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Kumamoto vs Christchurch

Kumamoto Christchurch
- Focus on strength and stiffness - Focus on ductility

Modern RC Building Damage Data
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Wellington buildings

14 buildings demolished
5 decisions pending

Opportunity!

RC Perimeter Frame Structure
Modern Seismic Design Standards
Precast Flooring System

4 Beam-Column Joints Extracted
for testing.
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Damage state Q LG

— Beam hinging examples




Structural Response / Drift demands
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Beam rotation demands
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Extracted beams
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Damage progression o
1 9% thtift 2.5% Drift 6% Drift

Kaikoura Max Crack Width Failure following
Demand 11 mm opening of
(10 mm residual) stirrup hooks

Quake
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Load displacement -

Force-Displacement - Speciemn N1
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Load displacement
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150

——Specimen Force-Displacement

—— NZS 3101 - Overstrength

— NZ5 3101
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Load displacement
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Future tests
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Link Restraint




: : QuakeCoRE
Performance objectives

Fully Immediate Life Collapse
Operational Occupancy Safety Prevention

Frequent (25 yrs) K

Occasional (75 yrs)

Design (500 yrs)

Rare (2500 yrs)

Vision 2000




Performance objectives ¢

Difference too

great??
Fully ImmediateI I Life Collapse
Operational Occupancy Safety Prevention
Frequent (25 yrs) * U,
D hac”n
“€rf [TPEy
Occasional (75 yrs) * * O"rhan b/e
Ce

Design (500 yrs) * ¢j *
I %

Most operations and functions can resume immediately. Structure safe for occupancy.
Essential operations protected, non-essential operations disrupted. Repair required to restore
some non-essential services. Damage is light.

Immediate
Occupancy

Damage is moderate, but structure remains stable. Selected building systems, features, or
Life Safe contents may be protected from damage. Life safety is generally protected. Building may be
evacuated following earthquake. Repair possible, but may be economically impractical.

Vision 2000
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Performance objectives Q S
- Repairability limit state?

Fully Immediate Life Collapse
a H ” .
Operational Occupancy Repairable Safety Prevention

Frequent (25 yrs) K
Occasional (75 yrs) \

Design (500 yrs)

o

Rare (2500 yrs)

ok

Very Rare (? yrs)

ATC-145 — Post-EQ repair and designing for repairability
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Kaikoura Earthquake - Wellington et
o B Demolished )
- . = friboibeiiaed
‘a_‘. -
2 |
N
O(O S
‘N

(WCC 2018)



QuakeCoRE

Christchurch Damage Statistics
Unkno
0(9%
223 RC Buildings over
2 stories (Kim et al. 2015)
Moment Frame Buildings Shear Wall Buildings
30 )8 45 ® Demolish
, 26 40 39 m Repair
5
35 32 Unknown
é’n 20 O Total
E 18 17 30
é 15 22 21
- 11 20 18 16
10 |°8 8 15 13
10 o
5 10
5 3 5 0 . 6 ° 0
. 0 00 ‘Ioo 000 1 .01| |.1o| 000
0 0
0-1% 2-10%  11-30% 31-60% 61-99%  100% 0-1%  2-10% 11-30% 31-60% 61-99%  100%
Damage Ratio = repair cost / replacement cost Damage Ratio = repair cost / replacement cost

= Significant number of RC buildings with
relatively low damage were demolished.



Impact of Uncertainty in Residual ) Luake

Capacity

Uncertainty in
Residual Capacity
Assessments

with guidance

Uncertainty in
Residual Capacity
Assessments
w/o guidance

Engineer hired by insurance company
Engineer hired by building owner

| | | |
| \ | ! l \

0 10% 20% 30% 40% 50% 60% T70% 80% 90% 100%
Damage Ratio = repair cost/replacement cost
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Residual Capacity Beam Tests

Kai Marder et al

- To be presented in next session
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Loading protocol
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Pulse-type

Long Duration-type

o

400



. QuakeCoRE
Loa d I n g p rOtO CO I Q NZ Centre for Earthquake Resilience

Pulse-type Long duration
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16 specimens

+ monotonic

Variables:

Earthquake input
EQ drift demand
Loading rate
Axial restraint*
Epoxy repair

* See Marder et al next session

CYC
CYC-DYN
CYC-ER
CYC-LER

CYC-NOEQ

LD-2-R
LD-2-ER
LD-2-LER
LD-2-LER-R

Lateral drift (%) Lateral drift (%)

Lateral drift (%) Lateral drift (%)

Lateral drift (%)

Lateral drift (%)

(&)

o

'
(4]

(&)

Peak actuator velocity = 2.13% drift/s

Peak actuator velocity = 3.45% drift/s

y|

Peak actuator velocity = 3.06% drift/s

Peak actuator velocity = 4.50% drift/s

Tima / Cucla
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Peak drift
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Damage -2 Drift capacity? y

BCYC AP-1 XLD-1 XxP-2 =P-2-S OCYC-NOEQ
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N 1 Unrestrained specimens 1 b
= with measurable cracks

0 5 10 15 0 ! 2 3
Maximum residual crack width (mm) Number of sliding planes

(after all cycles at or below 2.2% drift)

- No relationship between crack —> Drift capacity correlated with
widths and drift capacity. number of sliding planes.
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Drift Capacity Q .
- limited by sliding shear

p—
(@]

p—
(@)
T

—
S~

p—
[\

[
S
T

o0
T

Beam elongation (mm)

—> Single crack w = 2-3mm,
1 sliding shear will limit

_ 0 ' dri city.

— B 0.5 0 5

——— CYC-DYN (single sliding plane) Shear deformation 2, (B4t Still above NZS 3101

drift capacity.




Stiffness - unrepaired ) QuakeCoRt
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— epoxy repair

Iffness
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Capacity - epoxy repair

—Repaired

— Undamaged

150

(N2]) 9010] 1BOYS

Repaired > Undamaged

Strength:

Drift capacity: Repaired ~ Undamaged



Reduction in steel strain capacity ) QuakeCoRE

Reduction in uniform strain due to:

Increase in reloading @) L le fafi
strength due to strain (2) S;)W:cyc ¢ latigue
ageing + hardening ramn agemns
i \
N
O
=
n
Simplified strain history
due to earthquake loading
Post-earthquake monotonic
| behaviour
_____ Virgin monotonic
behaviour
>
 — .
Residual Strain
strain after
EQ
Simplified cyclic
loading during
earthquake
v Adapted from Pussegoda (1978)
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Reduction in steel strain capacity
-Low-cycle fatigue
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300 ——Earthquake Loading Protocol

= \/lonotonic
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% Strain

Strain demands from bar from long-duration Marder (2018)
beam test scaled to 6% max strain



Lateral Load (kN)

Reduction in steel strain capacity
-Low-cycle fatigue (beam test)

Tayo Opabola et al
- To be presented in next session
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QuakeCoRE
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Reductlon_ln ste_el strain capacity e
- Strain ageing y =

for Earthquake Resilience

¢ ageing < 90 days @ageing > 90 days
0.25

monotonic uniform strain

g 0.2 7 4
i
S 0.15 s *
".‘:0 .
= ST T N N S A C5 probable uniform strain_
Ea
A e e C5 steel strain limit
o 0.05
= 0
0 0.01 0.02 0.03 0.04 0.05 0.06

Pre-strain (strain prior to ageing)

Data: Restrepo-Posada et al (1994) and Loporcaro et al (2016)



Engineering stress [MPa]

Reduction in steel strain capacity
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- Strain ageing + LCF
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i A  Experimental data

i V  Experimental data "Aged"
—— Strain life curve

----- Strain life curve "Aged"

For large strain cycles,
strain ageing can reduce

. = remaining cycles to
?{% failure by ~50%.

[s/d,, = 6]

0.001 T T ] T TTI =Il| I T
1 10 100

(_Y_L,‘_I\Ylf,_cycles to failure
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Ghannoum and Slavin (2016)
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Repairability Limit State R

Definition:

* Maintain “original design Epoxy repair:
performance characteristics” v nereased
after repair. e
> St rength Similar Design Strength P
» Drift capacity
» Stiffness

Decreased
Stiffness?

* Simple steps toward repairability . A
' i H R H . Similar Deformation Capacity if:
in conventional buildings: ¢ Deformaton tapacty
»Restrict bar buckling: s/d <4 - bar buckling restricted

»Reduce ductility/drift 2 lower elongation and floor damage
» Use CIP floors



Repairability Limit State
- Future challenges

* Component

- Cycles and effective strain levels for different
earthquake (sequences) and structures.

- Low-cycle fatigue + strain ageing tests for s/d, = 4
- Stiffness of repaired columns and walls
- Different repair methodologies

* Whole-of-building performance
- Interaction and deformation compatibility with floors
- What systems are more or less repairable?
- Much more...






