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* Developments in Structural Engineering & Construction

* Basic principles of Structural Engineering

o Environmental causes/ Distress/ Damage for failure

+ Diagnostic procedures/Condition Assessment/ Structural Health Monitoring
o Need for Infrastructure sensing

* Conclusions
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build their House with proper
Dimension & accuracy 7%

SR

e's Engi

i A

S o bt




Shepherd’s hut -~ b 3
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-

assive mud brick Wall, Ctesibhon
Palace, Mesopotamia, 540 A.D F (9th Century, 220 ft high)

Hoysala Temples

Tanjavore, India, 11 Century AD

Pattadakal
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Burj Dubai Freedom Tower
Dubai, UA.E. New York City
2008 2009
L= Under construction —

1,670 ft.

The world's
tallest
building today

RS,

Taipei 101
Taipei, Taiwan
2004

1,614 1t

It will have the
highest outdoor
observation
deck in the
Lworld

Shanghai World
Finance Center
2007
Under construction

High Rise Structures

1,483 ft.
The towers
have 32,000
windows and
are each 88
stories high

Petronas Towers
Kuala Lumpur,
Malaysia
1998

1,450 ft.,
The tallest
building in the
U.S. (spires.
count;
antennas

do not)

Sears Tower
Chicago
1974

Caunci 0n Tl Buldings ind

Develﬂpments

of
Infrastructures

1,381 #, 1,368 ft. and 1,362 . ~1,250 ft,

Contains the world's 1,362 ft. One of the few | Currently the

highest hotel rooms Destroyed on buildings in world's ninth
Sept. 11, 2001 the world with | tallest building

double-decker | (it was the
elevators tallest for
’ 41 years)

—

E | :
[0 ™ MR gy - i
Jin Mao Tower World Trade Center Two International Empire State Building
Shanghai New York City Finance Center New York City
1999 1972 1973 Hong Kong 1931
Skicrers, Ovis A Mo LD 2003 ~-

Lo Habeat; Greatubdrgs.con: PBS ot

Diasyarn by Joe Leriole



Tokyo Sky Tree,
634 m, 2012

Dubai, UAE, the

tower in the world

Effect of wind load
on tall structures
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Shear Moment

Deflection
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W Maximm speed
permissible

e L el g i | |

(os)!a!t: | LR Y J) (] . LEED rated
/) Co R R , Green Tall Structure
4 \2()()()()(1’ SR & S Nl ot Teipeil01, 2010

Total cost of
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Suspension cable bridges
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Large panel systems

Internal
wall panels

PRECAST CONSTRUCTION

Lift and staircase core

Precast floor slabs

Precast

External wall panels

Pre Fab Buildings

The concupt of pree.




Reinforcement Concrete

L

Steel beam Headed stud Profile sheét

Metal decking in a Floor construction

Steel-Concrete
Composite Buildings

Eave Strut
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‘E‘ I
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—

z

. PEBs -

Endwall Gint

' Pre-Engineered Buildings

Vertical
Fascla

— Louver

Aluminium

Double Walk Door



Fabric Tensegrity Structures Tent and Tensile structures: fabric structures

Form-Finding of Funicular Geometries in
Spatial Arch Bridge
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Funicular surface structures
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Mechanization.......

More machines...

Very few labourers

Better Quality Control
New Techniques/methods
Speed, less time

Cost

Less pollution
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Assembly ot Pre-Cast, ?
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tructure development pusiholds
16 formwork industry's growth
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Plastic formwork




Wall formwork No need to plaster




Climbing

formwork
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Simulation

Cybersecurity

Cognitive ﬂ ‘ Cloud
Computing _ Computing

ToT (Internet of Things) devices and
Sensors, Virtual & Augmented Reality,
Digitalization, Cloud, big data and with

Sencors \ Inf:;::z*on Mobile knowledge based algorithms (Al, ML, DL)
' R“:\ 4 technologies || have changed the whole manufacturing
- &ndustry In recent years. )

Machine
:)nft::\?:;s Technology @ To Machine
Industry 4.0 Additive
Manufacturing
Big Data/ j . 3D Printing
Analytics 3 D
Y Domestic Life
LN
.. Augmented Realit l Robots  Computers and
Advanced Robotics U8 y DIgEATAPPIRGES Smartphones
Industry 4.0- Technological pillars Industry B it . Infrastructure
g~ A w /B Automobiles
Logistics ~ == o : m
O Railroa @Movoualcs
Industrial u .
ZZ‘% Internet
Cyber-Physical Systems CPS) has five sequential scenarios 0

* Data generation and acquisition (Smart comnection: using intellgent sensors) Q& ﬁ%’éﬁf{n":}f" ) loT

' Dlgltal twi: (bility torepresntred mein gt ety y

v Computation and aggregation of previousLyacquired data (Datato information conversion: velue added informato) @ l '
! ﬁnallydecision support (Coguition: abiy ideny difeent scenarios and to support a proper decision making process) 3 Application of Data

* Configuration: - provides feedback o physica ely fom virual vely for corecive acion

Factories

’ Pumps
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5-Storey Building Collapses In Bengaluru
7-10-2021 Kalyan nagar

@

Building collapsed due to heavy rain at
Kamalanagar in Bengaluru 12-10-2021

Most often

« Construction of extra floors or balcony in
addition to the approved plan

« Structural aspects are not scrutinized.

« Owner & Mestri execute work without
hiring or consulting the qualified engineer.

» Poor workmanship and materials




. . Openings made in shear zones of RC beams
Damage due to flre aCC|dentS without Structural Engineers approval
Service Duct
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Vulnerable Structure Kempapura in north Bengaluru:
- Concerns a four-storey building started tilting when the adjacent vacant site
= was being dug up to construct a basement. Feb. 05, 2020




A four-storey residential building
collapsed like a house of cards into a

newly dug canal in Midnapore district,
West Bengal on 13-6-2020
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Three storey building behind the under construction site
: collapsed on July 28, 2020, 50 feet deep basement in the
I adjacent site
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Flyover, Under Construction, Collapses in Gur aon, UP August 23, 2020

3 beams of bridge under constructlbn.ln o SRR 5 : Lamsml sk -
Thalassery(Kerala) collapse.....August 26, 2020. New bridge, collapsed MP, August 30, 2020



https://www.ndtv.com/gurgaon-news/gurugram-portion-of-6-km-long-flyover-under-construction-collapses-in-gurgaon-2283758

Ratneshwar temple,
Manikarnika Ghat,
Varanasi, UP

Leans by 9%°and 74 m high

Famous Failures —

Leaning Tower of Pisa

Europe 12th Century i
200 ft (60 m) tall, Inclined 5.5° gt



Hyatt Regency Hotel, 1981, USA

--- Failure of skywalk .....Killed hundreds of people

2P 2P

To Roof To Roof T

To Level 2 To Level 2
Force P Force 2P
on the nut on the nut
P | P

a) Original Design  b) Actual construction

a) Before
Beam C/S

% Debris

The Hyatt Regency Hotel Atrium (After the Collapse)



2. A5 . =010
Collapse of Steel Foot Bridge | |  progressive Collapse
at Common Wealth'Games New.
Delhi, during construction,2010 Prestige Shantiniketan Building
Township project, Bengaluru, 2008

Collapse of 14 storeys-
Progressive Collapse....?
Early removal of Formwork..?

Load | Cobern Load
W/ TTTTTTTITTIrTrg JTTTTrITTI i n
11 slab | | Slab
Typical 7 ‘
Flat plate/slab
with UDL
Load i ) Load
Irrrrri
slab slab

Punching shear failure

Pin

Seongsu Bridge after collapse (Seoul, South Korea, 1994) in
Han river: 6 cars fell, 32 killed, 17 injured The Structure of Seongsu Bridge




Mechanism of progressive collapse
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|, Crush-Down Phase 11, Crush-Up

Scenano of progressive collapse
of the World Trade Center towers
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Causes of Failures

v’ Extreme or unforeseen conditions or environments
v’ Combinations of the above — e.g., Construction Failure

...Mismatch between Construction Intent and Actual Condition

. . Design deficiencies 40- 60%
The primary causes of failures : 9 ’
v Human failures: - includes ethical failure, negligence, accidents | | oo o~ 25 30%
v Design failures: - may be the result of unethical practices
v Material failures: - substandard, alternatives Material defects 10- 15%

Maintenance deficiencies 5-10%

e\ -
[ Classification of Design life: (Ordinary design life: 50 years for buildings; 100 years for Civil Engg. Structures) ]

Class1 | 1-5years Special case temporary buildings

Class2 | 25years Temporary buildings, e.g., stores buildings, accommodation barracks

Class3 | 50years Ordinary buildings

Class4 | 100 years Special buildings, bridges, and other infrastructure buildings or where

more accurate calculations are needed. e.g., for safety reasons

Class5 | Over 100 years | Special buildings,e.g., monuments, very important infrastructure buildings

N =




Modern Construction Technology
Issues are: (6Ms)

e Men - Man power (- skilled/unskilled, availability, productivity, cost)
e Money (- available)

e Materials (- scarce, quality, alternatives)

e Machinery (- how to use them, increase of productivity)

e Methods/ Methodology

e Management of projects....Monitoring

The system has basically four units:

Client, Architect, Consulting Engineers, and Contractors

should take the responsibility for different phases and aspects of the project.

“Structural Engineers are the minds
behind the safe and stable structures”

“Seeing what everybody has seen, and,
thinking what nobody has thought”

[t 1s a challenge for engineers to design efficient
and cost-effective systems without compromising

their integrity.




Whenever a failure occurs, a lot of people say

“The entire system is at fault’.

eWhat ails the system?
e Are there no solution?
e Who will take the initiative?

e oy
Failure cost Failure causes: y -
| Human life | lmpmper material selection||| Teday’s buillding practice has led to a
‘ . 3 . lot of premature fallure and lack of durability,
2. Economic loss 2. Inadequate design N .
which can cause serious
3. Unavm]ablllty Of Ser\'ice } Processmg safety, serviceability and functional problems.

b v

The problem with the world 1s that
‘the intelligent people are full of doubts,

while the stupid ones are full of confidence.’  Begin with the END in mind ’




i N
What has to be changed?
» From the costs and quality of construction phase
(into entire Lifetime) 4 .
e Lifetime Value The fundamental questions
arising are: » What?
* Lifetime Quality + Why?
« How?
« Lifetime Costs X and . How much?
b r

—

Integrated Life Cycle Design of Structure (ILCD)

¢ Sustamnable development and (f)ptimization
{life cycle pl‘inciple:}

¢ Design must guarantee the
[ [

¢ Performance (functionality and strength)

¢ Durability (time - Service life)

—

A change 1n design philosophies - limit design to performance based,
strength based to durability based, etc. 1s happening creating a need
for a change in our codes of practice and practice itself.




Frames used
for bykes

a) Allosaurus b) Crab
Endoskeletal Structure Exoskeletal Structure

In biological objects, structure usually is classified as ‘endo-skeletal’ or ‘exoskeletal’.
« Endoskeletal structures provide an ‘internal skeleton’ or a frame to which the rest of the
object is essentially attached, like the bodies of humans and other vertebrates.

» Exoskeletal structures provide an ‘external skeleton’ or a shell within which the rest of the

object is contained, like the body of a crab and other crustaceans.

Early automobile designs used a frame-chassis structure to which everything was attached.
More recent designs use a single (unibody or monocoque) main shell structure, where as most recently a
return to endoskeletal structures is being explored, combining metal frames with plastic or composite panels.

The choice of the structure clearly depends on many factors, including material use and operating environments.



Biological examples for motivation to structural design

Branch is acting as a Cantilever beam

L

String is in Tension

* * Weight of the block J A\\

e

When a mechanical force is applied, the solid changes its shape.
Because of elastic property the solid will push back.
Upper surface is stretched and lower surface is compressed or contracted.

Crack is
inititiated
here
e | 2 mckres (4 foxt) —-
Wall is like a cantilever. It does not meke any difference Bats \;rlngs arfe consft'ruci::d b'z stretching a
If the mortar is weak wall fails in tension. whether Cat pulls or the child is pulling memorane of very fiexibie sk over:a

Crack I& initisted onoutesface: . Tansion of storchbig of il framework of long, thin bones (fingers of a hand)



Biological examples for motivation to structural design

Embedded steel rod is
under tension

Concrete or plastic

Critical point where the
stress is maximum

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ SN

\

N

Load transfer is maximum at
the far end of the rod

- Modulus of elasticity is higher in the rod than concrete
the stress concentration is more at the end of the rod.

' Pulling of a worm out of lawn does not depend on the
length of the worm.
- a short worm is just as hard to extract as a long one

A segmental animal.

Stresses are equal in both directions in the surface

Wrong shape for a steel insert.

This arrangement is weak. Right shape for a steel insert.
This is much stronger

SUSHI 4

Beam Bridge



a) Cantilever Structure ’

’a x Load, w
—

Fixed end
w I
SFD
i \
BMD

Cantilever beam

Simply supported beam

force fo,c:s Reinforcing steel is placed in |

tension
forces

Shear and Moments in structures

W
i‘ Shear (V)

Bending |

vV

O

Reinforcement to resist tension

. w .
l‘ moment (M)
A
A /
/ ' c) Possible failure modes:
M

b) Internal forces, V
and moments, M

(a) Loading

\

) I
y (b) Moment diagram. I LT
3 /, i/,
wwensem risers) |17/

N COMPRESSBION !
|

(d) Post-tensioned beam. Cable

is draped to reflect moments

present. A

Reinforced Concrete Continuous beam




Structural Forms

Most commonly used structural forms
for load transfer are

*  Beams

* Plane Frame
* Space Frame
* Plane Truss

* Space Truss e

[IISITES

4




Beams
* Beams are the simple structural elements that is capable of
withstanding load primarily by resisting bending.
*  Beam: deflects in the same plane and it does not twist.
» All the forces acting on the beam == produce shear force and
bending moment, that create internal stresses, strain and deflection of

the beam.

Fixed Support

* A support which will resist: vertical

N
movement, horizontal movement and ‘ \
rotation. Such a support is known as )
fixed support.
Reactions

*  There will be a horizontal reaction,
vertical reaction and also a moment asit " X
resists horizontal, vertical movement and Hm+
rotation .

Roller Support Hinged Support Fixed Support
s ] ! ~ ) 1 - k
TS Thes VA 75

- and momen as it hori; ontal

Roller Support

A support which will resist: vertical

movement and allows horizontal as well as /'\ /.J <
rotational movement. Such a support is s sy
known as roller support. :
Reactions
A roller support resists vertical movement
and hence there will be a vertical reaction. & 5 % Hs
Re

There will not be a horizontal reaction




Plane Frame Plane Truss
a * A triangulated system of members that

* Plane frames are two dimensional member

i
‘ 5
such a way that they primarily transmit |

’ ; are connected by means of pin joint in
structures constructed with straight 4 fpinj

elements(beams & columns).

*  The internal forces at any cross section. A axial force.
of the plane frames are shear force, knd * In plane truss all members are assumed
bending moment and axial force. < 5 | to be in X & Y plane(two dimensional). 77 = l ' ’ ‘\
e o Truss members could move either ¥ W4 / /‘ /
o8 ! ”

All members lie in the same plane and

ch vertically or horizontally or combination
Space Frame i e

* Itis a structural system with three

dimensional assembly of linear elements | * Members are oriented in all three

and the loads are transferred in a three directions(x,y,z).

dimensional manner. *  All members carry only axial

* Loads are free to act anywhere on the compression or tension.

frame.
» They are rigidly connected and generate

* Cranes, communication tower and
power transmission towers are few

examples for space truss.
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Roller Support Reaction Force

e f//

Pinned Support Reaction Force

Fixed Support Reaction Force

AN T



T A £ rendon 1 kﬂlical COVLtLVLMOMS beam structures

Jacking o P Jacking

Library Staff carrying Books force b o

/:"""'-‘ N Like . Concretein compression
(" AN J Superimposed 2_' — n “
= f t _ ‘

- \I Simplg supported beams
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P Voo [] | 4
Load Balancing
4 —
Prestressed " T

Concrete

A
|
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Beam LS ContLnupus pver Supports
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]i i | Continuous beam with UbDL
> il N 1

P o bt L ...Ll.‘ o __,,,'L

EMD




-
All structures deflect under the loads:

]
b

How much deflection is ‘too much’?

How much sway may be permitted in a multi storey buildingunder wind load?

At what levels of vibration does the average person become uncomfortable and then alarmed?

Should the designer cater for the most sensitive person or the average?

v

Without bracing

Wind force

Cex ) (=

Effect of Knee bracing

s s I: j F 2
AT AT T T T T A S T T
{2 (er

Ces 2
© Single diagonal X- bracing
E — bracing
=) ?
o= L
= = =
=
N —
-$ it I i il Tl e e P e P

L 3

(72 (e

mm i




Stable: With
inclined bracing

TRAVE RETICOLARE

T T f 7 7 Unstable:
without bracing

TRAVE LABILE Al CARICHI ORIZZONTALI

P PN N N Stable:
with knee bracing
. L Z N
TRAVE VIERENDEEL
With intermediate supports di g oot movemen
PP Intermediate supports remove peeed
Sl:ahii-ityr ofa building
Stmcture - - - either small or Big
(Floor witha
ramp /stair)
Bending moment

Diagram




Ductile Material Stress-Strain Curve
low carbon steel

true curve

N - Strain Hardening | Necking
4 -
Strength of Materials , T
o Fracture
Proportional limit | Paint
________________________ Ultimate Strength
g Vield Point
Stress and Strain =/ T
|
STRESS ! ! !
l Strain
v Elastic range
Direct stress/ Simple Stress Indirect stress Combined Stres /
ﬁ:{)lx::t) Plastic range
e e x
’ 3 v Failure
l 1 : Yield point

I
Shear Stress Normal stress Torsional Stress Bending Stress 3 :
&l
]
I
I

L >

Strain €

I
Yield strain = ¢,
. ) Idealized stress-strain curve for ductile material
Tensile stress Compressive stress Yield stress = F,



Understanding the performance & Selection of materials

Proportional limit

- Elastic limit
[ or yield point

Fracture

| Point
Plastic behavior

Stress

T Elastic behavior

, — Permanent set

Strain 30

Miodulus of
Eesiliance

pl

ultimate stress

yield
stress

fracture

Ductile Material
(Steel, Aluminum)

Brittle Material
(Concrete, Glass)




The upper head of

the testing '““%%

Dial cauge 'n'

t_F:G_
\ —

Twao point loading

e

~
~

|
R.C. beam 1

a5

| The lower head of the testing machine

3 - point
Flexure test

Loading

Force
pin

P P2 P/2
Ii /2 L 2 ,,.r a q|, b !l[, a i
P12 i P2 Fr2 P2
A | A
IQ‘Q—RQI ler P P
P2 P2

Shear force Diagram (SFD)

PL
4

Specimen

4

Supporting pins

Bending Moment Diagram (EMD)

Central loading

www.substech.com

Shear force Diagram (SFD)

T

Fa
2

Bending Moment Diagram (BMD)

Two point loading

Elastic Shear stress

®

Plastic range
< 4

Combined bending and shear in beams

? ‘ -DJ Rotational Capacity J—
MP desssssasanasnnunnnnsve 3 sassnaRREnE
Compact Plaktic moment [ 1 -

\ E fy Plastic
= i Yield t

y ield momen

Semi-C ompact\ ?
Elastic
R é Bending streas/'
fy
<fy
>
Curvature ¢
Flexural member performance using section classification




The fundamental questions arising in mechanics are: Why?, How?, and How much?

Initial design Optimized design

F

A sizing structural optimization problem

F F

Topology optimization of a truss

Au
XN

Introducing more and thinner bars gives a better objective function value,
but there is no end to this process

"

|

Two-dimensional topology optimization.

Types of structural optimization:
- Sizing optimization;

- Shape optimization;

- Topology optimization

>= ‘ .
/\ Shape optimization 1s a subclass of topology optimization
Pag .2

a) b) c)
A ground structure and three optimal structures.
Dashed lines correspand to bars with 7ero cross-sectional area
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Arch Action

—
Beam Action

Alternative concepts of
Structural action applied to the
problem of supporting two loads
across a gap

Stone Lintel..
Crcked on tension side

Turns itself

into a three hinged
Arch & continue to
support the load
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Simply supported beams Beam is continuous over supports

carrying the load.
* Each span deflects independently.

et T

Simple beams: Continuous beam:
* Aload on one span causes curvatures and o Aload on any one span causes curvatures and bending moments
bending moments to develop in that span alone.  to develop in all spans.
* No other span is affected. o All spans share in carrying the load on any one span.
¢ Only the member directly under the load is o Design moments get reduced.

e Member sizes can be smaller than those in a simply supported system.
o Reverse curvature, the system being stiffer, with smaller deflections.

Rigid and Non rigid Structures

(a) Rigid structure (e.g., @ beam). The structure Is stiff and does not undergo appreciable changes
in shape with changes in the loading condition.

AT Tt T

{b) Nenrigid or flexible structure (e.g., a cable). The shape of the struclure changes with changes
in the loading condition.

Rigid- rigid elements are those that do not undergo
appreciable shape changes under the action of a load or
changing loads.

Flexible- such as cables, are those in which the element
assumes one shape under one loading condition and changes
drastically when the nature of the loading changes. Flexible
structures maintain their physical integrity, however, no
matter what shape they assume. Material: Steel may be rigid
(steel beam) or flexible (cable or chain).

One way Structures Two way Structures
One-way beam One-way plate Two-way beams Two-way plate
Type of Structural elements

In one way system, the basic load transfer
mechanism of the structure for channelling
external loads to the ground acts in one
direction only.

Ex: A linear beam spanning between two support points.

In a two way system, the direction of the
load-transfer mechanism is more complex but

always involves at least two directions.

Ex: A system of two crossed elements resting on two sets of support
points not lying on the same line and in which both elements share in
carrying any external load. A square, flat rigid plate resting on four
continuous supports.



Typical Rigid Structures
NNNA]

Load - boaring walls

o7 " 5‘\

Arch with tie - rod Arch with buttresses Block vault

Typical Flexible Structures

e e B &

Suspended cables

Q)

Tent

<

Hyperbolic paraboloid

Primary structural elements

Elements - beams, columns or struts, arches, flat plates, singly curved
plates, and shells having variety of different curvatures

Flexible elements include-
- cables (straight and draped)
- membranes (planar, singly curved, and doubly curved)
Structures derived: Frames, trusses, geodesic domes, nets, etc.

Beams and Columns — post-and-beam structures, where beams pick up
loads that are transverse to their lengths and transfer them to vertical
columns or posts. Columns loaded axially or eccentrically by the beams,
transfer the loads to the ground. Beams: Single span or continuous beams

Frames — Beams and columns are connected rigidly offer resistance to both
vertical and lateral loads.

Trusses — by assembling rigidly short, straight members into triangulated
patterns; members only under axial compression or tension.

Arches —a curved, line forming structural member that spans between
two points. Stacking rigid blocks or a rigid arch made of a continuous piece
of rigid material.

Walls and Plates — rigid surface forming structures. Load bearing wall
can be designed to support vertical loads and also resist lateral loads (wind
or earthquakes). Flat Plate (made of RCC or steel) is typically used
horizontally and carries loads by bending to its supports.

Cylindrical Shells and Vaults — singly curved plate structures, with curve
perpendicular to the direction of the span. Vault is a singly curved
structure that spans transversely (basically a continuous arch)

Spherical Shells and Domes — doubly curved surface structures/warped
surfaces (e.g., the hyperbolic paraboloid). Domed structures can be made of
stacked blocks or continuous rigid materials (RCC).

Cables — flexible structural elements, shape they assume under a loading
depends on the nature and the magnitude of the load. Ex: Tie rod or
catenary curve

Membranes, Tents, and Nets — membrane is a thin, flexible sheet; tent is
made of membrane surfaces; and nets are three dimensional surfaces made
up of a series of crossed curved cables.



Rigid frames may be combined with vertical steel trusses or reinforced concrete shear walls to create shear

wall (or shear truss)-frame interaction systems. Rigid frame systems are not efficient for buildings over 30
stories in height because the shear racking component ot deflection caused by the bending of columns and
girders causes the building to sway excessively. On the other hand, vertical steel shear trusses or concrete
shear walls alone may provide resistance for buildings up to about 10 or 85 stories, respectively, depending
on the height-to-width ratio of the system. When shear trusses or shear walls are combined with MRFs, a
shear truss (or shear wall)-frame interaction system results. The approximately linear shear-type deflected
profile of the MRE, when combined with the parabolic cantilever sway mode of the shear truss or shear
walls, results in a common shape of the structure when the two systems are forced to deflect in the same

way by the rigid floor diaphragm The upper part of the truss is restrained by the

Shear wall (or shear truss)-frame interaction system.
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The core in a tall building is analogous to the mast
of the ship, with outriggers acting as the spreaders
and the exterior columns like the stays.

As for the sailing ships, outriggers serve to reduce
the overturning moment in the core that would
otherwise act as pure cantilever, and to transfer the
reduced moment to the outer columns through the
outriggers connecting the core to these columns

frame, whereas at the lower part, the shear wall or
truss restrains the frame. This effect produces
increased lateral rigidity of the building.

Core-supported outrigger structures.
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\(—Moment in core with
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Conventional design principle ) * Ultimate Load _ Ulitimate Sress
Sufetyfacor = Factor of Safely = Service Load ~ Allowable stress

(Wu=1.5xW) (£S)
(f Y, f ck )
external load x
\Yif:ld strength Y4 N\, safety factor /

Why buildings fall down...?

* Global Failure
* Local Failure

Building failure can be categorized into:

Structural failures —when they have reached

- * Physical (structural) failures - due to
limit states of

loss of strength

= Collapse ) .
= Serviceability (Cracking & Deflection) * Performance failures — reduction in
function below an acceptable limit.
I ™ _
Equilibrium Conditions Rotates Clockwise  potates Anti-Clockwise
Neutral
Unstable ®
W
L J Stable Stable Unstable




Limit States

" Traditional Design Process

Planning phase

¢

Preliminary structural design

of Collapse of Serviceability

[t deals with
u Deflection and Cracking under Service Loads

¥ Durability under working Environment,
Stability, Fire Resistance, etc.

It deals with Strength and
Stability of the Structure
under maximum design load

Serviceability Limit States:
e Cracking

e Excessive Deflection

e Buckling

e Stability

= gl For equilibrium,

o " ZH=ZFx=O;

'

Estimation of loads -

'

Structural analysis

Are the
safety and Revised
serviceability No = structural
requirements design

satisfied?

Yes

¢

Construction phase

Unstable 3

Unstable under inclined or horizontal loads

ZH’;EZF,q&I]; ZV:Z@:U; ZM,:ﬂ




For several reasons, structural design remains an important and challenging task.

— One challenge: Design a structure that meets not only behavioural criteria (load
support and transfer) but also other requirements: accessibility, manutacturability,
and aesthetics

— Second challenge: Proper material use; recognising that material properties
often vary or are not precisely known.

— Third challenge: the dramatic variety of solutions a design problem can have in
terms of the connectivity or topology of the structure (structural configuration)

* Strength (Collapse)
* Stiffness
* Serviceability (Cracl{ing & Deﬂectiml)- ductility

Important * Stability

cmlcepts ey e
* Equilibrium

* Compatibility
* Material obeying Hooke’s law




Basic Design parameters from analysis
Bending/Flexure /Moment of resistance = MR = Mu = Max BM

[ J
e Shear force, Vu
e Torsion also produces shear

e Deflection

Design Solution:
In RCC design
* Assume Width, determine the Depth required, controls deflection (sased on span to depth ratio)

* Area of steel required to resist BM
wr?

3ET

* Stirrups or shear reinforcement to resist Shear force

In steel design, W
* select steel section for a required plastic/ elastic section modulus T ———
SwL?
* Check for shear, deflection control, bearing, crippling/buckling WART
< Allowable deflection
51— wL:  wLd 4w 1
3B g bd® Ebd3 " bd3
Plastic moment = Max. BM = Mu = Mp Strength Stiffness 12 Sl @ a=
M, = a,Z,= a,(SFXZ,) | ror s s b
p= %ep = O e AL S

" h Stability:

I

Ze= y - Flasti sectonal moclus * Equilibrium Conditions are met
AGL+7,) A, = shear area, and * Boundary conditions

/. = ————"" =Plastic sectional modulus : ' H ] .

’ I = yield strength of the web Compatibility:

g, = yield stress of steel Continuity in reinforcement



The Philosophy of design:

 The Materials

the shape and dimensions
No. of structural elements
the weight

the cost (optimization)

Safety against yield failure 1s the basic requirement of any
design and taught in all courses on Strength ot Materials.

Structural Health is a prediction of the ability of a structure to
survive or meet performance requirements in the future.

We must be able to analyze designs to make further decisions.



Energy issues

Water conservation

Efficiency || Renewable Reduce Recycle
Desi ners f : ] lpl'e-Bllildmg
9 ] DeT'gn ! c: Phase
Contractors Construction
1 Bmlding
Phase
Users Operation & maintenance

Demolition/Disposal c:l

Post-Building

Phase

Materials apd systems

Reduce

Select

Waste management

Recycle Reuse

Building life cycle and sustainable construction



Pertormance based Design

Design for Performance 1s the process whereby a developer or
owner commits to design, build and commission a building.

/. 7~ ™\
Select
Performance

| Objectives

J

" Develop |

Preliminary

 Building Design
'

i

{ Performance
Revise |
Design

Does

No Performance

%

rfPa\'—J!rfﬂr[nﬂnca\'-z-. Objectives

* Fully operational
®* Operational

* Immediate Occupancy

* Life Safety

* Collapse prevention




LAPPING OF BARS IN CANTILEVER BEAMS

— RCEEAM — MAIN REINFORCEMENT

pONT WP |

.__/L,_
[— F.CBEAM — MAIN REINFORCEMENT

o W) || D

JP— _‘ _,1/_|

1.2 TIMES DESIGN
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PLACEMENT OF BARS AT SLAB SUPPORT

Dos and Don’ts

Reinforcement at the corners
Y
é/—_‘
i | s
' .
A 1%
Reinforcement in slabs

of different depths

BAR PLACEMENT IN CANTILEVERED SLAB

DON'T

03t 03t
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REINFORCEMENT DETAILING IN GABLES REINFORCEMENT DETAILING IN LARGE DOMES

DON'T DO
DON'T

DO

REINFORCEMENT IN FOLDED STAIRCASE

DON'T [ D0 W

PLACEMENT OF BARS IN WAIST SLAB
| : DON'T DO

“—— WABTSLAB
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§ f
wide cracks
m a] Strain
: L) ' ]
Size change Foundation movement
' L * T 1
Temperature || Moisture || Chemical || Other...

content reactions

Cracking

Several causes of cracking

%\7
L B
I =

O 0 [0
\ |oegmp

T‘_y—g\_‘::i"'."‘.,-
Cracks due to shear deformation
Cracks patterns due to different deformation modes
sagging P ll[
hogging

Sagging and hogging deformation modes



Larger span with no proper load transfer mechanism

e

12/01/2008 23:368

Differential
Settlement

64




Presence of building
modifies soil deformations D D D D

-
Active zone

behind the wall||. \\ “
) d

45 + @2

~Excavation causes
deformations and
stress changes

i)

Nicoll Highway collapse, SIngabore August 2004

Deep excavation under construction tunnel Interaction between excavation and adjascent buildings
Horzonlot Horizontal Horizontol
Orplocement Diplocemant Ouplocemant
v——t : ¢ et %
{l
2
LY &
Tropatoldal
bounds on
1etitement
o} Contilever Movemen) b} Deep lnword Movement ¢} Cumulahive Movement

Typical profiles of movement for braced and tied-back walls



PHASE OF THE EXCAVATION

Building in
the neighbourhood

Subsoil vertical
deformation

.......

iiiiiiiiii

Relaxation of the
excavation floor

Building in
the neighbourhood

Stress-straln state

\

PHASE OF THE OPERATION OF THE BUILDING

T The interaction of individual parts of the model by
- deformation of the subsoll

Type of
task:
Statlcs Construction
Dynamlics of the mudy

Impact of deep foundation of the building on adjcent buildings




Tall / High Rise
building e W ey

LA
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Effect of column settlement

Multistory frame.

Column
footing
Settlement

Moment induced due to
foundation settlement

Sudden sinking, £

Filled up open well 5

/ bore hole\ ,
NG, —— T

Possible effect of ground movement
on frame analysis



Component failures
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Flexure shear .

Crack "%y

e

L

Flexure shear



degradation like cancer.

Its Impact is a acute injury.




Random Events

Bad Design/
Construction




Damage due to blast or Impact or terrorist attack

CLICK TO ENLARGE (3]

whl |11 Al

A column of another load-

bearing member s damaged 38

aresutof an explosion

Collapse from

roof level to
the ground

———— g . o
" " " [ " "

G-

Damage to primary structural member

-- progressive collapse due to localised damage

Progressive Collapse

After the failure of column systems, the
buildings® floors appeared to fall nearly
straight down in a floor-by floor collapse

Gas explosion at

upper storiesin/,

Food court



Construction mistakes/
Human errors/blunders




Column
alignment...?

‘Steel bracing
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Plumber’s

Interventions




Vulnerable Buildings

Floating column |

F
21
o3 ]

i large moments,

Stress concentration

.




A building, Ddfjeeling

beyond imagination,

?

buildings..."
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Searching for the Engineers of these
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Vulnerable Buildings
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Vulnerable Buildings



Photoshoping trick?...
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When construction goes wrong..!!



\l;-\.‘-\
Y

mﬁﬂ&.@'ﬁ ,..4,~ 7.7 N ,. ¢
NN Kt () ol

JEe—— s 5" s DGR wAR. 2 e e PN i
- ’ > " TERee A e s=—===3%
< =S B SR e  vE e S 2P == R

R R RS )  wm—ar <k
% <)) | = r /
/ .,

[
; ""“

Vulnerable Buildings

and Towers
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Service duct

False celling

False ceiling

Ducts passing outside the beam
P ’ Ducts passing through the beam

Circular Diamond Trapezoidal

Rectangular Triangutar irregular

Types of openings in common practical application
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Going deeper for basements, G - - 4~

(b) Shiding

who cares for safety of adjacent buildings..? () Bearing failure

(d) Structural failure
(¢) Combined structural and ground failure
(1) Eccentr; =0
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Retaining wall with

no base slab
(by BDA on Ring Road)

&II‘I]

Cracks caused by tilt and
deformation of the building

Before excavation
After excavation

T

Excavation
bottom

Wall deflection
—_— — Ground movement

O - Maximum lateral wall
deflection at a given stage

Y

Retaining wall




Foule

Layered Half Space 2
Layered Half Space 1 \/

a) Types of problems encompassed b) View of an existing structure
e asg b Sudsing in
.....
: -~ A Oewep eocavatinn :.j: - e [
i - P Sulbecll horsontal ’

BT e nteraction of Individuat parts of the mode! by
-p Seformation of the subsol

-

Excavation stage During service stage of the building

¢) Possible settlement of existing footing because of loss of lateral support
of soil wedge beneath existing footing (Source: Bowles, 1997)




ERSrnEEoTting l I_I_I Froposed|Fooring
! i
otentioal Soil
bulge

_]P_ Ground line

e

Y P N

¥~ Excavation line

Existing Footing 0

Soil ‘bulges’ from loss /'/'I i

of lateral support
Mew Footing

Possible settlement of existing footing because of loss of lateral
support of soilwedge beneath existing footing (Source: Bowles 1997)

fo— B

Case 1: Structure without any adjacent excavation
Terzaghi’s bearing capacity equation,
Gy = CNeSc+ @Ng +0.5YN, s,

Case 2: If the excavation for the foundation of the new structure
is too close to existing building.

Lost
Dyte = CNesc+qN, + 0.5yN, s,
d,;c = EN:sc + 0.5yN, s,

Unit weight = y
Cohesion = ¢*
Friction angle = ¢’
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Weak beams




Bad concreting,
no proper Cover
to column

Honeycombing...?

Bad concreting
at critical zones

- Shear zone,
compression zone




] misalignment of beam and
" bad concreting for column




Concrete cracking ‘&
mialignment .
of upper flight
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No proper cover §%
to reinforcement H§

Misaligned columns unexpected
eccentric load on lower column




Flat Slab Vs Flat plate Slab

5>

. e =
' A ;

Flat slab or plate slab/beamless slab — punching shear mitigation..?




Service life/ Residual Life/Remaining life of Structures

The service life is defined as the time from inception
to the time of appearance of first visible crack.

Repair
Without Intervention —i’ Alternatives

1
R
U
!

- COST OF REPAIRS ——»
o
-
o
®
O «—-

|
Current * ’ l
Condition 'o' o e
Initiation \* ',,' ",,p‘-.'." -__9
. of Damage ATl ] e
Construction \ 9 LLEEEE L
|
—— |
| SERVICE-LIFE (
Service life i
Corrosion initiation sta i_Propagation sta
Stage 1 ' Stage 2 .
< ' Delamination |,
z : orspalling /"}
« ' '
= ? Surface :
g ' cracking '
! Internal :
Eaty-age Rebar; crackin |
_cracking corrosion ! )
! \ :

Time

=

s . S 3 , '.4..:.;” St
Chloride diffusion Rust & stress build-up
Schematic description of the service life model.
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c Prime years of service y Prime years of service Multiple bifurcating life
% & / ' E I \ paths for different structures
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Time | Time
_ Possible Structural health life cycle JIl Treeof possiblelife paths and health functions for the structure
3\ Monitoring-
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SRR ) » Iaintenance
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Damage Diagnosis Vs Prognosis

Prognosis means - a judgement that a doctor makes about an ill person’s

chance of becoming healthy after diagnosis

— an opinion about the future of someone or something.
™

People sometimes confuse diagnosis and prognosis.
*  diagnosisis used to identify a present disease, illness, problem, etc.,
by examination and observation (of signsand symptoms});

*  prognosisrefers to predicting the course of the diagnosed disease, illness,

problem, etc., and determining treatment and outcome/ result.

-l
Damage prognosis- To estimate a system’s remaining useful life
\ Residual Life :
Diagnosis ( Prognosis :> & Performance SUpS
’ \J pl’edictions | Determination of damage existence l
" Structural ‘ Determination of damage’s geometric location I
Smart Sensing || Material & Damage =
Technologies || Characterization Modelling (gt , ]
y Quantification of damage severity
Key element in damage prognosis 1s Monitoring-

Structural Health Monitorin g DR; il‘:zzti:il;;i ;a;;;gs ‘ Prediction of remaining life of the structure |




Damage: —- surface level or internal

* Damage can be defined as changes introduced
into a system that adversely affects its current

or future performance.

* Damage can accumulate incrementally over
long periods of time that associated with

fatigue Or COrrosion damage accumulation.

Damage is commonly encountered in
civil infrastructure due to creep, corrosion,

shrinkage, tatigue and scour.

Jacking end




Structural Condition Assessments

* Signal based

Damage assessment techniques
* Model based

Methods of diagnosing buildings
and building materials

! l

Destructive Methods | | Semidestructive Methods | | Non-destructive Methods
Methods of assessing Methods of assessing Methods of assessing
strength and its changes strength and its changes strength and its changes

over time over time over time
Methods of assessing Methods of assessing
Load tests .| properties other than .| properties other than
strength strength

* Non-Destructive Testing: (NDT)
* Non Destructive Evaluation using Sensors: (NDE)
* Vibration Based Techniques:

* (Experimental/Analytical -FEM based- Sensitivity analysis)

* Modal Analysis: Sensitivity of Eigen valuesand Eigenvectors-
- Changes in frequencies and mode shapes
* Modal Assurance Criteria (MAC)

+ Frequency Response Sensitivity (FRF Sensitivity)

Probabilistic Approach / Uncertainty Quantification -
Stochastic Finite Element Method (SFEM)

* Other analytical methods

Non-Destructive Testing (NDT)

* Visual inspection
* Rebound hammer
* Ultrasonic Pulse Velocity meter
¢ Penetration resistance
* Pull out strength
* (Cover meter
» Carbonation depth
. . .
* Corrosion mapping
+ Maturity meter

* Permeability Test

* Radiography

# .
Crack detection using Soft computing Techniques

+ Wavelet Analysis /Signal Processing
* System Identification using Internet of Things
+ Artificial Neural Networks - Pattern Recognition
* Fuzzy Inference method
+ Big Data Analytics
* Machine Learning and Deep Learning
+ Genetic Algorithm
o MANFIS Multiple Adaptive Neuro Fuzzy Inference System) method
+ Hybrid methods:
1. Neuro-Fuzzy Technique
1. Genetic-Fuzzy Technique
1. Genetic-Neural Technique

1v. Genetic-Neural-Fuzzy Technique
: A




Need of Infrastructure Sensing:

Diagnostics of its health for Prognosis

6: Vibrations

4: Crack
detection and

localisation

Sensing technologies for Infrastructure Sensing

7: Cormmosion I

Infrastructure concerns

I: Foundation
displacements
and settlements

Types of Sensors used

* Fiber Optic sensors (FOS)

* Optical Fiber Brage Grating sensors (FBGS)

* Linear Variable Differential Transformer (LVDT)

* Piezoelectric Sensors

* Magnetostrictive sensors

* Self-diagnosing fibre reinforced structural composites
* Accelerometers, Load Cells and Strain Gauges

* Humidity Sensors




Structural Health Monitoring (SHM) & Technologies
Civil infrastructure is a valuable asset, which keeps the economy and people's life running.
SHM — is to detect and diagnose damage in the structure, to analyse future risk.

Structural Health 1s a prediction of the ability of a structure to survive or meet
performance requirements in the future and to guide maintenance/repair actions.

SHM
T '} .
Reduced Increased Improved

Maintenance| | Longevity Safety

SHM is expected to provide an efficient and effective tool for management of infrastructure.

. h 4 . { Parameters to be monitored
Data Acquisition COMPONENTS: 7 .
o number of sensors SO S
o . v :
i v’ strain
A :
% types of sensors O Data acquisition systems v’ rotation
: : S v’ temperatur
“ selecting their excitation methods || © Data management . ; ple >
; O Data transf acceleration
% data storage techniques Sy 1 v corrosio
. i O Data interpretation and diagnosis « IO
b <| v pre stressing force, etc )




IoT system is used for checking and controlling operations of Urban and Rural
infrastructure, Tall buildings, Railway tracks, Bridges, Flyovers, Towers, on-and offshore

platforms, wind farms, Dams. — to assess changes in basic conditions and safety.

4 S
_

Measure: Identify

* Acceleration e Corrosion

+ Strain e Cracking

+ Climatic Conditions o Strength Components and Related Tasks

* Curvature H e Tension

* Displacements e Location of

 Load rebar/delaminations : DA system
+ Tilt/Slope (SR
\. Scour d | ‘ —W

: | Communication System

Testing categories of SHM e (e.g. telephone lines)

Based on a timescale of monitoring:

1. Continuoustesting
2. Periodic testing

Based on the manner the responseis invoked

1. Staticload

2. Dynamic load

3. Ambient vibrations D“W"Q
(automatically by

computer)




Sensor

A sensor 1s a converter which converts parameters of a physical nature to an
electronic signal, which can be interpreted by humans or can be fed into an

autonomous system.

These signals for conventional sensors, amongst others, include light, pressure,
temperature, humidity, moisture and a variety of other parameters.

KSensor systems based on level of damage: A
— Surface Damage level
* Acoustic sensor system- pulse echo method
* FElectro-mechanical system- LVDT sensors
* Optical systems- CCD cameras
— Internal Damage level
» Embeddedsensors- PZT Piezo-electric SEnsors)

b

Applications of Sensors:
* Structural Health Monitoring (SHM)
* Inspections for fatigue cracks

* Seismic damage identification

2000 ~

1500
1000 ~

wodi ===

No. of Sensors

od | [ N p— | |

;Si:g"“law Kap Shui Mun Ting Kau ~ Rio-Antirion  Millau Bridge Western ~ Stonecutters Queensterry
ridge (1997) Bridge (1997) Bridge (1998) Bridge (2004) (2004)  Comrdor  Bridge (2009) Bridge (2016) of sensors becomes a
variety of big data source:

Big data analysis

Bridge (2007)

Evolution of the number of sensors during the past 10 years in major monitored bridges

Output of a large number




Emerging Sensor technologies for Infrastructure Sensing:

Smart Sﬂl.‘sing terhnnlﬂgi{-s for Infrastructure Seuﬁiug

* Distributed Fiber Optic Sensing (FOS)
* Time Domain Reflectometry (TDR)

* Low power miniature/ Micro Electro Mechanical System (MEMS)

* Particle Image Velocimetry (PIV) Sensor systems need to be either
long-life or adaptable for replacement.

* Acoustic Emission (AE)

* Energy Harvesting for continuous monitoring
* Computer Vision & Robotic inspections

* Wireless Sensor Networks (WSNs)

* Satellite images

* (litizens as sensors

These Smart materials/sensors, possess very important capabilities of sensing various

physical and chemical parameters related to the health of the structures.

“Smart” sensors with embedded microprocessors and wireless communication
links have the potential to change fundamentally the way Civil Infrastructure

Systems are monitored, controlled, and maintained.



4 ™
Sensing Signal condltlfmmg [y .Sensor '
element and processing interface
Traditional integrated sensors
Sensing — S]lg.n al. —» Microprocessor H
element conditioning
Smart sensor
e
A N
Data processed Data Routed to
Raw Data and transmitted Base Station
Collected .
Sensor Modules |1 Sensor Node omﬁgdsggs" Base Staton
Coordination to Monttor node
maintain Synchronization synchronization
Energy Harvesting| Node Battery Charged
Module SHM using WSNs
\—J v y,

The on-board microprocessor is typically included for digital signal processing, analog-to-digital or
frequency-to-code conversions, calculations, and interfacing functions, all of which can facilitate self-
diagnostics, self-identification, or self-adaptation (decision-making) functions (its intelligence capabilities).

7 : n
Essential features of a smart sensor :

1. on-board microprocessor(CPU)
2. sensing capability
Wireless communication (RF, widely used)

WO

battery-powered & small size
low cost

_Ut




Smart Sensor concept

! —

Earthquake

event Events recorded

and stored in BS

Base Station
Sensors walke up
y— (unique IDs)

Sensors

go back to sleep

Smart Sensors

Wired

Sensors

Sensors

Sensors T

Wireless communication appears to
be attractive.

‘Smart’ sensors can locally process
measured data and transmit only the
important information through wireless
communication.

More sophisticated sensors include
accelerometers which can be used
to measure acceleration and vibration.
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Components of a Prognostics and Health Manag

Cloud
Storage

Sensors to acquire system response signals

Media (including disks, flash, RAM, ROM, and any other
solid state memory devices and the like) to store sensor data

Data pre-processing to validate, clean, and interpret the
collected data

Damage detection models/algorithms to assess the
health status of the system

Computer to provide central control/communication
between damage detection and prognosis results

System prognostics and control algorithms to provide
decision support for the preventative maintenance activities

Actuators to enforce control forces on the engineering
structure for damage reduction and risk mitigation
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(a) axial deformation included
Degress of freedom: 1§ DOFs

How many dofs....2
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Active degrees of freedom
dofs: transaltions or rotations

Rotational dofs are usually not measured

and some dofs will be inaccessible.



For each type of sensor : 32 nodes with 3 dofs = 96 Nos.

" Wv-w _‘I
. |l h l.
) ".v-.‘il _.il

[ IR ¢ ‘

—

) 8§ i b

( l [

! |

v—‘wv—u-v v — |

||| .ll. § .l

.'—.h'.'—.'l.'—.l
I ¢
l l

n
. _ .v—.

e '-".'—.II
|

ll b
Al

01' Wireless Sensor Network:

- acceleration/strain/
temperature/light/image
/sound, etc

—Fiber optic network
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for experimental set up
or for monitoring;
only 8 Accelerometers

I are installed,

1.e 8 dof only
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Flow chart of the proposed damage detection method
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Flex sensor

Controller

Web
module

=t Water Level
SEensor

BMS block diagram

Smart Bridge

Bridge Monitoring System (BMS)-

- to assess structural condition and possible damage

The Flex sensor measures the angle of tilt of the bridge as well as cracks.
The water level sensor will be placed below the bridge and within the gaps.
When the water touches the sensor it will give alertness and the alarm will beep.



porteoriagl IoT facility contains Unmanned Aerial Vehicle
(UAV) equipped with camera and 3D laser, as

L
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Code Tags - o= . . .
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Ten wireless sensor

8 units are placed at
the nodes to record
data, simultaneously.

The test setup and wireless sensors used in Avci et al.
Accelerometer to record acceleration signal

! |

! n “ ) v N

Loosened
bolts at the ) _ .
joint Undamaged joint Damaged jont
acceleration signal aceeleration signal

(a) (b)

Damaged and undamaged vibration signals measured at the joints in Abdeljaber et al.

Even with a slight stiffness change such as loosened bolts, all the damaged joints were detected.
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Acceleration Sensor System Monitoring the collapse process

: of Building during an Earthquake
FE\
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‘ Weather sensor l
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Application of maintenance and
management of Civil Infrastructures

T Traffic induced vibration sensors in the houses



Future of Structural Health Monitoring (SHM)

Sensors Access data via intemet
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Citizens as sensors

Our understanding of mobility in a city can be improved by

better tracking of where and how people move in space and time.
Integrating such infrastructure information will lead to better management and

operation, and allow cutting-edge technologies to be tested.

The rich information provided will act as a catalyst for new design, construction
and maintenance processes for integrated transport service systems linked
directly with user behaviour patterns.

As transport volume and therefore density increases, transport speed will reduce in
order to safely manage the increased volume.

[t is now possible to crowdsource travel journey times from GPS-enabled phones
in addition to conventional traffic count data from the automated traftic counter
system. -- ‘citizens as sensors’ crowdsourcing aspect of citizen science.

Examples include monitoring and measuring of real-time data using smart phones/
watches from occupants and customers that provide data on how they feel about the
usage of infrastructure.

[t large quantities of data can be collected for real-time understanding of human
activities, the outputs of the models can inform infrastructure owners about people
movement and use of space, and provide guidance on future usage and efficiency.



Monitoring Bridge Structure
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Accelerometer
Strain Gauge
B Wind Speed & Direction
Corrosion Gauge
Tiltmeter
~4-DisplacementGauge

————

DN

Rotation

(@) overview of the monitoring system,

International Guadiana Bridge

(b) rotation on the top of P3 pylon

*CL = tilt meter;

DH = horizontal relative displacement
NL = vertical displacement sensor

P = pylon; T = thermometer.




A Review of Vibration-Based Damage Detection in Civil Structures: From
Traditional Methods to Machine Learning and Deep Learning Applications:

Onur Avci, Osama Abdeljaber, Serkan Kiranyaz, Mohammed Hussein, Moncet Gabbouj,
Daniel J. Inman (2020)

Monitoring structural damage 1s extremely important for sustaining and preserving
the service life of civil structures.

While successtul monitoring provides resolute and staunch information on the
health, serviceability, integrity and safety of structures; maintaining continuous
performance of a structure depends highly on monitoring the occurrence, formation
and propagation of damage.

Damage may accumulate on structures due to different environmental and human-
induced factors.

Numerous monitoring and detection approaches have been developed to provide
practical means for early warning against structural damage.

With the present computing power and sensing technology;,

Machine Learning (ML) and especially Deep Learning (DL) algorithms have
become more feasible and extensively used in vibration-based structural damage
detection.



Vibration-based Structural Damage Detection methods
based on Machine-Learning

ML-based SDD methods are categorized into parametric and nonparametric methods

A large portion of parametric and nonparametric ML-based SDD systems
perform the two common tasks:

* feature extraction

* training

Then the trained ML system 1s utilized to 1identify
the presence and location of structural damage
by performing classification.

ML methods for parametric vibration-based SDD

The feature extraction process 1s carried out by simply identifying certain modal
parameters from the structural systems using input-output or output-only modal
1dentification techniques.

A well-trained ML classifier is then used to process the extracted modal parameters to
assess the structural integrity.

The most commonly used parametric ML-based approaches are those that rely on modal
characteristics such as natural frequencies and mode shapes as extracted features along
with the feed-forward, fully-connected, multi-layer Artificial Neural Networks (ANNs)
or the so-called Multi-layer Perceptrons (MLPs) as classifiers.



P—— > Main components of Structural Damage Detection systems
Monitored Sensors
Structure
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The hardware part is composed of the sensing and data

acquisition interface used to collect measurements which may
usually include accelerometers, velocimeters, strain-gauges, load cells,
or fiber optic sensors along with data acquisition modules.

The software component of a damage detection system is an
arsenal of signal-processing and pattern recognition

algorithms designed to translate the signals acquired by the sensing
interface into essential information that reflects the condition of
the structure being monitored.

Artificial Intelligence (Al) 1s aiming at developing machines that

Knowledge Artificial Intelligence (AI)
based Al

Machine
Learning (ML)

Deep
Learning (DL)

Venn Diagram presenting the relationship
among different Al systems

exhibit human-like intelligence in solving problems and performing tasks
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Machine Learning (ML) algorithms

* Unsupervised algorithms
* Supervised algorithms

Supervised algorithms require a dataset consisting of human-labeled data for training.
As such, the primary purpose of the supervised learning is to discover the optimal
mapping from the inputs to the desired (or target) outputs. Therefore, supervised

algorithms require a human “supervisor” to assign each data sample by a correct label or
target before running the training.

Unsupervised learning algorithms, on the other hand, require input-only data without any labeling.

The objective of unsupervised learning is to investigate the distribution of the data in order to
obtain useful information regarding its underlying structure

 The tasks performed by ML systems can be summarized as: b

* (lassification: The objective of this task 1s to determine which category the mput belongs to.
(The medical diagnosis system serves as an example of classification task since the mput to

\

the system 1s classified into either “cancer” or “no cancer” categories.)

+ Regression: In this task, the goal 1s to model the relationship between a numerical output and a
number of mputs.

The only difference between regression and classification 1s the|format of the output.
* Prediction: Prediction 1s a special type of regression in which the objective 1s to foresee the
future values of a given time series.
% Clustering: The target of clustering 1s to divide the mput dataset mto clusters with similar examples.




Deep Neural Learning or Deep Neural Network methods

In order to avoid the hand-crafted features in complex ML applications, Deep Learning
(Deep Neural Learning or Deep Neural Network) methods have been introduced.

DL is indeed a subset of ML within Al context that has networks capable of learning
unsupervised from unstructured data.

DL, also known as representation learning, are a special type of ML methods capable of
extracting the optimal input representation directly from the raw data without user
Intervention.

In other words, DL algorithms can learn not only to correlate the features to the desired
output, but also to carry out the feature extraction process itself.

Therefore, a DL system with proper training can indeed find the direct mapping from the
raw Inputs (e.g. the images in the previous example) to the final outputs without the need
to extract features in advance.

DL is then able to explain high-level and abstract features as a hierarchy of simple and
low-level learned features. This ability allows DL algorithms to deal with complex tasks
by breaking them down into a large number of simple problems.

Recent studies have revealed that relying on learned features instead of hand-crafted ones
results in much better performance in challenging tasks such as object detection, image
classification, and classification of electrocardiogram (ECG) beats.



Big Data Analytics In Online Structural Health
Monitoring,

Guowei Cal, Sankaran Mahadevan, International Journal of Prognostics and Health
Management, ISSN2153-2648, 2016 024

— Investigated infrared thermal images for structural damage diagnosis.

— 1llustrated using actual experimental data on concrete slabs, with induced damage

As smart sensor technology is making progress and low cost online monitoring is
increasingly possible, large quantities of highly heterogeneous data can be
acquired during the monitoring.

- big data techniques to handle the high volume data obtained.

MapReduce technique to parallelize the data analytics and efficiently handle
the high volume, high velocity and high variety of information.

MapReduce 1s implemented with the Spark platform, and image processing
functions such as uniform filter and Sobel filter are wrapped in the mappers.



split O
split 1
split 2
split 3
split 4

Input files

The MapReduce framework is split into two steps: Map and Reduce

“User

~Program
(1) (1) (1)
fork ;fork fork
(2) Master, (2)
. assign ——— @ssign
”— ~map reduce .
3) — 4 — G X writé file O
read = worker local - remote = ut T
3y write read . worker—— OfileprJ
- worker -
Map phase| |Intermediate files| |[Reduce phase| |Output files

Overview of MapReduce execution

—- the input is written as the key/value pair (k1, v1) will then be input to the
Map function, which will generate the intermediate key/value pairs (k2, v2).

Then the intermediate key/value pairs are passed to the Reduce function,

which merges together these values to form a smaller set of values.




r —1
I R St v v v - L R R A
[ r,-‘- v*s‘u ! g

f . pl . Q . " by AT AL

| v — e s I Y L es

——— - — . .
e B e ~ 4 dn s ;
SR A » fimlw Miedrdditinm s hs i
»—--MM [ WD — d plasbad L2 2a 00 o
- ' g T s o B 4 .
bon o.*-«.l.;. 15 . ' - : R
' ) chrond bbb, . -
——,—— B

. 3 \ » » . e N L L
) : : : 3

- | . > oa b P
— — M YT ey et v

e Yol ‘Lrett

@ V41 228715
2y 1. . P

. LR - )

» » b

Feature Extraction (age,
structure, material, traffic

\_load, rainfall) /

()

e

xgmm el - — —
Structural
I_ Configurations

L

N

(W) | g
o r
1 QAN ._

a4 Estimated Life

\_bredony

" Deep Leaming
\ Classifier J

Flow chart of the Deep-Learning-centric
nationwide bridges survey in USA




Vibration-based Structural Damage Detection (SDD) by Deep-Learning (DL)

Deep Learning Architectures ‘
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Unsupervised
Pretrained Networks
(UPNSs)

Convolutional
Neural Networks
(CNNs)

Recurrent Neural |
Networks

Recursive Neural
Networks

 Autoencoders

e Deep Belief

Networks (DBNs)

= Generative Adversarial Networks (GANs)

In DL, multiple abstract layers
communicate with each other.

are trained principally in a supervised
manner by a stochastic gradient descent method,
or by backpropagation (BP) algorithm.
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A sample CNN with 2 convolution and one fully-connected layers.

24x24-pixel grayscale image into two categories.

The network consists of two convolution and two pooling layers

K for kerne

1 sizes and S for subsampling factors



Splitting

Tuput

Mapping

Deflection, 1
Strain, 1
Sirain, 1
Siress, 1
Rotation 1
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Crack width, 1
Crack length, 1
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Acceleration, 1
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Rotation, Crack lewgth, Displacement

Deflection, Strain, Rotation, Stress, .
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-

Aceelevntion, RotationStress, Temperature,
Corrosion rate, Deflection, Rotathon, § tregs,
Strain, Displa cement, Acceleration, Tempera ture

Acceleration, Rotation, Stress, Temperature,
Corrozion vate, Deflection, Rotstion, Stress,
. Strain, Dis placement, Acceleration, Temperature

Rotation, Deflection. Strass, Strain, Acesleration,
Ceaek widih, Temperature, Rotation, Displacenent,

Strain, Crack width, Stress, Corrosion rate Crack vidth, Temperatare, Rotation, Displacement,

Rotatlon, Deflection, Stress, Straiy, Aoceleration,
i Srradn, Cra ol wideh, Steegg, Corradion Fate

Sensor data

Hadoop/ MapReduce data processing
Big Data Analysis
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ShuMing
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Reducing
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Final Result
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Aeceleration, 3

Temperature, 3
Corrosion rate,2

Voluminous data handling/processing require latest techniques to convert them
into usetul information for diagnosis and prognosis ... Hence Big Data Analysis




Framework of Infrastructural Internet of Things (loT)
Test Structures & Sensors
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+ Self-Powered Sensor - Bridges - Self-powered health monitoring
- Buildings - Levees

- Data aggregation / analytics
- Energy scavenging RFID
- Highways - Pipes

- Damage prediction
- Battery-powered networking - Structural forensics
-- with self-powered sensors shown as red dots
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Conclusion

New Sensor Technologies integrate Machine Learning, Deep Learning, and Artificial
Intelligence for structural health monitoring and fault detection.

Sensors are used for the dynamic measurement, in the structural elements, buildings,
bridges, dams and tanks.

Real time Information obtained from sensors helps to predict Strength, Integrity,
Service life and Safety of the structure

Sensor systems need to be either long-life or adaptable for replacement. The
development of ‘smart’ infrastructure means true realization of performance-based
design and maintenance.

Early detection of structural damage could save human and animal lives.

Modest amount of routine inspection and monitoring combined with
routine maintenance activities, along with keeping operational loads to
within specified limits, can lead to long standing structures.



Tensogravity structure..







