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ΕΚΤΕΤΑΜΕΝΗ ΕΛΛΗΝΙΚΗ ΠΕΡΙΛΗΨΗ

1. Γενικά Στοιχεία

Μια από τις μεθόδους αποτίμησης της σεισμικής συμπεριφοράς κτιρίων είναι και

η καλούμενη Στατική Υπερωθητική Ανάλυση (ΣΥΑ, static pushover), στην οποία το

αποτέλεσμα της σεισμικής δράσης προσομοιώνεται με στατικά επιβαλλόμενα φορτία ή

στατικά επιβαλλόμενες μετατοπίσεις, που αυξάνονται σταδιακά μέχρι την κατάρρευση.

Φυσικά, ο πλέον αξιόπιστος έλεγχος της σεισμικής συμπεριφοράς των κτηρίων

μπορεί να πραγματοποιηθεί με τον ακριβή υπολογισμό των μετελαστικών παραμορφώσεων

και εντατικών μεγεθών για ένα σύνολο σεισμικών διεγέρσεων που είναι πιθανό να πλήξουν

την κατασκευή. Ο υπολογισμός αυτός είναι εφικτός μόνο με τη διενέργεια του ανελαστικού

δυναμικού υπολογισμού με την άμεση χρονική ολοκλήρωση των δυναμικών εξισώσεων

κινήσεως. Ένας τέτοιος υπολογισμός εξακολουθεί να έχει μεγάλες απαιτήσεις υπολογιστικής

ισχύος ακόμη και για συνήθεις κατασκευές, παρά τη ραγδαία βελτίωση της ταχύτητας των

Η/Υ. Επιπρόσθετα προσκρούει σε προβλήματα προσομοίωσης της μετελαστικής ανακυκλικής

συμπεριφοράς των μελών της κατασκευής η οποία βρίσκεται στο στάδιο της διερεύνησης και

της πειραματικής επαλήθευσης.

Για τον λόγο αυτό έχουν αναπτυχθεί προσεγγιστικές μέθοδοι αποτίμησης-ελέγχου

της σεισμικής συμπεριφοράς των κτηρίων οι οποίες μετατρέπουν το ανελαστικό δυναμικό

πρόβλημα σε ανελαστικό στατικό μέσω των οποίων υπολογίζονται χαρακτηριστικές

παράμετροι της απόκρισης της κατασκευής (μετακινήσεις, στροφές, εντατικά μεγέθη, κλπ).

Οι τιμές των χαρακτηριστικών παραμέτρων, όπως υπολογίζονται από τις αναλύσεις αυτές,

αντιστοιχούν στις διατιθέμενες τιμές της κατασκευής οι οποίες συγκρίνονται με τις

απαιτούμενες τιμές που προκύπτουν λογιστικά μέσω των κανονιστικών διατάξεων.

Δύο προσεγγιστικές μέθοδοι με ευρεία αποδοχή, οι οποίες βασίζονται στη στατική

υπερωθητική ανάλυση, είναι η μέθοδος της σεισμικής αποτίμησης και σχεδιασμού με επιβολή

μετατοπίσεων (displacement-based seismic design method) και η μέθοδος της φασματικής

ικανότητας (capacity spectrum method) με επιβολή δυνάμεων. Η μέθοδος της φασματικής

ικανότητας θεωρείται ότι είναι πιο κοντά στη δυναμική ανάλυση στην οποία επιβάλλονται

αδρανειακές δυνάμεις και έχει υιοθετηθεί από τους αμερικάνικους κανονισμούς ΑTC-40 και

FEMA 273.

Η πλέον διαδεδομένη μέθοδος υπερωθητικής ανάλυσης σήμερα είναι η ΣΥΑ με



επιβολή φορτίων, η οποία, ανάλογα με τη μορφή και τον τρόπο επιβολής (προσομοίωσης) των

φορτίων αυτών διακρίνεται σε: (Ι) ΣΥΑ με φορτία γραμμικής κατανομής σταθερής

αναλογίας, (2) ΣΥΑ με φορτία ιδιομορφικής κατανομής σταθερής αναλογίας, (3) ΣΥΑ με

φορτία ιδιομορφικής κατανομής μεταβαλλόμενης αναλογίας και (4) ΣΥΑ με φορτία

πολύ-ιδιομορφικής κατανομής σταθερής ή μεταβαλλόμενης αναλογίας.

Παρακάτω περιγράφονται συνοπτικά οι μέθοδοι υπολογισμού των οριζόντιων

φορτίων για τις ΣΥΑ των τύπων (2), (3) και (4), εφαρμογές των οποίων πραγματοποιήθηκαν

κατά κόρον στα πλαίσια της παρούσας Διπλωματικής Εργασίας, όπως θα καταδειχτεί στη

συνέχεια.

1.1. Οριζόντια φορτία ιδιομορφικής κατανομής σταθερής αναλογίας

Η μέθοδος αυτή υπολογισμού των στατικών οριζόντιων φορτίων βασίζεται

στις παραδοχές της ισοδύναμης στατικής μεθόδου για τον αντισεισμικό σχεδιασμό

κατασκευών όπου οι αδρανειακές δυνάμεις προσδιορίζονται με βάση τη θεμελιώδη

ιδιοπερίοδο του κτηρίου και το φάσμα σχεδιασμού. Οι δυνάμεις κατανέμονται καθ' ύψος του

κτηρίου ώστε να προσεγγίζουν τις αδρανειακές δυνάμεις που αναπτύσσονται κατά τη

σεισμική διέγερση.

Υπολογίζεται κατ' αρχήν η θεμελιώδης ιδιομορφή και η ιδιοπερίοδος της

κατασκευής, μορφώνοντας τα μητρώα δυσκαμψίας (στιβαρότητας) και μάζας αυτής, και

επιλύοντας κατόπιν το γενικευμένο πρόβλημα ιδιοτιμών (κατά τα γνωστά από την γραμμική

δυναμική ανάλυση).

Στη συνέχεια υπολογίζεται η τέμνουσα βάσεως από το φάσμα σχεδιασμού

και την τιμή της θεμελιώδους ιδιοπεριόδου. Το φάσμα σχεδιασμού του κανονισμού αποτελεί

συνήθως μία περιβάλλουσα φασμάτων τα οποία προέρχονται από μία σειρά χαρακτηριστικών

επιταχυνσιογαφημάτων. Η δε μορφή του επηρεάζεται από τη γεωγραφική θέση, το είδος του

κτηρίου και από τα εδαφοτεχνικά χαρακτηριστικά της περιοχής. Η τέμνουσα βάσης

κατανέμεται στη στάθμη των ορόφων του κτηρίου έτσι ώστε να προσεγγίζονται οι

αδρανειακές δυνάμεις που αντιστοιχούν στη θεμελιώδη ιδιομορφή.

Τα οριζόντια φορτία ανά όροφο που προέκυψαν θα αποτελέσουν, είτε

αυτούσια είτε μετά από κάποια κλιμάκωση, τα φορτία εκκίνησης της οριακής προσαυξητικής

ανάλυσης με τη μέθοδο βήμα-προς-βήμα προκειμένου να υπολογιστεί η καμπύλη ικανότητας

του κτηρίου και τα άλλα χαρακτηριστικά μεγέθη τα οποία θα χρησιμοποιηθούν για τη στατική



υπερωθητική ανάλυση. Τα φορτία εκκίνησης αυξάνονται σταδιακά μέχρι την πλήρη

κατάρρευση του φορέα, ενώ η αναλογία των φορτίων εκκίνησης μεταξύ των ορόφων

παραμένει σταθερή κατά τη διάρκεια της προσαυξητικής ανάλυσης.

1.2. Οριζόντια φορτία ιδιομορφικής κατανομής μεταβαλλόμενης αναλογίας

Κατά την προϊούσα φόρτιση του φορέα με τα σταθερά κατακόρυφα φορτία

και σταδιακά αυξανόμενα οριζόντια φορτία μεταβάλλεται τόσο η θεμελιώδης ιδιοπερίοδος

όσο και η θεμελιώδης ιδιομορφή του φορέα λόγω του σταδιακού σχηματισμού πλαστικών

αρθρώσεων. Μία ακριβέστερη προσομοίωση των σεισμικών οριζόντιων δράσεων

επιτυγχάνεται με την προσαρμογή της καθ' ύψος κατανομής των σεισμικών φορτίων

σύμφωνα με την τρέχουσα πρώτη ιδιομορφή του αντίστοιχου βήματος φόρτισης λαμβάνοντας

υπόψη τον διαδοχικό σχηματισμό πλαστικών αρθρώσεων στον φορέα.

1.3. Οριζόντια φορτία πολυ-ιδιομορφικής κατανομής σταθερής ή

μεταβαλλόμενης αναλογίας

Σε φορείς των οποίων η δυναμική τους απόκριση επηρεάζεται σημαντικά

και από ανώτερες, πέραν της θεμελιώδους, ιδιομορφές θα πρέπει να λαμβάνεται υπόψη η

επιρροή ικανού αριθμού ιδιομορφών και κατά την εφαρμογή της στατικής υπερωθητικής

ανάλυσης. Υπενθυμίζεται ότι στη δυναμική φασματική μέθοδο αναλύσεως ο αριθμός των

ιδιομορφών που λαμβάνονται υπόψη εξαρτάται από το άθροισμα των αντίστοιχων

ιδιομορφικών μαζών τους. Δρώσα ιδιομορφική μάζα είναι το μέρος της συνολικής

ταλαντούμενης μάζας που ενεργοποιείται για κάθε ιδιομορφή ταλάντωσης. Έτσι όλες οι

ιδιομορφές των οποίων το άθροισμα των δρωσών ιδιομορφικών μαζών αντιστοιχεί σε ένα

ποσοστό (συνήθως στο 90%) της συνολικής ταλαντούμενης μάζας θεωρούνται ότι

συμμετέχουν ενεργά στη δυναμική απόκριση του συστήματος

Στην περίπτωση της ΣΥΑ μπορούμε να θεωρήσουμε ότι η κατανομή των

οριζόντιων φορτίων επηρεάζεται από έναν αριθμό, μικρό σχετικά, ιδιομορφών και να

υπολογίσουμε τα αντίστοιχα οριζόντια φορτία ανά όροφο που αντιστοιχούν σε αυτές τις

ιδιομορφές. Στη συνέχεια η αναλογία των φορτίων εκκίνησης μπορεί να παραμείνει σταθερή

καθ' όλη τη διάρκεια της οριακής ανάλυσης ή να προσαρμόζεται ανάλογα με τον σταδιακό

σχηματισμό των πλαστικών αρθρώσεων. Για τον υπολογισμό των οριζόντιων σεισμικών

φορτίων εκκίνησης με σταθερά φορτία πολυ-ιδιομορφικής κατανομής με τη συμμετοχή n



πλήθους ιδιομορφών ακολουθούνται τα παρακάτω βήματα:

(Ι) Υπολογισμός ικανού αριθμού ιδιοπεριόδων και ιδιομορφών από την

επίλυση του γενικευμένου προβλήματος ιδιοτιμών.

(2) Υπολογισμός της δρώσας μάζας κάθε ιδιομορφής.

(3) Υπολογισμός του αριθμού n των ενεργών ή σημαντικών ιδιομορφών

που αντιστοιχεί στο απαιτούμενο ποσοστό της συνολικής ταλαντούμενης μάζας του

συστήματος για τη ΣΥΑ.

(4) Υπολογισμός της φασματικής επιτάχυνσης Sa(Tj) ytaj=l, ... ,n και στη

συνέχεια της συνολικής οριζόντιας φόρτισης σε κάθε όροφο.

Στην περίπτωση που η αναλογία φορτίων μεταβάλλεται, ακολουθείται η

μεθοδολογία του προηγούμενου εδαφίου της Ι ης ιδιομορφής, με τη διαφορά ότι τα οριζόντια

φορτία προκύπτουν από το σύνολο των n ιδιομορφών και υπολογίζονται σε κάθε βήμα της

φόρτισης.

2. Στατική Υπερωθητική Ανάλυση στην παρούσα Εργασία

Τα βήματα της στατικής υπερωθητικής ανάλυσης με οριζόντια φορτία σταθερής ή

μεταβαλλόμενης αναλογίας, αλλά και εκείνης που βασίζεται στην σταδιακή μεταβολή

μετατοπίσεων, επηρεάζονται από τη θεώρηση που υιοθετείται για την προσομοίωση της μη

γραμμικής συμπεριφοράς του φορέα. Η ΣΥΑ γενικά ως μέθοδος μπορεί να εφαρμοστεί μόνον

μέσω κατάλληλου λογισμικού, τα δε αποτελέσματα της να συγκριθούν με αυτά μη γραμμικών

δυναμικών αναλύσεων χρονο - ιστορίας φόρτισης.

Στην παρούσα Διπλωματική Εργασία μελετήθηκαν λεπτομερώς, μέσω διαφόρων

τύπων ΣΥΑ, χαμηλού, μεσαίου και μεγάλου ύψους επίπεδοι πλαισιακοί φορείς ροπής

(moment resisting framed structures) τόσο από οπλισμένο σκυρόδεμα όσο και από χάλυβα.

Χρησιμοποιήθηκαν δύο λογισμικά προς τούτο, το DRAIN-2DX και το SAP2000.

Οι αναλύσεις έγιναν για έξι επίπεδα παραμόρφωσης, που παριστάνουν ελαστική

και διαφόρων επιπέδων μη γραμμική (ανελαστική) συμπεριφορά, και για τέσσερις τυχαία

επιλεγμένες μεμονωμένες καταγραφές εδαφικών κινήσεων. Οι σεισμικές απαιτήσεις

εκτιμήθηκαν μέσω των διαφόρων τύπων ιδιομορφικής ΣΥΑ (ως άνω) και η ακρίβεια

προσομοίωσης - κατανομής των οριζόντων φορτίων για την πρόβλεψη των σεισμικών

απαιτήσεων αξιολογήθηκε μέσω σύγκρισης των αποτελεσμάτων της ΣΥΑ με αυτά

αναλύσεων χρονο - ιστορίας. Πιο συγκεκριμένα, έλαβαν χώραν μη γραμμικές δυναμικές



αναλύσεις του ισοδύναμου μονοβάθμιου μοντέλου, εφαρμόστηκε η μέθοδος φάσματος

ικανότητας (ATC-40), η μέθοδος ελέγχου των μετατοπίσεων (FEMA-356) καθώς και η

διαδικασία Σταθερής Ολκιμότητας (constant ductility). Αυτές πραγματοποιήθηκαν σε όλα τα

επίπεδα παραμόρφωσης και για όλες τις επιλεγείσες εδαφικές κινήσεις, και τα συγκριτικά

αποτελέσματα αξιολογήθηκαν από πλευράς παραδοχών και ακρίβειας προβλέψεων.

3. Συμπεράσματα

Από την διαδικασία που ακολουθήθηκε στην παρούσα Εργασία εξήχθησαν τα

ακόλουθα συμπεράσματα

• Η μελέτη σχετικά με την εφαρμογή της pushover ανάλυσης και με την

μοντελοποίηση της μη γραμμικής συμπεριφοράς των μελών και της όλης κατασκευής από τα

προγράμματα DRAIN-2DX και SAP2000 έδωσε το γενικό συμπέρασμα ότι τα αποτελέσματα

που προκύπτουν από την εν λόγω ανάλυση μπορεί να εξαρτώνται από το λογισμικό που

χρησιμοποιείται, λόγω των περιορισμών του και των στοιχείων της βιβλιοθήκης που είναι

ενσωματωμένη σε αυτά.

• Παρά ταύτα, παρόμοια αποτελέσματα όσον αφορά τις pushover καμπύλες και

τα πρότυπα αρθρώσεων, μπορούν να ληφθούν από τα δύο διαφορετικά λογισμικά που

χρησιμοποιούνται εδώ, υπό την προϋπόθεση ότι χρησιμοποιείται η ίδια προσέγγιση στη

μοντελοποίηση των μη γραμμικών ιδιοτήτων των μελών καθώς και των δομικών

χαρακτηριστικών τους.

• Η υπολογιστική προσέγγιση των προγραμμάτων DRAIN-2DX και SAP2000,

για να πραγματοποιηθεί η pushover ανάλυση, είναι παρόμοια καθώς και τα δύο λογισμικά

χρησιμοποιούν μια στρατηγική λύση «event-toevent» (<<από συμβάν σε συμβάν») και

χρησιμοποιούν κάποιες παραμέτρους που την ελέγχουν, αν και υπάρχουν κάποιες

διακυμάνσεις σε αυτές τις παραμέτρους.

• Η γεωμετρική μη γραμμικότητα μπορεί να ληφθεί υπ' όψιν μέσω των

επιδράσεων των φαινομένων β' τάξης (Ρ-Δ) και για τα δύο λογισμικά.

• Το DRAIN-2DX δεν μπορεί να ερμηνεύσει τις επιδράσεις των πραγματικά

μεγάλων μετατοπίσεων. Η ανάλυση τερματίζεται αν οι πλαστικές αρθρώσεις λάβουν χώρα

κατά τη διάρκεια της pushover ανάλυσης του συνδυασμού "Gravity" (βαρύτητας) στο

πρόγραμμα DRAIN-2DX. Αντίθετα, το SAP2000 επιτρέπει την πλαστική άρθρωση κατά τη

διάρκεια της pushover ανάλυσης του συνδυασμού "Gravity" (βαρύτητας).



• Η μη γραμμική συμπεριφορά των μελών προσομοιάζεται μέσω της μεθόδου

της συγκεντρωμένης πλαστικότητας (Iumped plasticity).Ot πλαστικές αρθρώσεις, αλλά αυτές

μπορούν να αναπτυχθούν μόνο στα άκρα των μελών στο πρόγραμμα DRAIN-2DX, ενώ στο

SAP2000 μπορούν να οριστούν σε οποιοδήποτε σημείο κατά μήκος του ανοίγματος του

μέλους καθώς και στις απολήξεις του.

• Το πρόγραμμα SAP2000 χρησιμοποιεί ως μεθόδους αποφόρτισης των μελών

τις διαδικασίες "Unload Entire Structure" (<<Αποφόρτιση Ολόκληρης της Δομής»), "Apply

Local Redistribution" (<<Εφαρμογή Τοπικής ανακατανομής») και "Restart Using Secant

Stiffness" (<<Επανεκκίνηση χρησιμοποιώντας την επιβαίνουσα δυσκαμψία»), ενώ το

πρόγραμμα DRAIN2DX μάλλον εκτελεί την υπερωθητική pushover ανάλυση με την επιλογή

"Unload Entire Structure" (<<Αποφόρτιση Ολόκληρης της Δομής»), αν και καμία πληροφορία

δεν παρουσιάζεται στον οδηγό χρήσης.

• Το πρόγραμμα SAP2000 μπορεί να χρησιμοποιήσει για τη μη γραμμική

συμπεριφορά του μέλους τόσο τις προεπιλεγμένες (default) ιδιότητες όσο και τις

καθορισμένες πλήρως από το χρήστη (user-defιned), ενώ το πρόγραμμα DRAJN-2DX

χρησιμοποιεί μόνο τις καθορισμένες πλήρως από το χρήστη (user-defιned).

• Οι προεπιλεγμένες (default) και οι καθορισμένες από το χρήστη (userdefιned)

οριακές ροπές χάλυβα και η επιφάνεια αλληλεπίδρασης φορτίου-ροπών Ρ-Μ2-Μ3 (ΡΜΜ)

των αρθρώσεων του SAP2000 έχουν την ίδια χαρακτηριστικά, εκτός από τις ικανότητες της

πλαστικής στροφής και τους δείκτες κράτυνσης, ενώ οι προεπιλεγμένες (default) και οι

καθορισμένες από το χρήστη (user-defιned) ροπές σκυροδέματος και η ΡΜΜ των αρθρώσεων

του SAP2000 θα μπορούσαν να έχουν εντελώς διαφορετικά χαρακτηριστικά.

• Τα αποτελέσματα της pushover ανάλυσης, που εκτελείται με το πρόγραμμα

SAP2000 χρησιμοποιώντας τις προεπιλεγμένες ιδιότητες των αρθρώσεων σκυροδέματος, θα

πρέπει να ερμηνεύονται με προσοχή, δεδομένου ότι οι αυτές δεν μπορούν να προσομοιώσουν

την ακριβή μη γραμμική συμπεριφορά της κατασκευής.

• Οι pusltover αναλύσεις που πραγματοποιούνται από το SAP2000

χρησιμοποιώντας προεπιλεγμένες (default) και καθορισμένες από το χρήστη (user-defιned)

ιδιότητες αρθρώσεων, δίνουν διαφορετικές καμπύλες ικανότητας, σειρά (ακολουθία)

πλαστικών αρθρώσεων και πρότυπο άρθρωσης. Στο πρόγραμμα DRAIN-2DX, οι πλαστικές

αρθρώσεις υποτίθεται ότι προέρχονται μόνο από καμπτική διαρροή και η μη γραμμική

συμπεριφορά των υποστυλωμάτων προσομοιώνεται με τα ιδανικά διαγράμματα



αλληλεπίδρασης, όπου θεωρούνται αμελητέες οι ανελαστικές αξονικές παραμορφώσεις, οπότε

η πραγματική συμπεριφορά του υποστυλώματος δεν μπορεί να προσδιοριστεί.

• Το πρόγραμμα DRAIN-2DX μπορεί να μοντελοποιήσει μόνο τις διγραμμικές

σχέσεις ροπής-καμπυλότητας των μελών για να παραστήσει τη μη γραμμική συμπεριφορά και

δεν μπορεί να θέσει ένα όριο για τη μέγιστη ικανότητα παραμόρφωσης των μελών, έτσι οι

pushover καμπύλες που λαμβάνονται από το DRAIN-2DX δίνουν απεριόριστη ικανότητα

πλευρικής παραμόρφωσης για τις κατασκευές. Από την άλλη πλευρά, το SAP2000 μπορεί να

μοντελοποιήσει την αρχική αστοχία (του υποβιβασμού της αντοχής) και τη μέγιστη ικανότητα

παραμόρφωσης των μελών υπό οριζόντια φόρτιση, ώστε οι κατασκευές να έχουν μία σαφή

ικανότητα μέγιστης πλευρικής μετατόπισης.

• Και τα δύο λογισμικά αποδίδουν σχεδόν τις ίδιες pushover καμπύλες για τους

πλαισιακούς δομικούς φορείς, τόσο από οπλισμένο σκυρόδεμα όσο και από χάλυβα, εκτός

από τα πλαίσια που έχουν πλαστικές αρθρώσεις στα υποστυλώματα στα αρχικά στάδια της

διαρροής. Ιδανικά διαγράμματα αλληλεπίδρασης, που χρησιμοποιούνται στο DRAIN-2DX,

δεν μπορούν να αντιπροσωπεύσουν αποτελεσματικά την ακριβή ανελαστική συμπεριφορά

των υποστυλωμάτων, έτσι το DRAIN-2DX δίνει αποτελέσματα για μικρότερη ικανοτική

τέμνουσα βάσης σε περιπτώσεις που παρατηρούνται ευρέως οι πλαστικές αρθρώσεις στα

υποστυλώματα. Επίσης, η προσέγγιση που χρησιμοποιείται στο DRAIN-2DX για να

μοντελοποιηθεί η κράτυνση λόγω κάμψης δίνει μικρότερη ικανοτική τέμνουσας βάσης για τα

μεταλλικά πλαίσια. Ωστόσο, οι διαφορές που παρατηρούνται στις καμπύλες ικανότητας, λόγω

των περιορισμών του DRAIN-2DX στο να μοντελοποιήσει τα διαγράμματα αλληλεπίδρασης

και την κράτυνση, είναι αμελητέα μικρές, οπότε είτε το SAP2000 είτε το DRAIN-2DX να

μπορεί να χρησιμοποιηθεί για να εκτελέσει υπερωθητικές αναλύσεις στην πράξη, για

πλαισιακές κατασκευές. Και τα δύο λογισμικά έδωσαν σχεδόν την ίδια ακολουθία πλαστικών

αρθρώσεων και τα ίδια πρότυπα πλαστικής άρθρωσης.

• Οι πρωταρχικές παρατηρήσεις από τη μελέτη σχετικά με την ακρίβεια της

πρόβλεψης της σεισμικής απαίτησης των αμετάβλητων πρότυπων πλευρικών φορτίων, που

χρησιμοποιούνται στην παραδοσιακή υπερωθητική pushover διαδικασία και στην

Ιδιομορφική Υπερωθητική ανάλυση για την πρόβλεψη σεισμικών απαιτήσεων, έδειξαν ότι η

ακρίβεια των pushover αποτελεσμάτων εξαρτάται σε μεγάλο βαθμό από την διαδρομή του

φορτίου, τις ιδιότητες της δομής και τα χαρακτηριστικά της εδαφικής κίνησης.

• Η μεταβολή στην καθ' ύψος κατανομή των τριγωνικών πλευρικών πρότυπων



φορτίων (<<Ελαστική πρώτη μορφή», «Συνδυασμός», «FEMA-273» και «Πολυ-μορφικό (ή

SRSS)>», είναι αμελητέα για χαμηλά έως μεσαίου ύψους (ανωδομής) πλαίσια (με θεμελιώδη

(ιδιο)περίοδο μικρότερη από περίπου 1,0 s), ενώ η μεταβολή στην καθ' ύψος κατανομή των

τριγωνικών πλευρικών πρότυπων φορτίων παρατηρήθηκε ότι είναι σημαντική για πλαίσια

μακράς διάρκειας ζωής.

• Κανένα από τα αμετάβλητα πλευρικά πρότυπα φορτία ούτε και η Τδιομορφική

Υπερωθητική ανάλυση (Modal Pushover Analysis) (ΜΡΑ) δεν θα μπορούσαν να συλλάβουν

την «ακριβή» σεισμική απαίτηση που λαμβάνεται από τη μη γραμμική ανάλυση

χρονο-ϊστορίας σε οποιοδήποτε επίπεδο παραμόρφωσης.

• Το σφάλμα που εμπεριέχεται στην πρόβλεψη της σεισμικής απαίτησης του

κάθε αμετάβλητου πρότυπου πλευρικού φορτίου και της Τδιομορφικής Υπερωθητικής

ανάλυσης (Modal Pushover Analysis) (ΜΡΑ), παρατηρήθηκε να μεγαλώνει καθώς το ύψος

του πλαισίου (δηλαδή καθώς η θεμελιώδης περίοδος του πλαισίου) αυξάνει.

• Το σφάλμα που εμπεριέχεται στην μετατόπιση ορόφου και στην πρόβλεψη του

δείκτη ενδο-οροφικής σχετικής πλευρικής μετατόπισης (απόκλιση) κάθε αμετάβλητου

πλευρικού πρότυπου φορτίου και της Ιδιομορφικής Υπερωθητικής ανάλυσης (Modal

Pushover Analysis) (ΜΡΑ), παρατηρήθηκε να είναι μεγαλύτερο σε μη γραμμικά επίπεδα

παραμόρφωσης. ωστόσο, η αλλαγή στο σφάλμα με μη γραμμικότητα, ήταν ως επί το πλείστον

ασήμαντη για αμετάβλητα πλευρικά πρότυπα φορτία, ενώ δεν παρατηρήθηκε σαφής τάση για

την ΜΡΑ σε μη γραμμικά επίπεδα παραμόρφωσης.

• Το «Ομοιόμορφο» πλευρικό πρότυπο φορτίο ως επί το πλείστον δίνει έμφαση

στις απαιτήσεις στους χαμηλότερους ορόφους σε σχέση με τις απαιτήσεις στους ανώτερους

ορόφους, όπως παρατηρείται στην μετατόπιση ορόφου, στο δείκτη ενδο-οροφικής σχετικής

πλευρικής μετατόπισης (απόκλιση), στην τέμνουσα ορόφου και στις προβλέψεις των θέσεων

των πλαστικών αρθρώσεων, ενώ τα τριγωνικά πλευρικά πρότυπα φΌρτία προέβλεπαν την

απόκριση πιο ομοιόμορφα πάνω από το ύψος του πλαισίου. Επίσης, το σφάλμα που

εμπεριέχεται στις προβλέψεις της «ομοιόμορφης» φόρτισης της μετατόπισης ορόφου και των

απαιτήσεων του δείκτη ενδοοροφικής σχετικής πλευρικής μετατόπισης (απόκλιση),

παρατηρήθηκαν ότι φτάνουν σε μη αποδεκτά μεγάλες τιμές συγκριτικά με τις προβλέψεις των

τριγωνικών πλευρικών πρότυπων φορτίων. Ως εκ τούτου, οι προβλέψεις σεισμικής απαίτησης

των τριγωνικών πλευρικών πρότυπων φορτίων ήταν καλύτερες από ότι οι προβλέψεις της

«Ομοιόμορφης» φόρτισης για όλους τους πλαισιακούς δομικούς φορείς σε όλα τα επίπεδα



παραμόρφωσης.

• Τα τριγωνικά πρότυπα φορτία έδωσαν τις ίδιες σχεδόν προβλέψεις στην

καθολική καμπύλη ικανότητας, στην μετατόπιση ορόφου, στον δείκτη ενδο-οροφικής

σχετικής πλευρικής μετατόπισης (απόκλιση), στην τέμνουσα ορόφου και στις θέσεις

πλαστικών αρθρώσεων για χαμηλού έως μεσαίου ύψους πλαίσια, καθώς η μεταβολή της καθ'

ύψους κατανομής των τριγωνικών πλευρικών πρότυπων φορτίων είναι αμελητέα για χαμηλού

έως μεσαίου ύψους πλαίσια. Ως εκ τούτου, κάθε τριγωνικό πλευρικό πρότυπο φορτίο θα

μπορούσε να χρησιμοποιηθεί για να προβλέψει τις σεισμικές απαιτήσεις σε χαμηλού έως

μεσαίου ύψους πλαίσια.

• Σημαντικές διαφορές παρατηρήθηκαν στην πρόβλεψη της σεισμικής

απαίτησης από τα τριγωVΙKά πλευρικά πρότυπα φορτία για πλαίσια μεγάλης διάρκειας ζωής

καθώς η μεταβολή της καθ 'ύψους κατανομής των τριγωνικών πλευρικών πρότυπων φορτίων

είναι σημαντική για πολυώροφα πλαίσια.

• Η πρόβλεψη της μετατόπισης ορόφου και του δείκτη ενδο-οροφικής σχετικής

πλευρικής μετατόπισης (απόκλιση), από τα τριγωνικά πλευρικά πρότυπα φορτία, ως επί το

πλείστον βρίσκεται μεταξύ των προβλέψεων των πλευρικών πρότυπων φορτίων,

«Πολυ-μορφικού (ή SRSS)>> και «Ελαστικής πρώτης μορφής», για πλαισιακούς δομικούς

φορείς μακράς διάρκειας ζωής. Ως εκ τούτου, θα ήταν καλύτερο να εκτιμηθεί η απαίτηση για

την μετατόπιση ορόφου και τον δείκτη ενδο-οροφικής σχετικής πλευρικής μετατόπισης

(απόκλιση) για κατασκευές μακράς διάρκειας ζωής, λαμβάνοντας υπ' όψιν το μέσο όρο των

προβλέψεων του «Πολυ-μορφικού (ή SRSS)>> και της «Ελαστικής πρώτης μορφής» ή του

πρότυπου φορτίου του «Συνδυασμού», που αντιστοιχεί στον εν λόγω μέσο όρος τις

περισσότερες των περιπτώσεων.

• Τα πλευρικά πρότυπα φορτία των «FEMA-273» και «Πολυ-μορφικό (ή

SRSS)>>, έδωσαν τα άνω και κάτω όρια των ικανοτικών τεμνουσών βάσης, που

επιτυγχάνονται από τα τριγωνικά πλευρικά πρότυπα φορτία για πλαίσια μακράς διάρκειας

ζωής, αντίστοιχα, και παρατηρήθηκε ότι οι καμπύλες ικανότητας που λαμβάνονται από το

πλευρικό πρότυπο φορτίο, «Ελαστική πρώτη μορφή» ή «Συνδυασμός», παριστάνουν έναν

μέσο όρο των καθολικών

• Κανένα από τα αμετάβλητα πλευρικά πρότυπα φορτία δεν θα μπορούσε να

«συλλάβει» την κατά προσέγγιση δυναμική συμπεριφορά, είτε σε καθολικό επίπεδο είτε και

σε επίπεδο ορόφων. Το «Ομοιόμορφο» και τα τριγωνικά πλευρικά πρότυπα φορτία φαίνεται



να είναι τα άνω και κάτω όρια της κατά προσέγγιση δυναμικής καθολικής συμπεριφοράς, ενώ

όλα τα αμετάβλητα πλευρικά πρότυπα φορτία υποτιμούν τη δυναμική συμπεριφορά σε όλες

σχεδόν τις στάθμες ορόφου, όπως απεικονίζεται στις pushover καμπύλες ορόφου.

• Οι πρότυπες πλαστικές αρθρώσεις των πλαισίων, που προκύπτουν από τις

σεισμικές διεγέρσεις που εφαρμόστηκαν, έδειξαν διαφοροποιήσεις σε σχέση με τις εδαφικές

κινήσεις, ακόμη και στις ίδιες μετατοπίσεις αιχμής οροφής λόγω των χαρακτηριστικών των

εδαφικών κινήσεων, και των πλαισιακών δομικών φορέων.

• Καμιά από τις διαδικασίες pushover αναλύσεων που χρησιμοποιήθηκαν εδώ

δεν ήταν σε θέση να «συλλάβει» εύλογα ούτε την ακριβή ακολουθία των αρθρώσεων ούτε τις

θέσεις τους. Οι προβλέψεις των θέσεων των πλαστικών αρθρώσεων, των τριγωνικών

πλευρικών πρότυπων φορτίων, παρατηρήθηκαν να είναι καλύτερες από εκείνες της

«Ομοιόμορφης» φόρτισης για 5, 8 και Ι 2-όροφους πλαισιακούς δομικούς φορείς οπλισμένου

σκυροδέματος (R/C). Οι προβλέψεις όλων των πλευρικών πρότυπων φορτίων και της

lδιομορφικής Υπερωθητικής ανάλυσης (Modal Pushover Analysis) (ΜΡΑ) ήταν φτωχότερες

(ποιοτικά) για τα πολυώροφα πλαίσια. Παρόλο που η lδιομορφική Υπερωθητική ανάλυση

(Modal Pushover Analysis) (ΜΡΑ) έδωσε βελτιωμένες προβλέψεις για τις θέσεις των

πλαστικών αρθρώσεων, η πρόβλεψη της θέσης της πλαστικής άρθρωσης, από τα αμετάβλητα

πρότυπα πλευρικά φορτία και από την lδιομορφική Υπερωθητική ανάλυση (ΜΡΑ), ήταν

ανεπαρκής και μη συντηρητική για όλα τα πλαίσια. Δεδομένου ότι, δεν παρατηρήθηκε να

υπάρχει εμφανής υπεροχή κάποιου πρότυπου φορτίου έναντι των άλλων, προτείνεται η χρήση

του απλούστερου πρότυπου φορτίου, με βάση την πρώτη (ιδιο) μορφή. Παρά το γεγονός ότι

τα πλευρικά πρότυπα φορτία «FEMA-273» και «Πολυ-μορφικό (SRSS)>> λαμβάνουν υπ' όψιν

τις επιδράσεις των ανώτερων (ιδιο)μορφών (τουλάχιστον των ελαστικών ανώτερων

(ιδιο)μορφών), αυτά τα πρότυπα φορτία δεν δίνουν βελτιωμένες προβλέψεις της σεισμικής

απαίτηση~ -, ια πλαισιακούς δομικούς φορείς μακράς διάρκειας ζωής. Παρά το γεγονός ότι τα

πλευρικά πρότυπα φορτία «FEMA-273» και «Πολυ-μορφικό (SRSS)>> λαμβάνουν υπ' όψιν τις

επιδράσεις των ανώτερων (ιδιο)μορφών (τουλάχιστον των ελαστικών ανώτερων

(ιδιο)μορφών), αυτά τα πρότυπα φορτία δεν δίνουν βελτιωμένες προβλέψεις της σεισμικής

απαίτησης για πλαισιακούς δομικούς φορείς μακράς διάρκειας ζωής.

• Η lδιομορφική Υπερωθητική ανάλυση (ΜΡΑ) εκτιμά ως επί το πλείστον τις

απαιτήσεις της μετατόπισης ορόφου και του δείκτη ενδο-οροφικής σχετικής πλευρικής

μετατόπισης (απόκλιση), με παρόμοιο βαθμό ακρίβειας όπως τα τριγωνικά πλευρικά πρότυπα

φορτία για χαμηλού έως μεσαίου ύψους πλαίσια, αν και παρατηρήθηκαν ορισμένες



εξαιρέσεις. Ωστόσο, η Ιδιομορφική Υπερωθητική ανάλυση (ΜΡΑ) ως επί το πλείστον

προέβλεψε τις απαιτήσεις στην ενδο-οροφική σχετική πλευρική μετατόπιση (απόκλιση) στους

χαμηλότερους ορόφους παρόμοια με τα τριγωνικά πλευρικά πρότυπα φορτία, ενώ οι

βελτιωμένες προβλέψεις παρατηρήθηκαν στους ανώτερους ορόφους για πλαίσια μακράς

διάρκειας ζωής, καθώς η ΜΡΑ λαμβάνει υπ' όψιν τις επιδράσεις των ανώτερων (ιδιο)

μορφών. Συνοπτικά, η ικανότητα των pushover διαδικασιών, για να προσομοιώσουν την καθ'

ύψος παραμόρφωση των επιπέδων (ορόφων) παρατηρήθηκε να είναι καλύτερη στην ελαστική

περιοχή απόκρισης των πλαισίων, αλλά σημαντικές αποκλίσεις παρατηρήθηκαν στα επίπεδα

ανελαστικής παραμόρφωσης. Παρ' όλο που οι διαδικασίες pushover αναλύσεων παρείχαν

λογικές προβλέψεις για χαμηλού έως μεσαίου ύψους πλαίσια, ο βαθμός ακρίβειας μειώθηκε

σημαντικά για τους πολυώροφους πλαισιακούς δομικούς φορείς ανεξάρτητα από το πρότυπο

φορτίο που χρησιμοποιήθηκε. Λαμβάνοντας υπ' όψιν τα αποτελέσματα που παρουσιάζονται

εδώ, η χρήση του απλούστερου πρότυπου φορτίου, της «Ελαστικής πρώτης μορφής» ή του

«Συνδυασμού», συνιστάται για τις pushover αναλύσεις για τα χαμηλά έως τα μεσαίου ύψους

δομικά πλαίσια των κατασκευών. Ωστόσο, οι επιπτώσεις των ανώτερων (ιδιο) μορφών, που

είναι κυρίαρχες στους πολυώροφους πλαισιακούς δομικούς φορείς, οδήγησαν σε μη

ρεαλιστικά προφίλ της παραμόρφωσης που λαμβάνονται από τις pushover αναλύσεις και τα

αποτελέσματα αυτά δεν θα μπορούσαν να βελτιωθούν σημαντικά με την περίπλοκη

διαδικασία της Ιδιομορφικής Υπερωθητικής ανάλυσης (Modal Pushover Analysis) (ΜΡΑ). Ως

εκ τούτου, για ακριβείς προβλέψεις, ώστε να επιτευχθούν λογικές ανελαστικές

παραμορφώσεις σε όλες τις στάθμες ορόφων, θα πρέπει να χρησιμοποιείται η μη γραμμική

ανάλυση χρονο-ϊστορίας. Επίσης, η χρήση του «Ομοιόμορφου» πρότυπου φορτίου δεν

συνιστάται για όλα τα πλαίσια, καθώς δεν προσομοιάζει μια ρεαλιστική κατανομή καθ' ύψος

των δυνάμεων αδρανείας, όπως αποδείχθηκε από τις μεγάλες αποκλίσεις στα σχετικά

αποτελέσματα. Η επι\ογή της pushover διαδικασίας εξαρτάται από το επιθυμητό επίπεδο

ακρίβειας για την περίπτωση που είναι σε εξέλιξη (για την εξεταζόμενη περίπτωση). Αυτή η

μελέτη απέδειξε ότι η ακρίβεια που επιτυγχάνεται μέσω των πολύπλοκων pushover

διαδικασιών, δεν είναι σημαντική ακόμη και για πολυώροφα πλαίσια και ως εκ τούτου δεν

μπορεί να δικαιολογηθεί το κόστος τους. Απλά πρότυπα φορτία μπορούν να χρησιμοποιηθούν

υπό την προϋπόθεση ότι η ικανότητά τους να «συλλάβουν» την τοπική συμπεριφορά είναι

περιορισμένη για πολυώροφα κτίρια.

• Όλες οι διαδικασίες που χρησιμοποιούνται για να προβλέψουν τη μέγιστη

απαίτηση μετατόπισης είναι προσεγγιστικές, υπό την έννοια ότι η σεισμική απαίτηση σε



μετατόπιση μιας πολυβάθμιας (MDOF) κατασκευής υπολογίζεται από την απαίτηση

μετατόπισης ενός ισοδύναμου μονοβάθμιου (SDOF) συστήματος, με βασικές ιδιότητες που

αποκομίζονταιαπό την καμπύλη ικανότηταςτης πολυβάθμιας (MDOF) κατασκευής.

• Η ακρίβεια των προβλέψεων εξαρτάται από τα χαρακτηριστικά της εδαφικής

κίνησης και από τις δομικές ιδιότητες καθώς και από τις προσεγγίσεις που ενυπάρχουν στις

διαδικασίες. Όλες οι διαδικασίες έδωσαν σχεδόν την ίδια πρόβλεψη απαίτησης μετατόπισης,

με περίπου 10% ακρίβεια στην ελαστική περιοχή, αλλά αποκλίσεις παρατηρήθηκαν σε μη

γραμμικά επίπεδα παραμόρφωσης. Το σφάλμα που εμπλέκεται, στην μέγιστη πρόβλεψη

απαίτησης σε μετατόπιση της κάθε διαδικασίας, παρατηρήθηκε να είναι μεγαλύτερο στα μη

γραμμικά επίπεδα παραμόρφωσης. Ωστόσο, καμία σαφής τάση δεν παρατηρήθηκε στη

μεταβολή του σφάλματος με τη μη γραμμικότητα. Το σφάλμα που εμπλέκεται στις εκτιμήσεις

των προσεγγιστικών διαδικασιών παρατηρήθηκε ότι είναι ανεξάρτητο από τον αριθμό των

ορόφων. Η Φασματική Μέθοδος (Capacity Spectrum Method) (ΑTC-40), ως επί το πλείστον

υποτιμά την απαίτηση σε μετατόπιση (έως και 40% σε μη γραμμικά επίπεδα παραμόρφωσης).

Η Μέθοδος Ελέγχου των Μετατοπίσεων(Displacement CoeffιcientMethod) (FEMA-356), ως

επί το πλείστον υπερεκτιμά την απαίτηση σε μετατόπιση, έως και 100% για τα μη γραμμικά

επίπεδα παραμόρφωσης. Η μη-γραμμική δυναμική ανάλυση (NonIinear DΥnalηίc AnaIysis)

του ισοδύναμου μονοβάθμιου (SDOF) συστήματος και η διαδικασία Συνεχούς

Πλαστιμότητας (Constant DuctiIity Procedure), ακολούθησαν μια παρόμοια τάση, η οποία

βρίσκεται μεταξύ των προβλέψεων της Μεθόδου Ελέγχου των Μετατοπίσεων (Displacement

Coeffιcient Method) (FEMA-356) και της Φασματικής Μεθόδου (Capacity Spectrum

Method) (ΑTC-40).

• Οι προβλέψεις της μη-γραμμικής δυναμικής ανάλυσης (Nonlinear Dynamic

Analysis) του ισοδύναμου μονοβάθμιου (SDOF) συστήματος και της διαδικασίας Συνεχούς

Πλαυ':ιμότητας (Constant DuctiIity Procedure), ήταν ως επί το πλείστον σε λογικά πλαίσια

συντηρητικές, ενώ οι προβλέψεις της μη-γραμμικής δυναμικής ανάλυσης του ισοδύναμου

μονοβάθμιου (SDOF) συστήματος ήταν πιο ακριβείς. Η ύπαρξη σύγκλισης, δεν γινόταν να

παρατηρηθεί στη Φασματική Μέθοδο (Capacity Spectrum Method) (ΑTC-40) και στη

διαδικασία Συνεχούς Πλαστιμότητας (Constant DuctiIity Procedure), καθώς οι διαδικασίες

τους εμπεριέχουν την επαναληπτική λύση. Επίσης παρατηρήθηκαν πολλαπλά σημεία τομής

των φασμάτων απόκρισης (απαίτησης) με την καμπύλη ικανότητας και στις δύο διαδικασίες

λόγω της ακανόνιστης μορφής των φασμάτων απαίτησης. Σε τέτοιες περιπτώσεις, η



επαναληπτική λύση πρέπει να πραγματοποιηθεί πιο προσεκτικά ώστε να καθοριστεί το σωστό

σημείο απαίτησης σύμφωνα με τα φάσματα απαίτησης.

• Η μη-γραμμική δυναμική ανάλυση (NonIinear Dynamic Analysis) του

ισοδύναμου μονοβάθμιου (SDOF) συστήματος θα πρέπει να προτιμάται για την εκτίμηση της

μέγιστης απαίτησης μετατόπισης σε περίπτωση που είναι διαθέσιμες οι καταγραφές των

εδαφικών κινήσεων ενώ η διαδικασία Συνεχούς Πλαστιμότητας (Constant DuctiIity

Procedure)θα είναι πιο κατάλληλη στην περίπτωση που είναι διαθέσιμο φάσμα απόκρισης

σχεδιασμού.

• Ο βαθμός ακρίβειας αυτών των διαδικασιών εκτιμάται βάσει της ικανότητάς

τους να προβλέπουν τη μετατόπιση οροφής του πολυβάθμιου (MDOF) συστήματος, η οποία

δεν είναι απλώς μια επιτυχημένη εκτίμηση του μεγέθους της απόκρισης του ορόφου.

4. Προτάσεις Υια μελλοντική έρευνα

Η παρούσα Εργασία χρησιμοποίησε ένα μικρό αριθμό πλαισιακών δομικών

φορέων, οπλισμένου σκυροδέματος και χάλυβα, ανθιστάμενων στις ροπές, και έναν

περιορισμένο αριθμό διεγέρσεων εδαφικών κινήσεων. Μια εκτεταμένη μελέτη, που θα

περιέχει ένα μεγαλύτερο αριθμό πλαισιακών δομικών φορέων, που καλύπτουν ένα ευρύ

φάσμα των θεμελιωδών (ιδιο)περιόδων και ένα σύνολο αντιπροσωπευτικών καταγραφών

εδαφικής κίνησης, θα ενισχύσει τα αποτελέσματα που επιτεύχθηκαν από τις pushover

διαδικασίες για την ακρίβεια της πρόβλεψης της σεισμικής απαίτησης και από τις

προσεγγιστικές διαδικασίες για την ακρίβεια της πρόβλεψης της απαίτησης της μέγιστης

μετατόπισης.

Επίσης, οι προσαρμοστικές μορφές πλευρικού φορτίου, θα μπορούσαν να

συμπεριληφθούν στη ~Kτεταμέvη μελέτη. Η ακρίβεια των πλευρικών πρότυπων φορτίων

στην πρόβλεψη των σεισμικών απαιτήσεων, θα πρέπει επίσης να διερευνηθεί και στις

μετατοπίσειςστόχου που εκτιμώνταιαπό μια προσεγγιστική διαδικασία αντί για την «ακριβή»

απαίτηση μετατόπισης. Η ακρίβεια των προσεγγιστικών διαδικασιών στην εκτίμηση της

μέγιστης απαίτησης σε μετατόπιση, θα μπορούσε να μελετηθεί σε εδαφικές κινήσεις των

οποίων οι επιπτώσεις στις κατασκευές θα μπορούσαν να παριστάνονται λογικά από

ομαλότερα φάσματα απόκρισης. Καταλήγοντας, όλα τα θέματα που αναφέρονται θα

μπορούσαννα επεκταθούνσε τρισδιάστατεςδομές.



ABSTRACT

ΕνALUATION OF PUSHOVER ANALYSIS PROCEDURES

FORFRAMESTRUCTURES

Pushover anaIysis involves certain approximations and simplifications that some

amount of variation is always expected Ιο exist ίη seismic demand prediction of pushover

analysis. Ιη Iiterature, some improved pushover procedures have been proposed to

overcome the certain Iimitations oftraditionaI pushover procedures.

The effects and the accuracy of invariant lateral load patterns utiIised ίη pushover

analysis to predict the behavior imposed οη the structure due to randomly selected

individual ground motions causing elastic and various leνels of nonlinear response were

evaluated ίη this study. For this purpose, pushover anaIyses using various invariant lateral

load pattems and ModaI Pushover AnaIysis were perfoπned οη reinforced concrete and

steel moment resisting frames covering a broad range of fundamental periods. Certain

resp5rrse parameters predicted by each pushover procedure were compared with the 'exact'

results obtained from nonlinear dynamic analysis. The primary observations from the

study showed that the accuracy of the pushover results depends strongly οη the l0ad path,

properties ofthe structure and the characteristics ofthe ground motion.

Pushover analyses were ΡerfΟΓlηed by both DRAIN-2DX and SAP2000. SimiIar

pushover results were obtained from the two different softwares employed ίη the study

ιν



provided that simi lar approach is used ίη modeling the ηοηl inear properties of members as

well as their structural features.

The accuracy of approximate procedures utilised to estίιηate target displacement

was also studied οη frame structures. The accuracy of the predictions was observed to

depend οη the approximations involved ίη the theory of the procedures, structural

properties and ground motion characteristics.

Keywords: PUSll0Ver anaIysis, seismic performance evaluation, nonlinear response, Modal

Pushover Analysis, approximate procedures

ν



TABLE OF CONTENTS

PAGE

ABSTRACT ίv

TABLE ΟΡ CONTENTS ίΧ

CHAPTER

1. INTRODUCTION 1

1.1 BACKGROUND 1

1.2 METHODS OF ANALYSlS 2

Ι .2.1 Elastic Methods of Analysis 2

Ι .2.2 Ιnelastic Methods of Analysis 3

1.2.3 Summary 4

Ι.3 DESCRIPT10N OF PUSHOVER ANALYSlS 4

Ι .3.1 Use of Pushover Results 5

Ι .3.2 Limitations ofPushover Analysis 6

1.3.3 Summary 9

Ι.4 OBJECTIVE AND SCOPE 9

ίΧ



PAGE

2. REVIEW OF PREVIOUS RESEARCH ll

2.1 GENERAL Ι Ι

2.2 PAST STUDJES ΟΝ SIMPLJFIED NONLINEAR
Α ALYSJS PROCEDURES 11

2.3 PAST STUDJES ΟΝ PUSHOVER ANALYSJS 15

3. PUSHOVER ANALYSIS WITH
DRAIN-2DX vs SAP2000 21

3.1 GENERAL 21

3.2 PUSHOVER ANALYSlS PROCEDURE 21

3.3 PUSHOVER ANALYSIS W1TH DRA1N-2DX 23

3.3. Ι Ι mplementation of Pushover Analysis by
DRAIN-2DX 23

3.3.2 EIement Description ofDRAIN-2DX 24

3.4 PUSHOVER ΑΝΑΙYSIS WITH SAP2000 26

3.4.1 EIement Description of SAP2000 .31

3.4.2 Force-Displacement Relationships 32

3.4.2. Ι DefauIt vs User-DefιnedHinge
Properties for Steel Sections 34

3.4.2.2 DefauIt vs User-DefιnedHinge
Properties for Concrete Sections 35

3.5 COMPARlSO OF PUSHOVER ANALYSIS WITH
DΜι -2DX vs SAP2000 39

4. SEISMIC ΩΕΜΑΝΩ PREDICTION ΒΥ PUSHOVER
ANALYSIS FOR FRAME STRUCTURES .49

4.1 INTRODUCTION 49

4.2 DESCRIPTION OF CASE STUDY FRAMES 50

χ



--------~--- ---- -

4.3 ΝΟ LINEAR Τ1ΜΕ HISTORY ANALYSES 51

4.4 PUSHOVER ANALYSES 53

4.5 ΜΟDΑΙ PUSHOVER Α ALYS1S (ΜΡΑ) PROCEDURE 59

4.6 COMPARISON ΑΝD INTERPRETATION OF RESULTS 62

4.6.1 Global Structure Behavior 62

4.6.2 Story Displacements 66

4.6.3 Tnter-Story Drift Ratios 77

4.6.4 StOIOY Pushover Curves 88

4.6.5 Plastic Hinge Locations 92

4.6.6 Accuracy ofModal Pushover Analysis (ΜΡΑ)
Predictions 97

4.7 SUMMARY AND DISCUSSION OF RESULTS 98

5. ESTIMATION OF INELASTIC DISPLACEMENT
ΩΕΜΑΝΩ 101

5.1 GENERAL 101

5.2 NONLINEAR DYNAMIC ANALYS1S OF
EQUIVALENT SDOF SYSTEM 102

5.3 CAPACITY SPECTRUM ΜΕΤΗΟD (ATC-40 PROCEDURE Α) 107

5.4 DISPLACEMENT COEFFICIENT ΜΕΤΗΟD (FEMA-356) 11 Ο

5.5 CONSTANT DUCTlLITY PROCEDURE (CHOPRA&GOEL) 111

5.6 COMPARISON Α Ο INTERPRETATlON OF RESULTS 113

5.7 S"'oMMARY AND DISCUSSION OF RESULTS ~ 124

6. CONCLUSIONS ΑΝΩ FUTURE STUDY
RECOMMENDATIONS 126

6.1 SUMMARY 126

6.2 CONCLUSIONS 127

χι



PAGE

6.3 RECOMME ΟΑΠΟ S FOR FUTURE STUOY 133

REFERENCES 134

ΑΡΡΕΝΩΙΧ

Α. FRAME ΩΑΤΑ AND RESULTS OF PUSHOVER
ANALYSIS 140

Α.Ι DESCRJPTION OF CASE STUOY FRAMES 140

Α.Ι.Ι REINFORCED CONCRETE FRAMES ]40

Α.Ι.2 STEELFRAMES 144

Α.2 STORY PUSHOVER CURVES FOR STEEL FRAMES 147

Α.3 PLASTIC ΗΙ GE LOCAΠΟ S 150

Χίί



CHAPTERl

INTRODUCTION

1.1 BACKGROUND

Nonlinear static analysis, ΟΓ pushover analysis, has been developed over the past

twenty years and has become the Ρrefeπed analysis procedure for design and seismic

performance evaluation purposes as the procedure is relatively simpIe and considers post

elastic behavior. However, the procedure involves certain approximations and

simplifications that some amount of variation is always expected to exist ίπ seismic

demand prediction of pushover analysis.

Although, ίπ Iiterature, pushover analysis has been shown ιο capture essential

structural response characteristics under seismic action, the accuracy and the reIiabiIity of

pushover analysis ίπ predicting gIobal and l0caΙ seismic demands for aII structures have

been a subject of discussion and improved pushover procedures have been proposed to

overcome the certain limitations of traditional pushover procedures. However, the

improved procedures are mostly computationaIly demanding and conceptuaIly complex

that use of such procedures are impractical ίπ engineering profession and codes.

As traditional pushover analysis is widely used for design and seIsmlc

perforrnance evaluation purposes, its Iimitations, weaknesses and the accuracy of its

predictions ίπ routilli: application should be identified by studyi~g the factors affecting the

pushover predictions. Ιπ other words, the appIicability of pushover analysis ίπ predicting

seismic demands shouId be investigated for low, mid and high-rise structures by

identifying certain issues such as modeling nonlinear member behavior, computational

scheme of the procedure, variations ίπ the predictions of various lateral load pattems

utilized ίπ traditional pushover analysis, efficiency of invariant lateral load pattems ίπ



representing higher mode effects and accurate estimation of target dispIacement at which

seismic demand prediction of pushover procedure is perforrned.

1.2 METHODS OF ANALYSIS

For seismic performance evaluation, a structural analysis of the mathematical

modeI ofthe structure is required to determine force and displacement demands ίη various

components of the structure. Several analysis methods, both elastic and inelastic, are

available to predict the seismic perforrnance of the structures.

1.2.1 Elastic Methods of Analysis

The force den1and οη each component of the structure is obtained and compared

with avaiIabIe capacities by perforrning an elastic analysis. Elastic analysis methods

include code static lateral force procedure, code dynamic procedure and elastic procedure

using demand-capacity ratios. These methods are also known as force-based procedures

which assume that structures respond elasticalIy to earthquakes.

Ιπ code static lateral force procedure, a static analysis is perforrned by subjecting

the structure to lateral forces obtained by scaling down the smoothened soil-dependent

elastic response spectrum by a structural system dependent force reduction factor, "R". Ιη

this approach, it is assumed that the actual strength of structure is higl1er tl1an tI1e design

strength and the structure is able to dissipate energy through yieIding.

Ιη code dynamic procedure, force demands οη various components are determined

by aπ elastic dynamic analysis. The dynamic analysis may be either a response spectrum

analysis or an elastic time history analysis. Suffιcient number of modes must be

considered to have a mass participation of at least 90% for response spectrum analysis.

Any effect of higher modes are automaticalIy included ίη time history analysis.

[n demand/capacity ratio (DCR) procedure, the force actions are compared to

cοπeSΡοndίng capacities as demand/capacity ratios. Demands for DCR calculations must

include gravity effects. Whi1e code static lateral force and code dynamic procedures

reduce the fuII earthquake demand by an R-factor, the DCR approach takes the fulI

earthquake demand without reduction and adds it to the gravity deιηands. DCRs

approaching 1.0 (or higher) may indicate potential defιciencies.

Although force-based procedures are weII known by engineering profession and

easy to apply, they have certain drawbacks. Structural components are evaluated for

serviceability ίπ the elastic range of strength and deformation. Post-elastic behavior of
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stιυctures could ποι be identifιed by an elastic analysis. However, post-elastic behavior

should be considered as almost all structures are expected Ιο deform ίπ inelastic range

dLIring a strong eartllquake. The seismic force reduction fac10r "R" is utilized Ιο account

for inelastic behavior indirectly by reducing elastic forces 10 inelastic. Force reduction

fac1or, "R", is assigned considering οπlΥ the type oflateral system ίπ most codes, but ίι has

been shown that this factor is a function ofthe period and ductiIity ratio ofthe structure as

welI [38].

Elastic methods can predict elastic capacity of structure and indicate where the

fιrst yielding will occur, however they don't predict faiIure mechanisms and account for

the redistriburion of forces tllat wiII take place as the yieIding progresses. Real

defιciencies present ίπ the structure could be missed. Moreover, force-based methods

primariIy provide life safety but they can't provide datnage lίmίtatίoπ and easy repair.

The drawbacks of force-based procedures and the dependence of damage οη

deformation have led the researches Ιο develop displacement-based procedures for seismic

performance evaluation. Displacement-based procedures are mainly based οη inelastic

deformations rather than elastic forces and use nonIinear analysis procedures considering

seismic demands and available capacities explicitly [22].

1.2.2 Inelastic Methods of Analysis

Structures suffer signifιcant inelastic deformation under a strong earthquake and

dynamic characteristics ofthe structure change with time so investigating the performance

of a structure requires inelastic analytical procedures accounting for these features.

Inelastic analytical procedures help Ιο understand the actual behavior of structures by

identifying faiIure modes and the potential for progressive coIIapse. Inelastic analysis

procedures basicaIly include inelastic time history analysis and inelastic static analysis

which is also known as pushover analysis.

The inelastic time 11iStOry analysis is the most accurate method ιο predict the force

and deformation dema;::;Ωs at various components of the structure. However, the use of

inelastic time 11iStOry analysis is Iimited because dynamic response is very sensitive ιο

modeling and ground motion characteristics. It requires proper modeling of cycIic load

deformation characterίstics considering deterioration properties of aII important

components. Also, ίι requires availability of a set of representative ground motion records

that accounts for uncertainties and differences ίη severity, frequency and duration

characteristics. Moreover, computation time, time required for ίηρυι preparation and

3



interpreting voIuminous output make the use of inelastic time history analysis impracticaI

for seismic performance eνaluation.

Inelastic static analysis, or pushoνer anaIysis, has been the preferred method for

seismic performance eνaIuation due Ιο its sinΊpIicity. Ιι is a static anaIysis that directly

incorparates nonlinear material characteristics. Inelastic static anaIysis procedures incIude

Capacity Spectrum Method [3], Displacement Coeffιcient Method [20] and the Secant

Method [Ι Ο].

The theoretical background, reliability and the accuracy of inelastic static analysis

procedure is discussed ίη detail ίη the foIlowing sections.

1.2.3 Summary

Tlle uncertainties involved ίη accurate detennination of rnaterial properties,

element and structure capacities, the limited prediction of ground motions tllat the

structure is going to experience and the lίmίtatίons ίη accurate modeling of structural

behavior make the seismic performance evaIuation of structures a cotnplex and diffιcult

process.

Displacement-based procedures proνide a more rationaI approach Ιο these issues

compared Ιο force-based procedures by considering inelastic deformations rather than

elastic forces. The analytical toοΙ for evaluation process should aIso be relatively simple

which can capture critical response parameters that signifιcantly effect the evaIuation

process.

1.3 DESCRIPTION OF PUSHOVER ANALYSIS

Pushover anaIysis is an approximate analysis method ίη which the structure is

subjected Ιο monotonically increasing lateral forces with an invariant height-wise

distribution untiI a target displacement is reached.

Pushoνel· analysis consists of a series of sequential elastic analyses, superimposed

to approximate a force-displac ent curνe of the overall structure. Α two or three

dimensional model which incIudes bilinear or trilinear load-deformation diagrams of all

lateral force resisting elements is fιrst created and gravity loads are applied initially. Α

predefιned lateral load pattem which is distributed along the building height is then

applied. The lateral forces are increased υηιίΙ some members yield. The structural model is

modifιed to account for the reduced stiffness of yielded members and iateral forces are

again increased untiI additional members yieId. The process is continued until a control
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disp\acement at the ιορ of building reaches a certain level of deformation ΟΓ structure

becomes unstable. The roof dip\acement is plotted with base shear to get the g\obal

capacity curve (Figure Ι.Ι).

>

Root' Displacement, δ

Figure Ι.1 : G\obal Capacity (Pushover) Curve of a Structure

Pushover ana\ysis can be performed as force-controIled ΟΓ displacement

controlled. Ιπ force-controIled pushover procedure, fuIl load combination is app\ied as

specifιed, i.e, force-controlled procedure shou\d be used when the load is known (such as

gravity loading). Also, ίπ force-controIled pushover procedure some numerica\ prob\ems

that affect the accuracy of results occur since target disp\acement may be associated with a

very smaII positive ΟΓ even a negative \atera\ stiffness because of the development of

mechanisms and P-delta effects.

Genera\ly, pushover ana\ysis is performed as displacement-controIIed proposed by

Allahabadi [Ι] to overcome these problems. Ιπ displacement-contro\led procedure,

specifιed drifts are sought (as ίπ seismic \oading) where the magnitude of applied load is

not known ίπ advance. Tlle magnitude of load combination is increased ΟΓ decreased as

necessary until the contro\ disp\acement reaches a specifιed va\ue. Genera\ly, roof

disp\acement at the center of mass of structure is chosen as the contro\ displacement.

The internal forces an~:;ieformations computed at the target disp\acement are used

as estimates of ine\astic strength and deformation demands that have to be compared with

available capacities for a performance check.

1.3.1 Use ofPushover Results

Pushover ana\ysis has been the ρrefeπed method for seismic performance

eva\uation of structures by the major rehabiIitation guidelines and codes because it is
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conceptually and computationalIy simple. Pushoνer analysis aIIows tracing the sequence

of yielding and failure οη member and structural leνel as well as the progress of oνeraII

capacity curνe of the structure.

The expectation from pushoνer analysis is to estimate critical response parameters

imposed οη structural system and its components as close as possible to those predicted by

nonlinear dynamic analysis. Pushoνer analysis proνide infoπnation οη many response

characteristics that can ηοι be obtained from an elastic static οΙ' elastic dynamic analysis.

These are [3Ο];

• estimates of interstory drifts and its distribution along the height

• deteπnination of force demands οη brittle members, such as axial force demands

οη columns, moment demands οη beam-column connections

• determination of deformation demands for dLIctile members

• identifίcation of l0catίon of weak points ίη the structure (01' potential failure

modes)

• consequences of str'ength deteriol'ation of indiνidual members οη the behaνior of

stlυctural system

• identifίcation of strength discontinuties ίη plan οΙ' eleνation that wiII lead to

changes ίη dynamic characteristics ίη the inelastic range

• νerifίcation of the completeness and adequacy of l0ad path

Pushoνer analysis also expose design weaknesses that may remain hidden ίη an

elastic analysis. These are story mecllanisnls, excessiνe deformation demands, strength

irregularities and oνerloads οη potentially brittle members.

1.3.2 Limitations of Pushover Analysis

Although pushoνer analysis 11as adνantages oνer elastic analysis procedures,

underlying assumptions, the accuracy of pushoνer predictions and limitations of current

pushoνer procedures must be identifίed. The estimate of target displacement, selection of

lateral l0ad pattems and identifίcatiόn of failure mechanisms due to higher modes of

νibration are important issues that affect the aCCUΓaCΥ of pushoνer ΓesuΙts.

ΤaΓget displacement is the global displacement expected ίη a design earthquake.

The roof displacement at mass center of the structure is used as target displacement. The

accurate estimation of target displacement associated with specifίc performance objectiνe

affect the accuracy of seismic demand ΡΓedίctίοnsof pushoνer analysis.
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Τη pushover analysis, tlle target displacement for a multi degree of freedom

(MDOF) system is usually estimated as the displacement demand for the corresponding

equivalent single degree of freedom (SDOF) system. The basic properties of an equivalent

SDOF system are obtained by using a shape vector which represents the def1ected shape

ofthe MDOF system. The theoretical background for the determination ofbasic properties

ofequivalent SDOF system is given ίη Chapter 5. Most ofthe researchers recommend the

use of normaIized displacement profιle at the target displacement level as a sIlape vector

but an iteration is needed since this displacement is ηοΙ known a ΡΓίΟΓί. Thus, a fιxed

shape vector, elastic fιrst mode, is used for simplicity without regards to higher modes by

most of the approaches.

Moreover, hysteretic characteristics of MDOF should be incorporated ίηΙο the

equivalent SDOF model, if displacement demand is affected from stiffness degradation ΟΓ

pinching, strength deterioration, Ρ-Δ effects. Foundation upIift, torsional effects and semi

rigid diaphragms are also expected to affect the target displacement [30].

Lateral loads represent the likely distribution of inertia forces imposed οη

structure during an eartllquake. The distl'ibution of inertia forces vary with the severity of

earthquake and with time during earthquake since

(1.1)

Fk,i : inertia force at k-th story at time ί

Wk : weight of k-th story

Uj : instantaneous story acceleration

However, ίη pushover analysis, generally an invariant lateral load pattern is used

that the distribution of inertia forces is assumed Ιο be constant during earthquake and the

deformed confιguration of structure under the action of invariant Iateral load pattem is

expected Ιο be similar Ιο that experienced ίη design eartllquake. As the response of

structure, thus tlle capacity curve is very sensitive Ιο the choice of lateral load distribution

[31], selection of lateral load pattern~ore critical than the accurate estimation of target

dispIacement.

The lateral load pattems used ίη pushover analysis are proportional to product of

story mass and dispIacement associated with a shape vector at the story under

consideration, Commonly used lateral force patterns are uniform, elastic fιrst mode,

"code" distributions and a single concentrated horizontal force at the toρ of structure.

MuIti-modaI load pattern derived from SquareRoot of Sum of Squares (SRSS) story
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shears is also used Ιο consider at least elastic higher mode effects for long period

structures. These Ioading pattems usually favor certain deformation modes that are

triggered by the load pattern and miss others that are initiated and propagated by the

ground motion and inelastic dynamic response characteristics of the structure [30].

Moreover, invariant Iateral load patterns couId not predict potential faiIure modes due to

middle ΟΓ upper story mechanisms caused by higher mode effects. Invariant load patterns

can provide adequate predictions if tlle structuraI response is not severely affected by

higher modes and the stucture has only a single load yielding mechanism that can be

captured by an invariant load pattem.

FEMA-273 [18] recοmιηends utiIising at least two fixed load patterns that forrn

upper and lower bounds for inertia force distributions to predict likely variations οπ

overall structural behavior and local demands. The first pattern shouId be uniforrn load

distribution and the other shouId be "code" profile ΟΓ multi-modal load pattem. The 'Code'

IateraI load pattem is allowed if more than 75% of the total mass participates ίπ the

fundamental load.

The invariant load patterns can not account for the redistribution of inertia forces

due to progressive yieIding and resulting changes ίπ dynamic properties of the structure.

AIso, fixed load patterns have limited capability to predict higher mode effects ίπ post

elastic range. These limitations have led many researchers to propose adaptive load

patterns which consider the changes ίπ inertia forces witll the IeveI of inelasticity. The

underlying approach of this technique is Ιο redistribute the lateral load shape with the

extent of inelastic deformations. Altough some improved predictions have been obtained

from adaptive load pattems [37], they make pushover analysis computationally

demanding and conceptuaIly compIicated. The scale of improvement has been a subject of

discussion tllat simple invariant load pattems are widely preferred at the expense of

accuracy.

Whether lateral Ioading is invariant ΟΓ adaptive, it is applied to the structure

statically that a static loading can not re~sent inelastic dynamic response with a large

degree of accuracy.

The above discussion οπ target displacement and lateraΙ load pattern reveals that

pushover anaIysis assumes that response of structure can be related to that of an equivalent

SDOF system. Ιπ other words, the response is controlled by fundamental mode which

remains constant throughout the response history without considering progressive

yieIding. Although this assumption is incorrect, some researchers obtained satisfactory
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l0cal and global pushover predictions οη low to mid-rise structures ίη which response is

dominated by fundamental mode and inelasticity is distributed throughout the heigllt of

the structure [30].

1.3.3 Summary

Pushover analysis yields insight into elastic and inelastic response of structures

under earthquakes provided that adequate modeling of stt"Ucture, careful selection of

lateral l0ad pattern and careful interpretation of results are performed. However, pusll0ver

analysis is more appropriate for l0w to mid-rise buildings with dominant fundamental

mode response. For special and high-rise buildings, pushover analysis should be

compIemented with other evaluation procedures since higher modes could certainly affect

the response.

1.4 OBJECTlVE AND SCOPE

Tlle various aspects of pushover analysis and the accuracy of pushover analysis ίη

predicting seίsιηίc demands were investigated by several researchers. However, most of

these researches made use of specifιcaIly designed structures ίη the context of the study ΟΓ

specifιc forms of pushover procedure was implemented. Ιη this study, some important

issues that affect the accuracy of traditional nonlinear static analysis, ΟΓ pushover analysis,

were studied οπ 2, 5, 8 and 12-story ,"einforced concrete and 2, 5 and 13-story steel

moment ,"esisting fΓames cοveΓίng a broad ,"ange of fundamental periods and the

applicability of pushoveΓ anaIysis ίη predicting seismic demands was investigated fOΓ low,

mid and high-rise frame structures.

Firstly, the superiority of pushover analysis over elastic procedures ίη evaluating

the seismic performance of a structure was discussed by identif)ring the advantages and

lίmίtatίons of the procedure. Then, pushover analyses were performed οη case study

frames using both SAP2000 [14] and DRAIN-2DX [44] to ίΙΙustΓate the similarities and/or

the differences ίη the computational sch:~~_e of each software ίπ performing pushover

analysis. Modeling of nonlinear member behavior and the assumptions and the limitations

involved were discussed fOΓ each sοftwaΓe.

Also, the effects and the accuracy of various invariant lateral l0ad patterns

('Uniform', 'Elastic First Mode', 'Code', 'FEMA-273' and 'Multi-Modal (ΟΙ' SRSS)') utilized

ίη tΓadίtίοπal pushover analysis to predict tlle behavior imposed οπ the stΓucture due to

,"andomly selected individual gΓOund motions causing elastic and vaΓίοus levels of
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nonlinear response were evaluated. For this purpose, six deformation levels represented as

peak roof displacements οη the capacity curve of the frames were fιrstly predetermined

and the response parameters such as story displacements, inter-story drift ratios, story

shears and plastic hinge locatίoηs were then estimated from the results of pushover

analyses for any lateral load pattern at the considered deformation level. Story

displacements, inter-story drift ratios and plastic hinge locations were also estimated by

performing an improved pushover procedure named Modal Pushover Analysis (ΜΡΑ) οη

case study frames. Pushover predictions were compared with the 'exact' values of response

parameters obtained from the nonlinear time histol-Y analyses to assess the accuracy of

pushover predictions.

Moreover, maximum inelastic dispIacement demands refeπed as target

displacements of reinforced concrete (RJC) frames were estimated at elastic and various

levels of nonlinear deformation levels using Nonlinear Dynamic Analysis of Equivalent

SDOF System, Capacity Spectrum Method (ATC-40 Procedure Α) [3], Displacement

Coefficient Method (FEMA-356) [20] and Constant Ductility Procedure (Chopra&GoeI)

[8]. The assumptions and the accuracy of approximate procedures ίη predicting target

displacement were identified.

This thesis is composed of six main chapters and an appendix. Chapter 1 includes

a discussion of analysis methods used for seismic performance evaluation and a brief

information about pushover analysis and its limitations. Chapter 2 reviews the previous

research οη simplifιed nonlinear analysis procedures and οη pushover analysis. Τη Chapter

3, the computational scheme, the assumptions involved ίη modeling nonlinear member

behavior and underlying principles of SAP2000 [14] and DRATN-2DX [44] utilized ιο

perform pusIlover analysis are explained ίη detail. The accuracy of various invariant

lateral load pattems and Modal Pushover Analysis (ΜΡΑ) [9] ίη predicting the seismic

demands for frame structures experiencing individuaI ground motion excitations that

cause elastic and certain levels of nonIinear deformation are identifιed ίη Chapter 4.

Maximum inelastic displacement demands of RJC. " e study frames using four commonly

known approximate procedures are estimated and the assumptions and the accuracy of

approximate procedures ίη predicting target displacement are identified ίη Chapter 5.

Chapter 6 contains the summary, conclusions and future recommendations to οη the study.

Appendix Α contains description of case study frames and figures that represent the

estimates of certain response parameters.
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CHAPTER2

REVIEW OF PREVIOUS RESEARCH

2.1 GENERAL

Structures are expected to deform inelasticalIy when subjected to severe

earthquakes, so seismic performance evaluation of structures should be conducted

considering post-elastic behavior. Tllerefore, a nonlinear anaIysis procedure must be used

for evaluation purpose as post-elastic behavior can not be determined directly by an elastic

analysis. Moreover, maxiIllUIll inelastic displacement demand of structures should be

determined Ιο adequately estimate the seismicaIIy induced demands οη structures tIlat

exhibit inelastic behaviour.

Various simpIifιed nonlinear analysis procedures and approximate metllods ιο

estimate maximum inelastic displacement demand of structures are proposed ίη Iiterature.

The widely used simpIifιed nonIinear analysis procedure, pushover analysis, has also been

an attractive subject of study.

2.2 PAST STUDIES ΟΝ SIMPLIFIED NONLINEAR ANALYSIS PROCEDURES

The accuracy and reliabiIity of nonlinear time history analysis ϊη simulating the

actual behavior of structure under seismic action has been wideIy accepted since 1960s.

Ho\vever, tlle time required for proper ιιιοdι'Jit1g, ίηρυι preparation, computation time,

COIllputer costs and the effort for the interpretation ofvoluminous output make use ofsuch

analyses impractical. This led researchers ιο propose simpIifιed nonIinear analysis

procedures and structural models to estimate inelastic seismic demands. The proposed

simplifιed nonlinear analysis procedures and structural models are usualIy based οη the

reduction of MDOF model of structures to an equivalent SDOF system.
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Rosenblueth and Herrera [46] proposed a procedure ίη which the maximum

deformation of inelastic SOOF system is estimated as the maximum deformation of a

lίηear elastic SOOF system with lower lateral stiffness (higher period of vibration, Teq)

and 11igher damping coeffιcient (ζeq) than those of inelastic system. Ιη this procedure, a

sequence of equivalent lίηear systems with successively updated values of Teq and ζeq

provide a basis to estimate the deformation of the inelastic system. Rosenblueth and

Herrera [46] used the secant stiffness at maximun1 deformation to represent period shift

and equivalent damping ratio is calculated by equating the energy dissipated per cycle ίη

nonlinear and equivalent lίnear SOOF system subjected to harmonic loading.

Gϋlkan and Sozen [23] noted that most of the time the displacement would be

signifιcantly smaller than tl1e maΧίιηum response under eartl1quake l0adίng. Thus the

equivaIent damping proposed by Rosenbluetl1 and Herrera [46] would result ίη an

ονerestίιηatίοnof equivalent viscous damping that the response would be underestimated.

GUlkan and Sozen [23] developed an empirical equation for equivalent damping ratio

using secant stiffness Takeda hysteretic model [52] and the results obtained from

experiments made ση single story, single bay fl'ames supported the proposed procedure.

The empirical procedure proposed by Gϋlkan and Sozen [23] was later extended

ιο MOOF ίη the well known substitute structure procedure by Shibata and Sozen [51].

Inelastic seismic design force requirements of a R/C stI"Ucture can be determined by

analysing a substitute structure having the stiffness and damping properties derived from

the original frame under an elastic response spectrum. Ιη the procedure, the displacement

ductility ratio was replaced with a damage ratio ίη tl1e equivalent viscous dalηΡίng ratio

equation proposed by Gϋlkan and Sozen [23]. Only 20 ιηοde!s of stuctures which are

regular ίη plan and elevation can be analysed by the procedure.

Iwan [25] and Kowalsky [29] developed empirical equations to defιne the period

Sl1ift and equivaIent viscous dalηΡίng ratio to estimate lηaχίmuιη displacement demand of

inelastic SDOF system from its linear representation.

Ιη 1981, Q-model which is a 'Iow-cost' analy~~..11 model for the calculation of

displacement histoι'ies of multistory reinforced concrete structures subjected to ground

motions was proposed by Saiidi and Sozen [48]. Q-model is a SDOF system consisting of

an equivalent mass, a viscous damper, a massless rigid bar and a rotational spring. The

hysteretic response of the spring was based οη force-displacement curve of actual

structure under monotonically increasing lateraΙ force with a triangular height-wise

distribution. The measured displacement histories of eight 10-story slηall scale R/C
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structures with fΓame and frame-waIl structural systems were used to test the Q-model.

For structures without abrupt changes ίη stiffness and mass along their heights, the overall

performance ofQ-model ίη simulating earthquake response was satisfactory.

Later, Fajfar and Fischinger [16] proposed tlle Ν2 method as a simple nonlineal"

procedure for seismic damage analysis of reinforced concrete buildings. The method uses

response spectruιn approach and nonlinear static analysis. The method was applied to

three 7-story buildings [17]. The capacity curve of a MDOF system was converted 10 that

of a SDOF and a global demand was obtained. Α damage model which includes

cumulative damage was determined at global denland. The method yields reasonably

accurate results provided that the structure vibrates predominantly ίη the first mode.

Capacity Spectrum Method [3] is one of the most popular methods utilized for a

quick estimate to evaluate the seismic perfonnance of structures. The method is

recommended by ΑTC-40 [3] as a dispIacement-based design and assessment tool for

structures. The method was developed by Freeman [21] and it has gone through several

modifιcations since then. The most recent three versions (Procedures Α, Β and C) of

Capacity Spectrum Method [3] are presented ίη detail ίπ ATC-40 [3]. The method requires

construction of a structural capacity curve and its comparison with the estimated demand

response spectrum, both of which are expressed ίπ Acceleration-Displacement Response

Spectrum (ADRS) format. Mahaney et al. [32] introduced the ADRS format that tlle

spectral accelerations are plotted against spectral displacements with radial lines

representing the period, Τ. The demand (inelastic) response spectrum accounting for

hysteretic nonIinear behaviour of structure is obtained by reducing elastic response

spectrum with spectral reduction factors which depend οη effective damping. Α

performance point that lies οη both the capacity spectrum and the demand spectrum

(reduced for nonlinear effects) is obtained for perfonηance evaluation ofthe structure. The

dependence of spectral reduction factors οη structural behaviour type (hysteretic

properties) and ground motion duration and the approximations involved ίη determination

ofthese cllaracteristics are the main weaknesses oft~~method.

Newmark and Hall [39] and Miranda [33] proposed procedures based οπ

displacement modifιcation factors ίπ which the maximum inelastic displacement demand

of MDOF system is estimated by applying certain displacement modifιcation factors to

maximum deformation of equivalent elastic SDOF system having the same lateral

stiffness and damping coefficient as that ofMDOF system.

13



Similarly, Displacement Coefficient Method described ίη FEMA-356 [20] IS a

non-iterative approximate procedure based οη displacement modification factors. The

expected maximum inelastic displacement of nonlinear MDOF system is obtained by

modifying the elastic spectral displacement of an equivalent SDOF system with a series of

coefficients.

The procedure proposed by Newmark and Hall [39] is based οη the estimation of

inelastic response spectra from elastic response spectra while displacement modification

factor varies depending οη the spectral region.

Miranda [33] conducted a statistical analysis of ratios of maximum inelastic to

maximum elastic displacements computed from ground motions recorded οη firm soils

and proposed a siInplified expression which depends οη ductility and initial vibration

period.

Miranda and Ruiz-Garcia [34] conducted a study to evaluate the accuracy of

approximate procedures proposed by Rosenblueth and Herrera [46], Gίilkan and Sozen

[23], Iwan [25], Kowalsky [29], Newmark and Hall [39] and Miranda [33]. SDOF systems

with elasto-plastic, modified Clough stiffness degrading model [Ι Ι] and Takeda hysteretic

model [52] and periods between 0.05 and 3.0 s undergoing six different leνels of

maximum displacement ductility demands when subjected to 264 ground motions

recorded οη firm sites from 12 Califomia were used. For each procedure, mean ratios of

approximate to exact displacement and dispersion of relative errors were computed as a

function of vibration period and displacement ductility ratio. Despite having relatively

small mean errors, dispersion of results, particularly for large leνels of inelastic behaviour,

is substantial. It is concluded that approximate procedures can lead to significant errors ίη

estiInation of maximum displaceInent demand when applied to individual ground motion

records.

Moreover, Chopra and Goel [8] have proposed an improved capacity-demand

diagram method that uses constant ductility demand spectrum to estimate seismic

deformation of inelastic SDOF systeιηs.

More recently, Bracci, Kunnath and Reinhorn [5], Munshi and Goash [36],

Kappos and Manafpour [28] proposed seismic performance evaluation procedures that

utilize the basic principles of aforementioned simplified nonlinear analysis procedures.
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2.3 PAST STUDIES ΟΝ PUSHOVER ANALYSIS

Most of the simpIifίed nonIinear analysis procedures utilized for seIsmIc

performance evaluation make use of pushover analysis and/or equivalent SDOF

representation of actual structure. However, pushover analysis involves certain

approximations that the reliability and the accuracy ofthe procedure should be identifιed.

For this purpose, researchers investigated various aspects of pushover analysis Ιο identify

the limitations and weaknesses of the procedure and proposed improved pushover

procedures that consider the effects of lateral l0ad patterns, 11igher modes, failure

mechanisms, etc.

Krawinkler and Seneviratna [30] conducted a detailed study that discusses the

advantages, disadvantages and the applicability of pushoveI' analysis by considering

vaΓίοus aspects of the ΡΓοcedul"e. The basic concepts and main assumptions οη which the

pushoveI' analysis is based, target displacement estimation of MDOF structuΓe through

equivalent SDOF domain and the applied modifιcation factors, importance of lateral load

pattern οη pushover predictions, the conditions under which pushoveI' predictions are

adequate 01' ηοΙ and the information obtained from pushover analysis were identifιed. The

accuracy of pushover predictions were evaluated οη a 4-story steel perimeter frame

damaged ίη Ι 994 Northridge earthquake. The frame was subjected Ιο nine ground motion

records. Local and gIobal seismic demands were calculated from pushover analysis results

at the target displacement associated witll the individual records. The comparison of

pushover and nonlinear dynamic analysis results showed that pushover analysis provides

good predictions of seismic demands for l0w-rίse structUΓes having uniform distribution of

inelastic behaviour over the height. Tt was also recommended Ιο impIenlent pushover

analysis with caution and judgetnent considering its many Iimitations since the method is

approximate ίη nature and ίι contains many unresolved issues that need to be investigated.

Mwafy and EInashai [37] peI·formed a series of pushover analyses and incremental

dynamic colIapse analyses to investigate the validity and the applicability of pushover

analysis. Twelve reinforced-concrete buildings wί"ιh""d11ferent structural systems (four 8

story ίπeguΙar frame, four 12-story regular frame and four 8-story dual frame-wall), with

different design accelerations (0.15g and 0.30g) and with different design ductiIity levels

(low, medium and high) were utiIized for the study. Nonlinear dynamic analysis using

four natural and four artifιcial earthquake records scaled to peak ground accelerations of

ο. Ι 5g and 0.30g were performed οη detaiIed 2D models of the structures considering

predefιned local and global coIlapse limits. Then, complete ΡushοveΓ-lίke load-
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displacement curνes ίπ the form of upper and l0wer response enνelopes as well as the best

fιt (ideal enνelope) were obtained for each structure by performing regression analyses

using the results of nonlinear dynamic analyses. Also, pushoνer analyses using uniform,

triangular and nlultinlodal l0ad patterns were conducted and pushoνer curνes were

obtained. The results showed that the triangular l0ad pattem outcomes were ίπ good

correlation with dynamic analysis results and a conserνative prediction of capacity and a

reasonable estimation of deformation were obtained using triangular l0ad pattern. [t was

also noted that pushoνer analysis is more appropriate for l0w-rίse and short period

structures and triangular l0adίng is adequate to predict the response of such structuΓes.

Further deνelopments οπ accounting the inelasticity of lateΓal load patterns which would

enable ιηΟΙ'e accurate analysis of 11igh-rise and highly irregulaI" structures were

recοιηmended.

The inability of inνariant lateral l0ad pattems to account for the redistribution of

inertia forces and to predict higher mode effects ίπ post-elastic range haνe led many

ΓeseaΓcheΓS to propose adaptiνe load patterns. Fajfar andFischinger [Ι 6] suggested using

story forces proportional to the deflected shape of the structure, Eberhard and Sozen [15]

proposed using l0ad patterns based οπ mode shapes deΓίνed from secant stiffness at each

l0ad step and Bracci et. al [5] proposed the use of stiffness-dependent lateral force

distributions ίπ which story forces are proportional to story shear resistances at tlle

preνious step.

inel, Tjhin and Aschlleim [26] conducted a study to eνaluate tlle accuracy of

νaΓίοus lateral load ΡatteΓns used ίη current pushoνer analysis ΡrοcedUΓes. First mode,

inverted triangular, rectangular, "code", adaptiνe lateral l0ad patterns and multimode

puslloνer analysis were studied. Pushoνer analyses using the indicated lateral load pattems

were performed οπ [ουΓ buildings consisting of 3- and 9-story regulaI" steel moment

Γesίstίng frames designed as a part of SAC joint νentuΓe (FEMA-355C) [19] and modifιed

νersions of these buildings with a weak fιrst story. Peak νalues of story displacement,

interstory drift, story shear and oνerturning moment obtained fr lJ puslloνer analyses at

different νalues of peak roof dΓίfts ΓeΡresentίng elastic and νarious degrees of nonlinear

ΓeSΡοnse were compared to those obtained from nonlinear dynamic analysis. Nonlinear

dynamic analyses weΓe performed using 11 ground motion Γecοrds selected from Pacifιc

Earthquake Research Center (PEER) strong motion database. Approximate upper bounds

of erroI" for eacll lateral l0ad pattem with respect to mean dynamic response weΓe ΓeΡοrted

to illustrate the trends ίπ tlle accuracy of l0ad pattems. Simplifιed inelastic ΡrοcedUΓes
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were found to provide very good estimates of peak displacement response for both regular

and weak-story buildings. However, the estimates of interstory drift, story shear and

overturning moment were generally improved when mLIltiple modes were considered. The

results also indicated that simplifιcations ίπ the fιrst mode lateral load pattem can be made

without an appreciable l0ss of accuracy

Sasaki, Freeman and Paret [49] proposed Multi-Mode Pushover (ΜΜΡ) procedure

to identif)ι failure mechanisms due to higher modes. The procedure uses independent load

patterns based οπ higher modes besides the one based οπ fundamental mode. Α pushover

analysis is performed and a capacity curve is obtained for each l0ad pattern considering

the modes of interest. Structure's capacity for each mode is compared with earthquake

demand by using Capacity Spectrum Metll0d [3]. Capacity curves and response spectrum

are plotted ίπ ADRS format οπ the same grapll and the intersections of capacity spectra

with the response spectrum represent the seismic demand οπ the structure. Α 17-story steel

frame damaged by 1994 Northridge earthquake and a 12-story steel frame damaged by

1989 Loma Prieta earthquake were evaluated using ΜΜΡ. For both frames, pushover

analysis based οπlΥ οπ fιrst mode load pattern was inadequate to identif)ι the actual

damage. However, pushover results of higher modes and/or combined effect of 1st mode

and higher modes matched more cIosely the actual damage distribution. It was concluded

that ΜΜΡ can be useful ίπ identif)ιing failure mechanisms due to higher modes for

structures with signifιcant higher-order modal response.

AlthougIl ΜΜΡ is very useful to identif)ι the effects of higher modes qualitatively,

it can not provide an estimation of seismic responses and their distribution ίπ the structure.

Moghadam [35] proposed a procedure to quantify the effects of higher mode responses ίπ

tall buildings. Α series of pushover analysis is performed οπ the buildings using elastic

mode shapes as load pattem. MaximuIn seismic responses are estimated by combining the

responses from the individual pushover analyses. The proposed combination rule is that

response for each mode is multiplied by mass participating factor for the mode considered

and contribution of each mode is summed. The procedure W<iS applied to a 20-story steel

moment resisting frame to assess the accuracy of the procedure. The frame was subjected

to six earthquake ground motions and mean of maximum displacements and inter-story

drift ratios of each story of the frame ίπ six analyses were calculated. Also, pushover

analyses for fιrst three modes were performed οπ the frame and the responses for each

mode were combined to estimate the fιnal response. Comparison of estimated
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displacements and inter-story drifts with the mean of maximum responses resulted [Γοηι

six nonlinear dynamic analysis indicated a good correlation.

Gupta [22] analysed the recorded responses of eight real buildings that

experienced ground accelerations ίη the excess of O.25g ίη 1994 Northridge earthquake to

understand the behaviour of real structures and to evaluate the acceptability of pushover

analysis. The selected buildings were 5, 7, 10, 13, 14, 17, 19- and 20-story structures

having molnent resisting and shear wall lateral force resisting sytems and were

instrumented at the time of the earthquake. The recorded story displacement, inter-story

drift, story inertia force and story shear profιles at various instants oftime were evaluated.

It was observed that the response of buildings were signifιcantlyaffected by higher modes

witll the exception of l0w-rίse structures and these effects were better understood by

analysing the inertia force and story drift pΓofι Ies rather than displacements. These

observations indicated that the pushover analysis is inadequate and unconservative.

Hence, Gupta [22] proposed Adaptive Modal Pushover Procedure which accounts for the

effects of higher modes and lίmίtatίons of traditional pushover analysis. The proposed

method is, at any step, identical to response spectrum analysis. Αη incremental static

analysis of the structure for story forces corresponding to eacll mode is performed

independently. Any response quantity is calculated by an SRSS combination of respective

modal quantities. Whenever some member(s) yield, a new structure is created by changing

the stiffness of yielded member(s) and the procedure is repeated. Tlle process is repeated

until a specifιed global drift lίmίt is reached. ΑηΥ number of mode can be considered by

the proposed procedure. The applicability and the accuracy of the procedure were

evaluated by applying it to 4,8,12,16- aηd 20-story frames with a variety oflateral force

resisting systems (moment resisting frames, frames with soft fιI'st story, frames with weak

stories and flexure-controlled isolated shear wall). The results of the proposed adaptive

procedure were compared with the ones obtained [Γοιη nonlinear dynarnic analyses and

pushover analyses with uniform aηd "code" lateral load patterns. Fifteen earthquake data

from the SAC groundmotion records [47] for Los Angeles area v~;~.e used. PGAs of all

ground motions used for nonlinear dynamic analyses of a given structure were scaled to

have identical elastic 5 percent damped spectral acceleration at the fundamental period to

reduce the variability of nonlinear response and to study the effects of higher modes.

Gtobal structure behaviour, inter-story drift distributions and plastic hinge locations were

studied ίη detail. The results of the proposed adaptive procedure were ίη very good

correlation with dynamic analyses while pushover analyses failed to capture the effects of
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higher modes. The procedure was also validated using an existing multistory building for

which instrumented data was available. The procedure can use site-specifιc spectra but it

is unable to acconnt for the effects of hysteretic degradation.

Chopra and Goel [9] developed an improved pnshover analysis procednre named

as Modal Pnshover Analysis (ΜΡΑ) which is based οπ strnctural dynamics theory. Firstly,

the procednre was applied to linearly elastic buiIdings and it was shown that the procedure

is equivalent to the well known response spectrum analysis. Then, the procedure was

extended to estimate the seismic demands of inelastic systems by describing the

assumptions and approximations involved. Earthquake induced demands for a 9-story

SAC building were determined by ΜΡΑ, nonlinear dynamic analysis and pushover

analysis using unifotΊn, "code" and lnulti-modal l0ad patterns. The comparison of results

indicated that pushover analysis for all load patterns greatly underestimates tlle story drift

demands and lead to large errors ίη plastic hinge rotations. The ΜΡΑ was more accurate

than alI pushover analyses ίπ estimating f100r displacements, story drifts, plastic hinge

rotations and pIastic hinge l0catίons. ΜΡΑ results were also shown to be weakly

dependent οπ ground motion intensity based οπ the results obtained from ΕΙ Centro

ground motion scaled by factors varying from 0.25 to 3.0. It was concluded that by

including the contributions of a suffιcient number of modes (two ΟΓ three), the 11eight-wise

distribution of responses estinlated by ΜΡΑ is generally similar to the 'exact' results from

nonlinear dynamic analysis.

Chintanapakdee and Chopra [6] evaluated the accuracy of ΜΡΑ procedure for a

wide range of buildings and ground motions. Generic one-bay frames of 3, 6, 9, 12, 15

and 18-stories with five strength leveΙs corresponding to SDOF-system ductility factors of

Ι, 1.5, 2, 4 and 6 were utilized. Each frame was analysed by a set of 20 large-magnitude

small-distance Γecοrds obtained from California earthquakes. Median values of story drift

demands from ΜΡΑ and nonlinear dynamic analyses were calculated and compared. It

was shown that with two ΟΓ three modes included, ΜΡΑ predictions were ίη good

correlation with nonIinear dynamic analyses and ΜΡΑ predicted the c~lnging height-wise

variation of demand with building 11eight and SDOF-system ductlity factor aCCUΓateIΥ. The

bias and dispersion ίπ ΜΡΑ estimates of seismic demands were found to increase for

longer-period frames and larger SDOF-system ductility factor although ηο perfect trends

were obseγved. It was also illustrated that the bias and dispersion ίη ΜΡΑ estimates of

seismic demand for inelastic frames were larger than those for elastic systenls due to

additional approximations involved ίη ΜΡΑ procedure. Finally, the ΜΡΑ procedure was
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extended 10 estimate seismic demand of inelastic systems with seIsmIc demand being

defίned by an elastic design sΡectωm.

Jan, Liu and Kao [27] proposed an upper bound pushover analysis procedure to

estimate seismic demands of high-rise buildings by considering higher mode effects. [n

this procedure, the elastic displacemenr-response contribution ratios of higher modes with

respect to fundamental mode is fίrst obtained for a set of eartllquake records and number

of modes that dominate the displacement response is determined from the envelope curves

of contribution ratios. Then, a pushover analysis using the newly formulated lateral load

pattern and target displacement considering the contributions ofhigher modes as well as

fundamental mode is performed to estimate seismic demands. The procedure was applied

10 2, 5, 1Ο, 20- and 30-s1ory lηοment resisting fraιηes of strong cοlulηn-weak beam

systems designed according 10 seίsιηίc code of Taiwan. The elastic displacement-response

contribution ratios of higher modes were obtained by subjecting the frames to 13

earthquake records chosen flΌm Chi Chi earhtquake. The envelope curves of contribution

ratios showed that fίrst two mode contributions were dominant that other higher modes

were ignored. The proposed pushover analysis method was performed considering fίrst

two modes to estimate floor displacements, story drift ratios and plastic hinge rotations.

The accuracy of the procedure was evaluated by comparing the results obtained fronl

pushover analysis with triangular loadίng, modal pushover analysis and nonlinear

dynamic analysis. Seismic predictions of pushover analysis with triangular loading and

modal pushover analysis were ίη good correlation with nonlinear dynamic analysis for

frames not taller than 1Ο s10ries while only the proposed procedure could predict the

seismic demands of 20- and 30-story buildings.
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CHAPTER3

PUSHOVER ANALYSIS WITH DRAIN-2DX vs SAP2000

3.1 GENERAL

Nonlinear static analysis, ΟΓ pushover analysis, could be performed directly by a

computer program which can model nonlinear behavior of lateral load resisting members

of a structure. However, the computational scheme and the assumptions involved ίη

modeling nonlinear member behavior could be different that there may be variations ίη the

pusll0ver results obtained from different softwares. Therefore, the underlying principles of

any software utilized for pushover analysis should be well understood to interprete the

results of pushover analysis.

Τη this study, pushover analyses were performed οη steel and reinforced concrete

moment resisting frames by DRAIN-2DX [44] and SAP2000 [14] using various lateraI

load pattems to identif)ι the basic principles of each software utilized ίη the

implementation of pushover analysis. The approach of each software to model nonlinear

force-displacement relationships was investigated. The pushover analysis results obtained

from each software were compared to evaluate the ability of these softwares to perform

pushover analysis οη frame structures.

3.2 PVSHOVER ANALYSIS PROCEDVRE

Pushover analysis can be performed as either force-controlled ΟΓ displacement

controlled depending οη the physical nature of the load and the behavior expected from

the structure. Force-controlled option is useful when the load is known (such as gravity

loading) and the structure is expected to be able to supp0l1 the load. Displacement

contlΌlled procedure s110uld be used when specified drifts are sought (such as ίη seismic
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loading), where the magnitude of the applied load is not known ίη advance, ΟΓ when tlle

structure can be expected to lose strength ΟΓ become unstable.

Some computer programs (e.g. DRAIN-2DX [44], NonIinear versιon of

SAP2000 [14], ANS YS [2]) can model nonl inear behavior and perform pushover anaIysis

directly to obtain capacity curve for two and/or three dimensional models of the structure.

When such ΡrοgΓams aΓe not available ΟΓ the available computer programs couId not

ΡerfΟΓm pushover anaIysis direct1y (e.g. ETABS [13], RISA [45], SAP90 [12]), a series of

sequential elastic analyses aΓe performed and SUΡeΓimΡοsed to determine a force

dispIacement curve of tlle overall structure. Α dispIacement-contΓOIIed pushoveI" anaIysis

is basical1y composed ofthe following steps:

Ι. Α two ΟΓ three dinlensionaI model that ΓeΡresents the οveΓalΙ structural behavioI"

is CΓeated.

2. BiIineaI" ΟΓ tΓίΙίnear 10ad-defΟΓmatίοn diagrams of alI important members that

affect 1ateraI response aΓe defined.

3. Gravity loads composed of dead loads and a specified portion of Iive loads are

applied to the structura1 model initially.

4. Α predefιned lateraΙ load pattem which is distributed aIong the building height is

then applied.

5. Latera\ loads are increased until some member(s) yield under the combined effects

of gΓavίty and ΙateΓaΙ loads.

6. Base sheaI" and roof dispIacement are Γecοrded at fιrst yieIding.

7. The structural model is modifιed to account for the reduced stiffness ofyieIded

member(s).

8. Gravity loads aΓe removed and a new lateral load increment is appIied to the

modifιed structural model such that additional membeΓ(s) yield. Note that a

separate anaIysis with zero initial conditions is performed οη modifιed structural

model under each incremental lateraΙ load. Thus, member forces at the end of an

incremental lateral 10ad analysis are obtained by adding the forces ft:<Jm the

cuπent analysis to the sum of the those from the previous increments. Ιη other

words, the results of each incrementaI lateral load analysis are superimposed.

9. Simi1arly, the 1atera1 load increment and the roof displacement increment are

added to the corresponding previous tota1 vaIues to obtain the accumu\ated va1ues

of the base sheaI" and the roof displacement.
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10. Steps 7, 8 and 9 are repeated untiI the roof displacement reaches a certain level of

deformation or the structure becomes unstable.

Ι Ι. The roof diplacement is plotted with the base shear to get the global capacity

(pushover) curve ofthe structure (Figure 3.1).

e--.-•.-_.-
-----_. "Τ lateral load

• --'-- Increment

Ι 'yieldOf
/ meInber(s)

/
/

Roof Displacement

Figure 3.1 : Global Capacity (Pushover) Curve of Structure

3.3 PUSHOVER ANALYSIS WITH DRAIN-2DX

DRAIN-2DX is a general purpose computer program for static and dynamic

analysis of inelastic plane structures. It performs nonlinear static and dynamic analyses,

and for dynamic analysis considers ground accelerations (all supports moving ίη phase),

ground displacements (supports may move out of phase), imposed dynamic loads and

specifιed initial velocities. Mode shapes and periods can be calculated for any stressed

state of structure. Linear response spectrum analyses can also be performed for the

unstressed state.

3.3.1 Implementation of PushoνerAnalysis by DRAIN-2DX

Α two dimensional structural model that represents the overall structural behavior

IS prepared through an input fιle that contains geometry, mass distribution, strength,

stiffness and loading data ofthe structure.

Pushover analysis can consist of any number of pushover cases and each pushover

case can have a different distribution of lateral load οη the structure. Α pushover case may

start from zero initial conditions, or it may start from the end of a previous pushover case.

Pusl10ver analysis is carried out by performing the "Gravity" analysis segment

initially if the effects of gravity loads need to be considered. Ιη "Gravity" analysis, only

gravity loads are applied to the structure. The behavior under gravity loads must be linear
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that the analysis terminates and does not continue for subsequent pushover anaIyses if

plastic hinges occur during "Gravity" analysis.

The loading (Ioad ΟΓ displacement increment) for pushover analysis segment is

appIied ίπ a specified number of steps and an event-to-event solution strategy is used

within eacll step by dividing each step into substeps at each event. Ιπ other words, the

progranl further selects a l0ad substep size within any step by determining when the next

stiffness change (event) occurs and ending the substep at that event [44].

Ιπ force-controlled pushover analysis of DRAIN-2DX, a constant ioad factor

increment for each step is specified and l0ad is applied incrementaIly untiI specified full

l0ad is reached. Ιπ displacement-controIled procedure, a constant displacement increment

for each step is specified tllat the force increment is adjusted to aCllieve the specified

displacement increment at each step. Tlle analysis ends when the specified control

displacement at the specified control node is reached.

The number of steps, maximum number of events ιπ any step and number of

successive direction changes (under displacement control only) are specified ίπ pushover

analysis ίπρω file that the analysis quits if these specified values are exceeded. Event

overshoot toierances are defined to determine the actual yield point of elements and a

different value of event overshoot tolerance can be assigned for each element. The

program also calculates the unbalanced ioads at the end of each step and applies them as

corrections ίπ the next step without iterating οπ the unbalance. If unbalanced loads are

significant, either the anaIysis is repeated with more steps to make unbalanced correction

more often ΟΓ a dummy static analysis witll zero ioad is added so that an iteration οπ

unbalanced l0ad is perfornled.

Geornetric nonlinearity can be considered through P-delta effects by adding a

geometric stiffness matrix to tlle stiffness matrix of eacll element. The geometric stiffness

matrix is changed at each event ίπ a pushover anaIysis. However, none of the currently

availabIe elements ofDRAIN-2DX accounts for true large dispIacement effects.

3.3.2 Elernent Description of DRAIN-2DX

DRAIN-2DX describes six types of frame eiement models. The description of

eiement nl0dels is as follows:

Type Ο Ι : Inelastic Truss Bar Element to model truss bars, simpIe coIumns and nonlinear

support springs (Elastic buckling can be Inodeied)

Type 02 : Plastic Hinge Beam-ColuιnnEletnent to Inodel beams and beam-coiumns of

24



steel and reinforced concrete type.

Type 04: Simple Inelastic Connection Element ιο model structural connections witll

rotational and/or translational tlexibility

Type 06 : Elastic Panel Element ιο model οηlΥ elastic behavior of rectangular panels with

extensional, bending and/or shear stiffness.

Type 09 : Compression/Tension Link Element ιο model inelastic bar element with initial

gap ΟΓ axial force.

Type 15 : Fiber Beam-Column EIement to model inelastic steel, reinforced concrete and

composite steel-concrete members.

Ιη DRAIN-2DX, the behavior ίη sllear is assumed to be elastic and ίι is not possible

10 consider nonlinear shear effects.

Ιη this study, pushover analyses were performed οη steel and R/C mοιηeηt resisting

frames and frame elements were modeled as inelastic beam-column elements indicated as

"Type 02" ίη the program element description guide [43]. "Type 02" element consists of a

member with two rigid plastic hinges at member ends and optional rigid end zones. The

nonlinear behavior of beam members are defιned by specirying moment-curvature

relationships for both positive and negative bending and interaction diagrams are specifιed

for coIumns to represent nonlinear behavior.

However, "Type 02" element has serious Iimitations that have to be considered

during modeling. The inelastic behavior is concentrated ίη zero-Iength pIastic hinges that

could οηlΥ be defιned at member ends and yielding takes pIace only ίη the plastic hinges.

Besides, the plastic hinges are assumed ιο yield οηlΥ ίη bending tllat inelastic axial

deformations are neglected although the effect ofaxiaI forces οη bending strength is

considered by specirying interaction diagrams for columns. Moreover, "Type 02" element

is assumed to be composed of elastic and inelastic components ίη paraIleI to model strain

hardening ίη bending as shown ίη Figure 3.2. Plastic hinges that yield at constant moment

form ίη the inelastic component and the moments ίη the elastic component continue to

increase to simulate strain hardening [43]. '

PIastic hinges can exhibit οηlΥ biIinear moment-curvature reIationships and the

interaction diagram of coIumns is composed of a series of straigth line segments which are

ideaIized form of smooth interaction diagrams as shown ίη Figure 3.3.
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3.4 PVSHOVER ANALYSIS WITH SAP2000

Nonlinear static pushoνer analysis is a νery powerful feature offered ίη the

Nonlinear νersion of SAP2000. Pushoνer analysis can be performed οη both two and three

dimensional structural models.

Similar to DRAIN-2DX, pushoνer analysis can consist of any number of pushoνer

cases and each pushover case can have a different distribution of lateral load οη the

structure. Α pushover case may start from zero initial conditions, ΟΓ it may start from the

end of a previous pushover case. Howeνer, SAP2000 allows plastic hinging during

"Graνity" pushover analysis.

SAP2000 can also perform pushover analysis as either force-contolled ΟΓ

displacement-controlled. The "Push Το Load Level Defιned ΒΥ Pattern" option button is

used {ο perform a force-controlled analysis (Figure 3.4). The pushover typically ΡIΌceeds

{ο the full load νalue defιned by the sum of all l0ads included ίη the "Load Pattern" box

(unless it faiIs to conνerge at a 10wer force νalue). "The Push Το Displacement

Magnitude" option button is used to perform a displacement-controIIed analysis. The
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pushover typically proceeds to the specifιed displacement ίη the specifιed control direction

at the specifιed control joint (unless ίι fails to converge at a lower displacement value)

[ι 4].
_;;J~':.~':':':,.:f·····'
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Figure 3.4 : Static Pusllover Case Data Dialog Βοχ (SAP2000)

Αη event-to-event solution strategy is utilized by SAP2000 pushover analysis and

the parameters ίη the right-hand side of the "Options" area (Figure 3.4) control the

pushover analysis. The "Minimum Saved Steps" and "Maximum Total Steps" provide

control over the number of points actually saνed ίη the pushoνer analysis. ΟηΙΥ steps

resulting ίη signifιcant changes ίη the shape of the pushover curνe are saνed for output.

"Tlle Maximum ΝυΙΙ Steps" is a cumulatiνe counter through the entire analysis to account

for the non-conνergence ίη a step due to numerical sensitiνity ίη the solution ΟΓ a

catastrophic faiIure ίη the structure. "lteration Tolerance" and "Maximum Jteration/Step"

are control parameters to check static equilibrium at the end of each step ίη a pushover

analysis. If the ratio of the unbalanced-Ioad to tlle applied-Ioad exceeds the 'ΊteraΙίοn

Tolerance", the unbalanced l0ad is applied to the structure ίη a second iteration for that

step. These iterations continue until the unbalanced load satisfιes the ''Iteration Tolerance"

ΟΓ the "Maximum Iterations/Step" is reached [14]. Α constant "Eνent Tolerance" for alI

elements is used to determine when an eνent actually occurs for a hinge.

Geometric nonlinearity can be considered through P-delta effects ΟΓ P-delta

effects pIus large displacements (Figure 3.4).
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Modal and unifo1'm late1'al l0ad patte1'ns can be di1'ectly defιned by SAP2000 ίη

addition 10 any use1'-defιned static late1'al l0ad case. Modal l0ad pattem is defιned fo1' any

Eigen 01' Ritz mode while unifo1'm l0ad patte1'n is defιned by unifo1'm accele1'ation acting

ίη any ofthe th1'ee global di1'ections (acc di1' Χ, acc di1' γ and acc di1' Ζ).

Nonlinea1' behavio1' of a f1'alηe element is 1'ep1'esented by specifιed hinges ίη

SAP2000 and a capacity d1'op occu1's fo1' a 11inge when the hinge 1'eaches a negative-sloped

portion of its fo1'ce-displacement curve du1'ing pushove1' analysis (Figu1'e 3.5).

D Ε

Α

Displacement

Figu1'e 3.5: Gene1'alized Fo1'ce-Displacement Characte1'istic ofa Non-Degl'ading

F1'ame Element of SAP2000

Such unloading along a negative slope is unstable ίη a static analysis and

SAP2000 p1'ovides th1'ee diffe1'ent membe1' unloading methods Ιο 1'emove the l0ad that the

hinge was carrying and 1'edist1'ibute ίι Ιο the 1'est of the st1'uctu1'e (Figu1'e 3.4). Τη the

"Unload Enti1'e St1'uctu1'e" οριίοη, when the hinge 1'eaches point C οη its fo1'ce

displacement curve (Figu1'e 3.5) the p1'og1'am continues Ιο try Ιο inc1'ease the base shea1'. Tf

this 1'esults ίη inc1'eased late1'al defo1'mation the analysis p1'oceeds. Tf ηοΙ, base shea1' is

1'educed by 1'eve1'sing the lateI'al l0ad οη the whole structu1'e until the fo1'ce ίη that hinge is

consistent with the value at point Ο οπ its fo1'ce-displacement curve (Figu1'e 3.5). ΑI1

elements unload aηd late1'al displacement is 1'educed since the base shea1' is 1'educed. Afte1'

the hinge is ful1y unloaded, base shea1' is again inc1'eased, late1'al displacement begins to

inc1'ease and othe1' elements of tlle structu1'e pick υρ the l0ad that was 1'emoved fΓOm the

unloaded hinge. lf hinge uηloading l'equίΓes large I'eductions ίη the applied late1'al l0ad and

Μο hinges compete Ιο unload, i.e., whe1'e one hinge 1'equi1'es the applied l0ad Ιο inc1'ease

while the othe1' 1'equi1'es the load 10 dec1'ease, the method fails.

Τη the 'ΆρρΙΥ Local Redist1'ibution" option, οηlΥ the element containing the hinge

is unloaded instead of unloading the enti1'e st1'uctu1'e. lf the p1'og1'am p1'oceeds by 1'educing

the base shea1' when a hinge 1'eaches ροίπι C, the hinge unloading is perfo1'med by
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applying a temporary, l0calίzed, self-equilibrating, internal l0ad that unloads the element

[14]. Once tlle hinge is unIoaded, the temporary l0ad is reversed, transferring tlle removed

l0ad Ιο neighboring elements. This method will faiI if two hinges ίπ the same element

compete Ιο unload, i.e., where one hinge requires tlle temporary l0ad to increase while the

other requires the l0ad ιο decrease.

Τπ the "Restart Using Secant Stiffness" οριίοπ, whenever any hinge I'eaches ροίπι

C οπ force-displacement curve, all hinges that have become nonlinear are reformed using

secant stiffness properties, and the analysis is restarted. This method may faiI when the

stress ίη a hinge under gravity l0ad is large enough that the secant stiffness is negative. Οπ

the other hand, this method may also give solutions where the other two methods fail due

to IΊinges with small (nearly horizontal) negative slopes [14].

If "Save Positive Increments ΟπIΥ" οριίοπ box (Figure 3.4) is ποι checked ίπ a

pushover analysis, steps ίπ which hinge unloading occur are also saved Ιο represent the

characteristics of member unloading method οπ pushover curve. However, pushover curve

will become an envelope curve of all saved points if "Save Positive Increments ΟπΙΥ"

οριίοπ box is checked.

The effects of "Member Unloading Method" and "Save Positive Tncrements ΟπΙΥ"

οπ pushover curve are illustrated ίπ Figures 3.6-3.8.
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Figure 3.6: Member Unloading Method-"UnIoad Entire Structure"
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--- Save Positive Increments Only - - - - ΑΙΙ Increments Are Saved
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Figure 3.7: Member Unloading Μethοd-'ΆΡΡΙΥLocaI Redistribution"
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Figure 3.8 : Member Unloading Method-"Restart Loading Using Secant Stiffness"

Although pushover curves obtained from each method have same base shear

capacity and maximum lateral displacement, pushover analysis is generally performed by

using "Unload Entire Structure" unloading method with "Save Positive Increments Only"

option because "Unload Entire Structure" is the most effιcient method and uses a moderate

numbeI' of total and null steps. However, ''Apply Local Redistribution" requires a lot of

very small steps and null steps that the unloading bl'anch of pushover curve could not be

observed usually. "Restart Loading Using Secant Stiffness" is the least effιcient method

with the number of steps required increasing as the square of the target displacement. lt is

also the most robust (least likely to fail) provided that the gravity load is not too large

[14].
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3.4.1 Element Description of SAP2000

Ιπ SAP2000, a frame element is modeled as a line eIement having Iinearly elastic

properties and nonlinear force-displacement characteristics of individuaI frame elements

are modeled as hinges represented by a series of straight line segments. Α generalized

force-displacement characteristic of a non-degrading frame element (or hinge properties)

ίπ SAP2000 is shown ίπ Figure 3.5.

Point Α corresponds to unloaded condition and point Β represents yielding of the

element. The ordinate at C corresponds to nominal strength and abscissa at C corresponds

to tlle deformation at which signifιcant strength degradation begins. The drop from C to Ο

represents the initial failure of the element and resistance to lateral l0ads beyond point C is

usually unreliable. The residual resistance from Ο to Ε allows the frame elements to

sustain gravity loads. Beyond point Ε, the maximum deformation capacity, gravity l0ad

can ηο l0πger be sustained.

Hinges can be assigned at any number of Iocations (potentiaI yieIding points)

along the span ofthe frame eIement as well as element ends. Uncoupled moment (Μ2 and

Μ3), torsion (Τ), axial force (Ρ) and shear (Υ2 and V3) force-displacement relations can

be defιned. As the column axiaI l0ad changes under lateral loading, there is also a coupled

Ρ-Μ2-Μ3 (ΡΜΜ) hinge which yieIds based οπ the interaction ofaxiaI force and bending

moments at the hinge location. Also, more than one type of hinge can be assigned at tlle

same Iocation of a frame element.

Tllere are three types of hinge properties ιπ SAP2000. They are default hinge

properties, user-defιned hinge properties and generated hinge properties. ΟπlΥ default

hinge properties and user-defιned hinge properties can be assigned to frame elements.

When these hinge properties (default and user-defιned) are assigned to a frame element,

the program automatically creates a new generated hinge property for each and every

hinge.

Default hinge properties couId not be modifιed and they are section dependent.

When default hinge properties are used, the program combihes its buiIt-in default criteria

with the defιned section properties for each element to generate the fιnal hinge properties.

The built-in default hinge properties for steel and concrete members are based οπ ATC-40

[3] and FEMA-273 [Ι 8] criteria.

User-defιned hinge properties can be based οπ default properties or they can be

fully user-defined. When user-defined properties aΓe not based οπ default properties, then
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the properties can be viewed and modifιed. The generated hinge properties are used ίη the

analysis. The could be viewed, but they couId not be modifιed.

3.4.2 Force-Displacement Relationships

Ιη SAP2000, the nonlinear behavioI' of beams and columns is Γeρresented by

assigning concentrated plastic hinges at member ends where flexural yielding is assumed

to occur. Flexural characteristics of beams are defιned by mοment-Γοtatίοn relationships

assigned as moment hinges at beam ends. Α three dimensional interaction surface with

fιve equalIy spaced axial force-bending moment interaction diagrams and a moment

rotation relationship are defιned to reρΓesent the flexural chaΓacterίstίcsof plastic hinges at

column ends.

Both default and useΓ-defιned fΟΓce-dίsρΙacementcharacteristics of plastic hinges

were utiIized to perfoΓm pushover analyses. Moment-curvature relationships of beams and

coIumns and ίnteΓactίοn diagrams of columns weΓe calculated based οη the section and

material properties given ίη Appendix Α to defιne the user-defιned force-displacement

characteristics of the members.For this purpose, the axial forces ίη beams were assumed

to be zero. The column axial forces were assumed to be constant during an earthquake and

the axial forces due to dead load and 25% live load were used to calculate the moment

curvature Γelatίοnshίρs of columns. Response 2000 [4] was utiIized to detel'mine CΙΌSS

sectional properties ofRlC members.

For useΓ-defιned hinge properties, the procedure used by Saidii and Sozen [48]

and Park and Paulay [4 Ι] was utiIized to determine moment-Γotation ΓeΙatίοnshίρs of

members from the moment-curvature relationships. Τη this procedure, the moment is

assumed to vary ΙίneaΓΙΥ along the beams and columns with a contraflexure point at the

middle of the ιηembeΓS. Based οη this assumption, the relationship between curvature and

rotation at yield is obtained as follo\vS;

wheΓe L : Member length

φΥ : CurvatuΓe at yield

θΥ : Rotation at yield
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Plastic hinge rotation capacity of members is estimated using the folIowing equation

proposed by ATC-40 [3] and rotation value at ultimate moment is obtained by adding

plastic rotation to the yieId rotation.

where Ι ρ : Plastic hinge leηgth

φοl! : Ultimate curvature

θρ : Plastic rotation

(3.2)

ATC-40 [3] suggests that pIastic hinge length equals to half of the section deptll ίη the

direction of Ioading is an acceptabIe value which generaIly gives conservative results. This

suggestion was adapted to calculate pIastic hinge leηgth ίη this study.

Ιη addition to moment-rotation relationships, a three dimensional interaction

surface with fιve equalIy spaced axial force-bending moment interaction dίagΓams has to

be defined for coIumns. Although the ΡΓοgΓam couId not update the moment-ΓOtation

ΓeΙatίοηshίΡS due to the vaι-iations ίη axial load IeveIs dUΓίηg pushoveI" analysis, the yield

and ultimate moment values are updated by using the three dimensional interaction

surface. Axial force-bending moment interaction diagrams about two major axes of each

column section are utilized to determine the other three axial force-bending moment

interaction diagrams required to define the three dimensional interaction surface according

to the folIowing equation proposed by ΡaΓme et al. [42].

where

( )

IOgO.5/IOgp (Μ JIOgo.s/IOgp
Μια +~ =1
Μιιχο Μιι)'ο

Muxo : Uniaxial f1exural stΓeηgth about x-axis

M uyo : Uniaxial fleΧUΓaΙ strength about y-axis

M ux : Component of biaxial f1exural strength οη the x-axis at requίΓed

inclination

Muy : Component of biaxial f1exural strength οη the y-axis at ΓequίΓed

inclination

β : Parameter dictating the shape of ίηteΓactίοη SUΓface
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(3.4)

(3.5)

However, the Ρrοgraιη is very sensitive ιο the shape ofthe interaction surfaces that

user-defιned interaction surfaces could cause an eποr warning which terminates the

analysis.

The comparison of default and user-defιned hinge properties for steel and concrete

sections and the effect of hinge properties οη pushover anaIysis, hence the capacity

(pushover) curve, are discussed ίη the following sections.

3.4.2.1 Default vs User-Defined Hinge Properties for Steel Sections

The built-in default hinge characteristics of steel sections are based οη ΑTC-40 [3]

and FEMA-273 [18] criteria. FEMA-273 [18] proposes the following equations to

calcuIate the yield moment and yieId rotation of steel beams and columns;

ΜΥ = Fy Ζ

θΥ = FyZL/6EI

where FΥ : Yield strength of steel

Ζ : PIastic section modulus

L : Member length

Ε : Modulus of elasticity

: Moment of inertia with respect to the bending axis

Slope between points Β and C is taken as 3% strain hardening and the points C, Ο

and Ε are based οη FEMA-273 [Ι 8] for built-in default steel hinges (Figure 3.5). Τι should

be mentioned that Equation 3.5 proposed by FEMA-273 [Ι 8] exactly equals to the

Equation 3.1 since φΥ = ΜΥ / ΕΙ AIso, the program makes use of ultimate strength

interaction equations to defιne axial force-bending moment interaction diagrams of steel

columns.

The yield moment, yield rotation and axial force-bending moment interaction

diagraI'•.o about two major axes can be calculated numerically using section and materiaI

properties for user-defined steel moment and ΡΜΜ hinges and the equations used for

those caIcuIations are exactly same with the ones that FEMA-273 [18] proposes for

default hinges. Howeνer, pIastic rotation capacities and strain hardening of hinges should

be determined from tIle ιηοmeηt-curvature relationships. Tlle moment-curvature

reIationships of steel sections depend οη both axiaI load IeveI and slendemess ratio that

determination of moment-curvature reIationships of each steel section becomes a complex
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task. Ιπ other words, default and user-defιned steel moment and ΡΜΜ hinges have same

characteristics except plastic rotation capacities and strain hardening ratios.

For this reason, although user-defιned moment-rotation relationships wouId yield

dίffeΓeπt plastic rotation capacities and stΓaίπ hardening ratios, default steel moment and

ΡΜΜ hinges were used Ιο perform pushover analyses for steel frames for the sake of

simplicity ίπ this study.

The effects of plastic rotation capacities and strain hardening ratios of hinges οπ

pushover analysis are studied ίπ detail for concrete sections for whicll the conclusions are

also applicable for steel sections.

3.4.2.2 DefauIt vs User-Defined Hinge Properties for Concrete Sections

The built-in default hinge char'acteristics of concrete sections are based οπ ATC

40 [3] and FEMA-273 [18] criteria which consider basic parameters controlling tlle

behavior. Based οπ these paranleters, ίπ this study, default moment hinges assigned to all

beams have same plastic rotation capacities and default ΡΜΜ hinges assigned to all

columns have saιηe plastic ΙΌtatίοπ capacities regardless of the section dimensions. Slope

between points Β and C is taken as 10% total strain hardening for steel and yield rotation

is taken as zero for default concrete moment and ΡΜΜ hinges.

Οπ the other hand, user-defιned moment-rotation relationships and interaction

surfaces were obtained using the procedure described ίπ Section 3.4.2.

The default and user-defιned ιηοmeπt-rοtatίοπ relationships and interaction

diagrams for 5-story R/C frame are presented ίπ Tables 3.1-3.2 and Figure 3.9,

respectively. Scale factors (SF) for rotations are taken as υπίιΥ while scale factors (SF) for

mοιηeπt capacities of beams are presented ίπ Table 3.3. ΟπlΥ tlle interaction dίagraιη with

respect to the bending axis is considered for comparison since a two dίιηeπsίοπal structure

is studied.
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Table 3.1: Moment-Rotation Relationships ofDefauIt

Concrete Moment and ΡΜΜ Hinges

BEAMS COLUMNS
Point Moment/SF Rotation/SF Rotation/SF
Ε- -0.2 -0.035 -0.025
D- -0.2 -0.02 -0.015

c- -1. Ι -0.02 -0.015
Β- -\ Ο Ο

Α Ο Ο Ο

Β 1 Ο Ο

C ].1 0.02 0.0]5

D 0.2 0.02 0.015

Ε 0.2 0.035 0.025

Table 3.2: Mom nt-Rotation Relationships ofUser-DefιnedMoment

and ΡΜΜ Hinges for 5-Stoι)' R/C Frame

ΒΕΑΜΙ ΒΕΑΜ2 COLUMNS
Point Moment/SF Rotation/SF Rotation/SF Rotation/SF
Ε- -0.2 -0.040 -0.040 -0.030
D- -0.2 -0.028 -0.029 -0.027

c- -]. Ι -0.028 -0.029 -0.027

Β- -] -0.008 -0.0\1 -0.004
Α Ο Ο Ο Ο

Β Ι 0.007 0.009 0.004

C ] 0.035 0.037 0.027

D 0.2 0.035 0.037 0.027
Ε 0.2 0.040 0.040 0.030

3000500

, 'Ι

-- - - 1- - - - - - -
,

, - Ι______ 1- ~ _ _ _ _ • -.- ~ : : _

Ι

-20000 ,- ,~- ~ _ο: ----- - -- -- --- : - ---~B~~~:gefιnedl

-25000 _.L-~~~~~__~~~':.....-~=========:::::'.J

Ο

10000 , ·Γ ..· ··· · _· Τ.. ·.. ···· · ·····.. ···· ··· ·· 1 ···.. ··· - ·'1" · · · .. · ·'
,

, , ι

5000 - - - - - - ~ - - - - - - -, - - - - - - - 1- - - - - .. -

, Ι

,

Ζ Ο -+--~~--;-~~---,~~~τ-~~-j'~--=--~-+--~~--j

C,
~ -5000
'
ο

3, -10000
«Ι

~ -15000

1000 1500 2000 2500
Bending Moment (kN-m)

Figure 3.9 : Default and User-Defιned Interaction Diagrams About Bending Axis for

5-Story R/C Frame
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Table 3.3: Moment Capacity ScaIe Factors for Default and

User-DefίnedMoment Hinges for 5-Story R/C Frame

DEFAULT USER-DEFINED

+Ms" (kN) -Ms" (kN) +Ms" (kN) -Ms" (kN)
ΒΕΑΜΙ 763.8 1101.5 782 1226
ΒΕΑΜ2 467.\ 614.7 474 699

The comparison of default and user-defίned moment-rotation relationships of

hinges shows that default and user-defίned concrete moment and ΡΜΜ hinges could have

totally different characteristics. User-defιned hinges have higher plastic rotation capacities

than default hinges for both moment and ΡΜΜ hinges and user-defιned hinges have a

yield rotation value at yieId point though yield rotation is not used ίη analysis. Moment

capacities of user-defίnedmoment hinges are higher than those of default moment hinges

but user-defίned hinges are elasto-plastic whiIe default hinges haνe 10% total strain

hardening for steel. AIso, tlle default and user-defίned interaction diagrams are almost

same for tensile and low leνel of compressiνeaxial loads but the discrepancy is substantial

for high leνels of compressiνeaxial loads.

Pushoνer analyses were performed ustng both default and user-defίned hinge

properties and the effect of hinge PlΌperties were illustrated οη pushoνer curves as shown

ίη Figures 3.10-3.11.
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Figure 3.1 Ο : Pushoνer Curves Obtained Using DefauIt and User-DefίnedHinge

Properties for 5-Story R/C Frame Under 'Uniform' lateral Load Pattern
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Figure 3.11 : Pushover Curves Obtained Using Default aηd User-DefιnedHinge

Properties for 5-5tory R/C FraIne Under 'EIastic First Mode' lateral

Load Pattem

The comparison of pushover curves obtained using default and user-defιned hinge

properties shows that the higher plastic rotation capacities, ΟΓ rotation ductiIities, of user

defιned hinges yield to a higher maximum lateral displacement ofthe structure. Base shear

capacity of the structure may be expected ιο be l0wer when default hinge properties are

used because default hinges have l0wer moment capacities for beams and the interaction

diagrams of default 11inges remain inside the interaction diagrams of user-defιned hinges.

However, pushover analyses using default aηd user-defιned hinges yielded almost the

same base shear capacity since during pushover anaIyses the axial l0ad levels of columns

reached to very Iow values for WhiCI1 the difference between interaction diagrams were

negligible and the strain hardening associated vvith default hinges accounted for the

difference ίπ moment capacities of beams ίπ the inelastic range. Οπ the other hand, the

negligible difference in the interaction diagrams between default and user-defιned hinges

would be aInplifιed and could cause variations ίπ the base shear capacity of a structure if

plastic hinging at columηs are widely observed. AIso, the difference ίπ the interaction

diagrams of defat:!t and user-defιned hinges could cause more important variations ίπ the

pushover analysis of a three dimensional structιιre because not only interaction diagram

about major axis but also interaction diagrams about other axes will be utilized as biaxial

bending will occur ίπ a three din1ensional structure

Pushover aηaIyses with default and user-defιned 11inge properties yield differences

ίπ sequence of plastic hinging and hinge pattern. The rotation value at the yield point of
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hinges is not needed for pushoνer anaIyses performed by SAP2000 because the program

uses cross-sectional dimensions ίη the elastic range.

DefauIt hinge properties based οη ΑTC-40 [3] and FEMA-273 [18] criteria are

generaIIy peferred Ιο perform puslloνer analysis by SAP2000 because determination of

cross-sectional characteristics of aII members of a structure, especially for a three

dimensionaI structure, and inputting these sectional properties ίηΙο the program make the

pushoνer analysis impractical. Thus, the results of a pushoνer analysis with defau1t hinge

properties shouId be interρreted with caution since default hinges couId ηοΙ simu1ate the

exact nonlinear behaνiorofthe structure.

Although the effects of default and user-defιned hinges οη pushoνer analysis are

studied for 5-story R/C frame ίη this section, pushoνer anaIyses with default and user

defιned hinges were aIso performed for 2, 5, 8- and 12-story R/C frames using νarious

lateral load patterns and same conclusions were aIso deriνed from aII cases considered.

3.5 COMPARISON OF PUSHOVER ANALYSIS WITH DRAIN-2DX vs SAP2000

Pushoνer anIayses using νarious Iateral load patterns ('Uniform', 'EIastic First

Mode', 'Code', 'FEMA-273', 'Multi-Modal (SRSS)' and 'Mode 2') were performed οη steel

and reinforced concrete frames by DRAIN-2DX and SAP2000 Ιο understand the

underIying principIes of each software utiIized for pushoνer analyses and Ιο compare the

pushoνer results obtained from each software.

Pushoνer anaIyses for steel frames were performed using default hinge properties

by SAP2000. Positiνe and negatiνe bending moment capacities of beams and interaction

diagrams of coIumns which are exactly same with default Ilinge properties of SAP2000

were determined as described ίη Section 3.4.2.1 and were input Ιο DRAIN-2DX Ιο

represent the nonlinear behaνior. AIso, to be consistent, same strain hardening ratio with

default hinges were specifιed ίη DRAIN-2DX since exact moment-curνatures of steel

sections were ηοΙ deterωίned.Fοrsteel frames, all specified cross-sectional properties that

represent nοnli::ιear behaνior are exactly same ίη both softwares. The pushoνer curνes

obtained from both softwares for 2, 5- and 13-story stee1 frames with νarious lateral load

pattems are presented ίη Figures 3.13-3.15.

Pushoνer analyses using user-defιned hinge properties were performed by

SAP2000 Ιο make cοωΡarίsοn with the results ofDRAIN-2DX for concrete frames. User

defιned moment-rotation relationships and interaction surfaces were obtained using the

procedure described ίη Section 3.4.2. Positiνe and negatiνe bending moment capacities of
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beams, strain hardening ratios of members obtained from moment-curvature relationships

and idealized form of smooth interaction diagrams of columns as shown ίη Figure 3.3

were input ιο DRAIN-2DX to represent the nonlinear behavior. For concrete frames, all

specifιed cross-sectional properties that represent nonlinear behavior are exactly same ίη

both softwares except the interaction diagrams of columns (Figure 3.12). The pushover

curves obtained from both softwares for 2, 5, 8- and 12-story reinforced concrete frames

witll various lateraΙ l0ad patterns are presented ίπ Figures 3.16-3.19.
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Figure 3.12 : lnteraction Diagrams of Columns for SAP2000 and DRAIN-2DX

The computational approach of DRAIN-2DX and SAP2000 οη pushover analysis is

similar that both programs use an event-to-event solution strategy and utilize some

parameters that control the pushover analysis such as number of steps, maximunl number

of events, event tolerance, etc. although there are some variations ίη these parameters as

discussed ίη this study. SAP2000 proposes three types of member unloading methods

whose effects οπ the pushover analysis procedure could be reflected οη the pushover

curve. Based οη the general shape of pushover curves, DRAIN-2DX probably performs

pushover analysis by "Unload Entire Structure" option although ηο information is

presented ίη the user gt\ide.

However, tlle results of a pushover analysis mainly depend οη the modeling of

nonlinear behavior of lateral l0ad resisting members and there are variations ίη modeling

the nonlinear member behavior for both softwares. Both softwares utilize concentrated

plastic hinges to represent the nonlinear behavior of members but plastic hinges can οηlΥ

be defιned at member ends ίπ DRAIN-2DX while plastic hinges can be defιned at any

ροίηι along the span of ιηember as well as member ends ϊη SAP2000. Ιη DRAIN-2DX,
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pIastic hinges are assumed to yieId οηΙΥ ίη bending and nonlinear behavior of columns are

simulated by idealized interaction diagrams which neglect ineIastic axiaI deformations that

actual colLImn behavior could not be defίned. The use of fίber models would be more

appropriate to simuIate coIumn behavior although input preparation for fίber models is

more compIex.

The comparison of pushoveI' curνes obtained from both softwares shows that both

softwares produced almost the same pushover curνes for both steel and R/C fraιηes for the

lateral load patterns considered. However, the approach utiIized by DRAIN-2DX to model

strain hardening ίη bendig causes a difference ίη the capacity curνes of steel frames and

DRAIN-2DX yielded negl igibly snlaIler base shear capacity for steel frames. Also,

pusllover curνes obtained [rol11 DRAIN-2DX for 8- and 12-story R/C frames have base

shear capacities of about 5% Iower than those of SAP2000 because tllese fl'ames have

pIastic hinging at coIumns at initial stages of yielding and the discrepancy ίη the

interaction diagrams of both softwares caused the difference ίη the base shear capacity.

The effectiveness of the idealized interaction diagrams to represent ineIastic column

behavior affects the accuracy of pushover predictions of DRAIN-2DX, especialIy pIastic

hinging at coIumns are widely observed.

Αη oddly-shaped pushover curνe was obtained from pushover analysis performed

by SAP2000 for 2-story R/C frame under second mode lateral load pattem. The 10ad

pattem caused the roof dispIacement to fίrst increase ίη one direction and then the reverse

direction. However, DRAJN-2DX could ηοΙ catch this behavior and quits the anaIysis

when reversal starts to occur.

The comparison of puslloveI" curνes also ΓeνeaΙs an important feature of DRAIN

2DX. DRAIN-2DX couId οηlΥ model bilinear moment-curνature relationships of

members to represent nonIinear behavior during pushover analysis and the ΡΓοgram could

not set a Iimit for maximum defol'mation capacities of the members. Therefore, pushover

CUΓνes obtained from DRAIN-2DX yieId unlimited lateral deformation capacities for

structures that DRAJ~,2DX could not specify a reliabIe permitted maximum lateraΙ

response ofthe structures for seismic performance evaIuation purposes. Οη the other hand,

SAP2000 couId model initial failure (strength degradation) and maximum deformation

capacities of members under lateral loading that the structures have a defίnite maximum

lateral dispIacement capacity.

Also, both softwares yielded almost same sequence of pIastic hinging and plastic

hinge pattems for the pushover anaIyses with the lateral load patterns considered here.
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CHAPTER4

SEISMIC DEMAND PREDICTION ΒΥ PUSHOVER

ANALYSIS FOR FRAME STRUCTURES

4.1 INTRODUCTION

Although, ίη Iiterature, pusllover analysis has been shown Ιο capture essential

structuraI response characteristics under seismic action, the accuracy and the reIiabiIity of

pushover analysis ίη predicting gIobaI and locaI seismic demands have been the subject of

discussion. The Iimitations of pushover anaIysis and the issues affecting the accuracy of

pushover predictions were discussed ίη detaiI ίη Section 1.3.2 and ίι was presented that

accurate estimation of target dispIacement, selection of lateral load pattem and

identifιcation of failure mechanisms due Ιο higher modes of vibration are among the

important issues that affect the accuracy of pushover predictions.

Τη this study, pushover anaIyses were performed οη low, mid and high-rise

reinforced concrete and steel nloment resisting frames using various invariant lateraI Ioad

patterns utilized ίη cuπeηt engineering practice Ιο study the effects of lateral load pattern

οη gIobal structure behavior, thus οη the capacity curνe and οη the demand prediction of

pushover analysis. The accuracy of any invariant Iateral load pattern ίη predicting the

seismic demands of frame structures experiencing individuaI ground motion excitations

that cause eIastic and certain Ievels of noπiinear deformation were identifιed. For this

purpose, six deformation leνels represented as peak IΌof displacements οη the capacity

curνe of the frames were fιrstly predetermined and the response parameters such as story

displacements, inter-story drift ratios, story shears and plastic hinge locations were then

estimated from the resuIts of pushover analyses for any lateral Ioad pattem at the

considered deformation Ieνel. Pushover predictions were compared with the 'exact' values

of response parameters obtained from tlle nonlinear time history analyses using scaled
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ground motion records cοπeSΡοηdίηg to the considered deformation levels. The accuracy

and the effects of invariant lateral l0ad patterns utilized ίη traditionaI pushover analysis to

determine the actual seismic behavior of planar structures were evaluated. Νο adaptive

lateral l0ad pattem was considered ίη this study because the main aim of this study is to

determine the discrepancies ίη the predictions of practicaI pushover analysis with any

invariant lateral l0ad pattern. The adaptive lateral l0ad patterns make tlle pushover

analysis computationaIly demanding and conceptualIy complicated.

Chopra and Goel [9] developed an improved pushover analysis procedure named

Moda\ Pushover Analysis (ΜΡΑ) to account for the effects of higher modes οη structural

response and it was suggested that by considering the contributions of a suffιcient number

of modes, ΜΡΑ generaI\y predicts the height-wise distribution of any response parameter

simiIar to the 'exact' results obtained from nonlinear time history analysis. The ΜΡΑ was

performed οη case study frames and a comparative evaluation of ΜΡΑ and traditionaI

pushover analysis with invariant lateral l0ad pattems ίη predicting the seismic demands

was conducted.

4.2 DESCRIPTION OF CASE STUDY FRAMES

The effects of lateral l0ad pattems and higher modes οη g\obal structural behavior

and οη the accuracy of pushover predictions were studied οη reinforced concrete and steel

moment resisting frames. FουΓ reinforced concrete frames with 2, 5, 8 and 12-stories and

three steel frames with 2, 5 and Ι 3-stories were utiIized to cover a broad range of

fundamental periods.

The case study frames were designed for California using the Uniform Building

Code- Ι 982 [24]. Two dimensional models of case study frames were prepared using

SAP2000 [14] and DRAIN-2DX [44] by considering the necessary geometric and strength

characteristics of all members that affect the nonIinear seismic response. The structural

models were based οη centerline diJηensions that bealns and coIumns span between the

nodes at the intersections of beam and coIumn et;'--terlines and beam-column joints were

not modeled. Rίgid floor diaphragJηs were assigned at each story level and the seismic

Jηass of the frames were lUJηped at the mass center of each story. Gravity l0ads consisting

of dead loads and 25% of Iive loads were considered ίη pushover and nonlinear time

history anaIyses. Free vibration anaIyses were perforJηed to deterJηine eIastic periods and

Jηode shapes ofthe fraJηes. The free vibration anaIyses ofthe fraJηes using SAP2000 [14]

and DRAIN-2DX [44] yieIded exactIy saJηe dynamic properties. The dynamic properties
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of the case study frames are summarized ίη TabIe 4.1. Modes are normaIized to have υηίι

modal amplitude at roof level.

Table 4.1 : Dynamic Properties ofCase Study Frames

Period Modal Participation Modal Mass
Frame Τ'" sec Factor (Γ" Factor (α"

ΤΙ ΤΙ Τ3 Γι Γι Γ3 αl αι α3

2-Story R/C 0.488 0.148 - 1.336 0.336 - 0.834 0.166 -
5-Story R/C 0.857 0.272 0.141 1.348 0.528 0.258 0.794 0.116 0.054
8-Story R/C 1.064 0.374 0.192 1.409 0.613 0.319 0.727 0.144 0.050
Ι 2-Story R/C 1.610 0.574 0.310 1.398 0.615 0.372 0.730 0.130 0.052
2-Stoι)' Steel 0.535 0.155 - 1.272 0.272 - 0.972 0.028 -
5-Story Steel 1.039 0.379 0.196 1.412 0.594 0.266 0.862 0.104 0.022
13-Story Steel 1.922 0.692 0.403 1.364 0.571 0.358 0.781 0.125 0.048

The confιguration, member details and dynamic properties of case study frames

are presented ίη Appendix Α. The detai1s of shear reinforcement were ηοΙ considered since

controlIing behavior of frame ιηembers was assumed Ιο be flexure. 80th pushover and

nonlinear time history analyses were performed using gross section properties and P-DeIta

effects were negIected. Nonlinear member behavior of concrete and steel sections was

modeled as discussed ίη Chapter 3 for SAP2000 [14] and DRAIN-2DX [44].

4.3 NONLINEAR ΤιΜΕ HISTORY ANALYSES

The nonlinear response of structures is very sensitive Ιο the structural modeling

and ground motion characteristics. Therefore, a set of representative ground motion

records that accounts for uncertainties and differences ίπ severity, frequency and duration

characteristics has Ιο be used to predict the possibIe deformation modes of the structures

foι' seismic performance evaluation purposes. Howevet', for simpIicity, seismic demand

prediction is generally performed by pushover anaIysis which mostly utiIizes smoothened

response spectra. Τπ this study, the accuracy of demand prediction of pushover analyses

f01" various invariant lateral l0ad pattems was.Q'aluated for the response obtained from

randomly seIected ground motion excitations.

The ground motion records used ίη this study include ΕΙ Centro (Imperial Valley,

18 May 1940, NS component), Parkfield (27 June 1966, Ν65Ε component), Pacoima Dam

(San Fernando, 9 February 1971, SI6E component) and Dίizce (12 November 1999, EW

component) earthquakes. The peak ground accelerations (PGAs) of the selected ground

motions are within 0.319g-1.17g. The ΕΙ Centro is a widely known ground motion utilized
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ίπ many studies. The Pacoima Dam and the Dί.izce are near-fιeld ground motions and the

Dί.izce was selected to represent a 10caΙ ground motion.

Ιπ this study, the response of case study frames were studied ίπ the elastic and

various degrees of inelastic deformation levels that were represented by peak roof

displacements οπ the capacity (pusll0ver) curve of the frames. Six deformation levels were

considered as iIlustrated ίπ Figure 4.1 for each frame and eacll ground motion record was

scaled ιο obtain the predetermined peak roof displacement for the frame considered.

5% damped elastic pseudo-acceleration response spectI'a of ground motions are

given ίπ Figure 4.2. The acceleration- time histories of ground motion records are aIso

shown ίη Figure 4.3.

~
~ t ιν ν
<1)

~ πι
ιι:J '

~ )
CΩ 11

r
/ Ι

ι

νι

Roof Displacement

Figure 4.1 : Deformation Levels Considered for Case Study Frames
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Figure 4.2 : Pseudo-Acceleration Response Spectra of Ground Motions (5% Damped)

The ground motion scale factors used ιο obtain the predetermined peak roof dίSΡΙaceιηents

corresponding ιο the cοnsίdeΓed deformation levels and the predetermined peak roof

52



displacements are presented for reinforced concrete and steel moment resisting frames ίπ

Table 4.2 and TabIe 4.3, respectively.

NonIinear time history anaIyses were performed by using DRAIN-2DX [44] for

the scaled ground motion records and maximum absolute values of response parameters

such as story displacements, inter-story drift ratios and story shears were determined at the

considered deformation level for each ground motion record. It is aIso worth mentioning

that the maximum values of any response parameter over the height of the frames

generaIly occurred at different instants of time. AIso, plastic hinge locatίons were

identifιed ίπ nonlinear time IliStory anaIyses.

4.4 PUSHOVER ANALYSES

Pushover analyses were performed οπ reinforced cοnCΓete and steel ιηοment

resisting frames using DRAIN-2DX [44] and SAP2000 [14] as discussed ίη Chapter 3. Τπ

pushover analyses, fιve different invariant lateraI load ρatteΓns weΓe utilized to reρΓesent

the Iikely distribution of inertia forces imposed οπ the frames during an earthquake and

the utilized lateral l0ad patterns aΓe deSCΓίbed as follows (Note that the story forces are

normalized with the base shear to have a total base sIleaI" equals to υπίιΥ):

• 'Uniform' LateraI Load Pattern

Tlle lateral fΟΓce at any story is proportional to the lηass at that story, i.e.,

Fj= m I / Σmj

wheΓe F i : lateral force at i-th story

m; : mass of i-th story

(4.1 )

• 'EIastic First Mode' LateraI Load Pattern

The lateral force at any story is PlΌportional to the ΡΓοduct of the amplitude of the elastic

fιΓst mode and the mass at that story, i.e.,

F I = mιfjj / Σ mιfjj (4.2)

where 0;: amplitude ofthe elastic fιrst mode at i-th s~ry

• 'Code' LateraI Load Pattern

The lateΓal load pattern is defined ίπ Turkish Earthquake Code (1998) [53] and the ΙateΓaΙ

force at any story is calculated from the following formula:
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Table 4.2 : Ground Motion Scale Factors and Predetermined Peak RoofDisplacements

Corresponding the Deformation Levels Considered (R/C Frames)

ΕΙ Centro (Imparial Valley 1940, NS)

Deformation 2-Story 5-Story 8-Story 12-Story
Leνel SF Ur(m) SF Ur(m) SF Ur(m) SF Ur(m)

Ι 0.15 0.011 0.50 0.073 0.45 0.071 0.50 0.083

Π 0.50 0.031 1.00 0.109 0.65 0.101 1.00 0.182

πι 0.75 0.045 1.50 ο. Ι39 1.00 0.127 1.50 0.315

lν 1.35 0.067 2.00 0.189 1.50 0.205 2.00 0.417

ν 1.75 0.091 2.50 0.212 2.00 0.281 2.50 0.521

νι 2.25 0.119 3.00 0.233 2.50 0.367 3.00 0.607

Parkfield (27 June 1966, Ν65Ε)

Deformation 2-Story 5-Story 8-Story 12-Story
Leνel SF Ur (m) SF Ur (m) SF Ur(m) SF Ur(m)

Ι 0.09 0.011 0.50 0.077 0.37 0.071 0.25 Ο.Ι Ι5

Π 0.30 0.033 0.70 0.108 0.55 0.105 0.50 0.Ι96

ΙΠ 0.45 0.044 0.87 0.136 0.75 0.128 0.80 0.300
ιν 0.68 0.067 I.Ι2 0.183 0.96 0.203 Ι .00 0.434

ν 0.87 0.091 1.30 0.212 Ι. Ι3 0.283 Ι .15 0.536

νι 1.05 0.1 Ι5 1.50 0.255 1.30 0.366 1.30 0.617

Pacoima Dam (San Fernando 1971, S16E)

Deformation 2-Story 5-Story 8-Story 12-Story
Leνel SF Ur(m) SF Ur(m) SF Ur(m) SF Ur(m)

Ι 0.075 0.010 0.29 0.075 0.15 0.073 0.15 0.104

ΙΙ 0.27 0.031 0.41 0.108 0.22 0.105 0.30 0.208

ΠΙ 0.40 0.044 0.52 0.136 0.28 0.126 0.45 0.316
ιν 0.74 0.067 0.67 0.184 0.43 0.209 1.00 0.447

ν 0.95 0.090 0.76 0.213 0.95 0.281 1.15 0.539
νι Ι .15 0.115 0.92 0.256 1.\2 0.365 1.30 0.638

DϋΖce (1999, EW)

Deformation 2-Story 5-Story 8-Story 12-Story
Leνel SF Ur (m) SF Ur (m) SF Ur(m) SF Ur(m)

Ι Ο.Ι 8 0.010 0.27 0.076 0.30 0.070 0.20 0.097

Π 0.53 0.032 0.38 0.108 0.45 0.103 0.40 0.Ι93

ΙΠ 0.67 0.045 0.55 0.137 0.55 0.130 0.80 0.306
ιν 0.90 0.068 0.92 0.183 0.85 0.208 Ι .10 0.423
ν \.03 0.092 Ι .13 0.212 1.02 0.280 1.77 0.526
νι I.Ι2 0.1 Ι 8 1.39 0.256 1.26 0.367 1.92 0.6Ι3

4:".'

SF : Ground Motion Scale Factor

Ur : Peak Roof Displacement
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Table 4.3 : Ground Μοιίοπ Scale Factors and Predetermined Peak Roof Displacements

Corresponding tlle Deformation Levels Considered (Steel Frames)

ΕΙ Centro (Jmparial Valley 1940, NS)

Deformation 2-Story 5-Story 13-Story
Level SF Ur (m) SF Ur (m) SF Ur(m)

Ι 0.30 0.024 0.50 0.075 0.50 0.102
ΙΙ 0.50 0.041 1.00 0.150 1.50 0.306
Ι!Ι 0.68 0.050 1.50 0.192 2.00 0.362
ιν 0.85 0.060 2.00 0.252 2.50 0.453
ν 1.35 0.072 2.50 0.308 3.00 0.635
νι 1.65 0.090 3.00 0.374 3.60 0.869

Parkfιeld (27 June 1966, Ν65Ε)

DefΟΓmatίοn 2-Story 5-Story I3-Story
Level SF Ur(m) SF Ur (m) SF Ur(m)

Ι 0.30 0.024 0.50 0.075 0.50 0.102
ΙΙ 0.30 0.040 1.00 0.177 0.55 0.305
ΙΙΙ 0.38 0.050 1.25 0.225 Ι.ΟΟ 0.399
ιν 0.45 0.059 1.50 0.268 1.15 0.489
ν 0.60 0.073 1.75 0.306 1.40 0.654
νι 0.95 0.090 2.00 0.418 1.75 0.862

Pacoima Dam (San Fernando 1971, SI6E)

Deformation 2-Story 5-Story I3-Story
Level SF Ur(m) SF Ur(m) SF Ur(m)

Ι 0.30 0.024 0.50 0.075 0.50 0.102
ΙΙ 0.34 0.040 0.35 0.160 0.45 0.304

ΙΙΙ 0.45 0.051 0.50 0.223 0.55 0.372
ιν 0.65 0.060 0.58 0.264 1.00 0.495
ν 0.76 0.073 0.67 0.308 1.30 0.642
νι 0.94 0.090 1.00 0.420 1.70 0.855

Dίίzce (1999, EW)

Deformation 2-Storv 5-Storv 13-Story
Level SF Ur(m) SF Ur(m) SF Ur(m)

Ι 0.30 0.024 0.50 0.075 0.50 0.102

ΙΙ 0.47 0.040 0.68 0.166 0.60 0.298

Ι!Ι 0.67 0.051 1.07 0.215 0.80 0.388

ιν 0.80 0.061 1.23 0.257 1.00 0.480
ν 0.92 0.073 1.38 0.308 1.85 0.658
νι 1.04 0.090 1.65 0.412 2.30 0.869

SF : Ground Motion ScaIe Factor

U r : Peak Roof Displacement
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F j = (Vb- ΔFΝ) -'N-,--m_-,--jh....:..i _

Σ(mΑ/)
j=I

where Vb : base shear

h : Ileight of i-th story above the base

Ν : total number of stories

(4.3)

(4.4)

ΔFΝ : additional earthquake l0ad added to the N-th story when hN>25 m

(For hN:::; 25 m. ΔFN=O otherwise; ΔFΝ = O.07T IVb :::; O.2Vb where ΤΙ is the

fundamental period of the structure)

• 'FEMA-273' LateraI Load Pattern

The lateral l0ad pattern defιned ίη FEMA-273 [18] is given by the following formula that

is used to calculate the intemal force at any story:

F,= m,hk
, / Σ In,hk

;

where h: height of the i-th story above the base

k : a factor to account for the higher ιηοde effects (k=1 for Τ ι ::Ξ;Ο.5 sec and k=2 for

Τ ι>2.5 sec and varies Iinearly ίη between)

• 'MuIti-ModaI (or SRSS)' LateraI Load Pattern

The lateral l0ad pattem considers the effects of elastic higher modes of vibration for long

period and irregular structures and the lateral force at any story is calculated as Square

Root of Sum of Squares (SRSS) combinations of the load distributions obtained from the

modal analyses ofthe structures as follows:

Ι. Calculate the lateral force at i-th story for n-th mode from Equation (4.5).

(4.5)

where Γη: modal participation factor for the n-th mode

0ίη : ampl itude of n-th mode at i-th story

Αη : pseudo-acceleration of the n-th mode SDOF elastic system

_ Ν

2. Calculate the story shears, V;" = Σ F;n \Vllere Ν is the total number of stories
j?:i

3. Combine the modal story shears using SRSS rule, V; = JΣn (Tί;n γ .
4. Back calculate the lateral stOlγ forces, F j , at story levels from the combined story

shears, V j starting from the top story.

5. Normalize the lateral story forces by base shear fo .. conνenience such that
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F j ' = F; / ΣFj •

The contribution of fιΓst three elastic modes of vibration was cοnsίdeΓed to calculate the

'Multi-Modal (or SRSS)' lateralload pattem ίη this study.

'Elastic First Mode', 'Code', 'FEMA-273' and 'Multi-Modal (or SRSS)' later'al load

pattems represent different veΓsίοns of triangular lateral load pattems. 'Unifoπn' and

triangular' lateral load patterns represent the eχtΓeme cases for ίnvaΓίant lateral load

distributions. The height-wise distribution of lateral load patterns for case study frames are

illustrated ίη Figure 4.4.

The variation ίη the height-wise distribution between the 'Elastic First Mode',

'Code', 'FEMA-273' lateral load patterns are almost negligible for 2, 5, 8-story R/C and 2,

5-story steel fΓames while the variation being more observable for steel fΓames. Also, ίι is

observed that the heίght-νιίse distribution of 'Multi-Modal (ΟΓ SRSS)' ΙateΓal load ρatteιη

starts to vary [Γοιη 'Elastic First Mode', 'Code', 'FEMA-273' distributiol1s for frames

havil1g fundamental periods larger than about 1.0 seconds while the difference is very

small for 2, 5, 8-story R/C frames and for 2, 5-story steel fΓames. However, the variations

ίη the height-wise distribution of triangular lateral load pattems (Έlastίc First Mode',

'Code', 'FEMA-273' and 'Multi-Modal (or SRSS)') are signifιcant for long-perίod frames

(12-story R/C and 13-story steel frames).

- 'UN1FORM' - - - 'ELASτrc FIRST MODE'-- 'CODE' -~~'FEMA·273' - - - 'SRSS'
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Figure 4.4 : Height-Wise Distribution of lateral load Patterns [or R/C Case Study Frames

58
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4.5 MODAL PUSHOVER ANALYSIS (ΜΡΑ) PROCEDURE

ChοΡΓa and GoeI [9] developed an impΓOved pushover analysis procedure named

ModaI Pushover Analysis (ΜΡΑ) to account for the e[fects of higher modes οη structural

response and [οΙ' the redistribution of inertial forces during progressive yieIding. The

procedure is conceptualIy simple and easy to implement like the pushover anaIysis with

invariant lateraΙ load patterns.

Firstly, Chopra and Goel [9] appIied the procedure to IinearIy elastic buiIdings and

it was shown that the procedure is equivalent to the welI known response spectrum

analysis. Then, Chopra and Goel [9] extended the procedure to estimate the seismic

demands of inelastic systems by identifying the assumptions and the approximations

involved. The procedure consists ofthe following steps:

Ι. Determine tl,e natural freqnencies, ωl1 , and modes, (λ, [οΙ' linearly elastic vibration

of the structure.

2. For the n-th mode, develop the 'modal' capacity curve (base shear versus roof

displaceInent) of the overalI structure [οΙ' tI,e lateral force pattem SI1' = m0 11 where

m is tl,e mass matrix.
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3. Obtain the force-displacement relationship of the n-th mode inelastic SDOF from

the corresponding 'modal' capacity curve by performing one of the procedures

described ίη Section 5.2.

4. Perfornl a nonlinear dynanlic analysis for the ground motion excitation by

utilising the force-displacement relationship of n-th mode inelastic SDOF system

to obtain the peak deformation, Οη , of n-th mode inelastic SDOF system.

5. Calculate the peak roof displacement, u1110, associated with the n-th mode inelastic

SDOF system from

(4.6)

where

Γη : Inodal participation factor for the n-th Inode

0111 : amplitude of n-th mode at roof level

Οη : peak spectral roof displacenlent

6. Extract any response , rIlo, from the pushover results at roof displacement umo.

7. Repeat Steps 2-6 for as many modes required for suffιcient accuracy; usually the

fιrst two or three modes will suffice.

8. Determine the peak value of total response by combining the peak modal

responses, rno, using any appropriate modal combination rule, usually Square Root

of Sum of Squares (SRSS) is used.

The procedure involves certain approxinlations and assumptions that coupling

among modal coordinates due to yielding of the structure is neglected while calculating

tlle peak roof displacement, umo and superposition of peak modal responses to obtain the

total peak response is utilized although superposition is valid only for elastic systems.

Also, the total response is approxiInated by using an appropriate modal combination rule

to combine the peak modal responses.

The procedure was applied οη 2, 5, 8- and 12-story reinforced concrete and 2, 5

and 13-story steel frames by considering tlle contribution of fιrst three modes ο vibration

to the total response and a comparative evaluation of ΜΡΑ and traditional pushover

analysis with invariant lateraΙ load patterns ίη predicting the seismic demands was

conducted (Figures 8.1-8.112 ίη the attached CD). The 'modal' capacity curves for case

study fΓames considel'ing the fιrst two and/oI" thΓee modes of vibI'ation are presented ίη

FίgUΓes 4.6-4.7.
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4.6 COMPARISON AND INTERPREΤATIONOF RESULTS

The effects and the accuracy of invariant lateral load panerns uriIized ίπ pushover

analysis to predict the behavior imposed οπ the structure due to randomiy selected

individual ground motions causing elastic and various levels of nonlinear response were

evaluated ίπ this study. For this purpose, global structure behavior, story displacements,

inter-story drift ratios, story shears and pIastic hinge Iocations were selected as response

parameters.

Pushover curves were obtained by performing pushover analyses using SAP2000

[14] and DRATN-2DX [44]. Story displacements, inrer-story drift ratios, story pushover

curves and plastic Ilinge locatίoπs for any iateral load panern were extracted from the

pushover database ar the predetet·mined maximum ΓOof dispIacement consistent wirh the

defΟΓmatίοπ ievel considet·ed and weΓe compared with absolute maximum values of 'exact'

response parameteI·s obtained from nonlineaI" time history analyses [ΟΓ each defoι-mation

level for each ground motion. Tt should be mentioned that maximum story displacements

and inter-story dΓίft rarios for any story level generally οccuπed at different times ϊπ

nonIinear time history analyses. Also, story dispIacements, ίπteΓ-Story drift ratios and

plastic hinge locatioπs were estimated by performing Modal Pushover Analysis (ΜΡΑ) οπ

case study frames. The eποr involved ίπ story displacement and inrer-story drifr ratio

prediction of each pushover method was calcuiated with respect to rhe 'exact' demands to

assess the aCCUΓaCΥ of pushover predictions. Story displacemenr, inter-stoI)' drift ratio and

cοπeSΡοπdίπg error profιles for case study frames for eacll pushover method at each

defoι-mation leνel for all ground motions are ilIustrated ίπ Figures 8.1-8.112 ίπ the

attached CD.

4.6.1 Global Structure Behavior

Capacity curves (base shear versus roof displacement) are the Ioad-displacement

envelopes of the structures and represenr rhe global response of the structures. Capacity

curves for case study frames were obrained from the pushover anaIyses - using

aforementioned iateral load pattems and are shown ίπ Figures 4.8-4.10. The absolure

maximum values of roof dispIacements and base shears experienced under ground motion

excitations were determined [ΟΓ each deformation ievel to approximate a dynamic capacity

curve [ΟΓ rhe frames. The aΡΡΓΟΧίmate dynamic capacity curves fol· each ground motion

were included ίπ those fιgUΓes to make a comparison of approximare dynamic capaciry

CUIΎes with the ones obtained from pushover analyses. Roof displacement is noιmalized
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with respect to the total height of the frame while base shear is normalized with respect to

the total seismic weight of the frame.

The examination of the height-wise distribution of lateral l0ad patterns shown ίη

Figure 4.4 together with the capacity curves obtained using these lateraΙ l0ad patterns

(Figures 4.8-4.1 Ο) reveals that the shape of capacity clIrve directly depends οη the height

wise distribution of lateral load pattern as well as the nonlinear strιιctural characteristics.

The trend ίη the similarities and/or ίη the variations ofthe height-wise distribution

of lateral load patterns is retlected οη the capacity curves such that pushover analyses

using 'Uniform' lateraΙ l0ad pattern yielded capacity curves with higher initial stiffness and

base shear capacity but lovver maximum roof displacement than those of the triangular

lateral load patterns (Έlastίc First Mode', 'Code', 'FEMA-273, and 'MuIti-Modal (or

SRSS)') for almost all frames considet·ed (except 2-story steel frame since 'Uniform'

lateraΙ l0ad pattern is simiIar Ιο the triangular lateraΙ l0ad patterns). This is expected

because capacity curve is a function of the ροίηΙ of application of the resultant of lateral

l0ad as well as the nonlinear structural characteristics. 'Uniform' loading gives the lovvest

ροίηι while the triangular lateral load patterns give a higher ροίηΙ for the application ofthe

resultant l0ad as the story forces at the upper stories are higher for triangular lateral load

patterns. Thus, triangular lateraΙ l0ad pattems yield higher roof displacements for the same

base sIlear value ΟΓ the base shear needed Ιο develop the same roof displacement with

triangular lateral l0ad patterns beconles higIler for 'Uniform' l0ad pattern ίη both elastic

and inelastic ranges.
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Figure 4.11 : Story Displacement Profιle for 12-StoryR/C Frame (ΕΙ Centro)
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Figure 4.12 : Story Displacement Profιle for 12-Story R/C Frame (Parkfιeld)

68

--------------------~



--4.~- Nonlinear Time History

-- 'CODE'

----s---- 'UNIFORM' - .....- 'ELASτrc FIRST ΜΟΟΕ'

'FEMA-273' -e- 'SRSS' ~:)-- ΜΡΑ

____ Ι .ι _
Ι Ι

_ __ :.... -1- 1- _

Ι Ι Ι

- - - Ι- __ -ι ... _

0.05 0.10 0.15 0.20 0.25
Story Displacelllent (m)

Ι

---~-- -r----'---
ι ι ι

- - - - -Ι - - - - 1- - - -1-

Ι Ι

12 -,--.,..-------'ί/8_---,

11
10

Q) 9
~ 8

.....J 7
C6
δ5 5

4 "
3
2
Ι

Ο

0.00

Ι

___ ...J .l _

ι ι

_~ ...J .L _

ι ι

_ -1- ...J _ _ _ • _

Ι

Ο 0.03 0.06 0.09 0.12
Story Displacement (m)

12 --------,----~.--,
11 ----------~---

10
_ 9
~ 8
j 7
c 6
.9 5
[/)4

3
2 -
1 
Ο j-----'===r====r=~=9

··------τ·---·---··-I--~···ϊ-·_-.......,._·_·

ι ι

---~--- Γ----ι--- Γ

Ι , Ι

---~----Γ----I- --
Ι Ι ι

----~----Γ-- -Ι--

ι ,
----,----,

Ι Ι----,-- ----
Ι----,- -_ .

3

12
1 Ι

10
Q) 9
~ 8

.....J 7
C6
.9 5
[/)

4

2 
1 - - -; -!-Oeformation Level-IV!
Ο

0.00 0.10 0.20 0.30 0.40 0.50
Story DisplaceIllent (m)

0.400.10 0.20 0.30
Story Diplacenlent (m)

......W·---r-·---··j-----···-···..r.Q···-··-···.
Ι Ι

-----Ι-----τ---

Ι Ι

- - - - -Ι - - - - - Τ - -

Ι

- - - - -Ι - - - - - --

- - - - _Ι _ _ _ _ ..!..
ι

ι------ ---
Ι

12
11
10

- 9
~ 8
v

.....J 7
C6
.9 5
[/)

4
3
2
Ι 
Ο ~--t===:::;==:::::;==:::'..,

0.00

0.800.20 0.40 0.60
Story Displacement (m)

12
] ]

10
_ 9
~ 8
j 7
σ6

.9 5
[/)4

3
2
1
Ο

0.000.60

Ι i

"Ί neΤ6fmatίο~nΤeveΙ ΥΙI
2
Ι

Ο

0.00 0.20 0.40
Story DisplaceIllent (m)

12 ,----,------Jl-Q-"

Ι Ι

10
_ 9
~ 8
j 7
C 6 
.9 5
[/) 4 _

3

Figure 4.13 : Story Displacement Profιle for 12-Story R/C Frame (Pacoima Dam)
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Figure 4.14 : Story Displacement Profιle for 12-Story R/C Frame (Dίizce)
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Figure 4.15 Story Displacement Error Profi le for 12-Story R/C Frame (ΕΙ Centro)
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Figure 4.16 : Story DispIacement ΕΠΟΓ Profιle [or 12-Story R/C Frame (Parkfιeld)
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Figure 4.18 : Story Displacement Error Profιle [or 12-Story R/C Frame (Dίizce)
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Ι. None of the lateral load patterns could capture adequately the 'exact' story

displacement profιle obtained from nonlinear time history analysis at any

deformation leveI.

2. The error involved ίη story displacenlent prediction of any lateraΙ load pattern was

observed 10 be larger ίη nonlinear deformation levels. However, the change ίη

error with nonIinearity was mostly insignifιcant.

3. The error involved ίη story displacement prediction of any lateral load pattern was

mostly observed to become larger as the number of stories (i.e. as the fundamental

period ofthe frame) increases.

4. Pushover analyses witll triangular lateral 10ad pattems (ΈΙastίc First Mode',

'Code', 'FEMA-273', 'Multi-Modal (SRSS)') yielded both overestimations and

underestimations of story displacements while 'Uniform' lateral load pattern

mostly overestimated the story displacement demand for all frames with few

exceptional cases. Also, the error involved ίη story dispIacement demand

prediction of 'Uniform' lateral load pattem was observed to reach very high levels

compared to triangular lateral load patterns at any deformation level.

5. The trend ίη the similarities and/or ίη the variations ofthe height-wise distribution

of lateral load patterns was also refiected οη the story displacement profιle of case

study frames. The story displacement profιles for triangular lateral l0ad patterns

almost coincided ίη elastic deformation levels while insignifιcant discrepancies

were observed at nonlinear deformation levels for 2,5, 8-storyR/C and 2, 5-story

steel frames as the variation ίη the heigllt-wise distribution of triangular lateral

10ad patterns aΓe almost negligible for these fΓames. However, the variation ίn

heigllt-wise distribution and ίn story displacement profιle for tΓίangular lateral

load ΡatteΓns was more apparent for steel frames. Οη tlle other l1and, signifιcant

dίSCΓeΡancίes ίn story displacement pΓOfιles existed ίn both elastic and inelastic

deformation levels fOI" long-period frames (] 2-story R/C and Ι 3-story steel fΓame)

.~ ·as the variations ίη the height-wise dίstΓίbutίοn of triangular lateral 10ad pattems

are signifιcant.

6. The discrepancies ίη story displacement profιles fOI" tΓίanguΙaΓ lateral load patterns

were observed to be larger ίn nonlinear range howeveI" the dίSCΓeΡancίes did not

change appreciably with nonlinearity.

75



7. The story displacement demand was mostly estitnated with about 0-5% accuracy

for triangular lateral load patterns for 2-story R/C and steel frames while 'Uniform'

load pattern predictions were within 5- Ι 0% for almost all cases considered.

8. For 5-story R/C frarne, triangular lateral load patterns captured the 'exact' behavior

with about 0-5% accuracy ίη elastic range for all ground motions except Pacoinla

Dam. Also, triangular lateral load patterns predicted the displacenlent demand

with about 15-20% accuracy while 'Uniform' lateral load pattern predictions

reached about 40-60% overestimations at nonlinear deformation levels.

9. Triangular lateral load patterns captured the 'exact' behavior within 20% accuracy

while 'Uniform' lateral load pattern yielded about 50-100% overestimations untiI

global yield for 8-story R/C fratne. After global yield, the predictions of triangular

lateral load patterns mostly lίed between 'Multi-Modal (SRSS)' and 'Elastic First

Mode' predictions with insignifιcant discrepancies. Although the error reaches as

much as 50%, the behavior was mostly estimated with 20-50% accuracy for

triangular lateral load pattems and 'Uniform' load pattern predictions resulted

about 100-200% overestimations.

Ι ο. The displacement prediction of triangular lateral load patterns mostly lay between

'Multi-Modal (SRSS)' and 'Elastic First Mode' predictions witll signifιcant

discrepancies at all deformation levels for Ι 2-story R/C frame. The trianguIar

loading predictions were within maximum 30-40% for elastic and low levels of

inelastic behavior wllile 'Uniform' l0adίπg predictions reached 50-100%

overestimations. Although the error reached 50- Ι 00% for triangular load pattems

at nonlinear deformation levels, 'Elastic First Mode' and 'Code' predictions were

within 20-30% for most of the cases while 'Uniform' loading yielded about 100

150%and sometimes 200% overestimations.

Ι 1. The predictions of triangular lateral load pattems were Witllin rnaxImuln 20%

accuracy while 'Elastic First Mode' yielded the best estimates with about

m~~imum 10% accuracy ίη most of tlle cases for 5-story steel frame. 'Uniform'

load pattem yielded about 20% ίη elastic and 20-40% overestimations ίπ nonlinear

range.

12. The displacement prediction of triangular lateral load patterns lay between 'Multi

Modal (SRSS)' and 'Elastic First Mode' predictions with signifιcant discrepancies

at all deformation levels for 13-story steel frame. The triangular loading

predictions were within Inaximum 20-30% for elastic and low levels of inelastic
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behavior while 'Uniform' loading predictions reached 20-40% overestimations.

Triangular load pattems predicted displacement demand witll about 40% error

while 'Uniform' reached as much as 60% at nonlinear deformation levels. Αη

average of the 'Multi-ModaI (SRSS)' and 'Elastic First Mode' predictions could

capture the 'exact' bellavior for 13-story steel frame for alI deformation levels.

13. Although 'FEMA-273' and 'MuIti-Modal (SRSS)' lateral load patterns considers

higher mode effects, these load pattems yieIded ηο improved predictions of

displacement demand for long-period frames.

4.6.3 Inter-Story Drift Ratios

The accurate estimation of inter-story drift ratio and its distribution aIong tIle

height of the structure is very critical for seismic performance evaluation purposes since

the structural dalnage is directly related 10 tlle inte..-story drift ratio. The inter-s1ory d..ift

ratios and corresponding error profiIes of case study frames are illustrated ίη Figures Β.57

Β.112 ίη the attached CD while inter-story drift ratios and corresponding error profiIes of

12-story R/C frame are aIso given ίη Figures 4.19-4.26.

As tIliS is the case, the oveI'all interpretation οη the accuracy of the inte..-story drift

ratio prediction of pushover analyses οη case study frames for considered pushover

methods and ground motions yields the foIlowing observations:

Ι. The observations mentioned at items Ι, 2, 3, 5 and 6 ίη Section 4.6.2 are also valid

for inter-story drift ratios.

2. The distribution of inter-story drift ratio over the frame height becomes ηοη

uniform as frame height increases.

3. The 'Uniform' lateral load pattern overestimated the inter-story drift ratios at l0wer

stories (about ]/3 off..ame height from the base) and underestimated tIle response

at highe.. stories at all deformation Ievels. Οπ the other hand, triangular lateraΙ

l0ad pattern yielded both overestimations and underestimations of inter-story drift

rat:"'..over the fratne height wllile tlle predictions of both 'Uniform' (for all frames)

and triangular lateral load patterns (for frames except 2-story R/C and steel) at

uppe.. stories were Iower than the 'exact' response at all defo..mation levels that the

effect of even the e]astic higher modes \\'e..e not represented by the lateral load

patterns considered.

4. The magnitude of maximum ίηte..-stοιγ drift ratio and the distI'ibution of inter

story drift ratio over the frame height for all four ground motions are very simiIar
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for 2 and 5-story R/C and steel frames and aII lateral load patterns predicted the

'exact' inter-story drift ratio profιle quite welI for these frames since the effects of

higher modes are negligibIe and the response is primarily at the fundamental

mode.

5. The magnitude of nlaximum inter-story drift ratio and inter-story drift ratio

profιles obtained from time histol-y analyses show the effects of higher modes for

8, 12-story R/C and 13-story steel frames, especialIy at nonlinear deformation

levels. Each ground motion excites different 11igher modes resulting ίπ different

structural response.

6. The inter-story drift ratio was mostIy estimated with about 0-5% accuracy for

triangular lateral l0ad patterns and 5-10% for 'Uniform' l0ad pattern for 2-StOl-Y

R/C frame fOΓ almost all cases considered. However, triangular lateraΙ load

pattellls predicted inter-story drift ratio with 0-5% accuracy and 'Uniform' l0ad

pattem predictions were within 5- Ι 0% ίπ elastic and 10w levels of inelastic

behavior for 2-story steel frame while those predictions increased to about 5-10%

and 10-20% accuracy respectively for higher levels of nonIinear behavior.

7. For 5-story R/C and steel fΓames, triangular lateral l0ad patterns predicted tlle

'exact' behavior witll about 10-20% accuracy and 'UnίfΟΓm' load pattern

predictions were within 20-40% ίπ elastic and low leveΙs ofnonlinear deformation

leveΙs whiIe tllose predictions reached to 20-40% and 40-60% accuracy

respectively for higher nonlinear defΟΓmatίοn leveΙs.

8. Triangular lateral load ΡatteΓns captul·ed the 'exact' behavioΓ within 20-30%

accuracy while 'Uniform' lateral l0ad pattern predictions were about 50% accuracy

untiI global yield fOΓ 8-storyR/C fraιηe. AfteΓ global yield, tlle behavior was

mostIy estimated with 20-30% accuracy for triangular lateral l0ad patterns

although the eποr reached as much as 50% and 'Uniform' l0ad pattern predictions

were mostly about 50-100% accuracy although eποr larger than 100% were

obseγved ίrι-::οme cases.

9. The inter-story drift ratio prediction of triangular lateral load patterns mostly lay

between 'Multi-Modal (SRSS)' and 'Elastic First Mode' predictions over the frame

height for 12-story R/C frame. TrianguIar loading predictions weΓe witllin 30-50%

for elastic and low levels of nonlinear behavioΓ while 'Unifoml' l0ad pattern

predictions were mostly Witll about 50% accuracy. Although the error reached 50

100% for triangular l0ad patterns at nonIinear deformation leveΙs, 'Code'
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predictions were within 30-50% for most of the cases while 'Uniform' 10ading

mostly predicted with 50-100% accuracy aitougll its predictions involved about

200-300 % error ίπ some cases. Απ average of the 'MuIti-Modal (SRSS)' and

'Elastic First Mode' predictions ΟΓ 'Code' load pattem Wllich corresponds ιο that

average ίπ most cases couId capture the 'exact' behavior Witll appreciable accuracy

for 12-story R/C frame for all deformation levels.

10. The inter-story drift ratio prediction of triangulaI" lateraΙ load patterns mostly lay

between 'Multi-ModaI (SRSS)' and 'Elastic First Mode' predictions aIong the

frame height for 13-story steel fΓame. The triangulaI" loading ΡΓedίctίοns were

within maximum 25-50% for eIastic and low Ievels of inelastic behavioI" whiIe

'Uniform' Ioading mostly predicted with about 50% aCCUΓaCΥ. ΤΓίangulaΓ load

patterns predicted with about 50% error while 'Uniform' loadίng Γeached as much

as 60-80% at nonlinear defΟΓmatίοn leveΙs. Απ aveΓage of the 'Multi-Modal

(SRSS)' and 'EIastic FίΓst Mode' pI'edictions ΟΓ 'Code' load pattern which

corresponds to that average ίπ most cases couId capture the 'exact' behavior with

aΡΡΓecίable aCCUΓaCΥ for 13-story steel fI'ame at alI defΟΓmatίοn levels.
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Figure 4.19 : Inter-Story Orift Ratio Profιle [ΟΓ 12-Story R/C FΓame (ΕΙ CentΓΟ)
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Figure 4.20 : Ι nter-Story Drift Ratio PΓofί le for 12-Story R/C Frame (ParkfίeId)
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Figure 4.24 : Inter-Story Drift Ratio Εποr Profίle for 12-Story R/C Frame (Parkfίeld)

85



--Ε-- 'UNIFORM' ~- 'ELASTIC FIRST ΜΟDΕ' 'CODE'

- - -Δ- - 'FEMA-273' -e- 'SRSS' --()-- ΜΡΑ Ι
'-----------

- Ι - - - ι- - - - - - - ι- - - 1 - -

Ι Ι

- - - - - - ι- - - ϊ - - - - - - 1 - -
, ι

- - - - - - - 1- - - Ι - - - - - - - - -
, Ι Ι

- - -, - - - ι- - - Ι - - - - - - - - -
Ι Ι Ι Ι

--I------ϊ---,---~--

_-'_________ Ι

Ι' Ι

Ι Ι- -------------1"---
__________ J. :

Ο 50 100 150 200 250 300
Error (%)

Ι

____ι_

Ι

----ι--
ι

12
11
10
9

-':;8
>
j7
»6
Ε 5
C/J4

3
2
1
Ο

-100 -50Ο 50 100 150 200 250 300
ΕΠΟΓ (%)

ι

- - Ί

Ι

- - l -

r--·RI·j~·"----,------r--.,--,--
ι Ι Ι ~

- - - - Ι - - -ι- - - Τ - - - - - - r - - -j

t·.i •• ··.··;.·I.. ··.1
+ - - ~ - - -:- - - +- - -,- - - - - - --i

ι Ι Ι.

- - "'Τ - - -1- - - Τ - - - - - - Ι" - - -~

Ι Ι Ι ι i
- - Ι - - -1- - - ϊ - - - - - - Ι" - - -:

ι ~ __ j
- Ι - - Ι Ι .

Ι 1 -.

Ι Ι

2 ι , •

ι -~ ~ ~ ~I'~~;~r~~~~n~~e~;l~~
Ο Ι-ι -+--!--+--===;=ι==;====::C;

-100 -50

12
11
10
9

-':;8
>
(!) 7
~6.... ~

Ε)

C/J4
3

12
11
10
9

-':;8
>
j7
»6
25
C/J4

3
2
1
Ο

-100 -50

,~Γ~~~~~-~ -DeferiηatieιI LeveJ ΠΙ
-Ι - -: - - - ; - - -: - - - ~ - - - - - -

--Ι---Τ---Ι---Τ---,---

Ι Ι Ι Ι

- - -Ι - - - Τ - - -Ι - - - - - - -Ι - - -

Ι Ι Ι ι

----Ι---Τ---Ι---τ------

Ι Ι Ι Ι Ι

---I---T---I---~---'---

Ι , Ι

--Ι---τ---Ι-------'---

, Ι

- - - τ - - -Ι - - - - - - -, - - -

Ι Ι

Ι Ι

- - - - Τ - - -Ι - - - - - -1- - -

ι , ι

. -Ι - - - Τ - - -Ι - - - ϊ - - -1-

Ι 1 Ι Ι

Ο 50 100 150 200 250 300
ΕΠΟΓ (%)

12
11
10

(!) 9
~ 8

....J7
c6
ο _
cZj)

4
3
2
1
Ο

-100 -50

-Deformation· ~veΙ-Ι.ν
.-- ,---ι---'---ι-------

Ι Ι

Ο '---r--'----------
ι ι Ι ι

-1---1---1----------
ι ι Ι ι

- Ι" - - - 1- - - Ι - - - - - - Ι - - -
Ι Ι Ι ι

--I---,---I---I---Τ---

Ι Ι Ι Ι------------------ -
Ι Ι ,

Ι ,
- ----I---l------I"---
__ ....: __ 1 ...! ' -.C. _

Ι , Ι

__ ..! 1 J. _
ι

_J 1 _
ι , Ι

Ι Ι

Ι Ι

Ο 50 100 150 200 250 300
Error (%)

12
11
10

-.:;9
~8

....J7
c6
ο

cZj5
4
3
2
1
Ο

-100 -50

. ······..··1-····· ··········--·····-·····--···-"1

- ~ - - - efοrιηat-ίοη-kvel-\l i
ι ,

-~Ί- -r--~---r--l---

, ,
---I----I---~------

, Ι Ι Ι Ι .

~~---r--~---~--~---i

--1---'----1---1"------:
ι ι Ι Ι ι f

--I---I--I---I--~---:

Ι Ι Ι Ι
- - -1- - - Γ - - -ι- - - - - - - - --;

_____ ~ ι ~ 1

Ι Ι Ι ~

_: : ι __ ~ _ --i
-~-- ~--~---~--~---

ι ,ι

Ι ι ι:
Ι -----1-------:

Ι

Ο 50 100 150 200 250 300
Error (%)

12
11
10
9

~ 8
:J7
»6
25
C/J 4

3
2
1
Ο

-100 -50 Ο 50 100 150 200 250 300
Error (%)

Figure 4.25 : Inter-Story Drift Ratio Error Profιle for 12-Story R/C Frame (Pacoima Dam)
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Figure 4.26: Inte..-Story D..ift Ratio Εποr Profι1e for 12-Story R/C Frame (Dίizce)
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4.6.4 Story Pushover Curves

Story shears and story displacements were extracted from pushover database at

each step of pushover analyses for all lateral l0ad pattems and story pushover curves

(story shear vs story displacement) were developed to illustrate tl1e variation ίη story

shears due to the height-wise distribution of lateral l0ad pattem. AIso, the absolute

maxitnum values of story shears and story displacements experienced under ground

motion excitations were deterιnined for each deformation level to approximate a dynamic

story pushover curve for case study frames. Story pushover curves for 2, 5, 8- and 12

stories R/C frames are shown ίη Figures 4.27-4.31 while story pushover curves for 2, 5

and 13-stories steel fl'ames aΓe ίΙΙustΓated ίη Figures A.8-A.l!.

Τhe vaΓίatίοn ίη the shape of story pushover curves is a function of base shear

capacity ofthe fI'ames and the height-wise distribution of story fΟΓces which develops that

base shear as well as the nonlinear structural characteristics. Τhe base shear capacity of

frames under 'UnifoΓm' lateral l0ad pattem is higher than that of triangular lateral l0ad

pattems as discussed ίη Section 4.6. Ι so 'Uniform' l0ad pattern yields higher story shear

values for l0wer stories (υρ to about one third of frame height, 11/3). Οη the other hand,

higher story forces are developed at upper stories for fΓames under triangular lateΓal load

patterns that triangulaΓ lateral l0ad pattems yield higheΓ story shears at upper stories

(about above h/3). Tt is also observed that all lateral l0ad patterns yield approxitnately

same story sl1ear values at about h/3.

Moreover, as tl1e variation ίη the height-wise distribution of triangular lateral l0ad

ΡatteΓns ('Uniform', 'Elastic First Mode', 'Code', 'FEMA-273' and 'Multi-Modal (SRSS)')

increases the difference ίη story shears becomes n10re significant. Τhere exists a

significant vaΓίatίοη ίη the height-wise dίstΓίbutίοn of triangular lateΓal l0ad patterns fOΓ

10ng-ΡeΓίοd frames and the dίffeΓence ίη story sheal's developed undeΓ triangulaΓ ΙateΓal

l0ad pattems is significant for those frames at all story leveΙs. Τhe variation ίη the height

wise distribution of tΓίaηgular lateral l0ad pattems for l0w to mίd-Γίse fΓames is negligible

and the difference ίπ story shears is only si~ificant for uppeΓmost stoΓίes due to the

significant diffeΓence ίπ the ampl itude of story forces developed at uppermost stories.

Οπ the other hand, none of the ίnvaΓίant lateral l0ad pattems caΡtuΓes the

approximate dynamic behaνioΓ at story leνel. Τhe inνariant ΙateΓal l0ad patterns ,"esulted ίη

underestimated story pushoνer curves at almost all story leνels for case study frames.
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4.6.5 Plastic Hinge Locations

Location of weak points and potential faiIure modes that structure wouId

experience ίη case of a seismic event is expected to be identifιed by pushover analyses.

The accuracy of various lateral load patterns utilized ίη traditional pushover analyses and

Modal Pushover Analysis (ΜΡΑ) to predict the plastic hinges simiIar to those predicted by

nonlinear time history analyses was evaIuated ίη this study.

The location of pIastic hinges for case study R/C frames were predicted by

pushover anaIyses performed considering the lateral load~ pattems used ίη this study at

roof displacements cοπesροηdίηgΙο the nonlinear tiIne history Deformation LeveIs Π, ΠΙ

and νι Tllese defonnation levels represent l0w leveΙs of nonlinear behavior, globaI yield

and high levels of nonlinear behavior. The pushover and nonIinear time history hinge

pattems were compared. The plastic hinge locatίoηs \vere aIso estimated for R/C frames

by ΜΡΑ. The location of plastic hinges for R/C frames predicted by each pushover

method and nonlinear time history analyses for each ground motion at considered
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defonηation levels are illustrated ίη Figures A.12-A.20 ίπ Appendix Α. The results for the

8-story R/C frame are shown ίπ Figures 4.32-4.34.

FoIlowing observations can be made from the comparιson of plastic hinge

locatίons determined by pushover analyses and nonIinear time IlistOry analyses:

]. Locations of plastic hinges obtained from nonlinear time history ana]yses are

generally different for each ground motion for each frame at aII deformation

levels considered as each ground motion excites the structure differently.

2. None of the lateral load patterns couId capture adequately the 'exact' plastic hinge

locations obtained from nonlinear time history analyses at aηy considered

deformation level even for 2-story R/C frame.

3. Pushover anaIyses couId not predict the plastic hinging ίπ same sequence witll

nonlinear time history anaIyses predictions.

4. 'Uniform' lateral load pattern mostly predicts the plastic hinging at Iower stories

but couId not produce any plastic hinging at upper stories especially for Iong

period frames.

5. Triaηgular lateral load patterns yield simiIar plastic hinge locations for 2, 5- and

8-story R/C frames but signifιcant differences are observed for 12-story R/C

frame.

6. Although triaηguIar lateral load patterns yield more homogenous prediction of

plastic hinge locatίons over the entire frame than 'Uniform' loading, they couId not

predict tlle pIastic hinges at upper stories and/or at story columη ends for 5, 8- and

12-story R/C frames.

7. PIastic hinge patterns obtained from nonlinear time history anaIyses for 8- and ]2

story R/C frames reveaI tIle effects of higher modes οπ structural behavior.

However, none of the lateral load patterns capture this behavior even the 'MuIti

ModaI (SRSS)' lateral load pattern \vhich considers at least elastic higher modes.

Lateral load patterns utilized ίη traditional ρusίΊόνer anaIyses give some idea

about the locations where inelastic behavior is expected but their prediction of plastic

Ilinge locations is generally inadequate for the deformation levels considered. Although

these lateral load pattems miss important weak points and could not represent the higher

mode effects, the predictions of triangular lateral load pattems were observed to be better

than 'Uniform' loading predictions for 5, 8- and 12-story R/C frames but the difference ίη

the accuracy of any triangular lateral load pattern was observed to be insignificant.
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4.6.1 Accuracy οί Modal Pushover Analysis (ΜΡΑ) Predictions

The seismic demands were estitnated by pushover analyses using various invariant

lateral load pattems at Ρ eak roof displ aceInents ο btained frorn nonlinear time 11istOry

analyses corresponding Ιο the defortnation levels considered. However, seism ic demands

were estimated by Modal Pushover Analysis (ΜΡΑ) at peak roof displacements different

than 'exact' peak roof displacements due Ιο the implementation ofthe procedure. Although

this is the ca se, the ac curacy of ΜΡΑ pred ictions was investigated for case study fram es

and a co mparative evaluat ίοπ οπ the accuracy of se ismic de mand predictions of later al

load pattems and ΜΡΑ was conducted.

ΜΡΑ could not capture the 'exact 'sto ry displacement and inter-story drift ratio

demands obtained from ποπ! inear time histor Υ an alysis at any deform ation !evel and the

error ίπ story displacement and inter-stor Υ drift ratio prediction of ΜΡΑ was observed Ιο

become larg er at ποπlί near deforιηation levels. Τ he demand prediction ofMPA was

observed to be less accurate as the fratne height increases.

Νο clear tren d was observed ίπ the stor Υ displacement prediction ofMPA such

that ΜΡΑ mostly predicted tlle displacem ent demand for al most a!l frames wi th si milar

accuracy as triangular ΙateΓal load pattern pred ictions at any deformation leve1. However,

ΜΡΑ mostly overestimated the displacement demand of2-story R/C fΓame about 20-40%.

80th overestimated and underestim ated displ acement prediction s of about 30-50% were

observed ίπ some cases for both mid and high-rise frames.

ΜΡΑ predicted inter-story drift ratio with a similar degree of accuracy as

triangular l0ad patterns for 2-story frames and overestimated the 'exact' results by 20-40%.

Νο clear trend was observed ίπ the inter-story drift ratio prediction ofMPA for 5- and 8

story R/C and 5-story steel fra mes such that ΜΡΑ mostly yielded very sim ilar inter-story

drift ratio profιles as those obtained from triangular lateralload Ρ attems while about 20

30% overestimated ΟΓ underestimated inter-sto ry drift ratio pΓofι les were also obtained

from ΜΡΑ ίη so me cases. Οπ the other hand, ΜΡΑ mostly predicted the inter-story drift

ratio dem ands at lower stories sim i!ar to ΙΓ iangular lateral l0ad Ρ atterns while im proved

predictions were οbselΎed at upper stori es for ]2-story R/C and 13-story steel fratn es that

higher m ode effects are represented better by ΜΡΑ for !ong- period frames. Τ 11e height

wise distribution of ί nter-story drift ra ιίο determ ined by ΜΡΑ was much closer to the

trend observed from nonlinear time history analysis for long period frames.

ΜΡΑ could not capture tlle 'exact' plastic hi nge locations either at any considered

deformation level even fo r 2-story R/ C fra me although ΜΡΑ t akes into the effects ο f
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higher m odes. However, the plastic hinge 10 cation predictions ofMPA were generally

observed to be better than triangular lateral load pattern predictions for 5, 8- and Ι 2-story

R/C frames.

2.1 SUMMARY ΑΝD DISCUSSION OF RESULTS

As the structural response is affected fr om the lateral l0ad patterns utilized ίη

pushover ana lysis, t he accuracy of lateral load patt erns ίπ predi cting seism ic demands

should be evaluated. Pushover analy ses were performed οπ reinforced concret e and steel

moment resisting frames covering a broad range offundamental periods using traditional

invariant lateraΙ load patterns such as 'Unjform', 'Elastic First Mode', 'Code', 'FEMA-273'

and ' Multi-Modal (SRSS)' . The effects and the accuracy of lateral l0ad patterns ίη

predicting t he behavior ί mposed οη t he structure due to ran domly selected indi vidual

ground m otions causing elastic and various levels of ηοπlί near response were also

evaluated ίπ this study . F ΟΓ this purpose, capacity curves repres enting global structure

behavior, sto ry displacements, inter-stor Υ dr ift rati os, stor Υ she ars and plastic hinge

locations were selected as response para meters. The story displacements, inter-story drift

ratios and plastic hinge locatίoηs were est imated by perform ing the Modal Pushover

Analysis (ΜΡΑ) οη t he case study frames as well. The applicabi lity and the a ccuracy of

each pushover method ίη predicting seismic demands were investigated for low, mid and

high-rise frame structures.

The main conclusion deri ved from the observations οπ the respon se prediction of

each pushover method considered is that the Γ esponse pI'ediction of pushover analy sis is

directly related to the height-wise distribution ofla teral load pattern utilized as well as

nonlinear structural properties ofthe fra mes and the seis mological features ofthe

excitation. The trend ίπ the si milarities and/ ΟΓ ίη the variations ofthe height-wise

distribution of lateral load pattems are re flected οπ the global capacity curve, story

displacement, inter-story drift ratio, story sh ear and plastic hinge location pre diction of

pushover analyses for case study frames. ~.

The variation ίη height-wise distribution oftriangular lateral load pattems (ΈΙastίc

First Mode', 'Code', 'FEMA-273' and 'Multi-Modal (SRSS)') is η egligible for low to mid

rise frames ( fundamental period less t han about 1.0 s). Por the se frames the triangular

lateralload pattems predicted silnjlar global capacity curves, story displacement and inter

story drift ratio profiles, story shears and ρΙ astic hinge locations and the results were

general ίπ go od agreem ent with the' exact' οπ es. Therefore, any triangular lateral l0ad
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pattern could be used ίη practice to pre dict response para meter's for these fra mes (2,5

story R/C and steel fr ames) as the difference ίη the accuracy of any triangular lateral load

pattem deInand prediction \'Ias observed to be insignifιcant.

Οη the other hand, the variation ίη the height-wise distribution oftriangular lateral

load patterns is observed to be signifίcant for high-rise frames (8 , Ι 2-story R/C and 13

story steel fra mes) that a ppreciable difference s ίη the prediction of response para meters

were observed. The stor Υ displacement and ίη ter-story drift ratio prediction oftriangular

lateraΙ load patterns mostly Iied between th e predictions of' Multi-Modal (SRSS)' and

'Elastic First Mode' for 10 ng-period fraInes. Th erefore, it would be better to estimate tlle

story displacenl ent and inter-story dr ift ratio de mand of 10 ng-period structures b Υ

considering the average ofthe' Multi-Modal (S RSS)' and 'Elastic F irst Mode' predictions

ΟΓ 'Code' load pattern whi ch corresponds to that average ίη m ost cases. Although ΆFEMA

273' and' Multi-Modal (SRSS)' lateral l0ad pattems consider higher m ode effects, these

l0ad patterns yielded ηο im proved predictions of seism ic demand for l0ng-pe riod frames.

AIso, 'FEMA-273' and 'Multi-Modal (or SRSS)' lateral 10ad pattems yielded the l0wer and

upper bounds of base shear capacities ο btained from triangular la teral load pattems for

long-period frames, respectively and it was observed that the use οfΈlastίc First Mode' ΟΓ

'Code' lat eral l0ad pattems is better to represent an average global capacity curve

determined by triangular lateral l0ad patterns for long period frames.

The predictions oftrianguI ar lateral l0ad patterns were observed t Ο be better than

'Uniform' l0adίng predicti ons for all fΓam es at aIl defor mation le vels since 'Uniform'

lateral l0ad pattem mostly em phasized demands ίη l0wer stories over demands ίη υρ per

stories as observed ίη the s tory displacement, inter-story drift ratio, story sllear and plastic

hinge location predictions. Οη the other hand, triangular lateral l0ad patterns predicted the

response more hom ogenously ο ver t he fram e height t hat bo th overestimated and

underestimated prediction s were observed over the fram e height for stor Υ displacements

and inter-sto ry drift rati os. Triangul ar la teraJ l0ad patterns pI'edicted the stor Υ

displacement and inter-story drift ratio pΓofι les of l0w-to mid rise frames v/ith more ΟΓ less

saIne accuracy. Οη the other Iland, inteI'-story drift ratio was predicted with less accuracy

for l0ng-perίod fram es as story drifts are much affected by higher modes. AIso, the error

involved ίη 'Uniform' loading predicti ons ofstory displacement and inter-story drift rati ο

demands were observed to reach unacceptably large vaIues compared to the predictions of

triangular lateraΙ l0ad patterns.
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However, none ofthe invariant lateral l0ad patterns could capture the aΡΡrΟΧίιηate

dΥnaιηίc bellaViOr globall Υ and at story leveΙs. The 'Uniform' an d triangular lateral l0ad

patterns seem to be tlle uppeΓ and l0wer bou nds of a pproximate dynam ic global bellaViOr

while all invariant lateral l0ad patterns underest imated the dynamic behavior at alm ost all

story levels as illnstrated ίπ story pushover cu rves. Similarly, none of the invariant lateral

l0ad patterns and ΜΡΑ co nld predict t 11e ι exact' plastic hinge l0cat ions and plastic hinge

l0catίon pred iction of each pnshover method was observed to be inadeqnate and non

conservative for al1 fram es. Plastic hinge l0ca tion Ρ redictions of triangulaΓ lateral l0ad

patterns were observed to be better than those of 'Uniform' loading for 5, 8- an d 12-story

R/C frames wllile the difference ίη the accuracy ofany triangular loading prediction was

observed to be insignifιcant. However, ΜΡΑ yielded improved predictions of plastic hinge

l0catίons.

Οη the otheΓ hand, πο cleaΓ tΓend was observed ίπ th e predictions ofMPA due to

the approxi mations ίnheΓent ίη the pro cedure. ΜΡΑ mostlyestim ated the story

displacement and inter-story drift ratio dem ands with a sim ilar degree of accuracy as

triangular lateΓal load patter'ns fOΓ low to ιηίd-rίse fraιηes although some exceptions "νeΓe

observed. However, ΜΡΑ m ostly ΡΓedίcted the inter-story dΓίft demands at l0wer stoΓίes

similar to triangular lateral l0ad pattems wllile improved predi ctions were observed at

npper stories for l0ng-perίod frames as ΜΡΑ considers higher mode effects.

Althongh pus hoveΓ anal yses give an insight about nonlinear behavior im posed

οπ stωcture by seism ic action, any desi gn and seism ic evaluat ίοπ plΌcess should be

performed b Υ keeping ίπ mind that so me am ount ofvariation al ways exists ί n seism ic

demand prediction of pushover analysis for l0w, mid and higll-rise frames.

The degree of aCCUΓaCΥ attained by the pnshover ΡrοcedΙΙΓes was observed to be

betteΓ ίη the elastic response Γange as conlpared to the inelastic range.
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CHAPTER5

ESTIMATION OF INELASTIC DISPLACEMENT

DEMAND

5.1 GENERAL

TJle inelastic displacement demand referred as target displacement I"epresents tlle

probable maximum global displacenlent demand of tlle structure when exposed to the

design earthquake. The accurate estimation of the target displacement associated with

specifιc performance objective affects the accuracy of seismic demand predictions of

pushover analysis since force and deformation demands at target displacement are

compared with available capacities for a performance check.

The maximum displacement demand of structures can be accurately computed

through a time history analysis when fuIl ground motion record is available. However, the

complexity of time history analysis is well known and seismic performance evaluation

procedures are mostly employed for design evaluation purposes that seismic demands are

generalIy estimated under smooth design spectra rather than individual ground motion

records. Thus, many approximate procedures have been proposed to estimate seismic

displacement demand of structures. The estimation of maximum inelastic displacement

demand of MDOF structure from tlle maximum displacement demand of corresponding

equivalent SDOF system forms the underlying principle of most of the proposed

approximate procedures.

Four commonly known approximate procedures, Nonlίnear Dynamic Analysis of

Equivalent SDOF System, Capacity Spectrum Method (ATC-40 Procedure Α) [3],

Displacement Coeffιcient Method (FEMA-356) [20] and Constant Ductility Procedure

(Chopra&Goel) [8], which make use of capacity (pushover) curve of the structure were

evaluated under individual ground motion records. Capacity curves obtained using lateral
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load pattern proportional to product of story masses and elastic fιrst mode which is

normalised to 11ave unit modal amplitude at roof level were utiIised ίη aII procedures.

AIso, bilinear representation of capacity curve and/or capacity spectrum is required to be

used ίη these procedures. The approach used ίη Displacement Coeffιcient Method [20]

was utiIised to construct the bilinear' representation of capacity curve ίη all procedures.

The theoretical background for each procedure is presented ίη tl1e following

sections.

5.2 NONLINEAR DYNAMrC ANALYSrS OF EQUrvALENT SDOF SYSTEM

The maximum globaI displacement demand of MDOF structure is directly

obtained through a time history analysis of corresponding equivalent SDOF system with

propeI'Iy modeled hysteretic char·acteristics. This procedure can be used only when the

response against a ground motion is desired.

Tl1e basic properties of equivalent SDOF system can be obtained by using the

approach proposed by ATC-40 [3]. Ιη this approach, tl1e def1ected shape of MDOF

structure is assumed to be represented by elastic fιrst rnode of the structure. MDOF

structure is represented by an equivalent SDOF system having an effective mass (Μ·) and

an effective stiffness (Κ·) where the effective period equals to 2πJ~: (Figure 5.1).

~

/Τ, 77 /7"; 'r7 /7 'r7

- Vbase
MDOF Structure

Κ·
Ι

/
-- Vbase

Equivalent SDOF System

Figure 5.1 : MDOF Structure Represented by Equivalent SDOF System

(Approach Proposed by ATC-40 [3])

Force-dispIacement ΓeΙatίοnshίρ of equivalent SDOF system is determined ftΌm

the capacity (pushover) cUloye of the MDOF stΓucture. The procedure consists of the

following steps:
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Ι. Develop a capaciry curve (base shear versus roof dispIacement) of the overalI

structure by pushover analysis.

2. Construct a bilinear representation of capaciry curve. The approach used ίη

Displacement Coeffιcient Method [20] was utilised to construct the biIinear

representation of capaciry curve. Τη this approach, a line representing the average

post-elastic stiffness, K s, of capacity curve is fιrst drawn by judgement. Then, a

secant line representing effective elastic stiffness, K e , is drawn such that it

intersects the capacity curve at 60% of the yield base shear. The yield base shear,

Vy, is defιned at the intersection of K e and K s Iines. Tlle process is iterative

because tIle value of yieId base shear is not known at the beginning. Αη

illustrative capacity curve and its biIinear representation are shown ίη Figure 5.2.

Note that there may be cases when initial stiffness (Κ ί ) is equal to effective

stiffness (Ke).

>
~Kί
,---~-:Κs

i1
ι

Ur,y Ur,t
RoofDispIacemenr, Ur

Figure 5.2: BiIinear Representation ofCapacity (Pushover) Curve

3. Convert the bilinear capacity curve into acceleration-displacement response

SΡectruιη (ADRS) format using tlle equations below (Figure 5.3):

v/w
Sa=-

α ι

where W: total weight ofbuiIding (kN)

V : base shear (kN)

Ur : roof dispIacement (m)

αι : modal mass coeffίcientfor the fundamental nlode
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Γι : modal participation factor for the fundamental mode

01" : amplitude of fιrst mode at roof level

Sa : spectral acceleration (m/s2
)

Sd : spectral displacement (m)

U"y Ur,t

Roof Displacement,Uτ

r/j
δ"Sa), -- Γ-
.- Ι

~ f r
u
u

<C

Sdy Sd t
Spectral DisplaceIllent, Sd

Figure 5.3 : Conversion ofCapacity (Pushover) Curve to Capacity Spectrum

4. Determine the ωοι/ of equivalent SDOF system from the initial slope (elastic

portion) ofthe bilinear capacity spectrum.

5. Obtain the force-dispIacement relationship of equivalent SDOF system using the

equations below:

Μ'=α,·Μ

κ'=ω2
•Μ'

e.fJ

(5.3)

(5.4)

(5.5)F)'=~,=Say ·W'

where Μ : mass ofthe building (ι)

Μ' : effective mass of SDOF (ι)

Κ' : effective stiffness of SDOF (kN/m)

ωοπ: effective frequency ofSDOF (sn- I
)

W· : effective weight of the building (=Μ'g)

Say : yield spectral acceleration (m/s2
)

Fy : yield force (kN)

Vy : yield base shear (kN)

6. Represent the force-displacement relationship of SDOF as shown ίη Figure 5.4

where α is the ratio of average post-elastic stiffness (Ks) of capacity curve ιο the

effective elastic stiffness of capacity curve (Ke).
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δ=

7. Perform a nonlinear dynamic analysis usIng any software (e.g. USEE [54],

NONLTN [40], etc.) by utilising the force-displacement relationship of the

equivalent SDOF system to obtain the inelastic dίsρlacelηeπt demand of the

equivalent SOOF system.

8. Convert the displacement demand determined ίπ Step 7 to global (roof)

displacement by multiplying estimated spectral displacement demand of

equivalent SOOF system with fιrst modal participation factor at the roof level.

Force

F= 5
a

·W·

Ur

Γι ·Φι.r
"------'------_ Displacement

δ Υ
Figure 5.4 : Force-Oisplacement Relationship ofEquivalent SOOF System

(Approach Proposed by ΑTC-40 [3])

Altll0Ugh the approach proposed by ΑTC-40 [3] is frequently used to determine

the force-displacement reIationship of equivalent SOOF system, Chopra and Goel [9]

proposed an altemative metll0d. Τπ the alternative nlethod, the deflected shape of MOOF

structure is also assumed to be represented by elastic fιrst mode of the structure. MDOF

structure is represented by an equivalent SOOF system having saιηe stiffness properties of

MDOF structure witll an effective lηass (Meff) (Figure 5.5).

> VY--f--"~ ··_--:ϊΚ s. /

~ 1/ίi') /,
<uO.6Vy -
~ ;" Ι

ω j' Ι. K
e

k Ι
Ur,y Ur,t

Roof Displacement,U r

Capacity Curve ofMDOF Structure Equivalent SOOF System

Figure 5.5 : MDOF Structure Represented by EquivaIent SOOF System

(Alternative Αρρωach Proposed by Cllopra and Goel [9])
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(5.6)

The altemative method is basicalIy composed ofthe following steps:

Ι. Perform the same Steps 1-4 described ίπ the approach proposed by ΑTC-40 [3].

2. Determine the effective mass (Μοιτ) from the relationship given belo\v:

ω~ ·Sdy = Say

where

2 K e
ωejf =--

M ejf

U.
Sd = Ι,Υ

Υ

Γι ·Φι,Υ

Vy/W
Say=---

α l

(5.7)

(5.8)

(5.9)

where M efT : effective mass of SDOF (ι)

Ur,y : roof displacement at yield (m)

3. Insert Equations 5.7, 5.8 and 5.9 ίπto Equation 5.6 to obtain the relationship given

beIo\v:

α ·W
Μ - ----,-1__

-π Γ .φ
ι Ι.Υ

(5. Ι Ο)

4. Force-dispIacement relationship of equivalent SDOF is represented ίπ Figure 5.6

where yield force, Fy, is calculated as follows:

When Equations 5.9 and 5.1 Ο are inserted ίπto Equation 5.11, Fy becomes;

V
F = Υ
Υ

Γι ·Φι"

Force

Ur

Γι ·Φι.,

"----'-------., Displacement
δ Υ

Figure 5.6: Force-Displacement Relationship of Equivalent SDOF System

(AItemative Approach ΡIΌΡοsed by Chopra and Goel [9])
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(5.] 3)

5.3 CAPACITY SPECTRUM METHOD (ATC-40 PROCEDURE Α)

ATC-40 [3] presents the recent three versions ofthe Capacity Spectrum Method ιο

estimate the earthquake induced displacement demand of inelastic systems. ΑΙΙ three

procedures are based οπ the same underlying principles that these procedures are

aΡΡΙΌΧίmate since they avoid the dynamic analysis of inelastic system. Instead, the

displacement demand of inelastic system is estimated by dynamic analysis of a series of

equivalent linear systems \vith successively updated values ofTeq and ζ"q.

Procedures Α and Β are analytical and suitable to computer ίmρΙeιηentatίοnwllile

Procedure C is graphical and more suitable for hand analysis. Τπ this study, the procedure

which is equivalent to Procedure Α ίπ ATC-40 [3] except that ίι is specialized [ΟΓ bilinear

systems was utilised. The ρrοcedUΓe consists ofthe following steps:

]. ΡeΓfοrm same Steps 1-3 descγibed ίπ the approach ΡΓοροsed by ATC-40 [3] ίπ

Section 5.2

2. Convert 5% elastic ,"esponse (demand) spectrum from standard Sa vs Τ fΟΓmat ιο

Sa vs Sd (ADRS) format. For this pUΓpose, the spectral displacement, Sd, can be

computed using Eqn. 5.13 for any ροίπι οπ standard ,"esponse spectrum (See

FIgure 5.7).

Sd=-'-2 SαT2

4π

where Sa: sρectΓaΙ acceleration (m/s2
)

Sd : spectral displacement (m)

Τ : ρeΓίοd (s)

'"CI"J-I__--I.·1 ---~--- ------------------·1 Τ

2i Γ--:iΞ---------1/-------~ ΗΗ >

ΤΙ Τ2 Τ3
Period, Τ

Ι 1

Sd=--2 SαT-
4π

Standard SΡectΓum

(Sa vs Τ)

Spectral Displacenlent. Sd

Τ= 2π~Sd
Sα

ADRS Spectrum
(Sa vs Sd)

Figure 5.7 : Response Spectrum ίπ Standard and ADRS FOΓmats
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3. Initially, assume a peak spectral displacement demand Sd j = Sd (ΤΙ, ξ = 5%)

determined for period ΤΙ frOlη the elastic response spectrum.

4. Compute displacement ductility ratio μ = Sd; / Sdy

5. Compute the equivalent damping ratio ξeq from the following equation:

(5.14)

where ξeq: equivaIent damping ratio

0.05 : 5% viscous damping inherent ίη the strucιure (assumed Ιο be constant)

Κ : damping modification factor Ιο simulate the probabIe imperfections ίη

acΙUal building hysteresis l00ps

ζο : hysteretic damping ratio represented as equivalent viscous damping ratio

The most common method for defining equivalent viscous damping ratio is to

equate the energy dissipated ίη a vibration cycle of the inelastic system and of the

equivalent Iinear system. Based οη this concept, Chopra [7] defιnes equivalent viscous

damping ratio as;

ξ =_1 ED

ο 4π ΕΞ
(5.15)

where ED : the energy dissipated ίη the inelastic system given by the area enclosed by

the hysteresis Ιοορ

Es : maximum strain energy

Substituting ED and Es ίη Equation (5.15 ) leads to

ξ =~ (μ-ΙΧΙ-α)
ο π μ(1 +αμ -α)

(5.16 )

where μ: displacement ductility ratio

α : ratio of average post-elastic stiffness of capacity curνe ιο effective elastic

stiffness ofthe capacity curνe

The K-factor depends οη the structural behavior of the buiIding which ίη tum depends οη

the quality of seismic resisting system and the duration of ground shaking. ΑTC-40 [3]

defines three different structural behavior types. Type Α represents t,ysteretic behavior

with stable, reasonably fulI hysteresis loops while Type C represents poor hysteretic

behavior with severely pinched and/or degraded loops. Type Β denotes hysteresis

behavior intermediate between Type Α and Type C (TabIe 5.1)
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Table 5.\ : Structural Behavior Types (ΑTC-40 [3])

Shaking Essentially Αverage Existing Poor Existing
Duration New Building Building Building

ShoIi Type Α Type Β Type C
Long Type Β Type C Type C

The ranges and lίmίts for the vaIues of κ assigned to the three stΓuctural behavior types are

given ίπ TabIe 5.2

Tab1e 5.2 : Values for Damping ModifιcationFactor, κ (ΑTC-40 [3])

Structura\
ζο (percent) κ

Behavior Type

:5 16.25 1.0

TypeA
Ι.Ι3 -

0.51(Sa,,Sdi -SdySai )

> \6.25
(Sa,Sdi )

:5 25 0.67

TypeB
0.845 -

0.446(SaySdi - SdySai )

> 25
(Sa,Sdi )

Type C Any vaIue 0.33

6. Plot elastic demand spectrum for ζ.q determined ίπ Step 7 and bilineaI· capacity

spectrum οπ same chart and obtain the spectral displacement demand Sdj at the

intersection (Figure 5.8)

(Sd -Sdi )

7. Check for convergence. If) :<:::: tolerance (=0.05) tllen earthquake
Sd)

induced spectral displacelnent demand is Sd=SdJ• Otherwise, set Sd j = Sdj (or

another estimated value) and repeat Steps 6-9.

8. Convert the spectral displacement demand determined ίπ Step 9 to gIobal (roof)

displacement by multiplying estimated spectral displacement demand of

equivaIent SDOF systeIn \vith fιΓst modal participation factor at the IΌοf level.
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Figure 5.8 : Capacity Spectrum Method (ATC-40 Procedure Α)

5.4 DISPLACEMENT COEFFIClENT METHOD (FEMA-356)

The Displacement Coeffιcient Method described ίη FEMA-356 [20] is an

approximate method wllich provides a direct numerical caIculation of maximum global

displacement demand of structures. IneIastic displacement demand, δι , is calculated by

modifying elastic dispIacement demand with a series of displacement modifιcation

factors.

BiIinear representation of capacity curve is required to be used ίη the procedure.

The procedure described ίη Section 5.2 is recommended for bilinear representation. After

the construction of biIinear curve, effective fundamental period (Te) of the structure is

calculated using Equation 5.17.

(5.17)T,~ τ,JΚ'
Ke

where Te : effective fundamental period (ίη seconds)

Τί : elastic fundamental perίod (ίη seconds) ίη the direction under consideration

Κί : elastic lateral stiffness ofthe stucture ίη the direction under consideration

Ke : effective IateraI stiffness of stucture ίη the direction under consideration

The target displacement, δι , is computed by modifying the spectral displacement

of an equivalent SDOF system using the coeffιcients as shown below.
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(5.18)

wher'e

Co : modifιcation factor ιο relate spectral displacement and Iikely roof displacement of the

structure. The fιrst modal participation factor at the roof level is used.

C 1 : nlodifιcation factor Ιο relate expected maximum inelastic displacements Ιο

displacements calculated for lίπear elastic response.

C2 : modifιcation factor Ιο represent the effect of hysteresis shape οπ the maxlmum

displacement response. 1π this study, C2 was taken as Ι. Ι for both elastic and inelastic

deformation levels. As the estimates of Displacement Coeffιcient Method (FEMA-356)

[20] depend οπ the coeffιcient C2, the coeffιcient C2 should be taken as υπίΙΥ ίπ the elastic

range and should take the specifιed value for tlle considered performance level ίπ the

inelastic range for seίsιηίc performance evaluation purposes.

C3 : modifιcation factor Ιο represent increased displacements due to second-order effects.

Sa: response spectrum acceleration at the effective fundamental period ofthe structure.

Te : effective fundamental period ofthe structure.

Ιπ this method, different target displacements can be obtained for different seismic

performance levels. Ιπ this study, target displacements for each ground ΠΊοιίοπ record

were calculated for life safety performance level.

5.5 CONSTANT DUCTlLITY PROCEDURE (CHOPRA&GOEL)

Chopra and Goel [8] proposed an ίmΡrοveιηeπt to Capacity Spectrum Method

described ίπ ATC-40 [3]. The ίlηΡrοved capacity-demand diagram method uses constant

ductility demand spectrum Ιο estimate seismic deformation of equivalent SDOF system

representation of MDOF structure.

There are three versions of the ΡIΌΡοsed ίlηΡrοved proceduι·e; Procedure Α,

Procedure Β and Numerical procedure. Procedures Α and Β are graphically similar ιο

ATC-40 Procedures Α and Β. 1π tlliS study, Procedure Α was used Ιο estiΠlate seismic

displacement demand of inelastic SDOF systems. The procedure consists of the following

steps:

1. ΡeΓfοrm same Steps 1-3 deSCΓίbed ίπ the approach ΡΓΟΡοsed by ATC-40 [3] iπ

Section 5.2

111



2. Obtain elastic 5% damped response spectrum and a set of inelastic response

spectra for various ductility levels (Figure 5.9)

3. Ρlοι the bilinear capacity spectrum and demand spectra together.

4. Determine the displacement denland as foIlows: Compute the ductility value at the

intersection of capacity spectrum and each demand spectrum (um / uy ). When the

computed ductiIity matches the ductility of intersecting demand spectrum, that

intersection ροίπι is selected as ineIastic dispIacement demand of SDOF system.

5. Conνert the spectral displacement demand determined ίπ Step 4 ιο global (roof)

displacement by multipIying estilnated spectral dispIacement demand of

equiνaIentSDOF system with fιrst modal ΡaΓtίcίΡatiοn factor at the roof leνel.

Ιπ Step 2, the inelastic ΓeSΡοnse spectra for νarιous ductilίty leνels can be

developed from the elastic response SΡectΓum by using the RΥ-μ-Τη ΓeΙatίοns. Newmark

and Hall [39], NassaI" and ΚΓawίnkΙeΓ [38], Vidic, FajfaI" and FischingeI' [55] suggested

dίffeΓent RΥ-μ-Τn ΓeΙatίοns. However, ίπ this study, SeismoSignal [50] was utiIised ιο

deνelop elastic and inelastic response that the spectra are computed by means of time

ίntegΓatίοn of the equation of motion of a series of SDOF systems from which the peak

acceΙeΓatίοn response quantities weΓe then obtained.

2.00 _ _ _ -_.__ .

1.60

...
ι

1.20 ι

0.80
μ=4e

u

~ 0.40l/~:~>~H __ /:_
000 . -,-.------------------.......,

000 0.10 0.20 030 0.40 0.50 0.60

Spectra! Dis placement (m)

Figure 5.9 : Constant DuctiIity ΡΓοcedure (Chopra&GoeI [8])
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The displacement demand is determined at the intersection of capacity and

demand spectra ίη both Capacity Spectrum Method (ΑTC-40 Procedure Α) [3] and

Constant DuctiIity Procedure [8]. However, the demand is calculated by analysing an

inelastic system ίη improved procedure instead of equivalent Iinear systems ίη Capacity

Spectrum Method (ΑTC-40 Procedure Α) [3].

5.6 COMPARISON ΑΝυ INTERPRETΑΤ1ΟΝ OF RESULTS

The Nonlinear Dynamic Analysis of Equivalent SDOF System, Capaciιy

Spectrum Method (ΑTC-40 Procedure Α) [3], Displacement Coefficient Method (FEMA

356) [20] and Constant Ductility Procedure (Chopra&Goel) [8] were used to estimate

maximunl seismic displacement demands of 2, 5, 8 and 12-story reinforced concrete

frames under ΕΙ Centro (Imperial VaIley, 18 May 1940, NS component), ParkfieId (27

June 1966, Ν65Ε component), Pacoima Dam (San Femando, 9 February 1971, S 16Ε

cοιηΡοnent) and Dίizce (12 November 1999, EW component) earthquakes. The estimated

displacement demands were cοιηΡared with the 'exact' vaIues obtained [Γοιη nonlineaI"

time history anaIyses ιο assess the accuracy of the procedures ίη ΡΓedίctίng seismic

demands. The ground motion records were scaled to obtain elastic and various leνeΙs of

inelastic behavioI" from the structures and target displacements were estimated for each

specified defΟΓmatίοn level οη the capacity CUΓνe ofthe frames (Figure 4.2).

USEE [54] ,vas used ιο peI·form nonlinear dynamic anaIyses of equivalent SDOF

systems and force-displacement relationships of equivalent SDOF representation of the

frames considered are given ίη Table 5.3 with reference ιο Figure 5.4. The SeismoSignal

[50] was utilised to construct response (demand) spectra for various damping and ductiIity

leνels. Nonlinear time history anaIyses of MDOF structures ιο determine 'exact' target

displacements were performed by DRAIN-2DX [44]. Target displacements estimated

using each ΡrοcedUΓe, 'exact' values determined from nonlinear time history anaIyses for

alI frames and ground motions are given ίη TabIes 5.4-5.7. The eποr involved ίη

apr:-oximate procedures ,vith respect to 'exact' values are presented ίη Figures 5.9-5.12.

TabIe 5.3 : Force-Displacement Relationships ofSDOF Representation ofRlC Frames

Frame Terr(s) Sa• (g) Sdy (m) Fy (kN) Κ* (kN/m) α (%)

2-Story 0.529 0.458 0.032 1032.0 32371.5 4.22
5-Story 0.853 0.427 0.077 1640.0 21262.8 4.11
8-Story 1.066 0.282 0.079 3647.0 45873.6 0.47
Ι 2-Story 1.621 0.208 0.136 6120.7 45071. Ι 0.82
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Figure 5.9: Εποr ίη Target Displacement Estimation for 2-Story R/C Frame



• Dynamic Analysis of SDOF System
- - ... - - Capacity Spectrum Method (procedure Α)

--ο---Constant Ductίlity Procedure
- - -Δ- - - Displacement Coefficient Method
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Figure 5.10 : Euor ίη Target Displacement Estimation for 5-Story R/C Frame
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• Dynaιnic Analysis of SDOF System

- - ...... - - Capacity Spectrum Method (Procedure Α)
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• Dynamic Analysis of SDOF System

-- ..... -- Capacity Spectrum Method (procedure Α)

--ο--Constant Ductility Procedure

- - -Δ- - - Displacement Coefficient Method
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Figure 5.12: Εποτ ίη Target Disp1acement Estirnation for 12-Story R/C Frame
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Table 5.4 : Target Displacement Estirnation for 2-Story R/C Frame

Non1inear Time DynamίcAnaIysis οΙ Constant Ductility Capacity Spectrum Displacement
Hίstory AnaIysis SDOFSystem Procedure Method (procedure Α) CoeffίcientMethod

Earthquake EQ ScaIe F. Ur(m) Ur(m) Εττοτ (%) Ur(m) Εττοτ (%) Ur(m) Εττοτ (%) Ur(m) Error(%)
0.15 0.011 0.013 16.71 0.013 17.15 0.013 17.15 0.014 28.85

ΕΙ Centro 0.50 0.031 0.042 34.88 0.042 35.10 0.042 35.10 0.046 48.57

(Imperial 0.75 0.045 0.059 30.66 0.065 44.14 0.049 7.81 0.069 53.02
Valley 1940, 1.35 '! 0.067 0.085 27.35 0.094 40.00 0.064 -4.18 0.125 86.12

NS) 1.75 0.091 0.116 26.95 0.120 31.08 0.077 -15.64 0.162 77.27
2.25 0.119 0.138 15.48 0.139 16.03 0.105 -11.92 0.208 74.17
0.09 0.011 0.012 15.58 0.012 16.52 0.012 16.52 0.013 28.08
0.30 0.033 0.041 23.16 0.041 23.64 0.041 23.88 0.045 36.21

Park:field 0.45 0.044 0.065 45.79 0.070 57.25 0.050 12.12 0.067 51.59
(27 June

0.68 0.067 0.075 10.92 0.077 14.49 0.067 -0.12 0.102 51.211966, Ν65Ε)
0.87 0.091 0.094 3.59 0.105 15.69 0.081 -11.57 0.130 43.05
1.05 0.115 0.123 7.10 0.138 19.99 0.099 -13.91 0.157 36.68

0.075 0.010 0.009 -9.58 0.009 -9.50 0.009 -8.81 0.010 -0.37
0.27 0.031 0.034 7.31 0.034 7.40 0.034 7.40 0.037 18.19

PacoimaDam 0.40 0.044 0.050 13.81 0.050 13.70 0.044 -1.47 0.055 24.15
(San Femando

0.74 0.067 0.075 11.95 0.088 30.66 0.132 97.37 0.102 51.551971, S16E)
0.95 0.090 0.103 14.27 0.111 22.91 NC NC 0.131 44.40
1.15 0.115 0.129 11.98 0.149 29.25 NC NC 0.158 37.20
0.18 0.010 0.015 49.08 0.016 50.30 0.016 50.30 0.017 65.13
0.53 0.032 0.046 43.67 0.048 51.68 0.045 40.57 0.051 58.97

DϋΖce 0.67 0.045 0.051 15.07 0.065 45.60 0.052 16.67 0.064 42.98
(1999, EW) 0.90 0.068 0.089 31.95 NC NC 0.084 23.38 0.086 26.74

1.03 0.092 0.116 26.26 0.134 46.67 0.104 13.12 0.098 7.35
1.12 0.118 0.139 17.37 0.150 26.91 0.119 0.56 0.107 -9.66

NC : πο convergence
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Table 5.5 : Target Displacement Estimation for 5-Story R/C Frame

Nonlinear Time Dynamic Analysis οί Constant Ductility Capacity Spectrum Displacement
H.istory Analysis SDOFSystem Procedure Method (Procedure Α) Coefficient Method

Earthquake EQScaleF. Ur(m) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%)

0.5 0.073 0.071 -1.67 0.073 -0.01 0.073 -0.01 0.079 9.07

ΕΙ Centro 1.0 0.109 0.129 17.73 0.128 16.75 0.111 1.24 0.159 44.79

(1mΡeήal 1.5
"

0.139 0.179 28.25 0.158 12.98 0.123 -11.62 0.238 70.58
νalley 1940, 2.0 0.189 0.257 35.65 0.208 9.94 0.131 -30.51 0.317 67.62

NS) 2.5 0.212 0.278 30.93 0.269 27.00 0.157 -25.94 0.396 86.91

3.0 0.233 0.305 30.72 0.336 44.12 0.183 -21.46 0.476 103.91

0.50 0.077 0.075 -2.66 0.075 -2.47 0.075 -2.45 0.082 6.10

0.70 0.108 0.105 -2.81 0.104 -3.29 0.104 -3.40 0.114 6.06
Parkfield 0.87 0.136 0.132 -3.17 0.132 -3.28 0.118 -13.54 0.142 4.12

(27 June 1966,
1.12 0.183 0.178 -2.73 0.162 -11.30 0.147 -19.42 0.183 0.01

Ν65Ε)
1.30 0.212 0.214 0.77 0.200 -5.52 0.186 -12.11 0.212 0.06

1.50 0.255 0.264 3.79 0.247 -2.99 0.233 -8.65 0.245 -3.89

0.29 0.075 0.077 1.84 0.077 2.54 0.077 2.54 0.086 13.59

0.41 0.108 0.109 0.77 0.114 5.88 0.110 1.86 0.121 12.39
PacoίmaDam 0.52 0.136 0.145 6.30 0.167 22.66 0.138 1.62 0.154 12.84
(San Femando

0.67 0.184 0.207 12.06 0.232 25.97 0.183 -0.48 0.198 7.451971, SI6E)
0.76 0.213 0.228 7.17 0.259 21.88 0.211 -0.91 0.225 5.73

0.92 0.256 0.288 12.61 0.295 15.37 0.264 3.11 0.272 6.38

0.27 0.076 0.076 0.06 0.076 -0.25 0.076 -0.25 0.084 10.08

0.38 0.108 0.108 -0.03 0.108 0.41 0.108 0.10 0.118 10.00

Dίizce 0.55 0.137 0.156 14.46 0.157 14.87 0.118 -13.88 0.171 25.40
(1999. EW) 0.92 0.183 0.176 -3.67 0.185 1.31 0.145 -20.68 0.287 57.03

1.13 0.212 0.210 -0.90 0.225 6.34 0.177 -16.67 0.352 66.08

1.39 0.256 0.248 -3.06 0.256 -0.16 0.235 -7.98 0.433 69.22



Table 5.6: Target Displacement Estimatίon for 8-Story R/C Frame

Nonlinear Time Dynamίc AnalysΊS of Constant Ductility Capacity Spectrum DΊSplacement

HίstoryAnalysΊS SDOFSystem Procedure Method (Procedure Α) Coefficient Method

Earthquake EQ Scale F. Ur(m) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%)

0.45 0.071 0.068 -4.84 0.067 -6.00 0.067 -6.00 0.075 4.47

ΕΙ Centro 0.65 0.101 0.098 -2.92 0.097 -4.07 0.097 -4.07 0.108 6.59

(ImΡeήal 1.00 0.127 0.158 24.20 0.145 14.35 0.118 -7.36 0.166 30.26
νalley 1940, 1.50 0.205 0.181 -11.83 0.183 -10.93 0.126 -38.61 0.248 21.20

NS) 2.00 0.281 0.265 -5.75 0.265 -5.66 0.154 -45.28 0.331 17.95

2.50 J 0.367 0.353 -3.94 0.350 -4.61 0.204 -44.39 0.414 12.85

0.37 0.071 0.067 -6.41 0.067 -6.20 0.067 -6.20 0.073 2.96

0.55 0.105 0.099 -4.98 0.099 -4.83 0.099 -4.83 0.109 4.45
Parlcfield 0.75 0.128 0.125 -2.30 0.124 -3.04 0.136 6.28 0.149 16.27

(27 June 1966,
0.96 0.203 0.170 -16.08 0.188 -7.41 0.186 -8.25 0.191 -6.10

Ν65Ε)
1.13 0.283 0.228 -19.30 NC NC 0.265 -6.37 0.223 -21.16

1.30 0.366 0.236 -35.44 0.329 -10.16 0.389 6.35 0.258 -29.44

0.15 0.074 0.074 -1.09 0.074 -0.41 0.074 -0.41 0.081 8.31
0.22 0.105 0.108 2.27 0.109 3.05 0.109 3.05 0.118 12.08

ΡacοίmaDam 0.28 0.126 0.127 0.80 0.133 5.64 0.120 -5.27 0.150 19.00
(San Fernando

0.43 0.209 0.224 7.23 0.251 20.24 0.155 -25.94 0.231 10.391971, SI6E)
0.95 0.281 0.317 12.79 0.370 31.84 0.361 28.44 0.510 81.66
1.12 0.365 0.416 13.91 0.484 32.32 0.478 30.81 0.601 64.54

0.30 0.070 0.074 4.92 0.073 4.36 0.073 4.36 0.081 15.58

0.45 0.103 0.110 6.78 0.111 7.55 0.111 7.55 0.122 17.74

DϋΖce 0.55 0.130 0.138 6.19 0.134 2.89 0.117 -10.05 0.149 14.60
(1999, EW) 0.85 0.208 0.207 -0.38 0.223 7.41 0.176 -15.40 0.230 10.58

1.02 0.280 0.323 15.44 0.370 32.08 0.209 -25.31 0.276 -1.49

1.26 0.367 0.453 23.39 NC NC 0.258 -29.69 0.341 -7.09

NC : πο convergence
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Table 5.7: Target Displacement Estίmation for 12-Story R/C Frame

Nonlinear Time Dynamίc AnalysΊS of Constant Ductility Capacity Spectrum DΊSplacement

Hίstory AnalysΊS SDOFSystem Procedure Method (procedure Α) Coefficient Method

Earthquake EQScaleF. Ur(m) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%) Ur(m) Error (%)

0.50 0.083 0.082 -1.66 0.082 -1.67 0.082 -1.67 0.090 7.90

EICentro 1.00 0.182 0.164 -10.00 0.164 -9.98 0.164 -9.97 0.180 -1.20

(ImΡeήaΙ 1.50 "
0.315 0.254 -19.46 0.245 -22.34 0.205 -34.92 0.270 -14.19

νalley 1940, 2.00 0.417 0.262 -37.08 0.266 -36.18 0.335 -19.60 0.360 -13.48
NS) 2.50 0.521 0.357 -31.47 0.313 -39.94 0.419 -19.52 0.451 -13.49

3.00 0.607 0.383 -36.94 0.373 -38.57 0.537 -11.57 0.541 -10.97

0.25 0.115 0.113 -1.36 0.115 0.20 0.115 0.20 0.123 7.52
0.50 0.196 0.229 17.01 0.240 22.82 0.203 3.66 0.246 25.96

Park.field 0.80 0.300 0.303 0.92 0.288 -3.94 0.257 -14.55 0.394 31.30
(27 June 1966,

1.00 0.434 0.338 -22.21 0.399 -8.25 0.345 -20.47 0.493 13.47
Ν65Ε)

1.15 0.536 0.442 -17.50 0.504 -6.02 0.404 -24.73 0.567 5.67

1.30 0.617 0.561 -8.98 0.587 -4.80 0.456 -26.03 0.641 3.91

0.15 0.104 0.099 -4.47 0.099 -4.28 0.099 -4.29 0.109 5.21

0.30 0.208 0.198 -4.72 0.201 -3.59 0.193 -7.23 0.218 4.69
PacoimaDam 0.45 0.316 0.338 6.95 0.338 7.01 0.229 -27.45 0.327 3.48
(San Fernando

1.00 0.447 0.476 6.62 0.520 16.48 0.477 6.72 0.726 62.55
1971, SI6E)

1.15 0.539 0.575 6.61 0.628 16.43 0.564 4.59 0.835 54.86

1.30 0.638 0.679 6.39 0.754 18.15 0.648 1.56 0.944 48.03

0.20 0.097 0.096 -0.53 0.097 -0.48 0.097 -0.48 0.106 8.98

0.40 0.193 0.193 -0.08 0.194 0.63 0.191 -1.17 0.211 9.48

Dtizce 0.80 0.306 0.367 20.12 0.321 5.08 0.234 -23.30 0.423 38.41
(1999, EW) 1.10 0.423 0.439 3.90 0.396 -6.36 0.463 9.46 0.582 37.62

1.77 0.526 0.882 67.56 NC NC 1.023 94.31 0.936 77.82

1.92 0.613 1.049 71.19 NC NC NC NC 1.015 65.64

NC : πο convergence



The cοlηΡarίsοn of estίιηated target displacements with 'exact' results obtained

[Γοιη nonlinear time histol)' analyses could ηοΙ reveal a clear particular trend because

structural response is affected by the variations ίη ground ηιοιίοη Cllaracteristics and

structural properties that each frame under each ground motion should be considered as a

case. However, tlle overall interpretation of results shows that the estimation of

approximate procedures yield different target displacement values than tlle 'exact' results

for almost all cases. The accuracy of the predictions depends οπ ground ιηοιίοη

characteristics and structural properties as well as the inherent lίmίtatίons of the

procedures.

ΑΙΙ of the four approximate procedures yield allηοst same displacement demand

prediction ίη tlle elastic range provided that the coeffιcient C2 iS taken as υηίιΥ ίη elastic

range for Displacement Coeffιcient Method (FEMA-356) [20]. Capacity Spectrum

Method (ATC-40 Procedure Α) [3] and Constant Ductility Procedure [8] estimate exactly

same target displacements ίη the elastic range because sanle elastic response SΡectrulη

intersects the capacity diagram ίη both procedures for ductility values less than 1.0. Tlle

target displacement estimates of approximate procedures are within 10% of the 'exact'

values ίη the elastic range for all cases except fol" 2-story frarne under Dίizce where all

procedures ovel"estimate the displacement demand as much as 50%. This is probably due

ιο the idealization of the capacity CUIΎe because the effective peI"iod is quite dίffeΓent fΓOm

the period of the frame.

The predictions of approximate procedures have discrepancies ίη the inelastic

deformation levels. Capacity Spectrum Method (ATC-40 Procedure Α) underestimates the

displacement demand ίη the inelastic range for most of the cases and the underestimations

may be as much as 40 %. Οη the other hand, Displacement CoeffιcientMethod (FEMA

356) [20] results ίη overestinlations ίη the inelastic range for most of the cases and

overestimations lηaΥ be about 100%. Tlle predictions of Nonlinear DΥnaιηίc Analysis of

Equivalent SDOF System and Constant Ductility Procedure [8] follow a sinlilat" trend

which lies between Displacem§lt Coeffιcient Metllod (FEMA-356) [20] and Capacity

Spectrum Method (ΑTC-40 Procedure Α) [3] aηd are reasonably conservative for nlost of

tlle cases considered while tlle predictions of Nonlinear DΥnalηίc Analysis of Equivalent

SDOF System being more accurate. ΗοweveΓ, Nonlinear Dynamic Analysis ofEquivalent

SDOF System and Constaηt Ductility Procedure [8] underestimate the displacement

demand about 40% and 20% for 12-story frame under ΕΙ Centro and Dίizce ground
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motions, respectively. Tt is also worth ιηentίοnίng that tlle error involved ίπ the estimations

of approximate procedures are not dependent οπ the number of stories.

Nonlinear Dynamic Analysis of Equivalent SDOF System and Displacement

Coeffιcient Method [20] directly give an estimation of target displacement without any

iteration. However, Capacity Spectrum Method (ATC-40 Procedure Α) [3] and Constant

Ductility Procedure [8] involve an iterative solution and the iterations did not converge for

some cases. Also, multiple intersections of response (demand) spectra with capacity curve

were obserνed ίπ both procedures due to the jagged shape of demand spectra. Τπ such

cases, the iterative solution was performed more carefulIy to determine tlle right demand

point consistent with the demand spectra.

Ιn Capacity Spectrum Method (ΑTC-40 Procedure Α) [3], πο target displacement

could be estimated for 2-story frame under 0.95Pacoima and 1. Ι 5Pacoima earthquakes

and for 12-story frame under 1.92Dίizce earthquake because tlle demand spectra could

only intersect the capacity curνe at vety large damping values that exceed the upper limit

of equivalent damping ratio. Response spectra witll damping values larger than 5%

(reduced demand spectra) remained inside the elastic spectra with only one intersecting

point ίn almost all cases (Figure 5.8). However, multiple intersections of response

(demand) spectra with capacity curνe were observed and only one intersecting point

satisfying the solution could be determined ίn such cases (Figure 5. Ι 3). The jagged shape

of demand spectra becomes smootller for damping values larger tllan about 15% that the

probabilty of multiple intersection decreases for high levels of damping.
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Τπ Constant DuctiIity Procedure [8], lηuΙtίΡΙe inteI'sections of response (demand)

spectra witll capacity curve were obserνed more frequently due to tlle shifting of jagged

response spectra for increased ductiIity leveΙs. The solutions were satisfιed for only one of

the intersections with given spectra ίπ most of the cases. However, none of the computed

ductility of the intersecting points matched the associated ductility of intersecting demand

spectrum for some cases (e.g. 2-story frame for 0.90DUzce, 8-story frame for

1.13Parkfιeld and 1.26DUzce). AIso, non-conνergence occurred for 12-story fraιηe for

1.77 and 1.92Dίizce earthquakes because deιηand spectra couId only intersect capacity

curve for higll ductility leνels but the computed ductility of intersecting point is much

lower that tlle computed ductiIity of intersecting point couId neνer match the ductility of

intersecting demand spectrum.

2.1 SUMMARY ΑΝΟ DISCUSSΙONOF RESULTS

The procedures eνaluated ίπ this study are approximate that seismic displacement

demand of MDOF stI'ucture is estίιηated from the displacement demand of an equiνalent

SDOF system with basic properties derived from the capacity curve of MDOF structure.

This approximation is based οπ certain assumptions inherent ίπ the procedures that

capacity curve of the structure is usually obtained from a pushoνer analysis with an

inνariant lateral force distribution. Also, only the effect of elastic first mode is considered

to determine force-displacement reIationship of equivalent SDOF system and to conνert

the capacity CUΙΎe into a capacity diagram. The effects of inelasticity of lateral load

pattern and higher modes οπ target displacement are neglected. Thus, the accuracy of the

predictions depend οπ the approximations inνolνed ίπ the theory of tlle procedures,

structural properties and ground motion characteristics.

The approximate procedures were eνaluated based οπ the 'exact' results obtained

from nonlinear time history analyses of actual frames instead of equiνalent SDOF

systems. Capacity Spectrum -;tMethod (ATC-40 Procedure Α) [3], Displacement

Coeffιcient Method (FEMA-356) [20] and Constant Ductility Procedure [8] are nlostly

employed for design eνaluation purposes that seismic demands are generalIy estimated

under smooth design spectra rather than indiνidual ground motion records. These

procedures were shown to produce botll conservatiνe and non-conservatiνeestimations of

the actual displacement demand. Capacity Spectrum Method (ΑTC-40 Procedure Α) [3]

generally underestimates the demand for alI frames with elTors appΓOaching to 40% and
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Displacement Coeffιcient Method (FEMA-356) [20] generally yields οverestίιηatίοηs

approaching to 100 %. However, Constant Ductility Procedure [8] yieIds more improved

results consistent with the inelastic deιηaηd spectrum that the procedure is more

aΡΡΙΌρrίate ιο be used for design eνaluation purposes. Οη the other hand, NonIinear

Dynamic Analysis of Equiνalent SDOF System estimates the demand with a higher

degree of accuracy for the cases considered so the procedure should be prefeITed to

estimate seismic displacement demand ίη case the ground motion record is aνaiIabIe.

Nonlinear Dynamic Analysis of Equivalent SDOF System and Displacement

CoeffιcientMethod (FEMA-356) [20] directly give an estimation of target displacement.

However, Capacity Spectrum Method (ΑTC-40 PlΌcedure Α) [3] and Constant Ductility

Procedure [8] are iterative that convergence problems can occur and multiple intersection

of demand spectrum with capacity diagram make the procedures more complicated.

The predictions of Capacity Spectrum Method (ATC-40 Procedure Α) [3] depend

οη dalηρίηg-ductίlίty relations. The effect of different relationships to produce inelastic

spectra and the accuracy of these relationships to represent tlle inelastic demand Sllould be

considered since these procedures are sensitive Ιο the shape of demand spectra. Also, the

accuracy inνolved ίη the construction of demand spectra for high leνels of damping

should be inνestigated when Capacity Spectrum Method (ΑTC-40 Procedure Α) [3] is

employed for design evaluation purpose because most existing rules for constructing

elastic design spectra are lίmίted to ξ= Ο to 20%.

The target of all these PlΌcedures is to predict the l"Oof displacement of the MDOF

systenl. The comparisons presented ίη Chapter 4 revealed that although the pushover

analysis provides reasonabIy accurate results for the roof displacement, the height-wise

distribution of the deformations can signifιcantly be mispredicted. Therefore, for gIobal

response estίιηatίοηs, the SDOF approximations might be reasonable provided that IocaI

behavior could not be accurately predicted.
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CHAPTER6

CONCLUSIONS AND FUTURE STUDY

RECOMMENDATIONS

6.1 SUMMARY

The basic steps required to predict the seίsιηίc behavior of a structure using

pushover analysis consist of modeling nonlinear member behavior of structure,

performing a pushover analysis οη the structure with an appropriate lateral load pattem

using a software, predicting the ma,,,imum displacement demand of the structure by an

approximate procedure and estimating important response parameters at predicted

maximum displacement demand reasonably close Ιο those predicted by nonlinear time

history analyses.

In this study, these basic steps were studied ίη detail οη low, mid and high-rise

reinforced concrete and steel moment resisting frames covering a broad range of

fundamental periods. Firstly, computational scheme and underlying principles ίη modeling

nonlinear member behavior ofDRAfN-2DX [44] and SAP2000 [14] which are commonly

utiIised softwares ιο perform pushover analysis were identifιed. Then, pushover anaIyses

were performed οη case study frames using 'Uηίfοnη', 'Elastic First Mode', 'Code',

'FEMA-273' and 'Multi-Modal (or SRSS)' invariant lateral load pattems and certain

seismic demands were predicted at six -.c~fomation levels representing elastic and various

leveIs of nonlinear behavior for four randomly selected individual ground motion records.

Also, seismic demands were estimated by an improved pushover procedure named Modal

Pushover Analysis (ΜΡΑ) [9]. The accuracy ofinvariant lateral load pattems and ΜΡΑ ίη

predicting seismic demands was evaluated by comparing the pushover predictions Witll

the 'exact' results obtained from nonlinear time history anaIyses and the appIicability of

pushover anaIyses ίη predicting seismic demands was investigated for low, mid and high-
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rιse frame structures. Although seismic demand prediction of pushover analysis was

performed at 'exact' peak roof displacements for invariant lateral load patterns ίη this

study, maximum inelastic displacement demands of R/C case study frames were also

predicted by Nonlinear Dynamic Analysis of Equivalent SDOF System, Capacity

SpectruIll Method (ATC-40 Procedure Α) [3], Displacement Coeffιcient Method (FEMA

356) [20] and Constant Ductility Procedure (Chopra&Goel) [8] at all deformation levels

for all ground motions. The assumptions involved ίη the theory of these approximate

procedures and the accuracy of the predictions were identifιed.

6.2 CONCLUSIONS

The study οη the implementation of pushover analysis and οη modeling nonlinear

Inember behavior by DRAIN-2DX [44] and SAP2000 [14] yielded the general conclusion

that the results obtained from pushover analysis may depend οη the software used due 10

its limitations and element library. However, similar results ίη terms of the pushover

curves and hinge pattems can be obtained from the two different softwares employed here

provided that the same approach is used ίη modeling the nonlinear properties of members

as well as their structural features. The following specifιc conclusions can be drawn:

• The computational approach of DRAIN-2DX and SAP2000 Ιο peform pushover

analysis are similar that both softwares use an event-to-event solution strategy and

utilise some parameters that control the pushover analysis although there are some

variations ϊη these parameters.

• Geometric nonlinearity can be considered through P-delta effects for both

softwares. However, DRAIN-2DX can ηοΙ account for true large displacement

effects.

• Analysis terminates if plastic hinges occur during "Gravity" pushover analysis ίη

DRAIN-2DX. However, SAP2000 allows plastic hinging during "Gravity"

pushover analysis. .....

• Nonlinear member behavior is modeled by concentrated plastic hinges but plastic

hinges can οηlΥ be defιned at member ends ίη DRAIN-2DX while plastic hinges

can be defιned at any ροίηΙ along the span of member as well as member ends ίη

SAP2000.

• SAP2000 utilises "Unload Entire Structure", "Apply Local Redistribution" and

"Restart Loading Using Secant Stiffness" member unloading methods while
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DRAIN-2DX probably perfonηs pushover analysis by "Unload Entire Structure"

οριίοη although ηο information is presented ίη the user guide.

• 80th default and user-defίned nonIinear member behavior can be utilised ίη

SAP2000 while DRAIN-2DX uses οηlΥ user-defίned nonIinear member behavior.

• Default and user-defίned steel moment and ΡΜΜ hinges of SAP2000 have same

characteristics except plastic rotation capacities and strain hardening ratios while

default and user-defίned concrete moment and ΡΜΜ hinges of SAP2000 could

have totally different characteristics.

• The results of pushover analysis perfonηed by SAP2000 using default concrete

hinge properιies should be interpreted with caution since default concrete hinges

could ηοΙ simulate the exact nonlinear behavior ofthe structure.

• Pushover analyses perfonηed by SAP2000 using default and user-defίned hinge

properιies yielded differences ίη capacity curves, sequence of plastic hinging and

hinge pattern.

• Ιη DRAIN-2DX, plastic hinges are assumed Ιο yield οηlΥ ίη bending and

nonlinear behavior of columns are simulated by idealized interaction diagrams

which negIect inelastic axial deformations that actual coIumn behavior could ηοΙ

be defίned.

• DRAIN-2DX could οηlΥ model bilinear moment-curvature relationships of

members Ιο represent nonlinear behavior and the program could ηοΙ set a limit for

tnaxitnum defonnation capacities of the members so pushover curves obtained

from DRAIN-2DX yield unlimited lateral defonηation capacities for structures.

Οη the other hand, SAP2000 couId model initial faiIure (strength degradation) and

maximum defonηation capacities of melnbers under lateral Ioading that the

structures have a defίnite maximum lateral displacement capacity.

• 80th softwares produced almost same pushover curves for both steel and R/C

frames except for frames having plastic hinging at columns at initial stages of

yielding. ldealized interaction diagrattis utiIised ίη DRAIN-2DX couId ηοΙ

effectively represent exact inelastic coIumη behavior that DRAIN-2DX yields

lo\ver base shear capacity ίη case plastic hinges at coIumns are widely observed.

Also, the approach utilised by DRAIN-2DX Ιο model strain hardening ίη bendig

yieIded a l0wer base shear capacity for steel frames. However, the differences ίη

capacity curves observed due to the Iimitations of ΟΜΓΝ-2ΟΧ Ιο model

interaction diagrams and strain hardening are negligibly small that either

128



SAP2000 οτ DRAfN-2DX can be used to perform pushover analysis ίπ practice

for frame structιιres.

• 80th softwares yielded almost same sequence of plastic hinging and plastic hinge

pattern.

The Ρrίιηary observations from the study οπ the accuracy of seismic demand

prediction of invariant lateral l0ad patterns utilised ίπ traditional pushover procedure and

of Modal Pushover Analysis (ΜΡΑ) ίπ predicting seismic demands showed that the

accuracy of the pushover results depends strongly οπ the load path, properties of the

structure and the characteristics of the ground motion. The examination of the results

revealed the following specifιc conclusions:

• The variation ιπ the height-wise distribution of triangular lateral load pattems

(Έlastίc First Mode', 'Code', 'FEMA-273' and 'MuIti-Modal (SRSS)') is negIigibIe

for Iow to mid-rise frames (fundamental period Iess than about 1.0 s) whiIe the

variation ίπ the height-wise distribution of triangular lateral l0ad pattems is

observed to be signifιcant for l0ng-perίod frames.

• None of the invariant lateral l0ad patterns and ΜΡΑ could captιιre the 'exact'

seismic demand obtained from nonlinear time history analysis at any deformation

level.

• The error involved ίπ seismic demand prediction of any invariant lateral load

pattern and ΜΡΑ was observed to become Iarger as the frame height (i.e. as the

fundamental period ofthe frame) increases.

• The error involved ίπ story displacement and inter-story drift ratio prediction of

any invariant lateral load pattem and ΜΡΑ was observed to be Iarger ίπ nonlinear

deformation levels. However, the change ίπ error with nonlinearity was mostly

insignifιcant for invariant lateral l0ad patterns while πο cIear trend was observed

for ΜΡΑ at nonlinear deformation Ie 'els.

• 'Uniform' lateral load pattem mostly emphasized demands ίπ lower stories over

demands ίπ upper stories as observed ίπ story displacement, inter-story drift ratio,

story shear and plastic hinge location predictions wl1ile triangular lateral l0ad

patterns predicted the response more hοιηοgenοuslΥ over the frame height. Also,

the error involved ίπ 'Uniform' l0adίng predictions of story displacement and

inter-story drift ratio demands were observed to reach unacceptably large values
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compared to the predictions of triangular lateral load patterns. Therefore, seismic

demand predictions of triangular lateral load pattems were better than 'Uniform'

loading predictions for all frames at all deformation levels.

• The triangular load patterns yielded almost same predictions of global capacity

curve, story displacement, inter-story drift ratio, story shear and plastic hinge

location for low to mid-rise frames since the variation ίη height-wise distribution

of triangular lateral load pattems is negligible for low to mid-rise frames.

Therefore, any triangular lateral load pattern could be used to predict seismic

demands of low to mid-rise frames.

• Appreciable differences were observed ίπ the seismic demand prediction of

triangular lateral load pattems for long-period frames since the variation ίη the

height-wise distribution of triangular lateral load patterns is signifιcant for high

rise frames.

• The story displacement and inter-story drift ratio prediction of triangular lateral

load pattems mostly lay between the predictions of 'Multi-Modal (SRSS)' and

'Elastic First Mode' lateral load pattems for long-period frames. Therefore, it

would be better to estimate the story displacement and inter-story drift ratio

demand of long-period structures by considering the average of the 'Multi-Modal

(SRSS)' and 'Elastic First Mode' predictions ΟΓ 'Code' load pattem which

cοπeSΡοnds to that average ίη most cases.

• 'FEMA-273' and 'Multi-Modal (or SRSS)' lateral load pattems yielded the lower

and upper bounds of base shear capacities obtained from triangular lateral load

pattems for long-period frames, respectively and it was observed that capacity

curves obtained from 'Elastic First Mode' ΟΓ 'Code' lateral load pattem represent

an average of global capacity curves determined by triangular lateral load patterns

for long period frames.

• None of the invariant lateral load pattems could capture the approximate dynaInic

behavior globally and at story levels. The '\jniform' and triangular lateral load

pattems seem to be the upper and lower bounds of approximate dynamic global

behavior while all invariant lateral load pattems underestimated the dynamic

behavior at altnost aII story levels as illustrated ίη story pushover curves.

• The plastic hinge patterns of the frames that result from the seismic excitations

applied showed variations among the ground motions even at the same roof

displacements due to characteristics ofthe ground motions and the frames.
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• None ofthe pushover anaIyses procedures employed here were able to reasonably

capture neither the exact sequence of hinging nor their locations. Plastic hinge

location predictions of triangular lateral load pattems were observed to be better

than those of 'Uniform' loading for 5, 8 and 12-story R/C frames. The predictions

of aII lateral load pattems and ΜΡΑ were poorer ίπ the high-rise frames.

AIthough ΜΡΑ yielded improved predictions of plastic hinge locatίons, plastic

hinge location prediction of invariant Iateral load patterns and ΜΡΑ was

inadeqllate and non-conservative for aII frames. Since ηο obvious superiority of

one load pattern over the others was observed the use of the simplest pattem, the

fιrst mode based, is recommended.

• Although 'FEMA-273' and 'Multi-Modal (SRSS)' lateral load pattems consider

higher mode effects (at least elastic higher modes), these load pattems yieIded πο

improved predictions of seίsιηίc demand for long-period frames.

• Νο clear trend was observed ίπ the predictions of ΜΡΑ due to the approximations

inherent ίπ the procedure. ΜΡΑ mostly estimated the story dispIacement and

inter-story drift ratio demands with a simiIar degree of accuracy as trianguIar

lateral load pattems for low to mid-rise frames aIthough some exceptions were

observed. However, ΜΡΑ mostly predicted the inter-story drift demands at Iower

stories simiIar to triangular lateral load patterns whiIe improved predictions were

observed at upper stories for long-period frames as ΜΡΑ considers higher mode

effects.

lπ summary, the ability of pushover procedures to simulate the height-wise

deformation profιles were observed to be better ίη the elastic response range of the frames,

but signifιcant discrepancies were observed at inelastic deformation levels. AIthough the

pushover anaIyses procedures provided reasonable predictions for low- to mid-rise frames,

the degree of accuracy decreased signifιcantIy for high-rise frames πο matter what load

pattern is employed. Ιη view of the results presente here, the use of the simpIest load

pattern, 'EIastic First Mode' or 'Code' is recommended for the pushover anaIyses of Iow- to

mid-rise frame structures. However, the effects of higher modes that are dominant ίπ high

rise frames lead to unrealistic deformation profιles obtained from pushover analysis and

tlle results could not get improved signifιcantly with the compIicated ModaI Pushover

Analysis procedure. Therefore, for accurate predictions to obtain reasonable inelastic

deformations at aII floor levels the nonlinear time history analysis shouId be empIoyed.
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APPENDIXA

FRAME DATA AND RESULTS OF PUSHOVER ANALYSIS

Α.Ι DESCRIPTION OF CASE STUDY FRAMES

Α.Ι.Ι REINFORCED CONCRETE FRAMES

• 2-Story Reinforced Concrete Frame

fcd = 26.0 MPa

COLUMNS
Αν

~_x

BEAMS

----width

Ε = 28730.5 MPa

Iststory Ι Μι +
Ι

!3.%2m

/ΤΤΤ7 /ΤΤΤ7 ~-
'.. -+-,---
ι 7.315 m Ι 7.315 m - fYd = 494.4 MPa clear cover = 5 cm.

Figure Α.Ι : The Confιgurationof 2-Story Reinforced Concrete Frame

Table Α.Ι : Section and Loading Properties of 2-Story Reinforced Concrete Frame

Beanls
Story Dimension (cnl) Reinforcement (mm2

) Mass (t) DL (kN/m) ΙΙ (kN/m)
Depth Width Τορ Bottom

1 55.88 30.48 1342 3148.4 177.70 24.71 1.05
2 50.8 30.48 1342 2503.2 97.55 19.23 0.98

Story Column
Dimension (cm) Number ofBars Bar Area
x-dir y-dir x-dir y-dir (mm2

)

1-2
Exterior 60.96 60.96 5 5 645.16..,
Tnterior 60.96 60.96 5 5 645.16

Table Α.2 : Dynamic Properties of2-Story Reinforced Concrete Frame

Modal Properties
Mode

1 2

Period (sec) 0.488 0.148
Modal ParticipationFactor 1.336 0.336

Modal Mass Factor 0.834 0.166
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• 5-Story Reinforced Concrete Frame

---width

BEAMS COLUMNS

d'P-[] cΞ-x

clear cover = 5 cm.

Ε = 27792.8 MPa

fyd = 459.2 MPa

fcd = 27.6 MPa

t
13.962 m,

Ι Τ3.962 m

ι #/7ΤΤ7

~ --~7.315m Ι 7.315m

4tl1 story Ι •
3rd story I~ Ι

• ι

ΙΝΊ
,

2nd story ι

1st story Ι IΜI•
Ι

__5__th__s__to~ry,-- ~ , ••M;l= f3.962m

Μ4 -1-
.3.962 m
ι,
Τ

3.962 m

Figure Α.2 : The Confιguration of 5-Story Reinforced Concrete Frame (Χ)

Table Α.3 : Section and Loading Properties of 5-Story Reinforced Concrete Frame (Χ)

Bean1s

Story Ditnension (cm)
Reinforcement Mass (t) DL (kN/m) LL (kN/m)

(mm2
)

Depth Width Τορ Bottonl
1-4 66.04 40.64 5083.86 3148.38 104.025 20.49 1.31

5 50.8 30.48 3793.54 2503.22 77.056 15.64 0.53

Story Colutnn
Dimel1siol1 (cm) Number ofBars Bar Area

x-dir y-dir x-dir y-dir (mm2
)

1-5
Exterior 71.12 71.12 6 6 885.8

1I1terior 71.12 71.12 6 6 885.8

TabIe ΑΑ : Dynamic Properties of 5-Story Reinforced Concrete Frame (Χ)

Modal Properties
Mode

1 2 3

Period (sec) 0.857 0.272 0.141

Modal Participation Factor 1.348 0.528 0.258
Modal Mass Factor 0.794 0.116 0.054
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7th stoIY

• 8-Story Reinforced Concrete Frame

8th story _~~---, Μ.:::-8~-------,- 1-·- 11
13.962 η1

>--~~~~_.M----'--7~______<1 ..l

Ι
ι 13.962 lη

4tl1 stoIY Μ4 Ι Ι
;------+--'.--'---"---- 1- 3.962 m

3rd stoιy • Μ3 , -1-

Ι
3.962 m

2nd stoIY , •Μ2 -Ι-

ω "ο')'~---! t3
.
962

m

Ι Ι Ι 11 3.962 m

/ΤΤΤ7 /ΤΤΤ7 /ΤΤΤ7 ~
~----------

BEAMS COLUMNS

~

,Υ,
depιh L-__ X

'L_
wίdιh

Ε = 27792.8 MPa

t;'d= 459.2 MPa

fcd = 27.6 MPa

cIear cover = 5 cm.

7.315 m 7.3I5m 7.315m

Figure Α.3 : The Confιgurationof 8-Story Reinforced Concrete Frame

Table Α.5 : Section and Loading Properties of 8-Story Reinforced Concrete Frame

Beams

Stoιy Dilllel1sion (cm)
Reinforcement Mass (ι) ΟΙ (kN/m) ΙΙ (kN/m)

(111Iη2)

Depth Width Τορ Bottom

1-4 90 50 5400 4850 230.450 18.64 1.21

5-7 75 40 4500 3600 230.450 18.64 1.21

8 60 30 1800 1125 202.920 14.55 0.49

Story Columns
Dimension (cm) Number ofBars Bar Area

x-dir y-dir x-dir y-dir (mm2
)

1-3
Exterior 110 110 10 ιο 510

Ι nterior 110 110 ιο 10 510

4-6
Exterior 100 100 8 8 510

Interior 100 100 8 8 510

7-8
Exterior 92 92 6 6 510

1I1terior 92 92 6 6 510 ......

Table Α.6 : Dynamic Properties of 8-Story Reinforced Concrete Frame

Modal Properties
Mode

Ι 2 3

ΡeΓίοd (sec) 1.064 0.374 0.192

Modal Paloticipation Factor 1.409 0.613 0.319

ModaI Mass Factor 0.727 0.144 0.050
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• 12-Story Reinforced Concrete Frame

12th stoΓΥ Μι?. -
ι -!

3.962 ιη

Ι Ι tl1 stoΓΥ Μ Ι1 Ι J_•

! 3.962 m

4th stoΓΥ Μ4 Ι
1--1--------'.'-----'----r---~--

Ι Ι 3.962 m
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,Υ
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Ε = 27792.8 MPa

fYd = 459.2 MPa

fcd = 27.6 MPa

clear cover = 5 cm.

Figure ΛΑ : The Confιgurationof 12-Story Reinforced Concrete Frame

Table Α.7 : Section and Loading Properties of 12-Story Reinforced Concrete Frame

Beams

Stoι-y Dimension (cm)
Reinforcement Mass (t) ΟΙ (kN/m) ΙΙ (kN/m)

(Inm2
)

Depth Width Τορ Bottom
1-3 101.6 50.8 6625.79 6116.12 346.860 16.78 1.1

4-7 91.44 50.8 6625.79 6116.12 346.860 16.78 1.1

8-11 76.2 45.72 5096.76 4077.41 346.860 16.78 1.1

12 60.96 45.72 2038.7\ 1019.35 294.330 13.45 0.44

Story CoIumns
Dimension (cm) Number ofBars Bar Area
x-dir y-dir x-dir y-dir (mm2

)

1-3
Exterior 121.92 121.92 12 12 509.7

Interior 152.4 60.96 7 7 509.7

4-8
Exterior 111.76 111.76 8 8 509.7

Interior 144.78 60.96 6 6 509.7

9-12
Exterior 101.6 101.6 7 7 509.7

Interior 127 60.96 5 5 509.7

TabIe Α.8 : Dynamic Properties of 12-Story Reinforced Concrete Frame

Modal ΡΓΟΡertίes
Mode

1 2 3

Period (sec) 1.610 0.574 0.310

ModaI Participation Factor 1.398 0.615 0.372

Modal Mass Factor 0.730 0.130 0.052
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Α.Ι.2 STEEL FRAMES

• 2-Story Steel Frame

2nd story Μ2

Ι .'--=----- Γ
Ι 11··019m

"',,'" ~ .~ t

1 1 li
829m

Ι- .. Ι.. -
7.315 m Ι 7.315 m

Ε = 458900 MPa

Fy = 291.37 MPa

Figure Α.5 : The Confιgurationof 2-Story Steel Frame

Table Α.9 : Section aηd Loading Properties of2-Story Steel Frame

Story
Columns

Beanls Mass (ι) ΩΙ (kN/m) ΙΙ (kN/m)
Exterior Interior

Ι WI4x90 W14x90 W24x62 92.26 12.50 1.04
2 WI4x90 WI4x90 WI2x26 27.90 5.53 0.98

Table Α.Ι Ο: Dynamic Properties of2-Story Steel Frame

Modal Properties
Mode

Ι 2

Period (sec) 0.535 0.155

Modal PaI1icipation Factor 1.272 0.272

Modal Mass Factor 0.972 0.028
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• 5-Story SteeI Frame

5[11 story ,_~ __-,--- '.Ms-"." .---__-----..:'-, Ι

3.962 m

Ε = 262000 MPa

Fy = 268.89 MPa

-1
3.962 m,

Τ
13.962 Π1

t
13.962 Π1

i-
3962 m

"
_Μ4 ~--,

IΜ1
r- • .J -

,

lM2ry-
"'!'"

IM1• ο
Ι

,
Ι

ιΑ ιΑ ιΑ

1st story

2nd sto

3rd story

4th storv

ι.--- .. Ι .. ~--=-::-c-::--
7315m Ι 7315m Ι 7.315m 7.315 m

Figure Α.6 : The Confιgurationof 5-Story Steel Frame

Tab\e Α.ΙΙ : Section and Loading Properties of 5-Story Stee\ Frame

Story
Columlls

Beams Mass (t) DL (kN/m) ΙΙ (kN/m)
Exterior lllterior

Ι WI4x311 WI4x283 W33xl18 109.86 14.64 1.82

2 WI4xl76 WI4xl76 W30x90 109.86 14.64 1.82

3 WI4xl76 WI4xl76 W24x62 109.86 14.64 1.82

4 W14xl20 WI4xl20 W21x50 109.86 14.64 1.82

5 Wl4xl20 WI4x120 WI8x35 46.81 6.62 0.74

Tab\e Α.Ι2 : Dynamic ΡrοΡeιτίes of 5-Story Steel Frame

Modal Properties
Mode

Ι 2 1
.J

Period (sec) 1.039 0.379 0.196

Modal Participatioll Factor 1.412 0.594 0.266

Modal Mass Factor 0.862 0.104 0.022
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• 13-Story Steel Frame

13th sΙOry Μ 13

~Ι ·1'-----'----,---11f3.962 m
12th story .Μ 12 i

ι

Ι

Ι

ι

Ι
Ι

Ι

ι

5th sιory ιι--------τ----. Μ5
.-

Ι ι 3.962 m
4th sιory Μ4 tf-----+----.---------1

3rd stOry, IΜ3 Ι τ' 3.962 m
f----~I-----.--"-----:---~

Ι Ι 3.962 m
2nd sιοιγ •Μ2 t

Ι Ι 3.962 ιη

'''''] 1 Χ' 1 lt3962m

Ι. .~ -:. .1.. -Ι
7.315n1 ι 7.315m 7.315m 7.315m

Ε = 199948 MPa

Fy = 268.89 MPa

Figure Α.7 : The Confιgurationof 13-Story Steel Frame

Table Α.13 : Section and Loading PropeI1ies of 13-Story Steel Frame

Story Interior Columns Beams Mass (ι) ηι (kN/m) ΙΙ (kN/m)
1-2 W27x539 W24x450 237.31 9.12 0.74
3-5 W27x448 W24x207 237.31 9.12 0.74
6-7 W24x450 W24x207 237.31 9.12 0.74

8 W24x450 W24xl62 237.31 9.12 0.74
9-11 W24x250 W24xl62 237.31 9.12 0.74

12 W24x146 W24xl62 237.31 9.12 0.74

13 W24x146 W24x84 184.48 6.39 0.30
Exterior Columns

Story
Α (cm2

) Ιχ (cm4
) Ιγ (Cln

4
)

1-2 2038.71 1149215 1149215
3-5 1269.67 538187.2 538187.2
6-8 1058.06 433838 433838

9-1 Ι 667.74 256356.9 256356.9
12-13 289.03 90863.32 90863.32

Table Α.14 : Dynamic Properties of Ι 3-Story Steel Frame

Mode
Modal Properties

Ι 2 3

Period (sec) 1.922 0.692 0.403

Modal Participation Factor 1.364 0.571 0.358

Modal Mass Factor 0.781 0.125 0.048
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Α.2 STORY PUSHOVER CURVES FOR STEEL FRAMES

- 'UN1FORM' 'ELASTIC FIRST ΜΟΟΕ'-- 'CODE' 'FEMA-273'
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Figure Α.8 : Story Pushover Curves for 2-Story Steel Frame (Story LeveIs 1-2)
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Α.3 PLASTlC HINGE LOCATlONS
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Figure Α.12 : Plastic Hinges for 2-Story R/C Frame (Deformation Level Π)
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Figure Α.13 : Plastic Hinges for 2-Story R/C Frame (Deformation Level ΠΙ)
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Figure Α.Ι7 : Plastic Hinges for 5-Story R/C Frame (DefoπnationLevel VI)
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Figure Α.18 : PIastic Hinges for 12-Story R/C Frame (Defonnation Level Π)
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Figure Α.19 : PIastic Hinges for 12-Story R/C Frame (Defoπnation LeνeI ΙΠ)
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