between two straight bars (incident and transmitter bar), that
are mounted in bearings alowing for only axial motion. An impact (generated, for
example, by a pressure gun) is applied onto the incident bar and transferred through
the specimen into the transmitter bar. The pulse is reflected and comes back. Both
the transmitted and reflected pulses are measured by strain gauge station and based
on those records the strain rate can be obtained. A camera can be used to obtain
additional information about the deformation of the specimen.

Since steel is a material commonly used in a variety of technical applications,
including military, car or aircraft industry where impact loads are considered in the
design process, the influence of the strain rate effect in steel has been studied quite
extensively. In the case of the above technical applications, the strain rate during
impact may attain very high values from circa 300 s* up to even 10000 s* (see, for
example, Shah 2006). The analyses have been conducted for different types and

grades of steel for various strain rates. The examples of the results, obtained from the
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experimental tests carried out for different types of steel (their chemical composition

issummarized in Table 2.1), are shown in Figure 2.14 (Ansell 2006).

Fig. 2.14: Yield strength, o,,, and ultimate tensile strength, o, vs. strain rate for different
types of steel summarized in Tab. 2.1 (Ansell 2006)

Tab. 2.1: Chemical composition of different types of steel considered in Fig. 2.14:
a- from Manjoine 1944; b - from Davies and Magee 1976; ¢ - from Krabiell and Dahl 1981
(Ansell 2006)
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As it can be seen from Figure 2.14, with the increase in the strain rate, the
increase in the yield strength as well as the ultimate strength can be substantial.
Moreover, the figure indicates that the level of the increase depends on the type of
steel showing higher increase for low strength steels and lower increase for high
strength steels. In the case of a mild steel (steel 7), for example, the values of the
yield strength and the ultimate strength for the strain rate of 100 s* are as much as
50% larger comparing to the corresponding values when the strain rate is equal to
0.001 s* (quasi-static conditions). On the other hand, it can be seen from Figure 2.14
that, for the high strength steels, the increase in the yield strength and the ultimate
strength values is not so significant. In the case of steel 8, the difference between
corresponding values for various strain rates is within the range of 8% (Ansell 2006).

A number of other studies have concerned the strain rate effect in steel under
different temperatures. Malinowski et al. (2007), for example, studied the influence
of the strain rate on the properties of materia exposed to heat treatment, which
results in releasing the residual stress coming from the production process. The
stress-strain curves for different strain rates, as obtained for steel 18G2 (S355
according to the actual Eurocode standards) at the stage of delivery are shown in
Figure 2.15. Additionally, the detailed comparison between the results obtained for
the strain rate of 0.001 s* (quasi-static conditions) and 5 s* is presented in Figure
2.16. On the other hand, the stress-strain curves for different strain rates for steel

18G2 after heat treatment are shown in Figure 2.17.
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Fig. 2.15: Stress-strain curves for different strain rates test for 18G2 steel at delivery state
(numbers at curves refer to tests as described by the authors, Malinowski et al. 2007)

Fig. 2.16: Detailed comparison between stress-strain curves for strain rate of 0.001 s* and
5s’ for 18G2 steel (Malinowski et al. 2007)
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Fig. 2.17: Stress-strain curves for different strain rates test for 18G2 steel after heat treatment
(numbers at curves refer to tests as described by the authors, Malinowski et al. 2007)

The results shown Figures 2.15-2.17 indicate that the heat treatment has
negligible influence on the yield strength and the ultimate strength of steel. It has
been therefore concluded that welding steel, which generates residual stress through
locally induced high temperature, does not really influence the material properties
related to the strain rate effect (Malinowski et al. 2007). The results of the study
presented in Figure 2.16 also indicate that the strain rate may considerably influence
the material properties, even if the strain rate is relatively low. It can be seen
comparing the stress-strain curves that the increase in the strain rate from 0.001 s*
(quasi-static conditions) to 5 s* leads to the increase in the yield strength and the
ultimate strength of tested steel by about 16% (Malinowski et al. 2007).

The strain rate effect in steel under different temperatures was also studied by

Vaynman et al. (2006). The examples of the results of the study are presented in
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Figure 2.18 and Figure 2.19. In particular, Figure 2.18 shows the relation between
the strain rate and the flow stress at 5% at the temperature of 25°C for HSLA-65 and
AINiICu-150 steels (their chemical composition is summarized in Table 2.2), whereas
the effect of strain rate and temperature on flow stress at 0.05 true strain for AINiCu-
150 steel is presented in Figure 2.19. It can be seen from the figures that, in the case
of the temperature range that building structures might be exposed to (in this study
from -40°C to 25°C), the influence of temperature on the strain rate effect for two

types of steel considered in the study isvery low.

Fig. 2.18: Relation between strain rate and flow stress at 5% at 25°C (Vaynman et al. 2006)

Tab. 2.1: Chemical composition of steel considered in Fig. 2.18 and 2.19
(Vaynman et al. 2006)

67



Chapter 2. PRELIMINARY PROBLEMS

Fig. 2.19: Effect of strain rate and temperature on flow stress at 0.05 true strain for
AINiCu-150 steel (Vaynman et al. 2006)
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Chapter 3.

STIFFNESS DEGRADATION OF DEFORMED

COLUMNSUNDER IMPACT LOAD

3.1 Introduction

The influence of the horizontally deformed steel columns that are additionally
subjected to vertical impact load, on the response of the building, based on the
theoretical approach as well as on the simplified numerical analysis using the lumped
mass model of the structure, is considered in this chapter. Special attention is paid to
investigate the influence of the horizontal stiffness degradation of columns on the
overall structura response during earthquake. The derivation of the formula for the

degradation of the column’s stiffness as the result of dynamic vertical load is shown.

3.2 Theoretical approach

As a response to the horizontal component of earthquake excitation, a
building will also displace laterally in the horizontal direction. The action of vertical
gravity loads, due to the weight of the storeys, on the displaced configuration of the
structure leads to the increased translation. This phenomenon is known as the P-delta
or the second order effect (see, for example, Juhasova 1991, Chopra 1995).

Let us consider a column of a building with both ends fixed to the floor slabs,

which is exposed to bending (as the result of horizontal earthquake loading) and
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simultaneously to vertical load acting on its top (see Figure 3.1). The case of the
vertical load which results only from the weight of the storeys has been intensively
studied by a number of earthquake engineers. A simplified approach to the problem
assumes that the deflected shape of the column is a straight line and the horizontal
stiffness degradation (allowing for the increased displacement) can be obtained by
the use of additional fictitious column with the specified negative stiffness properties
(see, for example, Rutenberg 1981, 1982, Wilson 2002). More accurate methods take
into account the details of the deflected shape of the building column due to its
bending. Such an approach to the case of the vertical load, which results only from
the weight of the floor dlab (static load) was studied by Juhasova (1991). In this
chapter let us consider a more genera case, in which the vertical load results also
from impact of the upper storeys falling onto the top of a column after the soft-storey

failure (dynamic load).

F(1)
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F(1)
/
l 13
ulp

I

Fig. 3.1: Deformed column exposed to bending (as the result of horizontal earthquake

loading) and simultaneously to vertical load acting on its top
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Taking into account the theory of the second order (see, for example, Timoshenko
and Gere 1961), the differential equation describing the deformation of the column at
agiventime, t, of the ground motion can be written as:

02%u(x,t)

EIl Py

+ P(t)x + F(t)u(x,t) =0 (3.1

where E is the Y oung's modulus of elasticity, | is the moment of inertia of the cross
section, u(x, t) denotes the horizontal displacement at the distance x from the middle
of the column (see Figure 3.1), P(t) isthe horizontal inertial force due to earthquake
loading and F (t) stands for the vertical force, which consists of the weight of the
floor slab as well as the load due to impact of the upper storeys falling onto the top of
the column after the soft-storey failure. The general solution of equation (3.1) can be

expressed as (compare Juhasova 1991):

w(x,t) = a()sin(k(t)x) + b(t)cos(k(t)x) — =L (3.2)

EIk%(t)
where
kK2(0) =2 k() 2 0 (3.3)
Considering the boundary conditions (see direction of x at Figure 3.1), parameters
a(t) and b(t) can be calculated as equal to:
a) from the condition: u(0,t) = 0 we have: u(0,t) = b(t)cos0 = 0,
so: b(t) =0,

b) from the condition: u’ (é t) = 0 we have:

" (é t) = a(t)k(t)cos (k(t) é) ~ 2O _ o o

EIK2(t)

P(t)
t) = )
a(t) Ezk3(t)cos(k(t)§)

Substituting the derived values of a(t) and b(t) into equation (3.2) leads to:
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P(t) . P(t)x
t) = k(t)x) — )
u(¥, £) Ezk3(r)cos(k(t)§) sin(k(t)x) EIk2(t) (3.4)
P(t) sin(k(t)x)
t) = _ .
u(¥, £) EIk2(t) <k(t)cos(k(t)§) x> (3.5)

l .
For x = 3 we obtain:

° (i' t) P <tan(k(t)§) B £> (3.6)

2 T EIK2(D) Kk(t) 2
The total horizontal displacement of the upper support u(l,t) can be obtained from

the following formula:

u(l,t) =2u (é, t) (3.7)

Substituting equation (3.6) into equation (3.7) yields:

u(lt) = 2P(t) <tan(k(t)é) B £> (39)

EIK%(t) k(t) 2
Neglecting the influence of horizontal damping at this stage of considerations (such
an assumption is reasonable in the case of steel structures, which are usually
characterized by the damping ratio of less than 1% or 2%), the horizontal stiffness of

the column, K (t), can be obtained from the following formula:

K(t) = If’((ft)) (3.9)

Substituting equation (3.8) into equation (3.9) leads to:

= EIKZ(t) 2k(t)
K(t) = .
© 2 2tan(k(0))-k(t)L (3.10)

= EIK3(t)
K(t) = :
(t) 2tan(k(t)é)—k(t)l (3 11)

The above relation can also be expressed in the form:

= 12EI k313 =
K(t) = = .
() 13 24tan(k(t)é)—12k(t)l Kd(t) (312)

where:
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_ 12EI
=3

K

(3.13)

is the horizontal stiffness of the column fixed at both ends (see Timoshenko and
Gere 1961) and

k3(t)13
24tan(k(t)é)—12k(t)l

d(t) = (3.14)

Is a parameter describing the degradation of the horizontal stiffness as the
result of dynamic vertical load and is valued within the interval (0,1) for 0 <
k(t)l < m. The relation between d(t) and k(t)! is shown at Figure 3.2. It can be
seen from the figure that the value of d(t) is nearly equal to 1 for small values of
k(t)le(0,0.2) indicating that, in this range, the influence of vertical dynamic load on
the horizontal stiffness can be neglected. On the other hand, for higher values of
k(t)l the value of d(t) substantially decreases and for k(t)! — m the degradation
parameter, d(t), tends to be equal to zero.

Considering equation (3.12), the dynamic equation of motion in the horizontal
direction for a structure modelled as an inelastic single degree-of-freedom system
(see Figure 3.3) under earthquake excitation can be written as (compare Chmiel ewski
and Zembaty 1998, Chopra 1995):

MU(t) + CU@) + K(OU(@) = —MU,(¢) (3.15)
where U(t), U(t), U(t) is the horizontal acceleration, velocity and displacement of
the structure with relation to the ground; M, C, K (t) is the mass, damping coefficient
and nonlinear stiffness coefficient, respectively; and Ug (t) denotes the ground

motion acceleration.
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Fig. 3.2: Relation between the degradation parameter, d(t), and k(t)!
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/ l ——

]C K()
7777///7; Y

Fig. 3.3: Inelastic single degree-of-freedom system

3.3 Numerical model

In order to investigate the influence of stiffness degradation of columns on the
structural behaviour under seismic excitation, a number of numerical simulations
have been conducted. The study has been focused on the response of a three-storey
building, in which failure of the second and the third storey takes place at a given

time of the earthquake and those upper storeys fall onto the top slab of the first
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storey. The analysis has been conducted for the following three phases (changes

between particular phases make the analysis nonlinear).

3.3.1 Response of building before impact
In the first phase of analysis (before impact), the building has been modelled

as an elastic three degree-of-freedom system (see Figure 3.4).

M, Us()
/ /——
! G K,
M, Uy(1)
/ W —
! ¢ K,
M, U (%)
/ /———
i G K,
/)] Y

Fig. 3.4: Elastic three degree-of-freedom system

The dynamic equation of motion for such a structural model under earthquake

excitation can be formulated as (Chmielewski and Zembaty 1998, Chopra 1995):

MU(t) + CU(t) + KU(t) = —M1U,(t) (3.16a)
M, 0 0

M = [ 0 M, 0 (3.16b)
0 0 M,
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U1 )]
) = |0,(t) (3.16¢)
UAG]
-U1 ®)]
U = |0, (3.160)
UAG]

(U, (0)]
ut) = |U,(0) (3.16€)
[ U5 () ]

C = _CZ CZ + C3 _C3

(3.16f)

-Kl + KZ _KZ 0
K = _Kz Kz + K3 _K3
0 _K3 K3

(3.1690)

where: U;(t), U;(t), U;(t), K;, C; (i=1,2,3) is the horizontal acceleration, velocity,
displacement, damping coefficient and elastic stiffness coefficient for a storey with

mass M;, respectively.

3.3.2 Response of building during impact

After the failure of the second and the third storey, the behaviour of the
remaining first storey of the building has been modelled as an inelastic single degree-
of-freedom system (see Figure 3.3). The dynamic equation of motion formulated in
equation (3.15) has been employed taking M = M,, € = C; and K(t) determined
according to equation (3.12). The displacement, velocity and acceleration of the first
storey, as obtained at the end of the previous phase for the three degree-of-freedom
system, have been taken as the initial values. In this phase of the analysis, the vertical

force, F(t) (see Figure 3.1), due to impact of the upper storeys falling onto the top of
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the first storey, has been calculated at each time step using the nonlinear viscoelastic

model of impact force expressed by the formula (Jankowski 2005):
F(t) = E&g(t) + e(t)6(t) for 6(t) > 0 (approach period of impact)

F(t) = E&g(t) for 8(t) < 0 (restitution period of impact)
(3.17)
where f is the impact stiffness parameter, §(t) describes the relative deformation of
colliding structural members and c(t) is the impact element’s damping which, for
the free fal of the second and the third storey onto the top of the first storey, can be

obtained from the formula (compare Jankowski 2005):

&(t) = 28 J,B 5(t) YoMzt M3) (3.18)

M{+M,+M3
where & denotes the impact damping ratio related to a coefficient of restitution, e.

The approximate relation between & and e in the nonlinear viscoelastic model can be

expressed by the formula (Jankowski 2006):

Fo5_ 1zt (3.19)

2 e(e(9m—-16)+16)

3.3.3 Response of building after impact

It has been assumed in the analysis that after impact the weight of the second
and the third storey stays at the top of the remaining first storey and the building has
also been modelled as an inelastic single degree-of-freedom system (see Figure 3.3).
The dynamic equation of motion formulated in equation (3.15) has been used taking
M =M, +M,+ M, C =C, and K(t) determined according to equation (3.12). In

this phase of the analysis, the constant value of the vertical force, F(t) = (M, +
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M, + M3)g (g isthe gravity acceleration), which results only from the weight of all

floor slabs, has been applied.

3.4 Results of the numerical simulations

The numerical simulations have been focused on the behaviour of a three-
storey building, in which failure of the second and the third storey is assumed to take
place at a given time of the earthquake and those upper storeys fall onto the top slab
of the first storey (see also Migda and Jankowski 2012c, 2013b). The following
values describing the structural properties of the intact building have been used in the
analysis (see Jankowski 2008):

M, =M, = M; = 25x103 kg,

K, = K, = K5 = 3.460x106 N/m,

C, = C, = C3 = 6.609%x10* kg/s,

[=35m.
The values of the nonlinear viscoelastic impact force model’ s parameters have been
applied as equal to: B = 2.75x10° N/m3/2, £ = 0.35 (e = 0.65) (see Jankowski
2005, 2008). In order to solve the equations of motion (3.15) and (3.16) numerically,
the time-stepping Newmark method (Newmark 1959), with the standard parameters:
yy = 0.5, By = 0.25 (see Chopra 1995) and constant time step At = 0.0002 s, has
been used. The numerical procedure has been programmed using MATLAB
software. The NS component of the EI Centro earthquake (18.05.1940) has been

applied in the analysis (see the acceleration time history in Figure 3.5).
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Fig. 3.5: Acceleration time history of the NS component of the El Centro earthquake
(18.05.1940)

The analysis has been conducted for two cases. First, the response of the
building has been determined taking into account the degradation of horizontal
stiffness of columns under seismic excitation and vertical load. Then, a similar
analysis has been carried out without considering the effect of stiffness degradation.
It has been assumed in the analysis that impact (due to the fall of the upper storeys
onto the top of the first storey) takes place at different times of the earthquake. The
examples of the results, for impact at t =1s, t =2s,t=3s,t=4s,t=>5s,
t=6s,t=7s,t=8s and t =9s of the El Centro earthquake, are shown in
Figures 3.6-3.14. The peak displacement response values for different cases of
impact times are denoted in the figures by arrows and also summarized in Table 3.1.
Additionally, Figure 3.15 presents the time histories of impact force, F(t), relative
vertical deformation of colliding structural members, §(t), and the impact element’s
damping during impact, ¢(t), which gives some insight into the model of impact

force defined in equations (3.17)-(3.19).
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Fig. 3.6: Displacement history of the first storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffnessfor impact at t=1s
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Fig. 3.7: Displacement history of the first storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffness for impact at t=2 s

80



Chapter 3. STIFFNESS DEGRADATION

0.10
0.0883 m (withy—s |
1~ 0.0795 m (without)

0.05 A
E ‘-.
E )
g 1
oy 0.00 \/\/ 1
Q
E h
o i
2 '
S ;

-0.05 .\/.‘I \\/ .

' ---- with stiffness degradation
— without stiffness degradation
° .
010 moment of impact
0.0 2.0 4.0 6.0 8.0 10.0
time [s]

Fig. 3.8: Displacement time of the first storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffnessfor impact at t=3 s

0.10
0.0551 (both cases) —_,
0.05
E / \“ A
: AWATY
£ 0.00
3 w \J/ \/ \/ \/
a i
©
-0.05
---- with stiffness degradation
— without stiffness degradation
° .
010 moment of impact
0.0 2.0 4.0 6.0 8.0

Fig. 3.9: Displacement history of the first
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storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffness for impact at t=4 s
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Fig. 3.10: Displacement history of the first storey of building under the EI Centro earthquake

with and without considering the degradation of horizontal stiffnessfor impact at t=5s
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Fig. 3.11: Displacement history of the first storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffnessfor impact at t=6 s
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Fig. 3.12: Displacement history of the first storey of building under the El Centro earthquake

with and without considering the degradation of horizontal stiffnessfor impact at t=7 s
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Fig. 3.13: Displacement history of the first storey of building under the EI Centro earthquake

with and without considering the degradation of horizontal stiffness for impact at t=8 s
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Fig. 3.14: Displacement history of the first storey of building under the EI Centro earthquake
with and without considering the degradation of horizontal stiffness for impact at t=9 s

Time of

impact Peak displacement Increase
S— . _ %
with stiffness degradation  without stiffness degradation
1 0.1016 0.1006 0.99
2 0.1008 0.0990 1.82
3 0.0883 0.0795 11.1
4 0.0551 0.0551 -
5 0.0778 0.0736 571
6 0.0723 0.0554 30.5
7 0.0613 0.0613 -
8 0.0613 0.0613 -
9 0.0613 0.0613 -

Tab. 3.1: Peak displacement values under the El Centro earthquake for different cases of

impact times
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colliding structural members; c) impact element’s damping
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It can be seen from Figures 3.6-3.14 that incorporation in the numerical
analysis the degradation of horizontal stiffness has a considerable influence on the
structural behaviour under earthquake excitation. In nearly al of the cases, the
stiffness degradation leads to the increase in the response of the first storey of
building (the only exception is the reduced response shown in Figure 3.12 for impact
at t = 7 s). Moreover, the curves shown in Figures 3.6-3.14 indicate that the time of
impact plays a substantial role in the overall behaviour of the structure. It can be seen
from Figure 3.8, Figure 3.11 and Figure 3.14 that, for the case when impact takes
place when the structure is in the range of its peak deformations during the
earthquake, the increase in the structural response can be redly substantial
(especidly in the case when the structure is just approaching its extreme position). In
the case of impact at t = 6 s (see Figure 3.11), for example, the increase in the peak
displacement due to the degradation of horizontal stiffness is as high as 30.5%.
Relatively high increase in the peak displacement value (by 11.1%) can also be
observed in Figure 3.8 obtained for impact a t = 3's. On the other hand, when
impact takes place when the displacement of the building is relatively small (see
Figure 3.6, Figure 3.7, Figure 3.9, Figure 3.12), the incorporation of the stiffness
degradation on the structural response is less important, even that some increase in
the peak displacement (on the order of 1-2%) due to the degradation of horizontal

stiffness has also been recorded (see Table 3.1).

3.5 Conclusions
The horizontal stiffness degradation of building columns, subjected to impact
load after soft-storey failure due to ground motion excitation, has been investigated

in this chapter. First, the theoretical approach to the problem of the column’'s
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deformation has been presented. Then, the numerical analysis concerning the
behaviour of a three-storey building suffering from the earthquake-induced soft-
storey failure has been described.

The results of the study show that the degradation of horizontal stiffness of
building columns, due to impact caused by the fall of the upper storeys onto the
lower one, may have a considerable influence on the structural response. Moreover,
the results clearly indicate that the time of impact plays a substantial role in the
overall behaviour of a building under earthquake excitation. It has been shown that
the structural response may be increased significantly if impact takes place when the
structure is in the range of its peak deformations during the ground motion,
especially when the structure is just approaching the extreme position. On the other
hand, when impact takes place when the actual displacement of the building during
earthquake is relatively small, the influence of the stiffness degradation on the

structural response isless significant.
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Chapter 4.

EXPERIMENTAL STUDY ON MODELSOF

DEFORMED STEEL COLUMNS

4.1 Introduction

The basic numerical analysis described in Chapter 3 has indicated that the
structural response may be increased significantly if vertical impact takes place when
the structure is in the range of its peak deformations during earthquake, i.e. when the
horizontal deformation of columns is the largest. In order to investigate this effect in
more details, the experimental study concerning the behaviour of models of
horizontally deformed steel columns that are additionally subjected to vertical impact
load (see Figure 4.1), has been conducted and described in this chapter. Models of
steel columns with high slenderness ratio have been considered in the study. The
investigation has been conducted for different values of the initial relative horizontal
displacement between the base and the top of the columns. In the experiment, impact
load has been generated by a steel sphere dropped onto a pad of technical clay, so as

to simulate nearly plastic impact observed in the reality during earthquakes.

4.2  Setup of the experiment
The experimental study was conducted using the stand structure shown in

Figure 4.2. It consisted of a thick steel plate at the bottom, to which four steel rods
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(precision shafts) were mounted. The top ends of the rods were connected using a
steel diaphragm. Another diaphragm was located in the lower part of the stand in
order to increase the overall rigidness. Along the steel rods, a moving platform with
the mass of 6 kg, acting as a top support for the investigated specimens, was installed
(see Figure 4.3). The platform was equipped with four industrial linear bearings, so
that only a free vertica movement of the platform was allowed. The bottom support
plate was equipped with a mechanism (see Figure 4.4) that allowed us to introduce a
horizontal displacement of the bottom end of the specimen, making it possible to
simulate impact load on a pre-deformed column (compare Migda and Jankowski

2009, 2010).

steel sphere

°
7777777778

D

——

/17777777

Fig. 4.1: Schematic diagram of a steel sphere dropped onto the top of a deformed column

During the experiment, a steel sphere with a mass of 2.1 kg was dropped from
a pre-defined height onto the platform, where a pad of technical clay was placed with

a diameter of approximately 100 mm and a thickness of 20 mm. The use of this pad

90



Chapter 4. EXPERIMENTAL STUDY

allowed the impact between the sphere and the platform to be nearly plastic, which is
observed in the reality during earthquakes. It also prevented the sphere from

bouncing of the platform and kept it in place after impact (see also Migda 2007).

steel sphere  ——
~ae——————— moving platform

SPECIMEN =

displacement
~— meter

measuring
system =3

bottom support

Fig. 4.2: Experimental setup (general view)
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Acceleration of the sphere (accelerometer shown in Figure 4.3) as well as
acceleration of the platform (accelerometer shown in Figure 4.5) were recorded
during the experiment. Furthermore, the horizontal displacement of the specimen

was measured at its mid-height using the laser displacement meter (see Figure 4.2).

accelerometel ———m_——

steel sphere ———

Clay pad  ——

Fig. 4.3: Moving platform with the steel sphere and clay pad

A number of steel columns, with the length of 800 mm and cross section of
3x20 mm, have been prepared to be tested experimentally. Each column specimen
was mounted in fixed supports located at the bottom and at the moving platform (see
Figure 4.4 and Figure 4.5). The critical static load of the specimen has been
anaytically calculated as equal to 395.2 N. The initia pre-deformation of the
column, D, i.e. the horizontal displacement between the theoretical axis of the top
and the bottom support was increased from 0 mm by 10 mm up to 60 mm. The drop

height, H, was increased from 50 mm up to 350 mm with a step of 50 mm. The
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above conditions allowed the steel columns to remain in the elastic range as well as

to prevent from dynamic stability loss during all experimental tests.

bottom support =—

Fig. 4.4: Bottom support with the mechanism of column pre-deformation

Fig. 4.5: Bottom part of the moving platform with top support of column and accel erometer
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4.3 Experimental results

The experimental study has been conducted for all combinations of pre-
deformations of columns, D, and drop heights, H (see also Migda and Jankowski
2011, 2012a). The examples of the results for a drop height of 200 mm are shown in
Figures 4.6-4.11. They illustrate the directly recorded values of acceleration of the
sphere (Figure 4.6 and Figure 4.9), acceleration of the platform (Figure 4.7 and
Figure 4.10) and the horizontal displacement of the column at its mid-height (Figure
4.8 and Figure 4.11) for the case without pre-deformation (straight column) and for
D=60 mm, respectively. Additionally, the peak accelerations of the sphere and the
platform during impact, for different drop heights, H, and pre-deformations, D, are

also summarized in Table 4.1 and Table 4.2, respectively.

400

300

200

acceleration [m/s”2]

0 0.5 1 15 2
time [s]

Fig. 4.6: Acceleration of the sphere during impact without pre-deformation for adrop height
of 200 mm
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Fig. 4.7: Acceleration of the platform during impact without pre-deformation for adrop
height of 200 mm
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Fig. 4.8: Horizontal displacement recorded in the mid-height of the column during impact

without pre-deformation for a drop height of 200 mm
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Fig. 4.9: Acceleration of the sphere during impact for a pre-deformation of 60 mm and
adrop height of 200 mm
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Fig. 4.10: Acceleration of the platform during impact for a pre-deformation of 60 mm and
adrop height of 200 mm
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Fig. 4.11: Displacement recorded in the mid-height of the column during impact for a pre-

deformation of 60 mm and a drop height of 200 mm

asphere H
[m/s7] [mm]
D 50 100 150 200 250 300 350
[mm]

0 246.46 322.06 383.75 423.85 475.07 466.47 478.52
10 212.44 28830 32852 37425 428.18 470.35 479.91
20 21570 24487 32192 319.17 395.22 407.44 458.64
30 221.75 239.88 29277 34937 383.76 437.21 468.66
40 25047 261.07 311.78 34534 42152 428.22 446.18
50 145.98 299.18 364.29 410.65 434.29 479.93 480.71
60 196.55 246.11 280.06 337.46 476.20 470.60 480.70

Tab. 4.1: Peak accelerations of the sphere during impact for different drop heights, H, and

pre-deformations, D
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ap latform H
[m/s’] [mm]
D 50 100 150 200 250 300 350
[mm]

0 2611  32.29 33.48 37.19 40.78 46.22 52.55
10 1889 2143 27.35 29.14 37.44 39.99 43.57
20 2041 2777 37.39 39.96 43.97 47.71 47.64
30 2693  37.63 45.52 53.37 61.00 63.14 70.56
40 3935 42.29 49.61 51.76 59.20 66.54 71.50
50 3297  46.62 58.22 64.33 73.59 73.13 79.37
60 40.98  45.67 55.41 67.43 88.23 90.12 90.44

Tab. 4.2: Peak accelerations of the platform during impact for different drop
heights, H, and pre-deformations, D

It can be seen comparing Figure 4.6 with Figure 4.9 that the difference
between the peak acceleration values of the sphere for two different pre-deformation
casesis equal 13.7%, which is not really much. On the other hand, the results shown
in Figures 4.7-4.8 and Figure 4.10-4.11 indicate that the pre-deformation has a
substantial influence on the acceleration of the platform as well as on the horizontal
displacement of the column. The increase in the peak measured values is as large as
88.0% in the case of platform acceleration and 413.3% in the case of column
displacement.

In order to determine the peak force acting during impact on the top of the
column, the following formula has been used (see Dorf 2005, Goldsmith 1960,

Jankowski 2010, Leyko 1997, Zhang and Scharf 2009, 2011):

Fpeak = aplatform(msphere + mplatform) (41)
where:

Apiatform — PEAK acceleration of the platform,

Mgphere —Mass of the sphere (2.1 kg),
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Mypiatform — Mass of the platform (6.0 kg).

The peak force acting on the top of the column gives us an insight into the
actual impact load to which the column is exposed to. The values of the peak forces
acting on specimens for different drop heights and pre-deformations are summarised
in Table 4.3. The graphical representation of these results is also shown in Figure
4.12. It can be observed from the figure that the value of the peak force generally
increases starting from the first pre-deformation increment of 10 mm, after a little
decrease between a non pre-deformed state and the first deformation. It is believed
that this decline is the result of higher vertical stiffness of undeformed column, as
compared to the case of pre-deformation equal to 10 mm. In addition, it can be
noticed, that the dynamic peak force exceeds the theoretical critical static force by
more than 85.4% for H=350 mm and D=60 mm, while still the plastic yield and the

stability loss have not been reached.

F peak H
[N] [mm]
D
50 100 150 200 250 300 350
[mm]

0 21150 26156 27119 30121 33035 37439 425.66
10 15298 17355 22156 236.05 303.22 323.92 352.94
20 165.32 22496 30285 32364 356.12 386.45 385.92
30 21816 304.77 368.71 43226 49412 51140 571.54
40 318.72 34257 401.87 41924 47951 53893 579.17
50 267.07 377.64 47162 521.06 596.08 592.36 642.89
60 33192 369.96 448.79 54619 71467 72999 732.57

Tab. 4.3: Peak forces acting on specimens for different drop heights, H, and pre-
deformations, D
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Fig. 4.12: Relation between the peak force, Fpqx, acting on the top of column and its pre-

deformation for different drop heights, H

The larger affecting impact force leads also to larger amplitudes in horizontal
vibrations of the column (compare Figure 4.8 with Figure 4.11). The relation
between the peak horizontal displacement of the column at its mid-height and its pre-
deformation for different drop heights is shown in Figure 4.13. An evident trend of
larger peak amplitude for greater drop height and greater pre-deformation is visible.
The gain of horizontal vibrations are believed to be responsible for the higher

damping ratio of vibrations, as can be seen in Figure 4.11.
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Fig. 4.13: Relation between the peak horizontal displacement of the column and its pre-
deformation for different drop heights, H

4.4 Conclusions

The results of the experimental study focused on dynamic behaviour of
deformed steel columns, that are additionally subjected to vertical impact load as the
result of soft-storey collapse during earthquake, have been presented in this chapter.
The investigation has been conducted for different values of the initial relative
horizontal displacement between the base and the top of the columns. In the
experiment, impact load has been generated by a steel sphere dropped from different
heights onto a pad of technical clay, so asto ssmulate nearly plastic impact observed

in the reality during earthquakes.
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The results of the experiment show that, with the increase in the pre-
deformation of a column, the value of the peak force acting on its top initially
decreases and then shows a considerable increase trend. Moreover, with the increase
in the pre-deformation, the peak horizontal displacement of the middle part of
column substantially increases for all height drop values considered. The above
conclusions confirm the conclusion formulated in Chapter 3 that the deformation of
columns introduced due to earthquake loading has a substantial negative influence.
The experimenta results indicate, however, that even the deformed column is still

capable to carry considerable dynamic load before its failure due to stability loss.
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Chapter 5.

NUMERICAL ANALYSISOF A MODEL OF

DEFORMED STEEL COLUMN

5.1 Introduction

The experimental investigation on the behaviour of horizontally deformed
steel columns (the deformation as the result of horizontal ground motion) that are
additionally subjected to vertical impact load has been conducted in Chapter 4. In
that chapter, however, the introduced pre-deformation was a static one and the
influence of the dynamic effects of the earthquake excitation was not considered
(limitations of the experimental setup). Therefore, the aim of Chapter 5 is to extend
the study and investigate numerically the dynamic response of a model of steel
column under ground motion excitation that is additionally subjected to vertical
impact load. The numerical model of the specimen has been created and its accuracy
has been confirmed by comparing the results of the numerical analysis with the
experimental results. In the first stage of the numerical study, a number of cases,
concerning different pre-deformations of the column as well as various impact load
time histories (related to different drop heights) have been considered. Then, the
detailed nonlinear analysis has been conducted by exciting horizontally the base of
the specimen using the harmonic ground motion excitation as well as by applying

impact vertical load at different times of the excitation. The geometric nonlinearity
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(large strain analysis) as well as the elasto-plastic material behaviour with the strain

rate effect have been considered in the numerical analysis.

Fig. 5.1: Numerical model of the steel column with moving platform
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5.2 Modd and its validation

For the purposes of numerical analysis, a Finite Element (FE) model of steel
columns, which have been tested experimentally in Chapter 4, has been created using
the commercia software MSC Marc (see Figure 5.1). The numerical model of the
specimen, with the length of 800 mm and cross section of 3x20 mm, has been
constructed out of 640 four-node shell elements (see Hartmann and Katz 2004,
Hughes 1987). The moving platform, which was mounted at the top of the column
and used during the experiments to drop a steel sphere onto it, has been considered to
be important element to be also included in the numerical analysis. Its model has
been constructed out of 240 four-node shell elements. All material properties as well
as original dimensions have been assured to be the same as in the experimental
study. Taking into account the boundary conditions valid during the experiment, the
numerical model of the specimen has been fixed at the bottom of the column and
only vertical movement at four corners of the platform (locations of linear bearings)
has been allowed.

The accuracy of the numerical model has been first verified by comparing the
results of the numerical analysis with the results obtained from the experimental tests
described in Chapter 4. For this purpose, similarly as in the case of the experimental
study, a static horizontal pre-deformation has been introduced at the bottom of the
numerical model of the column and the specimen has been subjected to vertical
impact load acting on its top (see Figure 5.2). The same impact load time histories as
measured during the experiment, by dropping a steel sphere onto the platform, have
been used. The geometric nonlinearity, by conducting the large strain numerical

analysis, has been taken into account.
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Fig. 5.2: Numerical model of the pre-deformed steel column subjected to vertical impact
load
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A number of cases, concerning different pre-deformations (relative horizontal
displacement between the top and the bottom of the column) as well as various
impact load time histories (related to different drop heights) have been considered in
the study. The difference between the results of the experiment and the results of the
numerical analysis has been assessed by calculating the normalized root mean square

(RMS) error (see Bendat and Piersol 1971):

TV (Vi-7))?

RMS =YX"  .100% (5.1)

where V;, V; are the values from the time history record obtained from the experiment
and from the numerical analysis, respectively; and NV denotes a number of valuesin
these history records.

The example of the comparison between the results of the numerical analysis
and the results obtained from the experimental tests, in the form of the horizontal
displacement time histories at the middle of the column (pre-deformation of 20 mm,
drop height of 200 mm), is presented in Figure 5.3. For this case, the natural
frequency of vibrations of a specimen as well as the damping ratio is equal to
24.91 Hz and 0.68%, respectively. Using equation (5.1), the RMS error for the time
histories shown in Figure 5.3 has been calculated as equal to 7.90%. The average
RMS error for all cases considered has been found to be as small as 6.43%

confirming the accuracy of the numerical model created.
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Fig. 5.3: Horizontal displacement time histories at the middle of the column (pre-

deformation of 20 mm, drop height of 200 mm): (@) experiment; (b) numerical analysis
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5.3 Numerical analysis

In the first stage of the numerical analysis, the parametric investigation has
been conducted in order to assess the influence of the pre-deformation of the column
as well as the influence of the impact load on the response of the steel column (see
also Migda and Jankowski 2012b, 2012d). The analysis has been conducted for the
statically pre-deformed columns (see Figure 5.2) subjected to different impact load
time histories. The horizontal pre-deformation was increased from O mm by 10 mm
up to 60 mm. It should be underlined, that in the case of pre-deformation equal to
zero, the initial imperfection has been introduced in the specimen (observed always
in the reality) so as to induce its bending in the particular direction. The impact load
time histories, as measured during the experiment for different drop heights (see
Chapter 4), have been applied onto the platform. The above conditions have allowed
the numerical models of the steel column to remain in the elastic range as well as to

prevent from dynamic stability loss.

5.3.1 Parametric study on statically pre-deformed columns

The examples of the preliminary results in the form of the maps of mean
normal stress distributions at the bottom part of the pre-deformed specimen, for the
case of 60 mm pre-deformation, are presented in Figure 5.4 and Figure 5.5. In
particular, Figure 5.4 shows the mean normal stresses before impact, while Figure
5.5 presents the mean normal stresses at the stage of the peak impact force acting at
the top of the pre-deformed column. By comparing Figure 5.4 with Figure 5.5, it can
been observed that the increase in the stress values at the bottom part of the specimen

due to impact load can be as large as 235.9%.
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Fig. 5.4: Map of mean normal stresses at the bottom part of the deformed specimen (pre-

deformation of 60 mm) before impact
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Fig. 5.5: Map of mean normal stresses at the bottom part of the deformed specimen (pre-
deformation of 60 mm) at the time of the peak impact force acting at the top of the column
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The results from the parametric analysis are presented in Figure 5.6 and
Figure 5.7. Figure 5.6 shows the peak values of the mean normal stress at the bottom
of the specimen with respect to its pre-deformation (for different drop heights). It can
be observed from the figure that the value of the peak mean normal stress uniformly
and substantially increases with the increase in the pre-deformation. In the case of
the drop height of 350 mm, for example, the increase in the mean normal stress value
for the deformed column (pre-deformation of 60 mm) with relation to the

undeformed specimen is as large as 1321.4%.
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Fig. 5.6: Peak mean normal stress vs. pre-deformation of the column for different drop
heights, H
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Fig. 5.7: Peak horizontal displacement of the column at its mid-height vs. its pre-deformation
for different drop heights, H

The peak values of the horizontal displacement of the column at its mid-
height with respect to pre-deformation (for different drop heights) is presented in
Figure 5.7. It can be seen from the figure that larger pre-deformation results in larger
amplitudes in horizontal vibrations of the column. An evident trend of larger peak
horizontal displacement for greater drop heights is also visible. In the case of the
drop height of 350 mm, for example, the increase in the peak horizontal
displacement of the column at its mid-height for the pre-deformed column (pre-
deformation of 60 mm) with relation to the undeformed specimen is as large as

469.0%.
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5.3.2 Nonlinear study under dynamic excitation

In the second stage of the numerical analysis, the nonlinear analysis has been
conducted by exciting horizontally the base of the column (see Figure 5.1) using the
harmonic ground motion excitation. The sine wave having the excitation frequency
tuned with the natural frequency of the specimen has been used in the analysis.
Together with the geometric nonlinearity (large strain analysis), the nonlinear, elasto-
plastic material behaviour has also been considered (Jirdsek and Bazant 2002, Stein
et al. 2004). Additionally, the strain rate effect has been taken into account in the
numerical analysis by relating the yield strength of steel with the strain rate
following the relation obtained from the experimental study, as shown in Figure 2.14
for mild steel 7 (Ansell 2006).

It has been assumed in the analysis that vertical impact takes place at
different times of the excitation. Figure 5.8 shows the horizontal displacement time
history of the column at its mid-height (response at time range 0.82 - 0.92 s) with
dots indicating moments of impact for five different cases considered in the study.
The peak values of impact force has been applied at the following times:

casel: t; = 0.859s,

case2: t, = 0.862s,

case 3: t; = 0.869 s,

case4: t, = 0.877s,

case5: t; = 0.880's,
related to different stages of horizontal deformation of the specimen. Similarly asin
the parametric investigation, the impact load time histories measured during the

experiment (see Chapter 4) have been used in the study. This time, however, those
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time histories have been scaled so as to allow the specimen to enter into the inelastic
range, which was not possible in the case of experimental study (limitations of the
experimental setup). This approach has alowed us to extend the analysis and
investigate the response of the column involving nonlinear material behaviour. The
examples of the results, in the form of the horizontal displacement time histories of
the column at its mid-height for five different cases of impact, as compared to the
time history when impact is not applied, are shown in Figure 5.9. Additionaly, the
comparison between the displacement time histories for impact with peak value of
impact force at t; = 0.869 s (case 3 related to the peak horizontal deformation of
the column) with and without considering the strain rate effect is also presented in

Figure 5.10.

20
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® impact 3 (0.869 s)

® impact 4 (0.877 s)
® impact 5 (0.880 s)
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Fig. 5.8: Horizontal displacement time history of the column at its mid-height under
harmonic ground motion (time range 0.82 - 0.92 s) with dots indicating different moments of

peak values of impact force
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Fig. 5.9: Horizontal displacement time histories of the column at its mid-height under
harmonic ground motion for five different cases of impact as compared to the time history

when impact is not applied
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Fig. 5.10: Comparison between the displacement time histories under harmonic ground

motion for impact case 3 with and without considering the strain rate effect
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It can be seen from Figure 5.9 that vertical impact has a significant influence
on the behaviour of the steel column under dynamic ground motion excitation
leading to the increase in its response. It can be seen that incorporation of the
nonlinearity of material behaviour has resulted in entering into the plastic range in all
the cases considered (see permanent displacement of the column at Figure 5.9).
Moreover, the obtained results clearly indicate that the time of impact plays a
substantial role in the overal behaviour. It can be seen from Figure 5.9 that, for the
case when impact takes place at the time of peak horizontal deformation of the
column (impact case 3), the increase in the peak structural response is as large as
1808,4% with relation to the peak response without impact. On the other hand, when
impact takes place when the actual displacement of the horizontally excited column
is relatively small (impact cases 1 and 5), the influence of vertical impact on the
response is less significant. Figure 5.9 shows that, in such situations, the increase in
the peak horizontal displacement of the column at its mid-height is equal to 438.4%,
as compared to the peak response without impact.

It can also be seen from Figure 5.10 that incorporation of the strain rate effect
in the numerical analysisisreally important and the difference between the responses
with and without considering this effect can be substantial. In the case when the
strain rate effect is taken into account and vertical impact takes place at the time of
the peak horizontal deformation of the column (impact case 3), the decrease in the
peak structural response is equal to 20.32%, as compared to case when the effect in

not considered.
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5.4 Conclusions

The numerical investigation concerning the behaviour of amodel of deformed
steel column, that is additionally subjected to vertical impact load (the result of soft-
storey failure during earthquake), has been described in this chapter. In the first stage
of the study, the analysis has been conducted for different values of the static
horizontal pre-deformation of the column. Then, the base of the column has been
dynamically excited by harmonic ground motion and vertical impact load has been
applied at different times of the excitation. The geometric nonlinearity (large strain
analysis) as well as the elasto-plastic material behaviour with the strain rate effect
have been taken into account.

The results of the first stage of the numerical study show that, with the
increase in the static pre-deformation of the column, the peak mean normal stress
values induced at the bottom of the specimen as well as the peak horizontal
displacement at the middle of the column show a substantia increase trend for all
height drop values considered. The above conclusions indicate that the initial pre-
deformation of columns has a substantial negative influence, what is fully consistent
with the results of the experimental study described in Chapter 4.

The results of the second stage of the numerical study show that vertica
impact may substantially influence the response of the column, which is dynamically
excited in its horizontal direction. The results confirm the main conclusion of
Chapter 3 that the time of impact plays a substantial role in the overal behaviour
under ground motion excitation. It has been shown that the response may be
increased significantly if impact is initiated when the specimen is in the range of its
peak horizontal deformation. On the other hand, when impact takes place when the

actual displacement of the horizontally excited column is relatively small, the
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influence of vertical impact on the response is less significant. Moreover, the results
indicate that the incorporation of the strain rate effect in the numerical analysis is

really important in order to increase its accuracy.
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Chapter 6.

NUMERICAL ANALYSISOF A STEEL FRAME

BULIDING DURING EARTHQUAKE

6.1 Introduction

The numerical analysis described in Chapter 5 has been focused on the
response of the selected structural member of the building. The investigation has
concerned the dynamic response of the steel column under harmonic ground motion
excitation that is additionally subjected to vertical impact load. The aim of Chapter 6
is to show the results of a detailed, nonlinear, three-dimensional numerical analysis
using FEM (see Bathe 1982, Zienkiewicz and Taylor 2002) concerning the behaviour
of the whole multi-storey steel frame building that suffers from a soft-storey failure
under real earthquake excitation. A model of the structure has been exposed to an
impact due to falling of the upper floors onto the slab of the first storey. During the
analysis, different moments have been chosen for the impact so as to estimate the
most critical moment for the building (see also Migda and Jankowski 2013a). The
geometric nonlinearity due to impact and the second order effects as well as the
elasto-plastic material behaviour with the strain rate effect have been considered in
the numerical analysis.

The main advantage of the analysis described in Chapter 6 is related to the

fact that it allow us to verify the conclusions obtained from previous chapters in
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which simplifies numerical models have been used. By considering the FE model of
areal building, the scale-effect problem can be overcome without the need of putting
up some assumptions based on comparison between rea structures and scaled

models.

6.2 Numerical model

A four-storey steel frame building, with the plan dimensions of 31.68 m by
19.44 m and a storey height of 3.6 m, has been considered in the analysis (compare
Liu et al. 2003). The grid of the columns of the structure is 8.0 m by 6.5 m with a
cantilever type slab overhanging. The steel columns with a cross section of 1270HEB
are used as the magor load-carrying members. The horizontal structura members
consist of the concrete slabs with the thickness of 0.2 m. A number of additional
steel bracings, with the cross section of 0.002 m? are also used to increase the
structural stability.

The detailed numerical model of the structure has been created using the FEM
software MSC Marc. The steel columns have been modelled by the use of four-node
quadrilateral shell elements with the detailed reflection of their geometry. Shell
elements (four-node as well three-node ones) have also been used in the case of
concrete slabs. Steel bracings have been modelled by two-node truss elements. The
structural supports of the model have been considered to be fixed and the soil-
structure interaction has not been taken into account in the study. Figures 6.1-6.4
show, respectively, the genera view, the front view, the side view and the top view
of the model consisting in total of 15016 elements and 16092 nodes. The detailed
view of the mesh refinement in the area of the column-slab connections is aso

presented in Figure 6.5, whereas the details of the model of columns (with indicated
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reference node at the mid-height of the element) are shown in Figure 6.6. Moreover,
Table 6.1 summarizes the geometric parameters as well as materia properties that

have been used in the FE model of the building.

Fig. 6.1: General view of the numerical model of the building

Fig. 6.2: Front view of the numerical model of the building
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Fig. 6.3: Side view of the numerical model of the building

3 6 9 12
2 5 8 11
1 4 7 10

Fig. 6.4: Top view of the numerical model of the building with indicated numbers of

columns
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Fig. 6.5: Detailed view of mesh refinement in the area of the column-slab connections

< = reference node

Fig. 6.6: Details of the model of columns with indicated reference node
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column .
member dab flange Web bracing
element type shell shell shell truss
properties no. of nodes 3/4 4 4 2
. thickness, h 0.2 0.017 0.01 i
geometric [m]
properties area, A i i 0.002
il '
massdensity, p 5457 7g50 7850 7850
[kg/m?]
material  Young' s modulus, E
properties [GPa] 31 215 215 215
Poisson’sratio, v 0.2 0.3 0.3 0.3

[-]

Tab. 6.1: Properties used for the building model

6.3 Moda analysis

In order to verify the dynamic properties of the numerical model created, a
modal analysis has been first carried out. The results of the analysis showing the first
three natural vibration modes of the building are presented in Figures 6.7-6.9. As it
can be seen from Figure 6.7, the first natural vibration mode is alongitudinal one (X
direction) with the natural frequency of 1.238 Hz. The second vibration mode of the
structure (see Figure 6.8), obtained for the natura frequency of 1.648 Hz, is a
torsional one. Finaly, Figure 6.9 indicates that the third natural vibration mode is a
transverse one (Y direction). The natural frequency for this mode has been calculated
as equal to 1.960 Hz. It should be underlined that the determined values of the
natural frequencies of the FE model of the building are within the range of typical

values concerning four-storey steel frame buildings (see Chopra 1995, Liu et al.

2003).
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Fig. 6.7: First vibration mode (longitudinal) related to the natural frequency f;=1.238 Hz

Fig. 6.8: Second vibration mode (torsional) related to the natural frequency f,=1.648 Hz
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Fig. 6.9: Third vibration mode (transverse) related to the natural frequency f;=1.960 Hz
6.4 Dynamic analysis

6.4.1 Parameters of the analysis

A detailed nonlinear numerical analysis has been carried out using the model
of the structure shown in Figures 6.1-6.6. The dynamic analysis under ground motion
excitation has been conducted in three directions (two horizontal and one vertical)
simultaneously. The NS, EW and UD components of the El Centro earthquake (see
Figure 3.5, Figure 6.10 and Figure 6.11) have been applied along the longitudinal
(X), transverse (Y) and vertical (Z) direction, respectively. The structural response
has been determined by the use of the time-stepping Newmark method (Newmark
1959), with the standard parameters. yy = 0.5, Sy = 0.25 assuring the stability and

accuracy of the results (Chopra 1995).
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Fig. 6.10: Acceleration time history of the EW component of the El Centro earthquake
(18.05.1940)
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Fig. 6.11: Acceleration time history of the UD component of the El Centro earthquake
(18.05.1940)

Viscous damping of the Rayleigh type has been employed in the model so as
to simulate the dissipation of energy during structural vibrations as the result of
earthquake excitation. The Rayleigh damping multipliers have been calculated using

the following formulas (Chopra 1995, Clough and Penzien 1993):

a, = &2 (6.1)

wi1twr
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2

wi1twy

a = (6.2)

w; = 21f; (6.3)
where a, and a, is the mass matrix and the stiffness matrix multiplier, respectively;
and f; isthe frequency for i-th vibration mode. In order to cover the frequency range
including the basic natural frequencies for both horizontal directions: X and Y (see
Chopra 1995), the calculations have been carried out for the first and the third natural
frequency related to the longitudinal and transverse vibration modes (see Figure 6.7

and Figure 6.9). The calculated Rayleigh damping multipliers are summarized in

Table 6.2.
damping first natural third natural mass matrix  stiffness matrix
ratio, & frequency, f; frequency, f; multiplier,a,  multiplier, a,
[%] [HZ] [HZ] [-] [-]
2% 1.238 1.960 0.19069 0.00199

Tab. 6.2: Rayleigh damping multipliers

The nonlinear, elasto-plastic material behaviour (see Jirasek and Bazant 2002,
Ktosowski and Woznica 2004) has been considered in the analysis. Additionally, the
strain rate effect has been taken into account in the numerical analysis by relating the
yield strength of steel with the strain rate following the relation obtained from the
experimental study, as shown in Figure 2.14 (Ansell 2006). In the case of columns,
the relation for mild steel 7 has been employed. On the other hand, the relation for
high strength steel 8 has been used in the case of bracings.

Together with the material nonlinearity, the geometric nonlinearities due to
impact as well as due to the second-order effects have also been incorporated in the
analysis. In order to investigate the behaviour of the building subjected to the soft-

storey failure, the collapse of the arbitrary chosen second storey has been initiated
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assuming its damage at different moments during the response of the structure. Then,
it has been assumed in the numerical model, that the remains of the second storey do
not offer the resistance allowing for the free fall of the third and the fourth storey
onto the dlab of the first storey of the building. Impact between the falling upper
storeys and the first storey slab has been modelled by the way of defining different
contact bodies (Stronge 2000, Wriggers 2002). This approach allows us to prevent
structural members in contact from their penetration and impose friction forces due
to relative movement along the contact surface. In the analysis, the coefficient of
friction equal to 0.5 has been applied (see Wriggers 2002).

In order to investigate the importance of different moments of impact on the
behaviour of the first storey columns, the response of the building under the El
Centro earthquake without the soft-storey faillure has been first determined. The
results of this analysis in the form of displacement time histories for the slab of the
first storey in X, Y and Z direction are shown in Figures 6.12-6.14. The resultant
horizontal displacement for the slab of the first storey, Wy (t), is aso presented in

Figure 6.15. It has been calculated according to the formula:

Wi () = VW () + W2 (1) (6.4)
where Wy (t), Wy (t) isthe horizontal displacement of the first storey slabin X and Y
direction, respectively. Four different moments of impact between the upper storeys
and the slab of thefirst storey have been considered in the analysis:
casel: t; = 4.060s,
case 2. t, = 3.750s,
case 3: t; = 3.470 s,

case 4 t, = 3.920s,
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The above times, related to different stages of horizontal deformations, have been

marked by dotsin Figure 6.15.
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Fig. 6.12: Horizontal displacement time history of the first storey slab (X direction) under
the El Centro earthquake
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Fig. 6.13: Horizontal displacement time history of the first storey slab (Y direction) under
the El Centro earthquake
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Fig. 6.14: Vertical displacement time history of the first storey slab (Z direction) under the
El Centro earthquake
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Fig. 6.15: Resultant horizontal displacement time history of the first storey slab under the

El Centro earthquake with dots indicating different moments of impact
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6.4.2 Structural response

The nonlinear, three-dimensional, numerical analysis has been conducted for
four different impact times within two cases. First, the response of the four-storey
steel frame building (see its model in Figures 6.1-6.6) under the El Centro
earthquake excitation has been determined without considering the strain rate effect
in steel. Then, asimilar analysis has been carried out taking into account the effect of
the strain rate. The examples of the results are shown in Figures 6.16-6.31. In
particular, Figures 6.16-6.27 present the resultant displacement time histories of the
reference point at the mid-height of the first storey columns (see its location in
Figure 6.6) for four different moments of impact, as compared to the time history
when impact does not take place (no soft-storey failure). The views of the deformed
model of the building after the ground motion, showing the equivalent von Mises
stress distribution, are also shown in Figures 6.28-6.31.

It can be seen from Figures 6.16-6.31 that vertical impact, the due to the fall
of upper storeys after the soft-storey failure of the second storey, has a substantial
influence on the behaviour of the first storey columns of the steel frame building
under earthquake excitation. Their response due to impact has increased significantly
after entering into the inelastic range as the result of yielding. Moreover, the results
clearly indicate that the moment of the impact plays a significant role. It has been
observed that the most critical moment for the first storey columns for being
subjected to a vertical impact is when the resultant horizontal displacement of the
first storey dlab is close to its peak (impact time t, = 3.750 s). For this case, most of
the columns of the first storey have collapsed (see Figure 6.29) and their resultant
displacements at their mid-height have increased substantialy (see Figures 6.16-

6.27).
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Fig. 6.16: Resultant displacement time histories at the mid-height of column no. 1 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.17: Resultant displacement time histories at the mid-height of column no. 2 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.18: Resultant displacement time histories at the mid-height of column no. 3 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.19: Resultant displacement time histories at the mid-height of column no. 4 for four

different moments of impact and for the case when impact does not take place:
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Fig. 6.20: Resultant displacement time histories at the mid-height of column no. 5 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.21: Resultant displacement time histories at the mid-height of column no. 6 for four

different moments of impact and for the case when impact does not take place:

a) without strain rate effect; b) with strain rate effect
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Fig. 6.22: Resultant displacement time histories at the mid-height of column no. 7 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.23: Resultant displacement time histories at the mid-height of column no. 8 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.24: Resultant displacement time histories at the mid-height of column no. 9 for four
different moments of impact and for the case when impact does not take place:
a) without strain rate effect; b) with strain rate effect
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Fig. 6.25: Resultant displacement time histories at the mid-height of column no. 10 for four
different moments of impact and for the case when impact does not take place:

a) without strain rate effect; b) with strain rate effect
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Fig. 6.26: Resultant displacement time histories at the mid-height of column no. 11 for four
different moments of impact and for the case when impact does not take place:

a) without strain rate effect; b) with strain rate effect
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Fig. 6.27: Resultant displacement time histories at the mid-height of column no. 12 for four
different moments of impact and for the case when impact does not take place:

a) without strain rate effect; b) with strain rate effect
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(@)

(b)

Fig. 6.28: General view of the deformed building model for the case of impact 1 showing the
distribution of equivalent von Mises stress: a) without strain rate effect;

b) with strain rate effect
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(@)

(b)

Fig. 6.29: General view of the deformed building model for the case of impact 2 showing the
distribution of equivalent von Mises stress: @) without strain rate effect;

b) with strain rate effect
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(@)
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Fig. 6.30: General view of the deformed building model for the case of impact 3 showing the
distribution of equivalent von Mises stress: a) without strain rate effect;

b) with strain rate effect
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(@)

(b)

Fig. 6.31: General view of the deformed building model for the case of impact 4 showing the
distribution of equivalent von Mises stress: a) without strain rate effect;
b) with strain rate effect
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On the other hand, when impact takes place at the time when the resultant
horizontal displacement of the first storey dlab is close to zero (impact time
t; = 4.060 s), the influence of vertical impact on columns of the first storey is less
significant. It can be seen form Figure 6.28 that, for this case, the columns of the first
storey are able to withstand the additional force generated by impact without leading
to the collapse, even though the plastic deformations took place.

The results of the study also indicate that a substantial difference in the
response of the building under earthquake excitation concern the two other cases of
impact time (t; = 3.470s and t, = 3.920s). The difference between the peak
responses for the above cases, as compared to the peak response when impact takes
place when the resultant deformation of the first storey dlab is equal to zero
(t; = 4.060 s) can be as large as 161,7% (see, for example, Figure 6.23b). It should
be mentioned, however, that the moment of impact taking place at the half-way to
the peak horizontal resultant displacement of the first storey slab may lead to the
substantial increase (see, for example, Figure 6.23) as well as to the decrease (see,
for example, Figure 6.25) in the structural response, as compared to the response for
impact case 1.

It can also be seen comparing Figures 6.16a-6.31a with Figures 6.16b-6.31b
that the incorporation of the strain rate effect in the numerical anaysis is realy
important and the difference between the responses with and without considering this
effect is substantial. In the case of impact at the time when the resultant horizontal
displacement of the first storey dab is close to zero (impact 1), for example, the
difference between the peak structural responses of the first storey columns at their

mid-height is within the range of 5.0-43.8%.
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6.5 Conclusions

The results of a detailed, nonlinear, three-dimensional numerical analysis,
focused on the behaviour of a multi-storey steel frame building that suffers from a
soft-storey failure under ground motion excitation, have been presented in this
chapter. A numerical model of the structure has been created in FEM computer
software and has been exposed to an impact that would have been generated after a
soft-storey failure due to faling of the upper floors onto the slab of the first storey.
The geometric nonlinearity due to impact and the second order effects as well as the
elasto-plastic material behaviour with the strain rate effect have been considered in
the analysis.

The results of the detailed nonlinear numerical analysis, concerning the
behaviour of model of the steel frame building under rea earthquake excitation,
confirm conclusions obtained in the previous chapters in which simplified numerical
models have been used. They show that not only the value of the impact force is
crucia but also the moment when impact occurs. It has been confirmed that the most
critical moment for the structure for being subjected to a vertical impact (due to the
soft-storey failure of the second storey) is when the horizontal deformation of the
first storey dlab is close to its peak. Moreover, the results clearly indicate that the
incorporation of the strain rate effect in the numerical analysis is really important in

order to increase its accuracy.
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Chapter 7.

FINAL CONCLUSIONSAND REMARKS

The present PhD dissertation has been devoted to the study concerning the
behaviour of steel columns that experience horizontal deformations and are
additionally subjected to vertical impact load, as the effect of the soft-storey failure
during earthquakes. The response of a multi-storey steel frame building that suffers
from a soft-storey failure under earthquake excitation has a'so been investigated in

details.

7.1 Final conclusions

The horizontal stiffness degradation of building steel columns subjected to
impact, caused by the fall of the upper storeys after soft-storey failure, has been first
investigated in this dissertation. The results of that study have indicated that the
degradation of horizontal stiffness of the columns may have a considerable influence
on the structural response under earthquake excitation. Moreover, the results have
shown that the time of impact plays a substantial role in the overall behaviour of a
building under earthquake excitation. It has been found out that the structural
response may be increased significantly if impact takes place when the structureisin
the range of its peak deformations during the ground motion, especially when the
structure is just approaching its extreme position. It has also been shown that the

derived formula for the degradation of the column’s stiffness, as the result of
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dynamic vertical load, can be successfully used in numerical analysis when lumped
mass models of buildings are used.

Further study has concerned the experimental investigation focused on the
behaviour of models of deformed steel columns that are additionally subjected to
vertical impact load. The results of the experiments have shown, that with the
increase in the pre-deformation of a column (relative displacement between the top
and the bottom) the value of the peak force acting on its top initially decreases and
then shows a considerable increase trend. Moreover, the experimental results have
indicated that, with the increase in the pre-deformation, the peak horizontal
displacement of the middle part of column substantially increases for all height drop
values considered.

The detailed numerical investigation concerning the behaviour of a model of
deformed steel column, that is additionally subjected to vertical impact load (the
result of soft-storey failure during earthquake), has been studied in the next part of
this dissertation. The results of the first stage of the study have shown, that with the
increase in the static pre-deformation of the column the peak mean normal stress
values induced at the bottom of the specimen as well as the peak horizontal
displacement at the middle of the column show a substantial increase trend for all
height drop values considered. On the other hand, the results of the second stage of
the numerical study have indicated that vertical impact may substantially influence
the response of the column, which is dynamically excited in its horizontal direction.
It has been shown that the response may be increased significantly if impact is
initiated when the specimen is in the range of its peak horizontal deformation.
Moreover, the results have indicated that the incorporation of the strain rate effect in

the numerical analysisisreally important in order to increase its accuracy.
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The last part of this work has been devoted to the detailed, nonlinear, three-
dimensional analysis focused on the behaviour of multi-storey steel frame building,
that suffers from a soft-storey failure under ground motion excitation. The results of
that study have confirmed conclusions obtained in the previous chapters of this
dissertation in which simplified numerical models have been used. They have shown
that not only the value of the impact force is crucial but also the moment when
impact occurs. It has been confirmed, based on the results obtained, that the most
critical moment for the structure for being subjected to a vertical impact (due to the
soft-storey failure) is when the horizontal deformation is close to its peak. The results
have also shown that the incorporation of the strain rate effect in the impact-involved

numerical analysisisreally important in order to increase its accuracy.

7.2 General remarks

Nowadays, civil engineers have an extensive set of rules and codes, eg.
Eurocodes, which help them in designing safe and economic structures. These rules
and codes apply for all different kind of load conditions and for most cases can be
assumed to be appropriate. This includes also the seismic loads specified in
Eurocode 8 (ECS 1998). So, one could assume that codes should be sufficient for the
design of new structures even those which are exposed to earthquake loading
preventing the soft-storey failure. Unfortunately, seismic loads are of a random kind
and do not always meet the assumed boundary conditions on which codes have been
based. There are aso buildings that have been designed before the present
regulations of Eurocode 8, or other guidelines for earthquake resistant design, have
been formulated. In such structures, the soft-storey failure may take place as the

results of earthquake loading.
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This work can be considered as the first comprehensive study dealing with
the effects of the soft-storey failure on the response of building under earthquake
excitation. The results obtained have provided us valuable information concerning
the behaviour of steel columns of the lower storeys exposed to extreme load
conditions after falling the upper floors. They have clearly indicated that not only the
value of the impact force is crucial but also the stage of deformation of columns
when impact takes place. It is believed that this fact isimportant in understanding the
fact that in some cases the soft-storey failure does initiate the progressive collapse,
while in other cases does not.

Besides the fact that the study has led us to variable conclusions, further
research is needed in order to extend our knowledge on the behaviour of buildings
after soft-storey failure during earthquakes. This should include further experimental
studies on larger structural models, including full scale models of buildings on
shaking tables. Moreover, the study described in this dissertation has been focused
on the numerical analyses concerning multi-storey steel building neglecting the soil-
structure interaction. Further numerical investigations on more detailed structural
models of different types of buildings under three-dimensional ground motion

excitations incorporating the influence of supporting soil are therefore required.
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