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Construction systems

Design specifications

Materials, equipment




Construction systems as complex sociotechnical systems
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Expanding contexts of construction

Digital fabrication Smart/integrated Extraterrestrial
buildings, cities application
& infrastructure

Additive manufacturing



Construction system failures

Kansas City Hyatt Regency Minneapolis I-35W
Walkway bridge collapse, 198111 Highway bridge collapse, 200712




Safety research across domains

* Ceaseless effort of safety studies in various domains
* Learning from failures and planning ahead to prevent future failures

* Various frameworks, models, methodologies to analyze failures



Accident models

Accident/System failures Accident model Learnings

e Causation analysis
 Factors and conditions



Models can be improved

* Are system-wide factors and complex interactions
considered in construction safety literature?

 Models developed outside of construction not
necessarily suited for construction system failures



Designing a prototype model

* Accident model designed specifically for construction system failures
* Capture failures across a wide spectrum of severity

* Learn from failures in the past to prevent ones in the future
10



Designing a prototype model

Look at existing models
in the literature

Apply to an actual
accident case
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Accident Case

Developing a Prototype Notation
Model Application

Learnings

Concluding Comments
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Accident case overview

Minneapolis I-35W highway bridge collapse, 2007

August 1, 2007 _ ‘ |

* ~1,000-ft span collapsed
e 111 vehicles involved

* 145 injuries, 13 fatalities
* Repaving work underway

* Bridge opened in 1967

Aerial view of the collapsed bridgel?
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Accident case overview: Minneapolis I-35W highway bridge collapse, 2007

Reported causes, contributing factors

NTSB Accident Report!?

1. Defective gusset plates
* Insufficient load capacity
e Omission of calculations

YPical gusset plate of the bridge!2]
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Accident case overview: Minneapolis I-35W highway bridge collapse, 2007

Reported causes, contributing factors

NTSB Accident Report!?

1. Defective gusset plates
* Insufficient load capacity
e Omission of calculations

2. Failed inspections
* Gusset plate excluded from

inspection guidelines /

Gusset plate with fractures 12
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Accident case overview: Minneapolis I-35W highway bridge collapse, 2007

Reported causes, contributing factors

NTSB Accident Report!?

1. Defective gusset plates
* Insufficient load capacity
e Omission of calculations

2. Failed inspections
* Gusset plate excluded from
inspection guidelines

3. Additional load
* Renovation and repaving
work increased bridge weight

17



Accident case overview: Minneapolis I-35W highway bridge collapse, 2007

Reported causes, contributing factors

NTSB Accident Report!?

1. Defective gusset plates
* Insufficient load capacity
e Omission of calculations

2. Failed inspections
* Gusset plate excluded from
inspection guidelines

3. Additional load
* Renovation and repaving
work increased bridge weight

Bridge collapsed during repaving!?|
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Developing a Prototype Notation

19



Developing a prototype notation

Accident model

* Helps understanding of accident causation

* Frames and organizes relevant information

» Sets perspectives, guides the scope of investigation

* Ultimately determines how to approach safety management

@

Domino model Swiss Cheese Model 13 Systems-Theoretic Accident
Model and Process (STAMP) 4!

20



Developing a prototype notation

“Linear” and “nonlinear” models in the literature [°

Complex linear models

/ Organizational influences

layers of defense ——— g

unsafe acts

Project management
deficiencies
I I Preconditions for

Latent failures \

Active failures
Unsafe work

delivery

Accident /

Swiss Cheese Modell!

* Prevalentin construction studies
* Reliant on a sequence of events
* Limited scope on system factors

* Relatively easy to handle

Complex nonlinear models

@alic opinion =——p-

Laws

Regulations

Company
policy

Plans

Actions

\_

Government

Changing political
climate and public
awareness

Changing market
conditions and
financial pressure

| [}
Y Regulators, I
I Associations A
Y I
: Company ?
' Management \
} in
I Staff ?
' Work 1

Changing competency
levels and education

Fast pace of

technological change/

Risk Management Framework (RMF)®]

* System-wide perspective
 Complexinteractions of individuals
* Few applications in construction
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Developing a prototype notation

Key feature of construction projects

Time dimension

o @ 0 . . @ @

Temporary multiple organizationl’]

 Temporary formed project teams
* Dynamic and ephemeral nature of organizational network
» Different players come and go throughout project lifecycle
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Developing a prototype notation

Basic graphical elements

Network of organizations G
*case-specific
Player network

Informat}on Eabrication plannlng I Information
input oytput
Information process Controlinfermation
. A 4 )
Mafcerlal Fabrication I Material
. . . Input | output
Physical interactions |Physical process A
with the artifact
Physical interactions  [Artifact A

with the environment

Physical environment




Developing a prototype notation

Basic graphical elements

Player network ‘ ‘

@—>»| Fabrication planning —»

Information process

\ 4
o— Fabrication —>

Physical process A

Artifact A

Physical environment

Frame i+2

. Frame i+l
Frameli



Developing a prototype notation

Basic graphical elements

Defective process

Pathogen injection

Player network ‘ ‘

@—>»| Fabrication planning —»

Information process

o— Fabrication

Physical process

Embedded

pathogen

Artifact

Physical environment

Framei
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Developing a prototype notation

Pathogens in a system

Latent failures = “Pathogens”

Defective process Non-defective process

e

Defective input

Non-defective

input m

H Process

|
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Accident Case

Developing a Prototype Notation
Model Application

Learnings

Concluding Comments
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Model application
Constructing each frame

1. Identify a defective process A
* From investigation documents |

NTSB (2008) Collapse of I-35W Highway Bridge:
Minneapolis, Minnesota, August 1, 2007

\

Examples of defective processes
identified from the document

* |Inappropriate structural calculations

* |Inadequate design review procedures
* Fabricated defective gusset plates

* |Inadequate load rating requirements

28



Model application
Constructing each frame

1. Identify a defective process
* From investigation documents
* One defective process per frame

Inappropriate structural calculations
Inadequate design review procedures
Fabricated defective gusset plates
Inadequate load rating requirements
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Model application
Constructing each frame

1. Identify a defective process
* From investigation documents
* One defective process per frame

Inadequate design review procedures

Regulator design review
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Model application

Constructlng each frame * Inadequate design review procedures

Player network

1. Identify a defective process Regulator Client |Designer| Construction Inspector C/)1|:_):rr]aatnotr Maintenance |Demolisher
* From investigation documents @ @
* One defective process per frame || i i

2. lllustrate the player network
* Markthe playersin charge of | |

Information process

the defective processes

Regulator design review

Physical process

Artifact

Physical environment
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Model application
Constructing each frame

1. Identify a defective process
* From investigation documents

e One defective process per frame

2. lllustrate the player network
* Markthe playersin charge of
the defective processes

3. Draw the information & physical
processes within the same frame

« Mark the defective elements

Fabricated and installed as specified;
gusset plates with insufficient capacity

Player network

Regulator Client |Designer| Construction Inspector Operator| Maintenance |Demolisher
/Tenant
FHWA || AASHTO |{ Mn/DOT @ Mn/DOT Mn/DOT
S&P
Ayres [Contractor]
1
! U of Mn
DoCE
Progressive

URS

Information process fTTmmimmmmommoooooooooooo
o— Fabrication & Installation
planning
|
Physical process
\ 4

o fh::tr:;‘:; »{ Shipping [|Carryingin| h‘glj;ier;g F»{ Allocation | Installation ||  Inspec tion|  Op Disassembly
Raw
material
Artifact [ Initial installation

Gusset plates with
insufficient load capacity

Physical environment
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Model application
Sequence of frames

* Inadequate design review procedures

Player network

* Fabricated and installed as specified;
gusset plates with insufficient capacity

Player network

Regulator Client |Designer| Construction Inspector Operator| Maintenance |Demolisher Regulator Client |Designer| Construction Inspector Operator| Maintenance Demolisher
/Tenant /Tenant
@ AASHTO @ Mn/DOT Mn/DOT Mn/DOT HWA AASHTO DOT @ Mn/DOT Mn/DOT
E E S&P Huron S&F
A of M ’ UofMn
2‘&1—.? U[)()(F‘ : @ J")‘I(Pg
° ' T
Defective -
[ ] [ ] [ ]
Information process . design information.
T T
Regulatordesignreview LN R R B R R B R R R B EEEBREERER AN EEEEEEEEEEEEEEEEER I’ Fab"‘“:;::;‘:::a“a“°"
i
Physical process Physical process
v
R.—D f'a‘catr:::-_e ~»| Shipping [®{Carryingin[® hzv:;;g P1 Allocation [~ Installation Inspection Operation sassembl
aw
material
Artifact Artifact [ Initialinstallation

Gusset plates with
insufficient load capacity

Physical environment

Physical environment

33




Model application
Sequence of frames

* Inadequate design review procedures

* Fabricated and installed as specified;
gusset plates with insufficient capacity

Player network

Player network

Regulator Client |Designer| Construction Inspector Operator

/Tenant
@ AASHTO @ Mn/DOT Mn/DOT
s&p
@ Ayres

Allied U of Mn
DoCE

URS

Maintenance

Mn/DOT

[Contractor]

Progressive

Demolisher

Regulator Client |Designer| Construction Inspector Operator| Maintenance
/Tenant

FHWA AASHTO J{ Mn/DOT Mn/DOT Mn/DOT Mn/DOT

S&P
Ayres
[Contractor]

URS

Allied U ofMn
~ Steel DoCE
Progressive

Demolisher

Informationprocess | B T S 2 mimi S mmm Informationprocess B memin e S mmeeririms e
2 R S 3 G "
. . 1 Fabrication & Installation Fabrication & Installation
[ 2= g Regulator design review ! planning ! o> planning
______________________ T
|

Physical process

Physical process

&> Manu- L) Shipping |Carrying in[—| Ware- Lyl \liocation ] Installation Inspection Operation Disassembly

Manu- g G Ware- § 3 2 § :
fa;’tr:re Shipping Carrying in houasriig Allocation Installation Inspection Operation Disassembly
Artifact

facture housing
Raw
material
Artifact [ Initialinstallation

Gusset plates with
insufficient load capacity

Physical environment

Physical environment
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Model application
Constructing each frame

4. Establish links with preceding and
succeeding frames

* Annotate the input arrow
* Succeeding process

* Inadequate design review procedures

Player network

Regulator Client |Designer| Construction Inspector Operator| Maintenance |Demolisher
/Tenant
@ AASHTO @—@ Mn/DOT Mn/DOT
E E S&P "
: 1 yr [Contractor]
: i :
! ’ ! U of Mn
DoCE
Pro
URS
Information process [ e e s o
s | Fabrication & Installation |
[ amg Regulator design review ] ; i
' planning i
Physical process
M Ware-
facture Shipping Carrying houasiig Allocation Installat Inspecti Operation Di ly
Artifact

Physical environment
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Model application
Other frames

Required inspections repeatedly failing
to detect defective gusset plate design

* Required annual inspections
1971-2007

e Gusset plates excluded from
inspection guidelines

* Inspection work executed according
to the guidelines

* Failing to detect the flaw in the gusset
plates for ~40 years

Player network

Regulator Client |Designer| Construction Inspector Operator| Maintenance |Demolisher
/Tenant
FHWA || AASHTO |{ Mn/DOT || Mn/DOT Mn/DOT
S&P Hur
[Contractor’ 1
Allied Uof Mn
Steel DoCE
Progressive
URS
Informationprocess ~ troomomommomoooo
o Regular inspection
planning
Physical process
¥
Ma g v . War . : . . .
factiire Shippi Carrying ousing Allocation Installation Inspection Operation Disasse mbly
Artifact T Failure to detect

Gusset plates with
insufficient load capacity

Physical environment
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Model application
Other frames

Player network

Renovation increased deck thickness gl Cl e ] g
e Renovation work in 1977,1998 e
» Addition of median barriers, traffic
railings & anti-icing system remetenprocess ""l """""""""""""""
A——
* Both increased the weight of the Physical process |
bridge forjustifiable purposes o> Mo Ly hipping -»cimyingin-t Ware- Lot Alocation [ nstaliton| nspection  Operation sty

material

* Unknowingly worsened the situation | e — .

Gusset plates with
insufficient load capacity

Physical environment
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Model application
List of frames

Players

Roles
F ra es Regulator Client |Designer |(bnst ruction Inspector ;_'::; :;”” Maintenance Demolisher
Successive Sverdrup &|Huron, Alied Ayres U of Mn Contractor
Frame Year  Defective process Frame |[[TWA  /AASHTO IMWDOT - IMVDOT o oo ™ inc. sedl  |MVPOT | pssoiates DoCE |0 of MyDOT|
1 1963 Inappropriate structural calcuiations, hot in 2
accordance wit.h AASHO specificatio.ns
2 1964-65 Inadequate design qlfallty gontrol, did not detect 3
and correct the error in design of the gusset plates
3 1965 ilnadequate design review procedures 4
4 1965-67 Fabricated and installed as specified, gusset plates
with insufficient capacity for the expected loads
5 | (notfound) [Inadequate load rating requirements 6,7,8 -
6 1967 iFailing to conduct load rating before opening
7 1979  Bridgeload rating failing to address gusset plates
8 1998 :Bridgeload rating failing to address gusset plates
9 1977  iRenovation increased deck thickness
Renovation increased dead load with the median
10 1998 . o o
barrier, traffic railings, arjd.antl-lc[ng system
11 | (not found) Absenceofgu§set plat%m.ln.spectlon guidelines, 12,1314
manuals, and inspector training
12 2001 iFatigueassessment not including gusset plates
13 2003 Fatigue evaluation only inspecting gusset platesvia
visual methods
14 | 1971-2007 Required inspectionsrepetitively failing to detect the
inadequacy ofthe gusset platedesign .
15 | (not found) Lack of appropriate gulldance for construction 16
material storage on bridges
16 2007 Repaving work with insufficient consideration of

load concentration




Model application
List of frames

Roles
Regulator Client Designer |Construction Inspector m o7 |maintenance Demolisher
Successive AASH Sverdrup &|Huron, Alied Ayres Uof Mn Contractor
Frame Year Defective process Frame AL Ll il ke Parcel Inc. Steel i Associates | DoCE e of Mn/DOT e
1 1963 Inappropriate structural calculations, not in 2
accordancewith AASlﬂQspedﬁ catiops
2 1964-65 Indute dn lflttrol | n dtec 3
3
4
5 | (notfound) Inadequateload rating requirements 6,7,8
6 1967 Failing to conduct load rating before opening
7 1979 Bridgeload rating failing to address gusset plates
8 1998 Bridgeload rating failing to address gusset plates
9 Renovation increased deck thickness

10
11

(not found) . -
manuals, and inspector training

Renovation increased dead load with the median

Ines,

12,13,14

12

2001  {Fatigue assessment not including gusset plates

13

15

2003
1971-2007 :

t found
(ot found) material storage on bridges

Fatigue evaluation only inspecting gusset platesvia

16

16

2007

load concentration

Repaving work with insufficient consideration of
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Model application

Threads of pathogen propagation

Frame 1

Frame 2

Frame 3

A 4

v

A 4

Frame 4

Frame 6

Frame?7

Frame 8

Frame 9,10

Frame 12

Frame 13

Frame 14

Frame 16
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Model application

Threads of pathogen propagation

Initial injection: Defectively designed gusset plates fabricated and installed on the bridge

Frame 1

Frame 2

Frame 3

Frame4 Frame 6 Frame?7 Frame 8 Frame 9,10 Frame 12 Frame 13 Frame 14 Frame 16

Frame 1 Inappropriate structural calculations, not in accordance with regulations

Frame 2 Inadequate internal design quality control
Frame 3 Inadequate regulatory design review procedures

Frame 4 Fabricated and installed as specified
41



Model application

Threads of pathogen propagation

Pathogen exposure: Failed bridge load rating before and after opening to public

A 4
Frame 6 Frame?7 Frame 8

Frame 5 Inadequate load rating requirements

Frame 6 Failing to conduct load rating before bridge opening
Frame 7 Bridge load rating failing to address gusset plates (1979)
Frame 8 Bridge load rating failing to address gusset plates (1998)



Model application

Threads of pathogen propagation

Well-intended aggrevation: Renovation work unknowingly increased bridge weight

A 4

Frame4

Frame6

Frame7

Frame 8

Frame9

Frame 10

\ 4

A 4

Frame 12

Frame13

Frame 14

Frame 16

Renovation increased deck thickness (1977)

Renovation increased dead load with median barrier, traffic railings &
anti-icing system (1998)
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Model application

Threads of pathogen propagation

Missed opportunities: Routine inspections failing to detect flawed gusset plates

Frame 1l
Frame 12
Frame 13

Frame 14

v
Frame 12 Frame 13 Frame 14

Absence of gusset plates in inspection guidelines
Fatigue assessment not including gusset plates
Fatigue evaluation only inspecting gusset plates via visual methods

Required inspections repeatedly failing to detect the inadequate design
44



Model application

Threads of pathogen propagation

Pathogen activation: Repaving work added weight, triggering the collapse

\ 4
Frame4 Frame®6 Frame7 Frame 8 Frame 9,10 Frame 12 Frame 13 Frame 14 Frame 16

Frame 15 Lack of appropriate guidance for construction material storage on bridges

Frame 16 Repaving work with insufficient consideration of load concentration
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Accident Case

Developing a Prototype Notation
Model Application

Learnings

Concluding Comments
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Learnings

What the prototype model enabled us to see/think

1. Emphasis on the time dimension
* The configuration of the player network changes dramatically over time
e The frame structure can capture such transitions

2. lllustrating accident causation as pathogen lifecycles

* Sequence of defective processes
* Generation, propagation, injection & activation of pathogens

 The embedded pathogen can go unnoticed

3. Different players with different contributions across pathogen lifecycle
» Different types of defective processes

4. Graphical display of multiple threads of pathogen propagation
* There can be multiple origins of pathogens
* All threads contributing to the ultimate consequence = accident

47



Scope of this analysis has some limitations...

Only looked at Hich illustration cost Dimensions
which process failed & not considered

 What caused the * Information extracted Project scale

processes to fail? manually Physical location

The player network Low graphical Span of each frame,
layer can be expanded scalability at this point frame interval

48



Accident Case

Developing a Prototype Notation
Model Application

Learnings

Concluding Comments
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Summary Future work

Semi-automatic illustration

 Designed a prototype accident model o o ,
* Assistive tool for extracting information

for construction system failures o .
* Application to more case studies

A graphical notation based on the

frame and layer structure Expanding the player network layer

e Dynamic behavior of TMOs
« Demonstrated its capabilities and

Diving into the “why” dimension
limitations with a case study

Pathogen archetypes

Depicting the mechanism of accident

) : Classifying the types of pathogens
causation as lifecycle of pathogens 'Tying the types ot pathog

Differences and similarities

Prospective framework
Learnings to be used for future projects
Contributing to safety planning/design
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