school buildings in British Columbia, by making use of existing materials and location
specific seismic demands based on non-linear dynamic analysis. With minimal training
Engineers experience with seismic retrofitting are able to understand and design using
this methodology.

Keywords: performance-based design, seismic retrofit, probabilistic seismic hazard
assessment, incremental dynamic analysis, school buildings.

Biography

Dr. Carlos Ventura is a Civil Engineer with specializations in structural dynamics and
earthquake engineering. He has been a faculty member of the Department of Civil
Engineering at the University of British Columbia (UBC) in Canada since 1992. He is
currently the Director of the Earthquake Engineering Research Facility (EERF) at UBC,
and is the author of more than 480 papers and reports on earthquake engineering,
structural dynamics and modal testing. Dr. Ventura has conducted research about
earthquakes and structural dynamics for more than thirty years. Three of his most
significant contributions in recent years are the development and implementation of
performance-based design methods for seismic retrofit of low-rise school buildings, a
unique seismic structural health monitoring program for bridges in BC, known as the
BCSIMS project, and the first network-based earthquake early warning system for
schools and public institutions in BC. These projects have contributed in a very
significant manner to the seismic risk reduction efforts in BC. In addition to his academic
activities, Dr. Ventura is a recognized international consultant on structural vibrations
and safety of large civil engineering structures. The quality of his research work has
been recognized by several national and international awards, as well as being
appointed as member of the Canadian Academy of Engineering and of the Engineering
Institute of Canada, and Fellow of Engineers Canada. He is also a member of several
national and international professional societies, advisory committees and several
building and bridge code committees.

84




ISMIC ASSESSMENT AND

RETROFIT OF SCHOOL
BUILDINGS IN BRITISH
COLUMBIA, CANADA

Carlos E. Ventura Ph.D., P.Eng., P.E.

[UBC
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What are the Seismic Retrofit
Guidelines, SGR3?

m Guidelines for assessment and retrofit of existing
low-rise school buildings in British Columbia

m Performance-based tool that is both simple and
rational.

m Cost-effective
Existing materials
Local seismicity (including soil type)
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Seismic Retrofit Guidelines

l ]

Credit: U.S. Geological Survey

Dr. C.E. Ventura, UBC I3

Seismic Retrofit Guidelines

o L i
--II -I_
-
e

=

Credit: U.S.
Geological
Survey

Dr. C.E. Ventura, UBC 14
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Guideline Development

» “Bridging Guidelines, 1st Edition” July 2005
» “Bridging Guidelines, 2nd Edition” Nov 2006
« “Seismic Retrofit Guidelines, 1st Edition” Sept 2011
« “Seismic Retrofit Guidelines, 2" Edition” Nov 2013
+ “Seismic Retrofit Guidelines, 3rd Edition” Sept 2016
« “Seismic Retrofit Guidelines, 4th Edition” Fall 2020

« Every release complete with training of structural engineers

+ APEGBC retains list of engineers, companies attending such sessions

* Intent that School Districts only retain trained engineers/firms

B

Dr. C.E. Ventura, UBC

Assessment and Retrofit Steps

» Seismic Project Identification Report (SPIR)
o Funded by Ministry of Education of BC (not individual School Districts)
o Structural engineer led
o Drawing review, site visits
o Assessment of risk using SRG
o Upgrade concept, demand per SRG, with sketches
o Geotechnical, material testing as needed to support concept
o Cost estimate, cost consultant to visit site, include all ancillary costs

=

Dr. Carlos E. Ventura, UBC

| 6
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Assessment and Retrofit Steps

» Seismic Project Identification Report (SPIR)

* Project Definition Report (PDR)

o Cost Estimates to now include all indirect costs: phasing, staging, temp
accommodation, moving costs

o Cost comparison with school replacement

|'~"' | Dr. Carlos E. Ventura, UBC |7

——r

Assessment and Retrofit Steps

» Seismic Project Identification Report (SPIR)

* Project Definition Report (PDR)

+ Technical Review Board (TRB) Responsibilities

o 30+ structural engineers with retrofit experience and several geotechnical
engineers with experience in liquefaction

o Review every SPIR
o Overview of PDR

|'~"' | Dr. Carlos E. Ventura, UBC |8

——r

88




Diistrict

M VanoDarie

Bigh ey
B '
-
i
LT =
et

| = Dr. Carlos E. Ventura, UBC

Binck

durier Bullding

D el

T
ST TR A LA T R

ek . g

| = Dr. Carlos E. Ventura, UBC

SR UL | e Pl o

P

= mrm

| 10

89



SRG Manual |G e
1

Overview

The Guidelines and Commentary

Seismic Performance Analyzer | User Guide
Prototype Description Reports

Technical Background

Experimental Test Results

Library of Retrofit Details

Example Retrofit Strategies

© 0 N o o » w N

Soil Hazard Maps

-
o

Post-Earthquake Evaluation Guidelines

-
-

Liquefaction Guidelines

-
N

Mid-rise Buildings (Analyzer Il User Guide)

Dr. Carlos E. Ventura, UBC | 11

F

Philosophy

I
Reliance on Inelastic Probabilistic
Deformation Analysis

i |

Operational Shelter Life Safety Collapse
(Gyms) (All school blocks Prevention
except gyms)

E‘; Dr. C.E. Ventura, UBC | 12
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Seismic Hazard
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E'-j Dr. C.E. Ventura, UBC

3 types of hazard

I
I
[ . ] { . ]
Seismic Hazard Seismic Design
Analysis Records Spectra

Conditional Spectra (CS) used for selection
and scaling of ground motions

Record Database

Over 3309 records for subduction events
(long duration)

Over 2562 records for subcrustal events
Over 6000 records for crustal events
120 EQ at different level of intensities were
studied

Building Elements

U3 types of building elements are
considered in the analysis:
> Lateral Deformation Resistance Systems,
LDRS (such as wood and concrete shear
walls, concrete and steel frames,
reinforced and unreinforced masonry
walls) : 33 prototypes

> Unreinforced masonry walls (URM): 5
prototypes

> Flexible diaphragms (wood and steel
deck diaphragms): 6 prototypes
U Wide range of
> LDRS heights and resistances
» URM thicknesses and heights
» Diaphragm span lengths

E'; Dr. C.E. Ventura, UBC

[€]

| ) |

I I

Seismic
Records

Probabilistic Nonlinear
Dynamic Analysis

)

Design

Seismic Hazard

Spectra

Analysis

Lateral Deformation Unreinforced
Resistance Systems Masonry Walls Diaphragms
(HY)] (URM)

Sil=
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Building Elements Behavior

U The cyclic force-deformation of
prototypes are based on experimental
results

E L ; Dr. C.E. Ventura,

uBC

|

[

|

I I
Seismic Hazard Seismic Design
B Analysis Records Spectra

]

Lateral Deformation Unreinforced
Resistance Systems Masonry Walls Diaphragms
(LDRS) (URM)
N
>

Structural Analysis
U Amodel is developed based on the cyclic

force-deformation of obtained from
experimental results

a =L rmiad
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B '5 | { o ks bl
! i |'|'|
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Dr. C.E. Ventura, UBC

I
] { . ]
Seismic Design
Records Spectra

N

QO Incremental non-linear dynamic analysis is
performed for a wide range of ground motions
and intensities

—

Seismic Hazard
Analysis
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Life Safety Performance Objective

U Analysis is performed for wide range of
resistances and drifts.

[

J | )

I
Seismic Hazard
Life Safety Performance Objective for LDRS: Analysis
O Probability of CDL exceedance in 50 years PDE < 2%

I
Seismic Design
Records Spectra

QO Conditional probability of near failure drift (CDL)
exceedance (CPDE) < 25% for 2% in 50 year of each
hazard type

[

-

(]

E o ] Dr. C.E. Ventura, UBC

Required
Resistance

Design Inelastic
Deformation

Seismic Analyzer

U User friendly access to pre-analyzed
non-linear dynamic analysis results

U Ability to perform risk analysis and
provide retrofit resistance for different

[

performance objectives

| |

)

I
Seismic Hazard
Analysis

Seismic Design
Records Spectra

I

[

-

N

| T T
I i 1
[
Web-based Seismic
Performance Analyzer
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Example

Photo courtesy of Mr. John Sherstobitoff (Ausenco)

Assessment:

Existing Prototype: Non-ductile Lr——,

R/C moment frame
Community: Victoria
Soil type: Site Class C
Factored resistance: 5%W
Clear storey height: 3200 mm

E L ; Dr. C.E. Ventura, UBC

mrmers 1 oemn 1 m -

———— e s

™ e #
. -
L —— i
L] —_— ]
P

DDL = 1.25% due to

vertical load bearing
system

1 PDE = 20.3%>>2% MUST

BE UPGRADED

Example

New shear wall

[
e [} 'I.-l-ll - [
B ] e
L ]
[
1 B
ISoil Anchors oAy Gt . .

Ensure no rocking 1

Photo courtesy of Mr. John Sherstobitoff (Ausenco)

Retrofit: Option A
C-3: Upgrade the R/C moment
frame

DDL =1.25%

PDE =2%

Rm = 44.5% W

C-5: Adding a new R/C shear Option B
wall

DDL =1.00%

PDE = 2%

Rm = 23.3%W

A —

| 20
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Photo courtesy of Dr. Graham Taylor (TBG Seismic Consultants)

E L ; Dr. C.E. Ventura, UBC

FRP to reinforce walls, stairwells

96



Photo courtesy of Mr. John Sherstobitoff (Ausenco)

E ] Dr. C.E. Ventura, UBC | 25

Diaphragm Upgrade — FRP — in progress

*~~___ Claytiles

\_ Concrete ribs
i - I b 5

D

Photo courtesy of Mr. John Sherstobitoff (Ausenco)
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1730 m2 (18,600 sf) 3 storeys,
load-bearing clay brick, wood
diaphragms,
Site Class D,
H1 risk,
$2.5M retrofit.

o e
e
e

_—

Photo courtesy of Mr. John Sherstobitoff (Ausenco)

E 4 ___.| Dr. C.E. Ventura, UBC 128
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Dr. C.E. Ventura, UBC

heritgge school

= B
ohn Sherstobitoff (Ausenco)

| 30
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Base Isolation being implemented in heritage school

Timber Framed Roof

\ S |
[ Column Beam
Beyond Beyond 174"
4” Tile ]
| § NO
Plaster - WORK
3" Hollow Tile r
Pitch » o
6” Hollow Tile — 4" Brick
/- e by
Isolation Isolator Slider imrrg e A
Plane | WORK
Jem— ! 1 HERE
T L
| wr | 3T J

t 4 ___.| Dr. C.E. Ventura, UBC |31

Testing at UBC — Bare 4” concrete block wall

t 4 ___.| Dr. C.E. Ventura, UBC |32
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Out-of-plane upgrade with simple Unistrut

Dr. C.E. Ventura, UBC

In Summary

1.
2.
3.

=

I ]
-

New rational tools for Earthquake Engineering
Technical advances and a highly cooperative project

Better understanding of damage associated to
earthquakes

Less conservative seismic hazard data
Quantifiable seismic risk to damage

More information for pre-earthquake preparedness
(Seismic retrofit)

More information for post-earthquake situations

Dr. C.E. Ventura, UBC
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Dr. C.E. Ventura, UBC

QUESTIONS?
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SEISMIC ASSESSMENT METHODS AND EXPERIMENTAL VERIFICATIONS OF
REINFORCED CONCRETE BUILDINGS

By Dr. F.-P. Hsiao, National Cheng Kung University/ National Center for
Research on Earthquake Engineering

Abstract

This study is prepared to demonstrate the relevant technology for detailed evaluation
of school buildings. Procedures for detailed evaluation of school buildings are
presented in this study. It is a reference to be consulted by the practicing engineers.
The proposed method, called the Taiwan Earthquake Assessment for Structures by
Pushover Analysis (TEASPA), is a modified capacity spectrum method developed in
the NCREE handbook after the 1999 Chi-Chi earthquake. In this study, the evaluation
of TEASPA is carried out using results from an experimental campaign comprised of
pushover tests in low-rise reinforced concrete (RC) school buildings and capacity
spectrum method. The base shear-roof displacement curve, peak ground acceleration,
and failure mechanism are calculated from each analysis. The results show that
TEASPA can provide accurate results for assessing a low-rise RC building’s capacity
and is more appropriate to pushover tests. Moreover, the solutions related to retrofitting
problems are provided.

Keywords: reinforced concrete, seismic assessment, seismic retrofitting, nonlinear
static analysis, nonlinear dynamic analysis, in-situ pushover test.

Biography

Dr. Fu-Pei Hsiao received his Ph.D. degree (2004) in Civil Engineering at National
Cheng Kung University. Currently, he is a Research Fellow at National Center for
Research on Earthquake Engineering and an Associate Professor (joint appointment)
at Department of Civil Engineering, National Cheng Kung University. His present
research interests include seismic assessment, seismic retrofitting, reinforced concrete
structure and large-scale structural experiments.
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NAR  2bs

Basinngl Apgplied Research Lasorainnes

Seismic Assessment Methods and
Experimental Verifications of
Reinforced Concrete Buildings

Dr. Fu-Pei Hsiao

Research Fellow, NCREE
Deputy Division Head, NCREE Tainan Lab

Associate Professor(Joint Appointment),
NCKU

2019/10/7

Tragedies in Earthquake

May 12, 2008, 14:28 pm
Magnitude: 8.0

Wenchuan Earthquake suffered
heavy casualties of students

October 8, 2005, 08:50 am
Magnitude: 7.6

Pakistan Earthquake 19,000
death of students
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Strategy for School Upgrading in Taiwan MNAR

Simple Survey
Screening I
Preliminary Safe
Evaluation —
------------ lUnsafe GC)
Detail o o)
. Evaluation =
Evaluation 8 f=
>
and Peer Safe Mai > Q O
. ) aintenance @
Design N2 T o
Unsafe ® _.G_J,
O o
Retrofit Design g
_______________ : 7 o
\_Rebuld Retrofit @ ©
. Construction
Construction | ‘
:

w

NAR
Performance Based Engineering
:_f';';:rl I;:H 1l.' ﬁ._,..r-":l.

e Damage peak ground acceleration: a,
e 475-yr design ground acceleration: a4
e Acceptance criteria: a,> aj
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NAR
Load-Deflection Curves of Column

\Y,

Taiwan Earthquake Assessment for
Structures by Pushover Analysis (TEASPA)

VA V’F V
] V.| \A
T >A 0 T T — 0 T —>
A, A, A,
Flexure Flexural Shear Shear

5

NAR
Idealized Shear-Drift Backbone

Flexural Shear

S

Hn
A
o=

S
a
n

6

3
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4

1+ (tanoy

0
tan®+N,

S

A f,d, tand

st oyt

40 Jf.
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Test of Column Failed in Shear

Shear
Failure

Pushover Analysis Using ETABS

* Modeling for School Building
* Properties of Plastic Hinges

107




. NAR! 5=
In-situ Pushover Tests

* Understanding the seismic capacity of
existing school buildings

* Calibrating the detailed assessment method
 Verifying the seismic retrofitting methods

. NAR! 5=
In-situ Pushover Tests

10
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NAR ab=
Correction the pushover curve with dynamic effect

Monotonic Pseudol/cyclic
pushover test dynamic test

[ ETE

Lo lallalals
1 2 3 4 8 @
Mol Deft (%, radian|

11

NAR' 5=
Pushover analysis and test result

12

12
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Verifications of pushover curves with MNAR! /-
Reui-Pu elementary school

T T

5 -l

Verifications of pushover curves mnam:/-
with Sin-Chen junior high school

10 20 30
Roof Displacement {cm)
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Verifications of pushover curves mnaR: .-

with Kao-Hu elementary school

0 20 30
Roof Displacement (cm)
15

Verifications of pushover curves NAR!abs
with Guan-Miao elementary school

L] 20 30
Roof Displacement (em)

16
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Remarks

For the next generation:
do something to
upgrade school buildings
before the next
disastrous earthquake.

BUT, will it be good enough?

NCREE Tainan Laboratory =~ MAR‘#5

i ks el b e Byt bna el g
it e e s [T [ RNy P

i o il sl T g Y [RATY
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Long-Stroke and High-Speed NAR! b=
Earthquake Simulator

¥R EF

Floating
foundation

Specifications of the earthquake simulator # i g ﬁ

b | .
Table Max V(I-\::z)éit Max Max - . "' L4 "' -
Size | Stroke Acc. | payloa o uf =
(m?) (m) (@ | d(ton) Iy

(m/s) -
Hfl | Hf2 | Hz2.5
8x8 | yioa | va1 |viso| 29 A"SP””QS‘%

19

Study on Seismic Behavior with NAR! b5
Mixed-use Residential and Commercial Building

1/2 scale RC structure with non-ductile detailing.
Modulus design : 9-story, 7-story, 5-story and 3-story
structures...

High ceiling at 1st floor and soft story behavior.

4

3-story

7-story

113




Grand Opening on Aug. 9, 2017

NAR
Near-fault earthquake test with 7F RC building

Mei-Nong EQ (CHY063) 2

114



NAR' =

NF earthquake test with retrofltted 7F RC building

['_-jtj

Mei-Nong EQ (CHY063)

% NAR!a2bs
“%w Numerical analysis with hinges model
!. - i ....._1-?. a" - ~TF lir vl
!::J‘.'. .'-'-'1:‘. - HE
E: d '\.-.. ,_n.n-"-l; = = -|'i: &
." L *i I -CE I
- — T N—
[T (PR |
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fre * Y i";';'
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.- Comparison of analytical pap
% and experimental results

3 P bn b i - ST Sl

) T

Roof Acceleration Base Shear

s -SHPS gl

8

T EEE

4 13418

Roof Displacement

P
oo, | bl

Hysteresis Loop

25

NAR
Nonlinear Response History Analysis

* A numerical model that are able to simulate dynamic nonlinear
hysteretic behavior of a RC structure has to be established by
using a structural analysis program. In this study, we used Midas.

* Plastic-hinges with hysteretic properties have to be considered
for all major RC components.

=

™

i

i

z
yq"/’ N Sample building Front view Side view

26
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.

% Ground Motions Selection

* The geo-mean response spectrum of each selected GM
must be compatible with a target spectrum (usually the
MCE spectrum) within the range of T, <T <T_.. ,

where T, =(02)min(7,,7)), T, = (2)max(7,,T,)
v U ‘ |
=
L4 Vi \ !
b :
| bt | | |
R PV Target spectrum ! -
H L A HN ! H
21| ey (MCE spectrum) ;
7] | 1 i \
3 i % i |
Epa : ! |
! il |
“ g | _ : B |
T=187s!
B2 ’
0 Lmin : : - - Average spectrum of selected GMs
[ ER 1 (& ] 2 1 a
Parkcd V)
Geo-mean spectra of selected 11 sets of GMs .

Perform incremental dynamic analysis (IDA)

Ea{THlEl

| = Perform IDA for each of pre-selected
EQ2 - \ | 11-set ground motions by gradually
increasing the intensity of each GM.

= The intensity of a certain ground
motion shall not be increased when
either local or global failure criteria
is reached.

EQ9 --' : o
_ Global failure criterion

[&1] (1] (2] [1F] A
Minamam Slern Dl Ralso

28
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% Check local failure criterion in

NAR

IDA by using computer program

el -
=
i ! ¥
| 1 L | i
i | Lo rdt
R i
| 4 o P
] L i By 21
¥ i ! = ] -':'\l_.'-r._...bc L
k T L )
W gl LN T T g b L ® L
* & P ] st B
. g 1 By

EQ#9(S,(T) = 0.4g)

= In many commercial program,
the different statuses of a
plastic hinge can be shown by
different colors.

= This will make the user more
easily to check weather a
plastic hinge has reached its
local failure criteria.

Colors of
plastic hinge

29

- % Establish collapse fragility curve

NAR

Regression curve

="'|Data point__ \
4" [from IDA Curve
1 suggested by |
z FEMA P-58 .

PRI R T i —eei

v" A collapse fragility curve (CFC)
represents collapse probability at a
given earthquake intensity.

| v ACFCis usually defined by two

parameters: the median x and
logarithmic standard deviation £.

| v/ The median u of the CFC can be

obtained by using the data from IDA,
while the standard deviation
suggested by FEMA P-58 will be
adopted in this study.

B =B+ By + B2

= J(0.45) +(0.25 ) +(0.25 )
= 0.5723

30
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LY Determine collapse index (Cl)

= Collapse index
= Collapse probability under MCE-level earthquake

= Determine MCE-level seismic

intensity at Yong-Kang Dist., = Index = collapse probability = 45%

Tainan, in terms of S, (T)

= £+ Collapse index < 45%
. 5,(1.87s) = 0.4g % p A
S -
B s 5., !
| E]_::l.8_7s N s i _ 7
' . t MCE So(T) = 0.4g
MCE-level response spectrum ol e

Bl E] B2 BA B} EE  E7 BE BN

b FPER ]

31

| % NAR
: Check index acceptance level

= In this study, the acceptable collapse probability
proposed by FEMA P-695 (2009) is adopted, i.e.,

Collapse probability must be less than 10%

* For the example building, the collapse index is
45% , which is much higher than the above
acceptable level of 10%, therefore, the building is
not safe and needs seismic retrofitting.

Collapse index (Cl) Collapse probability under MCE
Index of example building 45%
Acceptable level 10%

32
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o . NAR
‘&5 Conclusions

» A practical procedure and methodology for collapse
assessment of a RC building is proposed. The proposed
method is able to identify the RC building of high
collapse risk and their possible failure components.

» The proposed method, which is developed based on
FEMA P-58 framework, is composed of operational
steps that can be easily followed by engineers.

33

Thank Vou "

NCREE Tainan Lab
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EVALUATION AND RETROFIT OF SEISMICALLY DEFICIENT STEEL BRACED
FRAMES IN CANADA

By Dr. R. Tremblay, Polytechnique Montréal

Abstract

Steel structures constructed in seismic active areas of Canada prior to the
implementation of the seismic design provisions in the CSA S16 steel design standard
may sustain non-ductile failures under a severe earthquake, which may affect the
structure integrity and pose a hazard to life safety. Potential deficiencies that have been
investigated in recent research projects will be briefly reviewed, including brace fracture
due to local buckling and low-cycle fatigue, failure of brace connections in tension and
compression, and failure of steel roof deck diaphragms. Studies on the seismic
response of multi-storey braced frames will also be presented, including soft-storey
response, global frame stability and flexural demands imposed on columns. Seismic
evaluation techniques will be reviewed and commented, and possible retrofit schemes
will be introduced.

Keywords: brace fracture, local buckling, connection instability, steel deck diaphragm,
soft-storey mechanism.

Biography

Dr. Robert Tremblay is Professor of Structural Engineering and former Canada
Research Chair in Earthquake Engineering at Polytechnique Montreal, Canada. Before
undertaking his doctoral studies, Dr. Tremblay worked for 10 years in the industry. His
current research activities are mainly directed towards the seismic design and response
of steel structures for buildings and bridges, with focus on innovative structural systems
for enhanced seismic performance. He is a member of several code technical
committees including the CSA-S16 Technical Committee on Structural Steel Design
(Chair of the Work Group on Seismic Design) and the Standing Committee on
Earthquake Design of the National Building Code of Canada.
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Evaluation and Retrofit of Seismically Deficient
Steel Braced Frames in Canada

R. Tremblay
Polytechnique Montreal, Montreal, QC

Joint NRC-Taiwan Workshop
on Earthquake Engineering
Ottawa, Ontario

7-8 October 2019
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e STRUCTURAL ENGINEERING
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EINTRLAL 'r{:.hl E
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T

Plan

« Context

« Bracing members

« Brace Connections

* Multi-Storey Braced Frames
* Metal Roof Deck Diaphragms
« Conclusions

R. Tremblay, Polytechnique Montreal, Canada 2
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Plan

Context

R. Tremblay, Polytechnique Montreal, Canada 3

History of Codes and Standards in Canada

NBCC: . 1941 (E/Q in appendix)

* 1953 (E/Q in code)

* 1960

* 1965

* 1970 (PGA - 1%l/an)

* 1975

« 1977

- 1980

* 1985 (Z, & Z, - 10%/50 yrs)
* 1990

* 1995

* 2005 (UHS - 2%/50 yrs)
+ 2010

« 2015

2020

* 1924

+ 1930

* 1940

» 1954

* 1961

» 1965

* 1969

* 1974 (Limit States Design)
» 1978 (SI)

» 1984

» 1989 (Seismic Provisions)
* 1994

2001

2005

2009

- 2014

- 2019

R. Tremblay, Polytechnique Montreal, Canada 4
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vancouwer, BC
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R. Tremblay, Polytechnique Montreal, Canada 5
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b . Force-

based
st vt e approach
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R. Tremblay, Polytechnique Montreal, Canada 7

| Seismic Assessment |

Selsmic Evaluation Component

aned Ratroflt of
Existing Bulldings Based

Deformatio-
Controlled
Actions

Increase
Ductility

A4

Increase
Strength

Approach

Properties
Changed

Force- Increase
Controlled
Actions EEENOE
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Evaluation using linear procedure (force-based approach):

? m = Ductility factor
m Q>
Qee> Quo Q,; = Expected Strength
Q,,, = Seismic Force Demand from Linear Analysis

Teble BB [Condruesl. Accepisnce Criere lor Limes Precedures— Siruchnnl T Cormmporamis

PR I L e Procaiaiea”

Frirrary Secodary
Carpun T e an e} (1.} =3 L& = J
Bricems n Compresien macepl EEF Brscas)
5 Giender !r'-' TEN 6T,
1. WA L iniane”, 20 n-plana” 1.26 g B 7 |
&b a0 Ot e 1.3% 5 ¥ ] &
A FES, e, hubse, 1 155 3 T a ]
b Biocy !’ "_;'--:? WEF,
1. ¥ £ 3L mepana”, I s plasa® 128 5 7 [ ]
2 2 a3V pul-ol-plane 125 4 E 3 7
3 HES, pipen, hibes 186 | 1] ] [
Broces in Teraon Mscond EBF breossl™ L] - L [ L
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- Tabls G-0 Modebng Fermmeters and hocepisnce Crisrnia for Ronlinaar Froceduns—Snecisrs Sissl Conponenis—Asinl
ASCE 41-17 e
Evaluation using Moseling Parsreciars Scvoptesoe Croimia
nonlinear procedure Pasithiai
Prlswdd Dedormeviion  Barenpih Pass Pimtic Dulcamwicn
Coenz o nixkciion ] a C 3 LA =
* Plastic deformations e e o
for deformation- u Saumter "0y 43, [ETF,
H 1, W i 5L in-pless®, 3C n-plre’ 054, 104, ol (LT a4, 104,
ContrO”ed actions 2. 2L out-od plase’, 20 oui-pl-plare a5, i, 1] i8a, T4, L B
2 3. HEH, pah, i a5 L L LR [ Ty i,
. H 4, Brga anphe a5 (¥ ik} 053, T 123,
Capacity > Demand |y sy ™ o1, 5iv,
1. B £ nplas, 20 n-phre 14, Ai e 08, 1¢-F Ay
E L ongeiod gbade”, B0 ool pliie” 14 1A, o 0 B Aidla The
¥, HEH, ppes, Lied 14 T4 s 084, [T Ty
[ o | ETERL S P RS DA T a8 il clenedm e sk lescea difier
o Force demandfor mpeicmion of ol sppkoabe oodie o el D o)
Bracan n Tensos fascept EBF braces)® #
force-controlled i W 10, mia, 0 Wiy bay 13
. &2 L ET] adiay o Dy Ban 1k
A, HER Ay LEIT] e (LT iy 114a
actions T iy it 04 o, Ty iy
5 Lingis e 10, (LT T ] nas,. ALy 10
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Plan

« Bracing members

R. Tremblay, Polytechnique Montreal, Canada 11

Plastic deformation capacity

of bracing members ! O _

R. Tremblay, Polytechnique Montreal, Canada 12

127




Square HSS - ASTM A500, gr. C

Lw=5,6,7,8&9m (K=0.75) 160 .
$Pn = 1000-6000 kN . o 32109 (68)
. Past Test Data 120 - @ , ®oee ° 23-109 (53)
6000 e  <bitlimits - 1 * 40-60
] 8 = e® e8P o
° > bit limits g H E' 80 —| eduP W g8 8 @ ©
5000 <4 TestProgram 1 ool
‘ ?? 0% E‘g
_ 4000 | 1
E ) 0 T
. ~~ 3000
AN e\ %: ] 0 ® a0 120 100
2000 - t w00 - Weight (kg/m)
1 [ > 38 kg/m 1
1000 ° > 31 kg/m — 400 — o o o
35- - 4 38430 £ i °° ° °
:ISOm £ 300 - o 00 o 4
0 ' — T 1 = 1 oo 4 4
£
0 40 80 120 160 o 200 ° °
, 0 . o | g&ytt ®  152:305 (209)
| 6otom | U teem | Weight (kg/m) O 400 A - o 152-406 (274)
I | I | 0] ° 4 152-305
0 = 35°- 59° (46.9°) 0 = 21°-56°(31.7°) oo
0 40 80 120 160
L.=46-71m(59m) L, =61-10.3m(8.2m) )
Weight (kg/m)
Note: Average values in ()
R. Tremblay, Polytechnique Montreal, Canada 13
6000 140 Brace connections designed
5000 | 120 Sauare HSS for brace probable resistances
Z 4000 f Q“ 100
= 5
< 3000 | f 2 80
= 2000 aai 60
1000 — 40 4
Square HSS
0 T T T 20
0 40 80 120 160 0.0
6000 140
5000 — ] 120
g 4000 f 8 _ 100
f 3000 — " 2‘ 80 —
- 2000 — 60 ) —_—
1000 40 4 Prototype Test Specimen
Circular HSS L ~ L
0 LI S S B B S S 20 TS ~ Ec-Cc —_
0 40 80 120 160 0.0 2.0 ﬁ
6000 140 é
5000 — 120 - 5
—_ o
Z 4000 _ 100 ~
< 3000 3 80 ®
£ < —
= 2000 - 60 | £
1000 — 40 ..-s oo é
3
0 T T T 20 4 2
0 80 120 160 0.0 0.5 1.0 15 2.0 b
We|ght (kg/m) (bolt) / (bolt)code
< blt limits Elevation
o > b/t limits
4 4 4 TestProgram Attachment to load frame
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Test W1 - W360x134 (b/2t = 10.3; KL/r = 40)

P/ AF,
o
2
8

8/Ac

Test W3 - W310x129 (b/2t = 7.5; KL/r = 60)
1.20
1.00
0.80
0.60
0.40
0.20
0.00
0.20
-0.40
-0.60
-0.80
-1.00

P/ AF,

R. Tremblay, Polytechnique Montreal, Canada 15

ASCE41-17
Plastic deformation capacities

Toiy b Lioswriry fw v oed Leossee Deu s breee o e rsran e Do Lo

L
" o Braces in Compression - W Shapes
L g Forrdeey Cif
[ S 18
Fur ferams dows S T 16 | [—ascea1-bp2t<74 @ b/2t=59
" M 1 in
Ee— = ! = - 14 | |—ASCE41-b/2t>92
B = Ceprewron weew BBV maei -
LR 12 | @ Test-b/2t<7.4
2 B i, (¥
1 v, A ropw A i LH O L10 || O Test-b/2t>7.4 b/2t=7.5
w 8 b/2t=7.8
6 b/2t=75 o
b/2t=1030 =9.9
4
2
0
0 20 40 60 80 100 120
KL/r
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P/AF,

1.20
1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80
-1.00

Test RHS12 RHS 254x9.5 (b/t = 24.7; KL/r = 40)

5/Ac

P/AF,

1.20
1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80
-1.00

Test RHS2 RHS 254x16 (b/t = 13.3; KL/r = 40)

-12.0 -8.0 -4.0 0.0 4.0 8.0

R. Tremblay, Polytechnique Montreal, Canada 17

P/ AF,

Test CHS4 - CHS 273x6.4 (D/t = 46.3; KL/r = 40)

R. Tremblay, Polytechnique Montreal, Canada 18
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Braces in Compression - Square HSS

Braces in Compression - Circular HSS

12 12
10 10
@ b/t=89
o ® b/t-132 o
<6 f 6
w ——ASCE 41 - b/t <13.7 ) D/t=30.7 —ASCE 41-DJt<26
4 b/t=132&13.3@ ——ASCE 41 - b/t >27 4 0/t=23.1@ b/t=307
Ob/t=175 ——ASCE 41-D/t > 44
b/t=16.6 & 17.5 : ® Test-b/t<13.7 B
2 b/t=24.7 & 30.4E O b/t=247 2 D/t =463 ® Test-D/t<26
O Test-b/t>13.7 O Test-D/t >26
0 0
20 40 60 80 100 120 20 40 60 80 100 120
KL/r KL/r
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Braces in Compression - Square HSS Braces in Compression - Circular HSS
12 12
10 10
@ b/t=89
o ® b/t-132 o
<6 f 6
w ——ASCE 41 - b/t <13.7 S D/t=30.7 —ASCE 41-DJt<26
4 b/t=13.2213.3@ ——ASCE 41 - b/t >27 4 o/t=2310 b/t=307
O b/t=175 ——ASCE 41-D/t > 44
b/t=16.6 & 17.5 : ® Test-b/t<13.7 B
2 b/t=2478& 30.4E O b/t=247 2 D/t=463 ® Test-D/t<26
O Test-b/t>13.7 O Test-D/t >26
0 0
20 40 60 80 100 120 20 40 60 80 100 120
KL/r KL/r
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Brace failures observed in past earthquakes

] [Li1]

Northridge 1994
Photos from Peter Maranian, Brandow and Associates (P. Uriz Thesis, 2005)
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£7.5.3 DMagonal bracing members
Rabe; Wheer poaibde, of sy shiv ey B dwo ahe e suows branmg memden m sy V-foeciag bay thice’d be
Sokrcated and mbsted fromn the same oo

27541 Brace slenderness
T serubermeds Taus, KL, of Bracing menils i ahal 160 exdaed 104

T T kpecifiead short-peviod speciral ool ation rabis (RS (02} s equal to or greated than 075
or the specied 1 3 spectral acceleration rato [in5 5 10]) s equal tooor greater than 0,30, the

bt ipw a5 fatin of HYh Bracing memibers shall ol be bea than T,

Bk e el of boashivooe sod rolefionst restrmds of B broor e or akug S brooe g ahould be
crounted for b He colasdstion of KT

27.5.3.2 Width (diameter)-to-thickmess ratios
mmwmmﬂmmmmmu:mqumwmm
lﬁlﬁih—hﬂkkﬂilﬁm“ﬂmnﬂﬂtm
a|  when #Lr s 100

[ fertertangdar s s s 3307 5

B for ekcular HES: 100000/,

il hhpﬂxﬂiﬂﬂ.pnﬂdﬂul:lﬂu'l:qﬂd

M| for othes efements: Clas 1
b when KL= Do

i]  For WSS members: Class 17

W o bege of angle 170/ F and

il for other sements: Class 2; and
¢] when D00 < KLY < 200, linear inderpolation may be esed.

R. Tremblay, Polytechnique Montreal, Canada 22

132




Possible situations:

* Braces with high local slenderness (high b/t) have
been commonly used because of their relatively X
higher efficiency in compression x

Yanomiver, BC

* Large inelastic deformation demand expected
because of lower original design seismic loads

* Force-based approach alone not sufficient to o0 4
evaluate existing structures; detailing must also e R A

be examined
Moniresl, 30

Possible retrofit schemes: = 116

* Replace braces using members that meet KL/r
and b/t ratio limits (W shapes) o

* Use more effective braces (buckling restrained po [ .
braces, friction dampers, ductile plastic hinges, ...) e TnEn

el 19T K ;g 20

¥ alrs

R. Tremblay, Polytechnique Montreal, Canada 23

Use of a ductile W-shaped plastic hinge for enhanced ductility:

Test CHS4 CHS 273x6.4 (D/t = 46.3; KL/r = 40)

P/ AF,

P/ AF,
g
8

R. Tremblay, Polytechnique Montreal, Canada 24
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Plan

* Brace Connections

R. Tremblay, Polytechnique Montreal, Canada 25

Tension-Only Bracing : brace Brace connections
connections designed for expected to sustain
tension design loads tension loads up to
Test CO-1 - RHS 127 x 8 (b/t = 13.2; KL/r = 93.2) the brace probable
e axial yield strength

25

Tension-Compression Bracing :
brace connections designed for
compression design loads

R. Tremblay, Polytechnique Montreal, Canada 26
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