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Spatial Structures

« Large Enclosures: Public Space, Function of Shelter

Reliability:
_ife-safety
-unction Continuity

https://jp.trip.com/travel-guide/attraction/toronto/cn-tower-80782/



Spatial Structures

https://jp.trip.com/travel-guide/attraction/toronto/cn-tower-80782/

e Large Enclosures: Public Space, Function of Shelter

Reliability:
_ife-safety

-unction Continuity
« Strategy for prevent Catastrophic Failure under Excessive Load
« How to control Non-structural components failure

Ken’ichi Kawaguchi, |IASS



Spatial Structures

https://jp.trip.com/travel-guide/attraction/toronto/cn-tower-80782/

e Large Enclosures: Public Space, Function of Shelter

Reliability:
_ife-safety

-unction Continuity
« Strategy for prevent Catastrophic Failure under Excessive Load
« How to control Non-structural components failure

Design: Load control, Damage control, Fail-Safe System, Human-Tolerance

Ken’ichi Kawaguchi, |IASS



IASS Recommendations

Recommendations for the Design of Hyperbolic or other Similarly Shaped
Cooling Towers, 1977 (WG 3)

Recommendations for Guyed Masts, 1981 (WG4)
Recommendations for Safe Systems for Access on Masts and Towers, 2001 (WG4)
Recommendations for Reinforced Concrete Shells and Folded Plates, 1979 (WG 5)
Recommendations for Air-Supported Structures, 1985 (WG 7)
Analysis, Design and Realization of Space Frames, 1984 (WG 8)
Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures,

2014 (WG 8)
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures,

2019 (WG 8)
e Structural Design Guidelines for Temporary Spatial Structures, 2015 (WG 19)



IASS Recommendations  Soundness in Design

Recommendations for the Design of Hyperbolic or other Similarly Shaped
Cooling Towers, 1977 (WG 3)

Recommendations for Guyed Masts, 1981 (WG4)
Recommendations for Safe Systems for Access on Masts and Towers, 2001 (WG4)
Recommendations for Reinforced Concrete Shells and Folded Plates, 1979 (WG b)
Recommendations for Air-Supported Structures, 1985 (WG 7)
Analysis, Design and Realization of Space Frames, 1984 (WG 8)
Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures,

2014 (WG 8)
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures,

2019 (WG 8)
e Structural Design Guidelines for Temporary Spatial Structures, 2015 (WG 19)



Components to be considered in design

Components

e Structural Components Foundations, Main Structures
 Non-Structural Components Exterior Walls, Claddings, Mechanical facilities.
e Users Life-Safety, Business Continuity

« Sound design, Load Control, Damage Control, Fail-Safe System,
Human tolerance

Structural Components Non-Structural Components
AL
o M 'l
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Foundations Skeletons Exterior Walls Mechanics Finishing

Claddings Wires, Ducts Ceilings




Disturbance and load to be considered in design

Disturbance

« Time Dependent Damage -> Deterioration of Material -> Inspection

« Event Dependent Damage -> Severe Natural Disaster
(Strong wind, Heavy Snow, Earthquake)
Manmade Disaster
(War, Terror Attack, Vandalism, Fire:--)

Load Control, Damage Control, Fail-Safe System, Human tolerance

Ken’ichi Kawaguchi, IASS



Structural Components

Heavy Snow (including rain after snow)

Reliability:

Life-safety -> How to prevent Catastrophic Failure u. Excessive Load
(collapse without enough evacuation time)

Function Continuity, Business Continuity
-> How to prevent accidental and unexpected failure

Design: Load control, Damage control, Fail-Safe System, Human-
Tolerance

Ken’ichi Kawaguchi, IASS



Catastrophic collapse of Spatial Structures by Heavy Snow,
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IASS Recommendations

Recommendations for the Design of Hyperbolic or other Similarly Shaped
Cooling Towers, 1977 (WG 3)

Recommendations for Guyed Masts, 1981 (WG4)
Recommendations for Safe Systems for Access on Masts and Towers, 2001 (WG4)
Recommendations for Reinforced Concrete Shells and Folded Plates, 1979 (WG 5)
Recommendations for Air-Supported Structures, 1985 (WG 7)
Analysis, Design and Realization of Space Frames, 1984 (WG 8)
Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures,

2014 (WG 8)
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures,

2019 (WG 8)
e Structural Design Guidelines for Temporary Spatial Structures, 2015 (WG 19)



Catastrophic collapse of Spatial Structures by Heavy Snow,
2004-2006
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Swimming Pool in Moscow, Ice skate link, Bad Reichenhall Exhibition Hall, Katowice
28 dead, 193 injured in Germany, Jan.2nd, 2006 in Poland, Jan.28th,2006,
Feb.14, 2004 11 killed, 30 injured, 65 dead, 170 injured
Completed in 2002 Completed in 1970 Completed in 1974
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Catastrophic collapse of Spatial Structures by Heavy Snow,
special case in Czeck, 2017

Czech Republic roof collapse results in no injuries

https://ohsinsider.com/spot-the-safety-violation-9- (VIDEO) - Sports lllustrated
tips-for-safely-clearing-snow-from-roofs

Ken’ichi Kawaguchi, IASS


https://www.si.com/extra-mustard/2017/01/15/czech-republic-roof-collapse-video
https://www.si.com/extra-mustard/2017/01/15/czech-republic-roof-collapse-video

Catastrophic collapse of Spatial Structures by Heavy Snow,
2004-2006
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Swimming Pool in Moscow, Ice skate link, Bad Reichenhall Exhibition Hall, Katowice
28 dead, 193 injured in Germany, Jan.2nd, 2006 in Poland, Jan.28th,2006,
Feb.14, 2004 11 killed, 30 injured, 65 dead, 170 injured
Completed in 2002 Completed in 1970 Completed in 1974
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Catastrophic collapse of Spatial Structures by Heavy Snow
In Japan




How to Prevent Catastrophic Failure

Shallow Roof

Deep Roof
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Load Control

Ken’ichi Kawaguchi, IASS



How to Prevent Catastrophic Failure

Shallow Roof

Deep Roof

7
Snow belt Snow belt

Load Control

Ken’ichi Kawaguchi, IASS



How to Prevent Catastrophic Failure

Deep Roof

Shallow Roof Heating

7
Snow belt Snow belt

Small Houses
Applicable
Load Control s
arge roof

Heavy Snow

not realistic
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How to Prevent Catastrophic Failure

Shallow Roof

Deep Roof

7
Snow belt Snow belt

Load Control Excessive Load
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How to Prevent Catastrophic Failure

Deep Roof Shallow Roof
Fence
7 7 7
Snow belt Snow belt
Load Control Excessive Load
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How to Prevent Catastrophic Failure

Deep Roof Shallow Roof

7 7 7
Snow belt Snow belt

Permanent
Reinforcement
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How to Prevent Catastrophic Failure

Deep Roof Shallow Roof

7 7 7
Snow belt Snow belt

Permanent Temporary
Reinforcement Support
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Spatial Structure Damage, by Heavy Snow in Japan
Feb.2014,
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Spatial Structure Damage, by Heavy Snow in Japan

Feb.2014,
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Spatial Structure Damage, by Heavy Snow in Japan
Feb.2014,

Claddings Failed
Slow Progress Catastrophic collapse in 1 second

Enough time for evacuation -> No time for evacuation
Ken’ichi Kawaguchi, IASS



Failure of claddings before the collapse of skeleton

—  Force limiter

Ken’ichi Kawaguchi, IASS



Structural Components

Heavy Snow (including rain after snow)

Lessons to better structural design

How strong structures should be?

Unpredictable design load of Natural phenomena
We can control the load

Main Structure < Claddings -> Catastrophic collapse

Main Structure > Claddings -> Warning for evacuation, partial failure
Preserving the main structure

Ken’ichi Kawaguchi, IASS



How to Prevent Catastrophic Failure

Shallow Roof

Deep Roof

Permanent Temporary Force Limiter
Reinforcement Support
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How to Prevent Catastrophic Failure

Deep Roof Shallow Roof

7 7 7
Snow belt Snow belt

Permanent Temporary Force Limiter
Reinforcement Support
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How to Prevent Catastrophic Failure
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Weaker Roof Cladding as Force Limiter

'h_- :
\NERN AN AN B N S ‘/ fmd
. QS v v VAR Ve v v , 4 E
Z
X
R /
- 12 — 34t
O 50 > _;EH_
Evacuation starts or———————————

BEREN/m?]

Time for evacuation and better reparability

Ken’ichi Kawaguchi, IASS



Non-Structural Components

Failure of Non-Structural Components
Lite-Safety and Business Continuity

Development of Earthquake Resistant Design of Structures

« Structural Failure -> Reduced
 Non-Structural Components -> Danger of Suspended Ceilings became clear

Disturbance
 Main load is not earthquake
« Gravity load and Human Tolerance should be well considered

Ken’ichi Kawaguchi, IASS
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IASS Recommendations

Recommendations for the Design of Hyperbolic or other Similarly Shaped
Cooling Towers, 1977 (WG 3)

Recommendations for Guyed Masts, 1981 (WG4)
Recommendations for Safe Systems for Access on Masts and Towers, 2001 (WG4)
Recommendations for Reinforced Concrete Shells and Folded Plates, 1979 (WG 5)
Recommendations for Air-Supported Structures, 1985 (WG 7)
Analysis, Design and Realization of Space Frames, 1984 (WG 8)
Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures,

2014 (WG 8)
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures,

2019 (WG 8)
e Structural Design Guidelines for Temporary Spatial Structures, 2015 (WG 19)



Damage to Suspended Celilings

20y FFs EE

A Slot Machine House
Structurally Intact (no-damage)

Suspended Ceilings in a Slot Machine House L

Glass Ceilings in Kanazawa 215t Museum



Damage to Suspended Celilings
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Structurally Intact

Suspended Ceilings in a Public Gymnasium
Ken’ichi Kawaguchi, IASS




April 17, 2024, Bungo-Suido Earthquake, M6.6

Suspended Ceilings in a Public Hall

Ken'ichi Kawaguchi, IASS
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Structural

Components
R

Non-Structural
Components

Foundations Skeletons

Exterior Walls
Claddings

Mechanics
Wires

Ducts

Finishing
Ceilings

Ken’ichi Kawaguchi, IASS



StTUCtural Non' StI’UCtural Environmental

f
Components Components Comfort
A

Foundations Skeletons Exterior Walls Mechanics Finishing
Claddings Wires Ceilings
Ducts
Esthetics
Thermals
Acoustics
Luminosity
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Structural

Components
R

Non-Structural
Components

Foundations Skeletons

|Earthquake|

Exterior Walls
Claddings

Mechanics
Wires

Ducts

Finishing
Ceilings
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Structural

Components
R

Non-Structural
Components

Foundations Skeletons

Seismic
Reinforcement

Exterior Walls
Claddings

Mechanics
Wires

Ducts

Finishing
Ceilings
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Structural

Components
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Non-Structural
Components

Foundations Skeletons

Exterior Walls
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Mechanics
Wires

Ducts

Finishing
Ceilings

We need Seismic
Reinforcement !
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Structural

Components
R

Non-Structural
Components

Foundations Skeletons

Exterior Walls
Claddings

Mechanics
Wires

Ducts

Finishing
Ceilings

We need Seismic
Reinforcement !

Heavy Material
high above heads
More Seismic Force

No space for Ducts and
Wires




Ceiling Failure without Earthquake

Ceiling fall in a stair case, Oct.2011 Ceiling fall in a swimming pool, July 2013

Ken’ichi Kawaguchi, IASS



Suddn Collapse of Ceiling in London |




Apollo Theater London, Dec.20, 2013

0 peos le were injured (images are | 0};1‘;0



Shanghai, Aug.24, 2019




London, Piccadilly Nov.06, 2019

London, Piccadilly Theater, Nov.06, 2019, BBC_News Japan_ 109554299 hole
Ken’ichi Kawaguchi, IASS




Accidental Celling Fall

Gravity is the main force.
Safety Is assessed by impact to
users.

Human tolerance.
Head bone (skull)

Ken’ichi Kawaguchi, IASS



Safety of Celilings in Large Rooms




Safety Assessment by Human Tolerance
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Entrance Hall of Ibaraki Airport, Mar.11, 2011
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Guidelines for safety measures against
accidental fall of ceilings and other non-
structural components

AlJ:

Architectural Institute of Japan

XHSDIBEMOETICHT S K.Kawaguchi
REXFIES - FRERR .
> (Chair)

- T.Ikai, T.Ida,

Y.Ozawa, H.Ohta,
K Muramats.

N.Kobayakawa
N.Sakuraba,
G.Seike, H.Taga,
F.Hayakawa

BAREZS

S.Motoyui

Ken’ichi Kawaguchi, IASS



No-ceiling (the Simplest measure)

Structural Non-Structural
Components Components
R
- ~N

Foundations Skeletons Exterior Walls Mechanics ‘ Removal of ‘
Claddings Wires Ceilings
Ducts
Esthetics
Thermals
Acoustics
Luminosity




Replacement to Light and Lither ceiling material

Structural Non-Structural
Components Components
A
- ™ ‘gl
J ‘ ! J/\l J/m\l
Foundations Skeletons Exterior Walls Mechanics Light & Lither
Claddings Wires Ceilings
Ducts

Esthetics

Thermals

Acoustics
Luminosity




Structural
Components

Fail-safe system
Safety Net can preserve original ceiling

Non-Structural
Components

Foundations

Skeletons

Exterior Walls

Claddings

Mechanics
Wires

Ducts

Safety Net ‘

Esthetics

Thermals
Acoustics
Luminosity




Safety net applied to Heavy Acoustic Ceilings

Safety Net at School Gy in Saitama



Spatial Structures

https://jp.trip.com/travel-guide/attraction/toronto/cn-tower-80782/

e Large Enclosures: Public Space, Function of Shelter

Reliability:
_ife-safety

-unction Continuity
« Strategy for prevent Catastrophic Failure under Excessive Load
« How to control Non-structural components failure

Design: Load control, Damage control, Fail-Safe System, Human-Tolerance

Ken’ichi Kawaguchi, IASS
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Non-Structural Components

Inspection

For Large Space and Ceilings, Human Visual Inspection is very difficult



Deep Learning and CNN method

Input
A (W*H*D, D=3) Filter Output
- (W*h*3) (W,*h,*1)
/v: ~ Ii‘/g]lltj
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of color images

Filter 2 Filter 3 Filter 4

Edge extraction by filters
67



Ceiling damage evaluation and its visualization
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April 17, 2024, Bungo-Suido Earthquake, M6.6

Suspended Ceilings in a Public Multi-purpose Hall
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Saliency map to the
ceiling image (intact)
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Membrane Roofs during Strong Wind
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Izumo Dome 2004 (https://mapio.net/images-p/3501554.jpg)



Kumamoto Dome, 1998
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Kumamoto Dome, 1999,
After a Typhoon
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Failure of Air Inflated Membrane
Structure in Heavy Wind and Rain

K.Kawaguchi
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Failure of cladding must be controlled

X \“\"‘
\\\, “‘\"‘“\ﬂ?"




Z AR

N/
N
I

=]

Eye of Yellow Sea

g

o

i,
o

teie B - Aeeo =

HEar: P[E



Z AR

N/
N
I

=]

Eye of Yellow Sea




Research of How to design Safety Nets




Research of How to design Safety Nets
.
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Eye of Yellow Sea: &g ZHRE

(a) 1st mode
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(b) 2nd mode
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Eye of Yellow Sea: &8 Z R

Steel Structure with less damping

— Additional damping



Eye of Yellow Sea: &8 Z R
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Long-Span Roof Structures

- Remarks



Long-Span Roof Structures



Long-Span Roof Structures



IASS Recommendations

WG 3 Recommendations for the Design of Hyperbolic or other Similarly Shaped Cooling Towers, Paduart, A. et al., IASS, 1977
WG4 Recommendations for Guyed Masts, Mogensen, I. et al., IASS, 1981
Recommendations for Safe Systems for Access on Masts and Towers, Grant, M. et al., IASS, 2001
WG 5 Recommendations for Reinforced Concrete Shells and Folded Plates, Medwadowski, S. J. et al., IASS, 1979
WG 7 Recommendations for Air-Supported Structures, Tsuboi, Y. et al., IASS, 1985
WG 8 Analysis, Design and Realization of Space Frames, IASS, 1984, Tsuboi, Y. et al.,
Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures, Kato, S. et al., Draft, September, IASS, 2014
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures, Takeuchi T., Xue S.-D., Shiro Kato S. et al., IASS, 2019
WG 19  Structural Design Guidelines for Temporary Spatial Structures, Murota, T. et al., IASS, 2015



Long-Span Roof Structures



Structural Components

Components
o Structural Components
 Non-Structural Components

Disturbance
« Time Dependent Damage -> Inspection (Difficulty of Human visual inspection)

« Event Dependent Damage -> Severe Natural Disaster (Strong wind, Heavy Snow,
Earthquake), Manmade Disaster (War, Terror Attack, Vandalism, Fire:--)



Reliability of Spatial Structures

-or Reliability of Spatial Structures

Structural Safety
e Force Control
« Damage Control

Life Safety
e Fail-Safe



Structural Components

Strong Wina

Components
e Structural Components (1st and 2nd)
 Non-Structural Components

Disturbance
« Time Dependent Damage -> Inspection (Difficulty of Human visual inspection)

« Event Dependent Damage -> Severe Natural Disaster (Strong wind, Heavy Snow,
Earthquake), Manmade Disaster (War, Terror Attack, Vandalism, Fire:--)



Structural Components

-arthquakes

Components
o Structural Components
 Non-Structural Components

Disturbance
« Time Dependent Damage -> Inspection (Difficulty of Human visual inspection)

« Event Dependent Damage -> Severe Natural Disaster (Strong wind, Heavy Snow,
Earthquake), Manmade Disaster (War, Terror Attack, Vandalism, Fire:--)



Non-Structural Components

Components
o Structural Components
 Non-Structural Components

Disturbance
« Time Dependent Damage -> Inspection (Difficulty of Human visual inspection)

« Event Dependent Damage -> Severe Natural Disaster (Strong wind, Heavy Snow,
Earthquake), Manmade Disaster (War, Terror Attack, Vandalism, Fire:--)



Catastrophic collapse of Spatial Structures by Heavy Snow,
2004-2006

Swimming Pool in Mo

Feb.14, 2004 in Poland, Jan.28th,2006



IASS Recommendations

Recommendations for the Design of Hyperbolic or other Similarly Shaped
Cooling Towers, 1977 (WG 3)

Recommendations for Guyed Masts, 1981 (WG4)

Recommendations for Safe Systems for Access on Masts and Towers, 2001 (WG4)
Recommendations for Reinforced Concrete Shells and Folded Plates, 1979 (WG 5)
Recommendations for Air-Supported Structures, 1985 (WG 7)

Analysis, Design and Realization of Space Frames, 1984 (WG 8)

Guide to Buckling Load Evaluation of Metal Reticulated Roof Structures,

2014 (WG 8)
Guide to Earthquake Response Evaluation of Metal Roof Spatial Structures,
Damage Control of Structural Components 2019 (WG 8)

e Structural Design Guidelines for Temporary Spatial Structures, 2015 (WG 19)



