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A Brief History of Concrete

~2,700 B.C., the Egyptians used
gypsum mortars in the construction
of the Pyramid of Cheops.

~1,600 B.C., the Chinese in the
Shang Dynasty used clay in making
bricks for construction.

~1,100 B.C., the Assyrians used fine
quality clay for their writing tablets
and buildings.

~600 B.C., the Greeks built the
lining of a cistern in Kamiros, the
Island of Rhodes, Greece, using the #
mixture of volcanic ash and lime
(known as the Greek cement).

~400 B.C., the Babylonians used
clay as the bonding substances or

cement.
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A Brief History of Concrete

. ~230 B.C., the Romans improved the Greek cement | "‘W
using the volcanlc silicious component to obtain S
"Roman cement” known as pozzolana, the name pill ‘l e = ‘-’D “'LL
deriving from the port of Pozzuoli,west of Naples and el UUUED
the volcano Vesuvious, Italy. S e
s .L_LJ gl b»L
Colosseum, Roma, ltaly
= |n 1756, John Smeaton (1724~1792) of Austhrope, (72~80A.D.)

Leeds, England, made the first modern concrete using
hydraulic lime and designed and rebuilt the Eddystone
Lighthouse during 1755~1759, who founded the
Society of Civil Engineers in 1771 and was regarded
as the father of civil engineering.

- In 1807, James Frost (1780~1840) of Finchley, North
London, England, set up a plant making Roman
cement at Harwich. In 1822, he developed a cheaper
alternative to make Roman cement and patented it as E LY
"British cement”. In 1825, his cement plant in John Smeaton
Swanscombe, Kent, England, began operational. (1724~1792)

University of
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A Brief History of Concrete

In 1824 (Oct. 21), Joseph Aspdin
(1778~1355) of Wakefield, Yorkshire,
England, patented ’ ’Portland cement” due
to the similarity between the artificial rock
and the limestone at the Isle of Portland in
southern England. However, it was not
clear to the public how Joseph and his son
William manufactured their cements.

Joseph Aspdin
(1778~1855)
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A Brief History of Concrete
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ASPDIN'S SPECIFICATION.

TO ALL TO WEHOM THESE PRESENTS SHALL COME, I, Josrra
Aseon, of Loeds, in the County of York, Bricklaycr, send grooting,

WHEREAS His present most Excallent Mojesty King Georgo tho Fourth,
by His Lotters Patent under tho Groat Seal of Great Britaio, bearing date at

& Westminstor, tho Tweaty-first day of Octobor, in the fifth yesr of His reizn,

« did, for Himself, His beirs and soccessors, give and grant unto me, tho said
Joseph Aspdin, His espocial licence, that T, the said Joseph Aspdin, my o¥ors,
. adiors, s0d assigns, or such others a3 T, tho £aid Joseph Aspdin, my cors,
aditiors, and assigos, should at any time agreo with, a0d 1o otbers, from time
10 to timo and at all tinses during tho term of years therein expeeesed, shoald
and Iawfolly might make, use, cxercise, and veod, within England, Wales,
aod the Town of Berwick-upon-Tweed, my Invention of “Ax Derzovexzsy
o ice Mooz or Prooucrso ax Axrorscia Srous ;™ fo which said Letters Patent
there is contained 8 proviso obliging me, tho said Josoph Aspdin, by an imstru-
15 ment in writing under my hand and sca), particalarly to dessribo and ascer-
tain the nataro of my said Toveotion, and in what wanner the same is t be
performed, and to cuse the saae o bo farolled in His Msjesty’s High Court
of Chancery within two calendar months noxt aod immediately after the dste
of the sa3d in part recited Lettors Patont (5 in and by the ssme), reforencs
20 being thereunto bnd, will mare fully ned at large appear,

NOW KNOW YE, that in compliaccs with the said proviso, T, the said
Jaseph Aspdin, do hereby declare the natare of my sid Invention, and the
nanner in which tho same is to be performed, are particularly described sd
ascertained in the following deseription thervof (that i8 to say) s

Dcmw Extra.

In 1833, Isaac Charles Johnson
(1811~1911) of Mayfield, Gravesend,
England, who was the manager of John
Bazeley Whlte s cement plant which
producing "artificial cement” and Roman
cement, deciphered the manufacturing and
proportioning of Portland cements.

—In 1871, the first American patent on
Portland cement by David Saylor.

2 AD. 1824.—N° 5022.
rpdin's Tgrovements in the Modes of Producing an Artificial Steme.

My metbod of making & cement or artificial stoo for stucsoing buildings,
seaterworks, cistersss, o¢ any other purpaso to which it may be applicable (and
which I call Portland cemeat) is as follows I take & specific quantity of
Finsestone, such 3 that generally wsed for making oc repairing roads, and 1
tako it from tho roads afer it is redueed to & puddle o powder; but if I 5
cannot procuro 8 sufficient qusntity of the abovo froc tho roads, I oblain the
Yimestono itself, and T caoso tho puddle er powder, or the limestone, as the ¢aso
may be, o bo calcined. 1 then take & specific quastity of argillacious earth
or elay, and mix thecn with waler to & stato approaching impalpabilty, citber
by manuel labour or machinery. Aftor this proceeding I put the abovo mix- 10
ture into & slip pan for evaporation, cither by the beat of the sun or by
submitting it to tho action of Bro or steam coaveyed in flues or pipes under
or bear the pan till the water is cotirely evaporated. Then I break tho said
mixture ioto suilablo Jomps, and caleine them in a furnaco similar to o lime
Kiln till the carbonic acid is eatirely oxpelicd. The mixture £o caleined is to 15
bo ground, beat, or rolled to & fico powder, and is then in o fit stato for
makiog coment or artificial stone.  This powder s to bo mixed with a _sufli-
ent quantity of water to bring it into tho consistoncy of mortar, and thus

appliod to the purposes wanted.

Tn witoess whereof, T, tho said Joeeph Aspdin, havo bereunto st my 20
band aad seal, this Fiflecath day of Decsmaber, in tho year of car .

Lend One thousand eight hundred and twenty-four.
JOSEPH (t&) ASPDIN., .

AND BE IT REMEMBERED, that ca the Fiftecnth day of Deoember, in
tho year of our Lord 1825, tho aforcssid Joseph Aspdin camo beforo our said 25
3 Lo tho Kiag ia Tis Ceagecry, and acknowledgod tho Spociication aforo-

said, and all asd evory thing therein contained and specified, in form abovs
: written, And also tho Specification aforcsaid was stsmped scconding ¢ the
tenar of the Statuto mads for that purpess.

Yorolled the Eightocath day of Deoemaber, in tho year of oar Lord Ono 30
thousacd cight hundred asd tweaty-four,

LONDON:
Printed by Gronax Eowaxp Evxk sod WILLUX Sn'mswoool.
Pristers to the Qoees's mcet Excellent Majesty. 18%]

Isaac Charles Johnson
(1811~1911)

Joseph Aspdin’ s patent in 1824
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Basics of Concrete

=  Concrete is a cementitious composite typically made by Portland
cement.
. Cement + water = Cement paste

. Cement + water + fine aggregate (e.g., sand) = Cement mortar

. Cement + water + sand + fine aggregate + coarse aggregate (e.g., gravels) =
Concrete (mineral and chemical admixtures are used for improving workability and
durability of the concrete)

Structural concrete is the concrete used for structural purposes such
as providing mechanical bearing capacity.

Major oxides of Portland cements:
= Lime (Ca0), Silica (SiO,), Alumina (Al,O3), Iron oxide (Fe,O5)

Minor oxides of Portland cements:

=  Magnesia (MgO), Alkali oxides (Na,O and K,0), Titania (TiO,), Phosphorous
pentoxide (P,0O;), Gypsum (CaSQO, - 2H,0)

University of
, qusachusctts

01/11/11 7 Umass Lowell



Basics of Concrete

=  Phase diagram of various substances consisting of the major oxides

Si0,
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Basics of Concrete

WET PROCESS ROTARY KILN

=  Manufacturing of Portland Cement
. . LIMESTONE QUARRY CLAY PIT
=  Collection of the raw mineral Bagger-excavato Clay scraper and Ioader
. s Rail transport ,
materials ﬁi{j = ‘p\ aa bl
=  Grinding and blending of the raw =it
materials ”@ﬁiﬁﬁii’f :
{i:n;siijhé 5
=  Storage and final blending of the S
raw materials COAL PREPARATION 5 l
Coal Fﬁ%_{;ﬂ Air compressor ST, |
| LI § ROTARY KILN PLANT mmmm@»
. . . ~—Rotary kiln 5
= Burning (clinkering) process i ——
- =y |
Coal mi” HiJ\L‘\i;—‘"—ffj* J@‘ R
. F . I Clinker transport ;
INal Process. ooty O%{f‘é’gﬁﬁggc PLANT
PACKING & oltection | |
DESPATCH el gy
% il _, //jénke})‘\ “
L L:@ [ storage I
el | e Y :
e Pneumatic conveyor
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Basics of Concrete

Chemicals formed by oxides in the clinkering/burning process:

Chemical Formula Abbr. notation Weight (%)
Tricalcium silicate 3Ca0 - SiO, C,;S 95
Dicalcium silicate 2Ca0 - Sio, C,S 18
Tricalcium aluminate 3Ca0 - Al,O, C;A 10
Tetracalcium aluminoferrite 4Ca0 - AlL,O; - Fe, 0, C,AF 8
Calcium sulfate dihydrate CaSO, - 2H,0 CSH, 6

Types of Portland cement:

Type I: For use when the special properties specified for any other type are not
required.

Type ll: For general use, more especially when moderate sulfate resistance or
moderate heat of hydration is desired.

Type lll: For use when high early strength is desired.
Type IV: For use when a low heat of hydration is desired.
Type V: For use when high sulfate resistance is desired.

University of
, qusachusctts
10 Lowell
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Formation of Structural Concrete

= Portland cement is the chief ingredient in cement paste and the most
widely used building material in the world. In the presence of water,
the chemical compounds within Portland cement hydrate causing
hardening and strength gain. > Hydration process

- Hydrated cement forms the hydration products in concrete, which
serves as the binding element in concrete.

=  Chemistry of hydration:

- Tricalcium silicate:

2C3S + 11H — C3SsHg + 3CH (1)

where C359Hg 1s the C-S-H gel.

- Dicalcium silicate:

2C,S + 9H — C3S,Hg + CH (2)

University of
, qusachusctts
Lowell
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Formation of Structural Concrete

=  Chemistry of hydration:

- Tricalcium aluminate:
Primary:

CaA + 3C‘§H2 + 26H — CGAS;;H;}Q (3)

where 3CSH» 1s gypsum and CgAS3Hgs 1s ettringite.

Secondary:

2C3A + C(;AS;;H;';Q +4H — 3C‘-.1ASH12 (4)

where 3C;ASH;5 is monosulfoaluminate.

- Tetracalcium aluminoferrite:

C4AF + 3CSH, + 21H — Ce(A, F)S;’;Hgg + (F,A)Hs| (5)
C4AF + Cg(A. F)S;’;Hg-_) + TH — 3C4(A, F)gH]_g + (F, A)H; (6)

Massachusetts
01/11/11 12 UMASS Lowell
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Formation of Structural Concrete

=  Kinetics of hydration:

C3A > C3S > C4AF > CoS (10)

- Impure C;S is known as alite and impure C,S as belite; alite and belite
hydrate faster than pure C;S and C,S.

= Role of gypsum:
= Too much gypsum can lead to excessive amounts of ettringite, causing
unrestrained expansion and disruption of the paste microstructure.

= Too little gypsum can lead to the formation of monosulfoaluminatesolid
solution after the hydration of C;S, resulting in the consumption of lime and
preventing the nucleation of C;S.

=  Gypsum accelerates C;S hydration but lowers the of C-S-H due to the
presence of sulfate ions.

- Control of gypsum is important in the manufacturing of cement and curing of
concrete.

University of
, I\hssachusctts
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Formation of Structural Concrete

7
-
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O Unhydrated material

Water-filled capillacy
pores

ﬁ C-S-H

@ Calcium hydroxide

(Mindess and Yooung 2003)

(Locher and Richartz 1974)
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Characteristics of Structural Concrete

= Advantages:

01/11/11

Workability (ability to be cast when in fresh)
Economy (cost; $100 cubic yard for 3000psi)

Durability (permeability, mass transport; ideally maintenance free;
density = 2,300 kg/m3 (145 pcf) for normal weight concrete and
1,800 kg/m?3 (110 pcf) for lightweight concrete)

Fire resistance (thermal conductivity = 1.53.5 Watts/m - K)
Energy efficiency (energy consumption; 3.4 GJ/m3)
On-site production (ease for material collection)

High compressive strength (compressive strength; 35MPa (5000
psi) for ordinary concrete and >150 MPa (22,000 psi) for high
strength concrete)

Short-term dimensional stability (Poisson’ s ratio = 0.18; coefficient
of thermal expansion=107° per C (5.5x107° per F))

3 University of
, Massachusetts
Lowell

15 UMASS



Characteristics of Structural Concrete

= Disadvantages:
= Low tensile strength (tensile strength; 3MPa (400psi))

= Low ductility (brittle in nature; less or no inelastic deformability;
ultimate compressive strain = 0.003~0.004 and ultimate tensile
3trair|1 = 0.001) - Fiber reinforced concrete (FRC) provides better
uctility.

= Low strength-to-weight ratio (for ordinary concrete, 0.015 MPa/kg in
compression and 0.0026 MPa/kg in tension, both per cubic meter)

= Long-term dimensional instability (porosity; shrinkage, creep)

University of
, \hssachusctts
Lowell
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Characteristics of Structural Concrete

01/11/11

Types of water in hardened cement pastes

Chemically-bound water or combined water or non-evaporable
water

Adsorbed water or gel water
Free water or capillary water

Role of Water in Concrete:

Saturated concrete is about 20% weaker in
compression than is dry concrete.

Possible reasons include:

The removal of water molecules makes C-S-
H gel particles come closer to form a tighter

system due to an increase in van der
Waal’ s forces.

Water may attack Si-O-Si bonds (in C;A and
C,A under stress.

Water may reduce mechanical interlock by
acting as a lubricant.

17
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Microscopic Description of Concrete

SEM):

>

- o a3 pm

Fracture surface of a Portland
cement paste after 1 hour hydration

Fracture surface of a |
Portland cement paste after

24 hours hydration
(Walsh et. al. 1974)

Umversnty of
, Massac usetts
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Microscopic Description of Concrete

= Scanning electron micrograph (SEM):

Calcium hydroxide (CH)

Fracture surface of a Portland cement paste after 21 days hydration
(Walsh et. al. 1974)

EEE—————————————————————— University of
Massachusetts
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Microscopic Description of Concrete

= Role of Water in Concrete:

Fracture surface of a Portland cement paste after 21 days hydration

(Walsh et. al. 1974)

EEES—S————————— Umversnry of
Massa usetts
01/11/11 20

UMASS



Microscopic Description of Concrete

= Pore sizes and their description:

Designation Diameter Description
Capillary pores 10* ~50 nm large capillaries, macropores
50~-10 nm medium capillaries, large meso-
pores
Gel pores 10~2.5 nm small isolated capillaries., small
Mesopores
2.5~0.5 nm micropores
<0.5 nm interlayver spaces
e University of
! Massachusetts
01/11/11 21 £ Lowell
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Design of Concrete Materials

= Properties of concrete are determined by the mixing and
proportioning of its ingredients (e.g., water, cement,
aggregates, admixture). =2 Mix deS|gn

= Fundamentals of mix design:
=  Water to cement ratio > Abram’s law
= Aggregate grading = Fuller and Thompson’ s formula

= ACI method of mix design

- ACI 211.1-91 (1991), Standard Practice for Selecting Proportions

for Normal, Heavyweight, and Mass Concrete, ACl Committee 211,
Farmington Hills, MI.

= Trial batch adjustments are needed.

_________________ University of
T — ( \hssachusctts
01/11/11 22 Lowell
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Design of Concrete Structures

= Design states:

= |Limit states:

= Ultimate limit state: Structural collapse of all or part of the structure
and loss of life can occur; Loss of equilibrium of a part or all of a
structure as a rigid body; Rupture of critical components causing
partial or complete collapse.

= Serviceability limit state: Functional use of structure is disrupted,

but collapse is not expected; Excessive crack width - corrosion of
reinforcement - gradual deterioration

= Special limit state: Damage/failure caused by abnormal conditions
or loading (e.g., earthquakes, tornados, hurricanes, floods)

| Limit States ’

Of Collapse Of Serviceability

It deals with strength and It deals w _“]‘ deflection )
stability of the structure and cracking under service
under maximum design load; durability under

load working environment,
stability, fire resistance etc.

University of
, I\hssachusctts
Lowell
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Design of Concrete Structures

Influences

=N

Structure

» Loads (dead, live, environmental)

= Foundation settlements

= Time effects

= Temperature fluctuations
= Chemical effects

)

01/11/11

Design philosophies:

=N

Response

= Failure (Strength)
= Failure mode

= Deformation

= Cracking

= Stress

= Motion

= Emphasis on the reduction of structural capacity of concrete
= Emphasis on the amplification of structural loading
= Emphasis on both the reduction and the ampilification

24
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Design of Concrete Structures

= Structural concrete is weak in tension, so
reinforcements (steel or composites) are
usually used to carry tensile stresses in Vertcal
concrete. -

Longitudinal
steel

= Reinforcements can be introduced by

=  without being prestressed - Reinforced Lo
concrete (RC) structures ‘\ \\

=  with being prestressed. - Prestressed
concrete (PC) structures

=  Design of concrete structures is basically
about:

=  Material design (concrete and
reinforcements) - Quality of materials
affects the short-term performance of
concrete structures

=  Structural design (configuration of concrete
and reinforcements, cross-sectional design) |
- Quality of structural design affects both the
short-term and the long-term performance of
concrete structures ?

R
i
Y
¥ ! .
L 111

e University of
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Design of Concrete Structures

Structural loads:

Gravity loads

= Dead loads

= Live loads

= Snow loads
Lateral loads

=  Wind loads

=  Seismic loads
Special load cases
= Impact loads

= Blast loads

3

ok Kk

~ v ‘

v 1

Blast %ﬁg( vYeTwve
Load i V

University of
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Design of Concrete Structures

= Gravity loads:

=  Floor systems account for a major portion of the gravity loads

=  Selection of the floor system may influence structural behavior
and resistance

=  Structural use plays a major role in selection of the floor system
= Office buildings
= |arge simply supported spans
= Residential and hotel buildings
= short continuous spans

R B BB ST TS et B SR SR R G SR SBB BES B008 SBSE SENE T B SRTTERBBS R G N MBI U

Types of floor systems

Concrete

Steel

Composite
Prestressed concrete

Composite floor systems

R R RRRRRRRRRRRRRRRRRRRRRRRRRRREEEEEBEESSSSSS——————— r Ulll\CrSllV Uf
T — m qusachusctts
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=  Wind loads:
_Z

01/11/11

Design of Concrete Structures
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Design of Concrete Structures

Response with

= Earthquake/seismic
increasing damping

loads:

— Period
(sec)

Il
1]
Spectral response
acceleration (g)

1
Tr——r———

o
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Design of Concrete Structures

= Final design:

2. ’

01/11/11
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Manufacturing of Concrete

= Concrete construction include the following steps:
=  Batching 0\
=  Mixing
= Transportation
= Placing
= Consolidating
=  Finishing
=  Curing

11% Portland Cement

16% Water

{

4 W7

R&(;{ % :
P 7

41% Gravel or Crushed Stone
(Coarse Aggregate)

J EEEE———————————————— University .
( Massachusetts
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Manufacturing of Concrete

= Typical construction site

------------

—> Usually, different manufacturing steps are simultaneously ongoing on the site.

University of
Massachusetts
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Manufacturing of Concrete

= Manufacturing of concrete bridges

[]
[]
-

Lavant viaduct (Talubergang P19 Lavant), Austria (1985)
EEEEE——————— m University of
- ( Massachusetts
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Application of Concrete

= Buildings:

B
=
=
=

Burj Khalifa, Dubal (828 m, No 1)

Umversnry of
Massac usetts

UMASS

John Hancock Tower, Boston (241 m) Taipei 101, Taiwan (509m, No.2)

01/11/11 34



Application of Concrete

Queen Elizabeth Bridge, England (812 m)

Millau Viaduct Bridge, France (2,460 m)

EEE————————— University of
( Massachusetts
01/11/11 35 = Lowell



Application of Concrete

Nuclear power stations (NPS):

Maine Yankee NPS, ME Three Mile Island NPS, Harrisburg, PA
(Decommissioned in 1997) (TM-2 decommissioned in 1979;
TM-1 licensed to operate until 2034)

R ——————— University of
( Massachusetts
01/11/11 36 -~ Lowell
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Deterioration of Concrete

Primary mechanisms of concrete deterioration:

Mechanical deterioration of the concrete surface

= Abrasion

= Erosion

= Cavitation

Electrochemical deterioration of the steel reinforcement
= Corrosion

Physical and chemical deteriorations of the aggregate

= Freezing and thawing

= Alkali-aggregate reactions (AAR)

Physical and chemical deteriorations of hydrated cement products
= Freezing and thawing

= Internal and external sulfate attacks

=  Seawater attack

= Acid attack

= Carbonation

= Salty crystallization

University of
( qusachusctts
Lowell
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Summary

= Concrete is a reliable structural construction material, if
designed correctly, manufactured properly, and maintained
routinely.

= Concrete has its own characteristics as a construction
material, but the performance of concrete structures
depends on the design of structures, and their

environment. = How do we know the performance of each
concrete structure?

= Quality control is vital in the manufacturing of concrete.

= Deterioration of concrete structures can be attributed to a
wide variety of causes.

University of
! Massachusctts
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