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FACADE MULTIPLE HAZARDS
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7 5% of buildings were sus eptible to damage i
Non-structural Elements

1994 Northridge Earthquake (Charleson, 2008
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Implement Policies for Inclusion,

Resource Efficiency, and
Disaster Risk Reduction

Sustainable Development Goals (Target 11B)
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State of At Framework Case Study  Evaluation
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Engineering Resilience

Functionality

Disruptive Event

Robustness

Resilience Loss

Rapidity

Full Recovery

Vv

Time
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Engineering Resilience

Resilience-based design approach aims for
minimizing disruption impact and facilitating
prompt recovery to operational status.

Functionality

Disruptive Event

Full Recovery

Robustness

Resilience Loss

Time

A4
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Design process for multiple hazards

Updated? Updated? @

Compartmentalized by discipline, adapted from Mckay et al. (2015) Compartmentalized by task, adapted from Mckay et al. (2015)
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Research Gap

1. The need for resilience-based design in facade engineering

2. The need to integrate multi-hazards into the design process
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Research Question

What methodology can be developed to assess the

resilience of facade systems under multiple hazards, and

how can this methodology be integrated into the facade

design process?
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Research Objective
Framework Development

Performance
Assessment

Decision Making
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State of Art

Framework

Case Study

Evaluation




RESILIENCE BASED FACADE DESIGN FRAMEWORK

Resilience-based

Facade Design Framework

Digital Tool for Engineers
Multi-Hazard Approach
Quantitative Approach
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

1. Digital Tool for Engineers

Jo
o

frontend

Project

Location
Building

Facade Systems

Resilience Attributes

Resilience Loss

Economic Loss

Decision Support

Resilient Facade

Retrofit Strategy

Input

Output

Input

Output

Performance

Assessment

Decision

Making
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1. Digital Tool for Engineers

Jo
o

frontend

Input

Output

Facade Systems

Resilient Facade

Retrofit Strategy

Input

Output

Input

Output

Performance

Assessment

Decision

Making
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

2. Multi-Hazard Approach

Jo
o

frontend

Seismic Hazard

Heat Hazard

Seismic Thermal
Resilience Loss Resilience Loss
P,

Y
Seismic Thermal
Economic Loss Economic Loss
I\
Multi-Hazard

Resilient Facade

Input

Output

Input

Output

Performance

Assessment

Decision

Making
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

2. Multi-Hazard Approach

hazard functionality INT

Interior Finish

Service Layer

Seismic Structural Layer

——Air/Vapor Control Layer

Heat Thermal Control Layer

Exterior Finish

N e e e e e e e e e e e e e e e e e e

______
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

2. Multi-Hazard Approach

Facade Package

Opaque ]—[ Infill / Cladding ]—[ Structural ]—[ Thermal ]—

Window ]—[ Infill / Cladding ]—[ Structural ]—[ Thermal ]—

Front view
WWR 50%

—

Front view
WWR 50%
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

2. Multi-Hazard Approach
Facade Packages (structurally identical)

Opaque ]—[ Infill ]—

Window]—[ Infil ]-

Opaque ]—[ Infill ]—

Window]—[ Infill ]-

Structural Thermal Front view
Stud wall Monolithic WWR 50%

\_ VAN VAN J
Structural Thermal Front view
Unitized high SHGC WWR 50%

\_ VAN VAN J

Structural Thermal Front view
Stud wall Composite WWR 50%
\_ J N\ J \_ J
Structural Thermal Front view
Unitized Low-E WWR 50%
] |
il
\_ VAN J \_ J
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

2. Multi-Hazard Approach
Facade Packages (thermally identical)

Opaque ]-[ Cladding ]—

Window ]-[ Cladding ]—

Structural Thermal Front view
C|addmg Composrte WWR 50%
. | J\____ J
( .
Structural Thermal Front view
Stick system Low-E WWR 50%
-
\__ J \_ SN/

Opaque]—[ Infill ]—

Window ]—[ Infill ]—

Structural
Stud wall

J \_

Thermal
Composite

J

-

Front view
WWR 50%

J

rStructu raIN
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Thermal
Low-E

T

Front view
WWR 50%
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

3. Quantitative Approach

Performance Assessment

P(A)

FRAGILITY
— DS
DS2
P(BIA)
M ? VULNERABILITY
Loss
DAMAGE M >
Loss
DS i RECOVERY
Q /

FUNCTIONALITY

N

V

Time

A4

N
7

Time
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

3. Quantitative Approach
Decision Making

FRAGILITY DATABASE
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FRAGILITY COMPARISON

Fragility Curve

P(D=DS | Story Drift Ratio}
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Story Drift Ratio
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DECISION TREE
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Resilience-based

Facade Design Framework

Assessment Process
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Seismic Hazard

Hazard Spectrum o

Peak ground acceleration with ~
10% probability of exceedance in s
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Seismic Fragility

Demand Parameter

Inter-story Drift I
IDR = 0.02

Fragility Curve

Probability of
exceeding damage state,
given demand parameter

,x'//
.»-/f
.»"'//j
. o
P(D=DS1)=25%
[
P(D=DS1)=70%

2 o0a 006 008
Story Drift Ratio
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Building Response

Demand Parameter

Inter-story Drift

Damage State

Glass cracking

Glass fallout

Tear out of panel

Fracture of studs
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Seismic Resilience

Resilience Loss

Resilience Loss = J [1—Q(t)]dt

Economic Loss

Total facade repair cost

Functionality Curve

Functionality drop,
downtime, and recovery
through repairment

Seismic Resilience Curve (82022 201,82011.121)

Kructure Facade
Repair  Repair

o
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (Days)

Repair Cost

Q) =1-

Replacement Cost
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Heat Hazard

Heatwave

Daily maximum temperature
exceeding 5 °C for five
consecutive days

Heatwave (Month:8, Day: 26, Duration: 7)

8
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H
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H
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Thermal Fragility

Fragility Curve

Probability of exceeding
SET limit, given demand
parameter

SET Limit

a
ean Outdoor Temperature {*C}

28 °C
©

°
P(L=LS2)=85%

P(L=LS2)=55%

Demand Parameter

Outdoor Air
Temperature

Tout = 28 °C
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Building Response

Limit State

Standard Effective
Temperature (SET)

SET Limit
28 °C

4

Demand Parameter

QOutdoor Air

g Temperature
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Thermal Resilience

Functionality Curve

Functionality drop and
recovery during heatwave

Resilience Loss

Degree hours above comfort threshold (SET 28 °C)
°

Economic Loss

Energy cost spent on cooling during heatwave
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Seismic

Hazard Spectrum

Hazard

Fragility Curve

Fragility

Inter-story Drift

Demand Parameter

Damage State

Damage

Repair Time
Repair Cost

Recovery

Resilience Loss
Economic Loss

Resilience

Thermal

Heatwave
Hazard

Fragility Curve

Fragility

Tout

Demand Parameter

Exceeding SET Limit

Damage

Recover Time
Recover Energy Cost

Recovery

Resilience Loss
Economic Loss

Resilience
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Resilience-based

Facade Design Framework

Digital Workflow
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Input

Facade Package

Facade System
design parameter

Fragility Database

Structural Function

Thermal Function

Cladding / Infill System
Connection, Panel Unit

Opaque/Window Component (FEMA P58-1)

Cladding / Infill System
U-value, Heat Capacity, SHGC

Opaque/Window Component (generated)

intensity measure Damage State Standard Effective Temperature
Input
Multi Hazard
Seismic Hazard Thermal Hazard
Hazard Type Earthquake Extreme Heat

engineering demand

Response Spectrum (ESHM13)

Heatwave (generated)

Output

Quantitative Resilience Assessment

Assemble Building Model

Seismic Resilience

Thermal Resilience

Building Seismic Model (PACT)

Building Thermal Model (Honeybee)

Analyze Building Response | Linear Static Analysis (OpenSeesPy) Dynamic Thermal Simulation (EnergyPlus) <
demand parameter Inter-story Drift Outdoor Air Temperature
Calculate Performance —{ Functionality & Economical Loss Functionality & Economical Loss —
Resilience Curve Functionality, Downtime(REDI), Repairment Functionality, Recovery
Output

Multi Attribute Decision Making

Key Features

Early Design Stage > Decision-making based on integrated resilience performance —
Retrofitting > Facade configuration with enhanced resilience performance <
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

How to Quantify Seismic Resilience?
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

How to Quantify Seismic Resilience?

@ python

e Data
processing

* Visualization

« Hazard model (ESHM13) @E)H R

* Hazard spectra

Define Hazard

* Fragility database

 Fragility specification

Analyze Component Fragility

FEMA P-58-1
Catalog No. 1894-5

ciha

+ Building model E

* Finite element model CmpenSees

Assemble Building Model

+ Standard in design load |1\ e 5741

* Linear static analysis

NQOpenSees

Analyze Building Response

* Repair cost/ time calculation x

* Downtime calculation

Calculate Performance
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

How to Quantify Thermal Resilience?

Heatwave (Month:8, Day: 26, Duration: 7)
40
g
T 0
% 20
2
a
a 0 5689 5857
&
o4 — +5°Cfrom Daily Maximum Temperature
—— Daily Maximum Temperature (TMY)
EﬁbD 56'50 EPbD 57'5[) ESbD 58‘5[) EBbD 55‘5[)
Hour of the Year
Define Hazard Analyze Component Fragility
System Abnormal Outdoor air 1 Failure
sizing temperature temperature I probability
1
1
1
1
1
- Heatwave, 70% Cooling Capacity Limit 1 Thermal Resilience Curve
— Outdoor Temperature 1 10 W Arca: 23.18
~—— Standard Effective Temperature 1
] 08
1
S 1
[ 1 06
545 2 1
H A4
& 04
Outdoor Standard
temperature effective 02
N temperature
= 00
*/'9\ lsssxs 5640 5664 5688 5712 5736 5760 5784 5808 5832 5856 5880 5004 5928 A 4 T % 120 K4 168 192 26 M0 %4 WE 312
Hour of the Year Hours.
Assemble Building Model Analyze Building Response Calculate Performance




RESILIENCE BASED FACADE DESIGN FRAMEWORK

How to Quantify Thermal Resilience?

@ python

+ Data * Heat hazard model
processing

* Weather data
* Visualization

Define Hazard

) GFDRR

8

» Construction database * ‘@

* Fragility analysis

Analyze Component Fragility

‘€@

EnergyPlus

e Zone thermal model .

Assemble Building Model

Energy model mg
Dynamic thermal analysis (&

EnergyPlus

Analyze Building Response

* Energy consumption calculation

* SET calculation

Calculate Performance
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

State of Art

Framework

Case Study

Boundary Condition

Evaluation
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Project Location

Reykjavik, Iceland

Seimic Hazard Model
ESHM13 (SHARE, 2013)
return period : 475 years

[a]
Bucharest, Romania
Toulouse, France o1
. 0.2
0.3
04
Barcelona, Spain 0.5
0.6
0.7
Izmir, Turkiye 0.8
Sicily, Italy

Reykjavik, Iceland

Heat Hazard Model
EH-GLOBAL-VITO (World Bank, 2017)
return period : 100 years

os]

ucharest, Romania

r°cl

—

oulouse, France

10

Barcelona, Spain

20

Izmir, Turkiye

25
30
35

Sicily, Italy

40
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Project Location

Seimic Hazard Model
ESHM13 (SHARE, 2013)
return period : 475 years

Reykjavik, Iceland

[a]

Bucharest, Romania
Toulouse, France 0.1
- 0.2
0.3
0.4
Barcelona, Spain 0.5
0.6
0.7
Izmir, Turkiye 0.8

Sicily, ltaly

oo oo T o Heat Hazard Model

EH-GLOBAL-VITO (World Bank, 2017)
return period : 100 years

Reykjavik, Iceland

Bucharest, Romania [°C]
Toulouse, France 10
20
Barcelona, Spain 25
30
Izmir, Turkiye 35
Sicily, ltaly 40
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18-story office building
seismic and heat hazard
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Measurement Settings

Seismic-resistant structure

A dual system of RC moment-resisting
frames and RC shear walls. (ASCE7-10)

Fundamental period of vibration (T=1.56
sec) determined based on structure
stiffness and height.

Hazard Intensity

Earthquake ground shaking with a return
period of 475 years.

F01

22,500
7.500

AS01

Fioor Plan

1:200

+54.000
78 Story

+51.000
77 Story

+48.000
76 Story

+45.000
75 Story

+42.000
T4 Story

+39.000
T3 Story

+36.000
T2 Story

433,000
71 Story

+30.000
70 Story

+27.000
9Story.

+24.000
8Story.

+21.000
7TStory

+18.000
6 Slory

+15.000
5Story.

+12.000
4 Story

+9.000
TStory

+8.000
2Story.

+3.000
T Story

20,000

0 Ground Floor

Building Section

Spectral Acceleration {g)

Spectral Acceleration ()

Hazard Spactrum (lzmir)

207

=
(5,

H
=]

=
0]
1

00

50% in 50 years (73 years)
39% in 50 years (102 years)
10% in 50 years (475 years)
5% in 50 years (975 years)
2% in 50 years (2475 years)
1% in 50 years (4975 years)

T
00 0.5 10 15 20

T
25 30 35 4.0

Spectral Period (sec)

Hazard Spectrum

200

175 -

150

125 A

100

0.75

050 4

025 +

— 10% in 50 years

= 1.56, 55 =0.14

000

T
0o 05 1a 15 20

T
25 a0 i5 410

Spectral Period (sec)
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Measurement Settings

Linear Static Analysis

Equivalent lateral force method is a
simplified way to incorporate the effects of
inelastic dynamic response into a linear
static analysis.

Inter-story Drift Ratio

Damage demand parameter of building
structure under earthquake loads.

Adjustment factor applied to account for
the impact of higher modes and inelastic
behavior.

Story Height {meter)

Bay Width {meter)

Vertical distribution of
seismic forces

Story Height {meter)
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Measurement Settings

Multi Thermal Zone

Each floor is divided into a core and a
perimeter zone with a depth of 5m. The
boundary condition between floors is
adiabatic. Energy simulation is conducted
separately for each floor. The SET is
measured for Zone 2, which is the south-
oriented perimeter zone.

Weather Data

The TMY (period 1989-2021) weather data
of Izmir is used as a baseline for system
sizing. A heatwave is applied to the
"typical summer week" in the DDY file by
increasing the dry bulb temperature by

5°C.

Construction Set
Generic Double Pane
Typical Exterior Wall
Generic Interior Wall
Generic Interior Floor
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Measurement Settings

Factors that influence thermal performance

Geometry Material Operation

= ll
FERel

Building Geometry Facade Material Property Building Operation
WWR Fixeod U Value Variable Natural Ventilation .Fixed
50% - Unavailable
Shading Unava5;X§2 Heat Capacity Var'able_ Mechanical Ventilation A@;'eg
. . Fixed Variable . Fixed
Orientation South SHGC - Cooling 70% Capacity
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Measurement Settings

Facade Material Property
U Value

Heat Capacity

SHGC

Variable

Variable

Variable

Thermal Properties of Facade Packages
« opaque [ window A opaque & window

1 10
T 08
... W0.50T01
ﬁ‘* T 06
-2 W0-S0002 gy + 04
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Measurement Settings

Cooling Energy Model

Energy model with/without cooling system
during heatwave is simulated to quantify
extra energy consumption caused by a
heatwave.

(Original Weather Dat;

DDY file
EPW file

~
(Heatwave Generator

EPW base file

Heatwave Schedule

EPW file

Energy Energy
Model 1 Model 2

No Cooling
during heatwave

( Ideal Air System 1 w

( Ideal Air System 2 w

( Ideal Air System 3 W

DDY file

Capacity Limit

Unavailability

A

( OpenStudio 1

W

DDY file

Capacity Limit

Unavailability

DDY file
Capacity Limit

Unavailability

A A

( OpenStudio 2 w ( OpenStudio 3 W

EPW file

Cooling Capcity

Cooling Energy Consumption

ﬁjpdated Weather Dat;

DDY file

EPW file

EPW file

Cooling Capcity

Cooling Energy Consumption

EPW file
Cooling Capcity

Cooling Energy Consumption

T NI\
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Measurement Settings

Energy Model 1

The first two days fails to maintain 24°C
during occupied periods. SET follows the
outdoor temperature peaks.

Zone Total Cooling Energy (kWh) : 510.27
Electricity Tariff (€/kWh) : 0.2525
Cooling Energy Cost (€): 128.84

Energy Model 2

Cooling system’s peak load during
heatwave occur at the beginning and end
of the period.

Zone Total Cooling Energy (kWh) : 404.78
Electricity Tariff (€/kWh) : 0.2525
Cooling Energy Cost (€): 102.20

TEmperature (C)

TEmperature (C)

Heatwave, 70% Cooling Capacity Limit

45

—— Outdoor Temperature
—— Standard Effective Temperature

5616 5640 5664 5688 5712 5736 5760 5784 5808 5832 5856 5880 5904 5928
Hour of the Year

Heatwave, Cooling Turned off during Heatwave

—— Outdoor Temperature
—— Standard Effective Temperature

45

o

=

5616 5640 5664 5688 5712 5736 5760 5784 5808 5832 5856 5880 5904 5928
Hour of the Year
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Decision Making
in early design stages

Which facade system is more resilient?
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Decision Making
in early design stages

Opaque N( Window h Opaque Window

B2011.121 B2022.201 -_ B2011.302a B2022.011
W0.05C01 W0.95T01

l WO0.05T01 I WO0.95T01

Which facade system is more resilient?
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RESILIENCE BASED FACADE DESIGN FRAMEWORK

Studwall Infill &
Unitized Window

Functionality {1-{R/RCH)

-
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=
[¥ =)
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=
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1

=
=l
i

=
[=1]
1

=
n

Seismic Resilience Loss

Event
Area: 2538
Diown Structure Facade
Time Repair | Repair
T T T T T T T T T T T
0 100 200 300 400 500 €00 YOO BOO S00 1000 1100 1200

Time {Days)

Functionality

10

0.8 1

=
=4

=
=

02

00

Thermal Resilience Loss

I Area: 23.18

2 %6 120 144 168

Hours

192

216

240
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Studwall Infill &
Unitized Window

Seismic
Economic
Loss

Seismic
Resilience
Loss

Thermal
Economic
Loss

Thermal
Economic
Loss
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Studwall Infill &
Unitized Window

Project Description

Building location lzmir
Building program office
Structural system RC dual
Facade Package
Total facade area 4860 m?
Window to wall ratio 50 %
Opaque Window
B2011.121 B2022.201
WO0.05T01 WO0.95T01
J

5 rost

T cost

I Arsa: 1004836

Total resilience loss

1004836

Seismic resilience loss

25.37

Seismic economic loss

639761.17

Thermal resilience loss

63.27

Thermal economic loss

100.04
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Concrete Cladding &
Curtainwall Window

Functionality {1-(R/RC))
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Concrete Cladding &
Curtainwall Window

Project Description

Building location lzmir
Building program office
Structural system RC dual
Facade Package
Total facade area 4860 m?
Window to wall ratio 50 %
Opaque Window
B2011.302a B2022.011
W0.05C01 WO0.95T01
- AN J

5 cost

T cost

I Area: 1453720

Total resilience loss

1453720

Seismic resilience loss

53.46

Seismic economic loss

925602.66

Thermal resilience loss

50.28

Thermal economic loss

132.45
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Decision Making
in early design stages

ProjectDescription ProjectDescription

Building location Izmir Building location Izmir

Building program office Building program office

Structural system RC dual S_cost I | Structural system RC dual S cost
I % Facade Package

Facade Package

Totalfacade area 4860 m? Totalfacade area 4860 m? 0 8
Total resilience loss 6 Total resilience loss
Window to wall ratio 50% Window to wall ratio 50%
S fun 1004836 S fun func 1453720
Seismic resilience loss Seismic resilience loss
Opaque Window 25.37 Opaque Window 53.46
B2011.121 82022201 Seismic economicloss B2011.302a 82022011 Seismic economicloss
W0.05T01 W0.95T01 W0.05C01 W0.95T01
639761.17 N 925602.66
T_cost T_cost
Thermal resilience loss Thermal resilience loss
63.27 50.28
. Area: 1004836 . Area: 1453720
Thermal economic loss Thermal economic loss
100.04 132.45

Which facade system is more resilient?
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Decision Making
in early design stages

Project Description ProjectDescription
Building location lzmir Building location lzmir
Building program office Building program office
Structural system RC dual § cost Structural system RC dual S_cost
Facade Package Facade Package
Total facade area 4340 m? Totalfacade area 4860 m?
Taotal resilience loss 6 Totalresilience loss
Window to wall ratio 50% Window to wall ratio 50 %
1453791 S fun func 1453720
Setsmic resilience loss Seismicresilience loss
53.46 Opaque Window 53.46
Seismic sconomiclass B2011.302a 82022011 Seismic economicloss
W0.05C01 ‘W0.95T01
925602.66 925602.66
T cost T_cost
Thermal resilience loss Thermalresilience loss
63.27 50.28
N Area: 1453791 EEm Area: 1453720
Thermal economicloss Thermal economicloss
100.04 132.45

Which facade system is more resilient?

e.g., hospital (thermal functionality loss can’t be compromised)
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Decision Making
in early design stages

Project Description ProjectDescription
Building location lzmir Building location Izmir
Building program office Building program office
Structural system RC dual 5.cost Structural system RC dual S_cost
Facade Package Facade Package
Total facade area 4360 m? Total facade area 4860 m?
Taotal resilience loss 6 Totalresilience loss
Window to wall ratio 50% Window to wall ratio 50 %
1453791 S fun func 1453720
Seismic resilience loss Seismicresilience loss
53.46 Opaque Window 53.46
Seismic sconomiclass B2011.302a 82022011 Seismic economicloss
W0.05C01 ‘W0.95T01
925602.66 925602.66
T cost T_cost
Thermal resilience loss Thermalresilience loss
63.27 50.28
EEN Area: 1453791 EEm Area: 1453720
Thermal economicloss Thermal economicloss
100.04 132.45

Which facade system is more resilient?

e.g., hospital (thermal functionality loss can’t be compromised)
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Decision Making
for retrofitting

How to make the existing facade more resilient?
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Decision Making
for retrofitting

Existing facade

Retrofitted facade

—>

Resistivity

5 cost

T cost

I Arsa: 1090278

Attributes

—>

Resilience Loss : - 85513

5 cost

T cost

I Arza: 1004765
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Retrofit Strategy
Improving Seismic Resistivity

ASCE 7-10 allowable
story drift limit: 2%

1.0 A

0.8 A

T 0.4

0.2 -

0.0 ~

0.04 0.06 0.08 0.10
Story Drift Ratio

B2011.301

B2011.121

B2023.002

Storefront

B2022.201
Unitized
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Retrofit Strategy
Improving Seismic Resistivity

Floor

mowbnmunweo bR ERRSR

Floor

mrwsnouoes R ERRSR

Repair Time by Performance Group

BN gpague
window
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Repair Time (days)
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window
I T T T T
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Functicnality {1-(R/RC))

Seismic Resilience Curve (B2023.002,B2011.301)
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10 1 i
094 1 ‘f
08 i 1 1
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Time {Days}

Seismic Resilience Curve (B2022.201,B2011.121)
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Retrofit Strategy
Improving Thermal Resistivity

Met Office's heatwave
temperature threshold: 28°C

0 4 9 14 19 24 29 34 38 43

Daily Mean Outdoor Temperature (°C)

WO0.95T02

WO0.95T01

W0.05C02

W0.05C01
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Retrofit Strategy
Improving Thermal Resistivity

Thermal Properties of Facade Packages
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Retrofit Strategy
Improving Thermal Resistivity

During Heatwave (168Hours)
Loss Cost (€) 39.26
Loss Time (degree-hours) : 17.08

During Heatwave (168Hours)
Loss Cost (€) 38.77
Loss Time (degree-hours) : 18.40

TEmperature (C)

TEmperature (C)

Floor 10
- Heatwave, 70% Cooling Capacity Limit
= Qutdoor Temperature
Standard Effective Temperature
40
35
{\ h ﬂ, N [SET emer 2
z
£ ]
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Z
5 [SET_comf
L
20
15 T T T T T T T T T T T T
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Hour of the Year
Floor 10
- Heatwave, 70% Cooling Capacity Limit
= Qutdoor Temperature
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Research Question

What methodology can be developed to assess the resilience of
facade systems under multiple hazards, and how can this

methodology be integrated into the facade design process?

79



RESILIENCE BASED FACADE DESIGN FRAMEWORK

Key Takeaways

(1) Assessing resilience of facade

systems under multi hazard
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Key Takeaways

(1) Assessing resilience of facade

systems under multi hazard

Functionality {1-{R/RC))

=
-
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Event
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Time Repair | Repair
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Key Takeaways

(2) Metrics for comparing the

resilience of facade systems

Project Description

Building location
Building program

Structural system

Facade Package

Izmir
office

RC dual

Totalfacade area

Window to wall ratio

Opaque

B2011.121
W0.05T01

4860 m?
50 %

Window

B2022.201
W0.95T01

S fun:

S _cost

T_cost

BN Area: 1004836

Total resilience loss

1004836

Seismic resilience loss

25.37

Seismic economicloss

639761.17

Thermal resilience loss

63.27

Thermal economicloss

100.04
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Key Takeaways

(3) Implementation of resilience-based

approach in facade design

ASCE 7-10 allowable
story drift limit: 2%

0.00 0.02 0.04 0.06 0.08 0.10
Story Drift Ratio

Met Office's heatwave
temperature threshold: 28°C

a
L

(’) Alt é 1‘4 1‘9 2’4 2‘9 3‘4 3‘8 4‘3
Daily Mean Outdoor Temperature (°C)

B2011.301

B2011.121

B2023.002
Storefront

B2022.201
Unitized
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Future Research

Validity*
Relevance**

Flexibility***

Input

Future Research
validity *
relevance **
flexibility ***

Facade Package

Design Parameter

Intensity Measure

Failure Probability

Structural Function

Thermal Function

(depends on database availability)

Damage State 1,2,3
(damage standard varies by facade
system)

Fragility Curve

U-value, Heat Capacity, SHGC

Limit State 1,2,3
(standard effective temperature
exceeding 24°C, 28°C, 32°C)

Fragility Curve

local construction ***

threshold *

fitting method *

Input

Multi Hazard

Engineering Demand

Seismic Hazard

Thermal Hazard

Response Spectrum
(spectral acceleration at the
fundamental period of vibration)

Weather Data including Heatwave
(outdoor air temperature during 7 days
of heatwave)

hazard model *

Output
Quantitative Resilience Assessment
Seismic Resilience Thermal Resilience
Demand Parameter Inter-story Drift Outdoor Air Temperature direct relevance **

Resilience Loss

Economic Loss

1- Repair Cost / Replacement Cost

Repair Cost

Degree Hours above Threshold

Energy Cost Difference
with/without Cooling

local cost ***

Output

Multi Attribute Decision Making

Comparison Standard

Resilience Attribute

Seismic Performance

Thermal Performance

Seismic Design Code Limit

Resilience Loss, Economic Loss

Heatwave Temperature Threshold

Resilience Loss, Economic Loss

threshold *

direct relevance **
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Future Research

Validity

o SET Threshold for mechanically conditioned spaces

o SET Threshold outside the comfort range

o Validation of thermal fragility function

o Threshold value for comparing failure probabilities

o Hourly weather data from heat hazard model
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Future Research

Relevance

o Directrelevance between demand parameter and
Intensity measure

o Thermal resilience loss directly due to facade
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Future Research

Flexibility

o Fragility functions for local facade construction

o Pricing tariff based on locations
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Reflection

Social Impact

O

O

O

Facade Resilience Rating
Robust digital tool

Project-specific

Evaluation

Loss Assessment

Direct Finantial Loss Assessment

Resilience Design and Planning

Building Resilience

Seismic Hazard

Enhanced Structural Design

Enhanced Non-structural Design

REDi Framework
(ARUP, 2013)
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