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Outline

» Corrosion mechanism
» Critical service-life parameters

» Tests/techniques to determine the parameters

v Chloride diffusion coefficient of concrete

v Critical chloride threshold of steel

» Influence of chemical & mineral admixtures on the key

parameters that influence service life



Specify Mx-Dy instead of Mx

» TV with 10K colour, and other features
with S years warranty
v Number of hours of screen time ON

» Why do you need a building with
concrete only with M30 on 28th day

v What about weathering for 60+ years
v'No warranty given for civil structures !

» Way forward (example)
v Workability: Superplasticizer
v’ Strength: M30 -2 f, = 30 MPa
v'Durability: D2 2 2 x 1012 m?/s

Build a structure with M30-D2 for
achieving your target service life




Heart-crete!

Senan |

Strength for
long time

Ensure that both heart-crete and cover-crete are
highly impermeable

Ballim, 2008 shutterstock




At the end, corrosion of steel is the major
problem
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Environmental exposure Classification

systems

>

\_

Not specific to the
specific deterioration
mechanism

J

Table 3 Environmental Exposure Conditions
(Clauses 8.2.2.1 and 35.3.2)

S1 No.
()

1)

i)

iii)

iv)

Environment
(2)
Mild

Moderate

Severe

Very severe

Extreme

Exposure Conditions
(3

Concrete surfaces protected against
weather or aggressive conditions, except
those situated in coastal area.
Concrete surfaces sheltered from severe
rain or freezing whilst wet
Concrete exposed to condensation and rain
Concrete continuously under water
Concrete in contact or buried under non-
aggressive soil/ground warter
Concrete surfaces sheltered from
saturated salt air in coastal area
Concrete surfaces exposed to severe
rain, alternate wetting and drying or
occasional freezing whilst wet or severe
condensation.
Concrete completely immersed in sea water
Concrete exposed to coastal environment
Concrete surfaces exposed to sea water
spray, corrosive fumes or severe freezing
conditions whilst wet
Concrete in contact with or buried
under aggressive sub-scil/ground water
Surface of members in tidal zone
Members in direct contact with liquid/
solid aggressive chemicals




Two major types of corrosion

» Chloride-induced

v Port cities and coastal zone

» Carbonation-induced

v Cities and inland areas o o

v Or any region with 60-70% RH f
{)

Chloride-induced
corrosion map of India
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Why steel embedded in uncontaminated
concrete does not corrode?

» Steel does not corrode due

to high pH of concrete pore | ‘«? I, Wate;
solution | . Oxygen
> A protective layer (“Passive | ' i - chioride
film”) is formed "y ¢+ Carbon dioxide

v A thin, invisible, and stable W
layer of initial corrosion
products (i.e., iron oxides and %

hydroxides). | h SOLPGS /

« However, corrosion can occur when exposed to
aggressive conditions

Hoar (1967)



What are the essential parts of a corrosion
cell?

ELECTROLYTE

Current Flow
(lonic Conduction)

“anoge~ | cathode

Current Flow
(Electron Conduction)

METAL

Note: “Current” flows in the opposite direction as the “electrons” move.

http://www.corrosion-club.com/images/corrosioncell.gif



Carbonation induced corrosion

Co,
» CO, + H,0 =>» H,CO, (carbonic acid) % >
» H,CO, + Ca(OH), = CaCO, + 2¢H,0

Ca(OH), + CO, - CaCO, + H,0

C-S-H will liberate CaO, which will get carbonated

» H,CO;3 + Ca0 2 CaCO; + Hy0 e Uniform corrosion
» Formation of CaCO;leads to s S,
reduced pH at which the

passive layer is unstable

http://mww.nbmcw.com/articles/concrete/others/493-carbonation-a-
durability-threat-for-concrete.html

Prof. Pillai, IIT Madras corrosionengineering.co.uk




Corrosion of Steel in Water with Oxygen

Water
SOL 20H -
2+

1,0, +H,042¢ —20H" Fe®* i

a \ /

- \ \ \

Fe > Fe*" +2e”

Anode
\

Anode & cathode coexist on the same piece of metal !

PCA



Carbonation: Test / Detection

» Fresh surface (fracture)

» Spray phenolphthalei:

v pH indicator - colour cl;

Fractured cross-section of a

A prism
Deep Purple Indicator
Golr: | L]
pH: 85t09.5
Rainbow Indicator
pH: 5 7 E 11 13 _
Rainbow
http://german RILEM TC 56 — MHM, 1988 Indicator

n.org/



Chloride-induced corrosion

Concrete FeCl, + 2H,0 — 2HC(I + Fe (OH),

}/o +H,0+2e —20H" A |

\ \ \ Fe ++2Cl —FeCl, 2H*+2CI-

%“\‘\ \ X byl

The process is regenerating and instead of spreading along the bar,
kcorrosion continues at local anodes and deep pits are formed.

28 + Feé+ <« Fe

PCA



Pitting corrosion on strands and deformed bars

due to chloride attack

» Deformed bar =2

L VR

Shallow, wide

V

Narrow, deep

&

Subsurface

 oxgcsetec oo

Undercutting




Why corrosion causes cracking of
concrete?
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When steel corrodes, its volume increases by
approximately 6 times




Critical parameters affecting corrosion
initiation time
1. Environmental exposure parameters

v'  Surface chloride build-up rate (Cl
2. Design parameters

v" Cover depth (d)
3. Material parameters of steel and concrete d

surface)

v'  Apparent chloride diffusion coefficient of concrete (D) ,,
v' Critical chloride threshold value (Cl,) 6 ‘ . Cl ...,

@ @
. I A
fH ld’ CSerI.CIch ﬁ? [Eimrr:' ‘4(]] i C ||n|t|a|
) Initiation phase ~ Propagation phase
% Maximum allowable damage level
E F %%
o i
© DA
: d $1
o ElL'
LI Corrosion initiation
1 -'f - occurs here
T _0.1 .

A
V Exposure Time




Durability Test Methods and parameters

Test method Standard

Wenner 4 Probe Resistivity Test Surface Resistivity
Rapid Chloride Permeability Test ASTM C 1202 Total charge passed
Rapid Chloride Migration Test NT Build 492  Non-steady state
diffusion coefficient
Chloride Conductivity Test SA DI Manual Chloride Conductivity
Bulk diffusion test ASTM C 1556 Chloride content
Oxygen Permeability Test SA DI Manual Oxygen Permeability
Index
Torrent Air Permeability Test Coefficient of
Permeability
Accelerated Carbonation Test Carbonation depth
Natural Carbonation Test (indoor Carbonation depth

and outdoor exposure)
Sorptivity Test SA DI Manual Sorptivity index

CAarmAani W wintar Darmanhilifyns TAct Cirirfara Darmmanhihhili+y s



Service life estimation for structures
- Exposed to chlorides

Step 1: Obtain all the input parameters / assumptions

Step 2: Determine the initial chloride level in concrete, C;

Step 3: Determine the surface chloride concentration, Cg

Step 4: Determine the chloride diffusion coefficient in concrete, D,
Step 6: Determine the chloride threshold at S-C interface, Cl,,
Step 7: Use the Fick’s law of diffusion — Non-steady state diffusion

Step 8: Calculate the probability density function, Pf

vV WV VvV V V V VYV VY

Step 9: Compute the cumulative density function, CDF



Service Life prediction model

» Concrete is a semi-infinite, porous, homogeneous, and
isotropic material,

» No reactions occur between the concrete and the

diffusing species (chlorides) . Clsurface
I [0%%e
Fick’'s Second Law of Diffusion }:. .:
0,0 0
2C(xt) _ L o°C(x) ] e
ot OX° o 1 (3
. o® Clinitia
In case of constant diffusion —"—b.i‘," Cl. ..
. O & initial

X

CI resho :CIini ia + CI
threshold tial ( _\/4DC| xtime.

Cliviar )| 1—erf

surface
initiation




Common equipment required
Contd..

Epoxy resin

Cylinder mould
200 x 100 @

Concrete

cutter Weighing balance (0.0001 g)

20



Bulk diffusion test (ASTM C1556)

= Natural diffusion under a very high

i . 1__«’_!’ Finished Surface
concentration gradient 7+
» Specimens saturated with saturated lime Sposimen 75 mm
water i1s immersed in 3% NaCl solution for
35 davs lg4—— Sawn Surface
. y . " ; C, Specimen 20
= Uni-directional diffusion .
= Chloride profiling with profile grinder — Discard remnant
= Chloride ion concentration determined
— ( l.s'm;/dc.'e
%% e
) ;
e2e% =
Cover @, D .
! , 2.8 K MaCl Soluti
‘ ® o
: . . Sealad on All
RN o Faces Except =
@ one

@)

threshold



Bulk diffusion test (ASTM C1556)

CaLicu’ 4

» Recommended Depth Intervals (in mm) for Powder Grinding

w/em 0.25 0.30 0.35 0.40 0.50 0.60 0.70
Depth 1 0-1 0-1 0-1 0-1 0-1 0-1 0-1
Depth 2 1-2 1-2 1-2 1-3 1-3 1-3 1-5
Depth 3 2-3 2-3 2-3 3-5 35 3-6 5-10
Depth 4 3-4 3-4 3-5 57 5-8 6-10 10-15
Depth 5 4-5 4-6 5.7 7-10 B-12 10-15 15-20
Depth 6 5-6 6-8 7-9 10-13 12-16 15-20 20-25
Depth 7 6-8 8-10 9-12 13-16 16-20 20-25 25-30
Depth 8 8-10 10-12 12-16 16-20 20-25 25-30 30-35
Apparent diffusion Resistance to chloride
coefficient (x 1012 m?/s) penetration
>15 Low
Cd ¢ Ci d 10 - 15 Moderate
) M
ﬁ: 1—6Tf 5-10 High
S [ 2 X Dcl, t 25-5 Very High
-25 Extremely High
4 ' ' f T f Concrete cover Steel
2 o . Chloride < > <>
3.5 \\ Daec = 1.7E-12 [m"/s], Cs = 3.63 wt-% of binder consaroiicn /Al 5 -
% 3
©
S 25 \
S \\
2 2
% \
= 1.5 \
g ~
0.5 \\ T8
0 — b &)
0 50 100 150 200 250 300 350 Concretesamplesfory | | | | I Distance
Penetration Depth [mm] SN _>(]:OG:O(IO (IO GD GD



So we have corrosion, now what?

» Evaluate the nature and extent of corrosion.
» What is damage condition: minor/moderate/severe?
» How much corrosion is not yet evident?

» Can we protect / rescue the existing rebar?
Cl

‘surface
N - g -
| 0%e% e

) @
Cover @
1 ' D cl

depth | @

|

R What next if chloride reached the
T .‘b _ [steel surface }
Cl

threshold

(.‘
‘




Material parameters of steel and concrete

» Critical chloride threshold value

v'Minimum chloride concentration required, at the steel surface, to
initiate “active” corrosion of the embedded steel reinforcement

v'A competition between the Cl- tending to disrupt and OH-
tending to stabilize the passive film

[Cl7]
[OH™]
v Usually measured in kg/m3 or % by weight of binder

> 0.3

» Corrosion is likely to occur when:

Damaged areas of passive film
or corrosion inhibiting layer




Accelerated Chloride Threshold (ACT) test
setup

Potentiostat
CE = ElE]
TT eference electrode (RE)
/‘ Saturated KCI solution
L uggin probe
Epoxy coat
Stainless ? ae 1 sam
fiadmv e e ‘0“ 4 Nickel chromium mesh
ey R / SIS (CE)
‘A g 23t / T Steel sample (WE)
f - Mortar Rt Peg it
|4t amn il /] f g Sposure souton
ZAR—— A
| 11 r:_;‘ 2 — Lollipop sample
@ Epoxy : ~4____ Horizontal support

coating H\ - Vertical support

30 mm

Lollipop test specimen LPR test specimen and setup

(Sripriya and Pillai)



Cyclic exposure and repeated corrosion
measurements

» Exposure conditions

v 2 days wet and 5 days dry
= (25 °C, 65% RH)
v 3.5% NacCl in Simulated pore
solution

» Repeated electrochemical
measurements

v LPR | | | | 1 1
= Scanrange: £ 10 mV 0 10 20 30 40 50 60
= Scan rate: 0.05 mV/s Expsoure period (days) after 28 days of curing
v EIS
= AC amplitude : 10 mV
= Frequency: 10°to 0.01 Hz
= Points per decade: 10
= DC potential: HCP

o
w
]

—= Measured 1IRP e
—&— Stable data

o
[
(3

=]
Y]
o
=
@
+
g
&

Corrosion rate (LA/cm?)

(Sripriya and Pillai)



A statistical approach was used to detect

the corrosion initiation

* (us+1.30;) = stable data
* 1/R, > (uy+30g) =2 corrosion initiated

—o— Measured 1/RIO
0.25 {1 |—e— Stable data

—i
c{,‘\ 0.20 + gt T 355'[
-
+ 1.30

S 0.15 - Mt oSt

o ¢

X 0.10 |

—

0 10 20 30 40 50 60
Expsoure period (days) after 28 days of curing

(Cast and cure the mACT specimens for 28 days)

[ Fill chloride reservoir with 3.5 % NaCl solution ]
v

[ Connect the specimen to electrochemical workstation |

[t=1;i=0;n=5;sum=0;temp=0; is=0; 05 = 0; k= 1.3 | 8

v Wait for
[Measure OCP, LPR, and EIS data 72+3
12 hours

’ Determine Ry, from EIS data‘

v

’ Determine Ry from LPR data ‘

C)Q)
; O
’ Calculate Ry = Riptai = Rem ‘ Q
X

) N
N Is (U/Rp)' < (ps + kxas) ?
Yes
Yes

@ Hs = Hst; 05 = Oxt

Is (URy)'> (1t 3x0)

Yes

Autopsy the specimen and collect the mortar near steel-cementitious interface

¥
@erermine the chloride and defined as CID




Corrosion rate Vs exposure time

0.30
E —=— Measured 1;‘Rp (r'_
5 025 || —e— Stable data f

|
Pap *+ gy |

L=]
L]
[=]

Corrosion rate (LA/cm?)
=
¢

1 rr

» ,ﬁj\, RR

0os{=

Carrosion rate {uﬁ..-'

L=]
=
[=]

a 0 20 30 40 50 6O
Expsoure perind (days) aftar 28 days of curing

10 20 40 50 60
Exposure period after 28 days of curing (days)

o
w
o

« Corrosion initiation happens in multiple decades.

« The key parameter affecting that is chloride threshold.

* With the hr-ACT test, the chloride threshold can be determined in just about
3 months




Chloride content of the mortar adjacent to the
steel specimen was determined

Test for chloride content

Mortar powder

« Short-term tests (about 3 months) are available
to determine chloride threshold of CIAs
» Better the inhibitors, it takes longer to test

Corroded lollipop specimen



Types of corrosion inhibiting admixtures (CIAs)

« Based on mechanism of action
— Anodic inhibitors (Calcium nitrite)
— Cathodic inhibitors (Amines)
— Mixed/Bipolar inhibitors (Calcium nitrite + Amino alcohol + others)

« Based on method of application

— Mixed-in or admixed inhibitor

— Migrating inhibitor

— Surface coating as water proof / pore blockers
« Based on chemical composition

— Inorganic inhibitors (Calcium Nitrite, Sodium monofluorophosphates)
— Organic inhibitors (Alkanolamines, Aminoacids, Amines)



Mechanisms of action of anodic CIAS

« Formation of physical or chemical barrier or layer around the
metal

« Passivating the metal surface
* Influencing the surrounding environment of the metal

* Blocking the access of aggressive contaminants into the
system

Fe’*+(OH) +(NO,)  — NO+v-FeOOH

The nitrite ions help in producing yFeOOH, which is more
stable.

Too little of the corrosion inhibitor fails to protect all anodic sites. Therefore,
cathode/anode area ratio increases causing increased corrosion at remaining
anodic sites.

Soylev TA, Richardson MG (2006)



Mechanisms of anodic & cathodic CIAs

2O e, i

Cathode Anode

Fe — Fe*" +2e”

I I N e el A Tar o : & . e ; & .
I ro P ).' 49, ] « :/' LU . £ o ¥ : - ’, - - { / :
) §., aneLon . . & s ) -y :

4 7, (ks Ja > A D) k. : S

v > . : PN sy - x "
3002 e K § § . 3 & ./ Je .
i kY : G :
% .
P v y

L - . )

Both half-cell reactions
need to be prevented

x Fe —» Fe*t + 2e~

x \/ %02+H20+Ze_ - 2(0OH)~

Pillai et al. (unpublished work) (Deepak and Pillai)




Mechanism of bipolar inhibitor

Chemical families / Fe — Fe** + 2e~
« Amino alcohol

¢ Calcium nitrate and calcium nitrite / %02 + H20 +2e” > Z(OH)_

e Calcium nitrate, nitrous acid and
calcium salt Pillai et al. (unpublished work)  (Deepak and Pillai)



Commercially available bipolar corrosion

Inhibitors in the market

Manufacturer |Product

UltraPure Concare

Sika FerroGard 901
BASF MasterLife 222
CAC Corrobit OCI
CeraChem Ceraplast CI100
Fosroc Auramix BCI
Applechemie AC-Coroguard
Many other equivalent products also exist.
Make sure that they are bipolar in nature.

Chemical families
« Amino alcohol

« Calcium nitrate
o Calcium nitrite

* Nitrous acid

Proprietary
chemical
Ingredients



Effect of inhibitors on chloride threshold

» In OPC systems

N

’g‘ u=0.78 u=1.12 u=1.40 u=2.00
= o =0.40 o =0.50 0=0.33 o =0.58
O
23 A
O
O i A 1
-% 2 mE AAA A,
= ® " A——h A
= ..° — . A, Al
o1 © ° m_pl Aa .
S | —gteg— O
5 o0 o
< oe® .
OO0
Literature W/O AN BP

(5.4 ml/kg (5 ml/kg
of cement) of cement)

[ Cl,, ranges from 0.8 to 2 % bwoc with an average of 1.5 % }

Karupanasamy and Pillai 2014 % bwoc : % by weight of binder



Probabilistic corrosion initiation period (t;,) was
estimated using Life-365™

« Assumptions: Concrete with w/b = 0.45, cover depth = 50 mm, & D = 8.87E-12

0.16 .
No inhibitor
0.12 ~— CN-R
- 9.2 years sensese BP-R
0.08 |

18.4 years

0.04 - ’
'.‘..! l!---i-oahjié_ﬂ:::::::uululugn

0.00 -
0 10 20 30 40 90 60

Corrosion initiation period (years) using Life-365"™

Probability density function

The use of corrosion inhibitors can increase the
corrosion initiation time by about 2 to 3 times




Effect of w/c ratio on chloride threshold

1 % bwoc - % bngight of cement |nh|b|torA
~ " |PPC
e ement.oand - L:Z. ual guantity o an / = .
g O 8 (B:ipolartinshibi(tjor,lAZ 7o (Bqualquantiy of 62 and 63) |nh|b|tOrS Were
e . ~Flow > 120 mm with 25 blows in 15 Sec 7 .
9 not effective
N Q .
2 06 No change at - when used with
= e, high wic hlgher w/c ratio
D ¢ 4 k J
E 04 l! 'S p =
% _._.:._ “ L;
502 44 SOl
= \§
@)

O | | | |

\O% 0.5% 1% ' 0% 1% |
| Y
w/c = 0.4 w/c = 0.6

Pillai et al. (unpublished work) (Deepak and Pillai)



Effect of binder type on chloride threshold

1 % bwob : % by weight of binder \
3 Water; Cement :‘Sand —0.5 (1 2.‘75 ' | ° Although the Clth
g Flow diameter > 120 mm with 25 blows in 15 s may be IeSS fOI’
808" | PPC systems,
S
S because of the low
206 D, the service life
O 2e° of PPC systems can
E 04 ® be high
2 _.’_:,_  Synergistic effects
202 - of Cl,;, and D, on
e . .
O service life must be
0 calculated
Binder type OPC PPC
CIA dosage 0% 0%

\_ J

Pillai et al. (unpublished work) (Deepak and Pillai)



Service life = Function of D, & Cl,;,

40
concretes as

20

140 ‘ ‘
= Crnax (% bwob) = LN (1.16, 0.03)
= 120 X (mm) = LN (50, 10)
(5] - Mopc =02 | 4
> Mppc =0.4
(D) B |
£ 100
c 80 |
.% 4 We can use\ X
£ 60 CIAs In -
'é PPC/PSC
K7
o
S
O

well . . W .
0 -' ®
Binder type »  OPC PPC ]

CIA dosage>  (0%) (0%) C Ith reshold




Effect of binder type on chloride threshold

. 9% bwob : % by weight of binder £ Although the Cly A
fo) Water : Cement :Sand — 0.5 : 1: 2.75 | may be less for
C;) Flow diameter > 120 mm with 25 blows in 15 s PPC SyStemS,
< 08+ | because of the low
= R D, the service life
206 | of PPC systems can
8 2,° Lo be high
E ® * -
S04 "u « | * Synergistic effects
§ e of Cl,, and D, on
=202 | service life must be
O calculated

0 * Reduction in Cl,
ordeive e pe e e | due to SCMs can

be compensated by

\ Inhibitors )

Pillai et al. (unpublished work) (Deepak and Pillai)




Service life = Function of D, & Cl,;,

140

I I
Crnax (Yo bwob) = LN (1.16, 0.03)

X (mm) = LN (50, 10)
120 " Mgpc =0.2 1T A
Mppc =04

—
d
®
)
>
N’
® 100 - .
=
c
S 80
o
O
= 60
=
-
oS 40
n
o
= 20
O
_ 0
Binder type = OPC PPC PPC PPC
CIA dosage>  (0%) (0%) (0.5 %) (1 %)

Inhibitors could enhance the service life
of RC structure by about 30%.

C Ithreshold

(Deepak and Pillai)



Effect of concrete cover depth on
corrosion initiation

& 1 32vears =
0
S 08
= 20 years
2 06 y —30 mm
% ' \ —40 mm
S 04 \ —50 mm
% 46 years
_cg 0.2
o
a 0 /

0 20 40 60 80 100

~

* ~65% increase with
Assumptions every 10 mm cover

« Concrete with w/b = 0.45 . Ensuri_ng adequate
- Cover depth = 30, 40 & 50 mm cover Is extremely
D, =1.35E-12 m?/s QL peraut Y.

Time required for corrosion initiation (years)




Provide good quality cover blocks

» Transport properties of cover block is very important

v'DO NOT use brick pieces 2 localized corrosion of steel
v'Do NOT use plastic products = localized corrosion of steel

» Use concrete with similar transport properties as of
parent concrete




Enforce concrete depth mapping
after construction

» Performance specification

v'Any region with less than the recommended cover - penalty

0 10 20 30 40 50 60 70 80 90 100 10 120 130 140 150 160 170 180
Longitudinal Distance (ft)

SERIOUS _POOR__FAIR GOOD
— Ti:i

.385 -285 -18.5 -165 -14.5 -125 -105 -85 -85 -45 -25

€ GPR-Estimated Concrete Cover (inches)
§ 20 ===
8 \ & W oP NG .
3l S| ST |

N T o= [Fo— 7T Kl ~ et € 4
s i el [T [Tl T RS,

Contour plot of cover depth

Check cover depth after removal of
formwork or as soon as possible and
take necessary action

https://fhwaapps.fhwa.dot.gov/ndep/DisplayTechnology.aspx?tech_id=9https://fhwaapps.fhwa.dot.gov/ndep/DisplayTechnology.aspx?tech_id=9



Tool to estimate the service life of concretes with various
w/b, inhibitors, steels, SCM’s & EXPOSURE

www.life-365.0or

CaLicu’ 4

!

ftware ‘
AVAILABLE! v2.2

T Life-365 is sonmware designed to estimate the service life and life-cycle costs of allemative concrete mixture
designs proportions and life_cycle costs of alternative concrete mixture designs proportions and corrosion
L' protection systems. It follows research-based methodology developed by the Life 365 Consortium | and i
groups of companies, that gives estimates on the effects of design, chioride exposure, environmental
temperature, high-performance concrete mixture proportions, surface bamers, and steel types on the service
life and life cycle cost of steel.reinforced concrete structures,

I'his simple and transparent model provides a fundamental tool for design consultants to use for estimating the
setvice life and life cycle costs of slternate protection systems in thoir design of steelseinforced concrete
structures that will be exposed to chiorides.




Life-365™ - User interface

| % Life-365v22.3 February 17, 2019
Frq 6cl Sattngs

Nagator
Clea)e ﬂ&l‘ l.‘f Djbd
Open exsting projact
‘Sethings

Halp for this window.

Set cetaut values

Aboul Life-335™__
nps

The Chemnical Company

’ NRMCA

— ™
lf[ (
L

m\v
C g
Life-365 Service Life Prediction Model™ 9 P E'GE

reinforced concrete exposed to chlorides

EIGES

EUCLID CHEMICAL S( :A

SLAG CEMENT
ASSOCIATION
SILICA FUME ASSOCTIATION

Currert Anaiysis  Defauk Seltngs and Paramsders  Crdine Help



Life-365™ - Element geometry

Project Settings

Current Praject ‘ Praject | Exposure | Concrete Midures | Individual Costs | Life-Cycle Cost | 5L Report | LCC Repart
Save project - -
Identify Project
Save project as... fy Proi
Export project data... Ttle ‘PrnjecM ‘ Arialyst ‘Jayachandran ‘
Close project
o Dezcription ‘Defaurt seftings for & newy project ‘ Date ‘IJSI’I 02 ‘
Steps ‘ Select Structure Type and Dimensions
Define project... Fi 3
Define aternatives... Type of structure \ slabz and wealls (1-0) v ]
Defing exposure... +
Define mix designs... Thickness (mm) ‘ 2000 ‘ IED.DIJ idlid
Compute service life... 0 0 7
Defing project costs... Reint. depth (mm) ‘ 0.0 ‘ 200.00 him
Compute life-cycle cost...
) Area (sguare m) ‘ 10000 ‘ 0 0
‘Semngs ‘
Help far this window. . -z Yolumeof concrete 2,000.0 cub. met. ‘
St default vales : — Allowalle range of value: [0, 10000000]
% wt. conc.
Ao Life. 5. Chloride concentration unts \ y
‘Tips ‘ Define Economic Parameters
This dinension s used o compude. | Bage year 2012 | Analysi perin yrs) | 75 | nfltion e (%) | 1.80% | Realdiscount ate (%) | 300%
the total volume of concrete to be -
constructed and thus the fefine Akernatives (up to §)
' jated | £ {
cops:tructmn o et Add anew at ) Delete currently selected at )
Inciividual Costs tab, - -
‘ Mame (double-click to edt) Dezcription (double-click to edt) ‘
Contral concrete & project that uzes the novmal mix of concrete
S F A, & project that uzes the a new mix of concrete
S0% Slag & new description
25% FA + 25% Slag & nevi description

25% Slag + 10% 5F a nes description



Life-365™ - Exposure conditions

CaLicu’ 4

T T iR

Currert Praject
Save project
Save project as..
Expost project data...
Close projedt

Sheps
Diehire prajec
Dafine alernathes
Diafine BEposUne
Define mix deslgns..
Comipute semvice Me..
Dafine project costs...
Computes life-crole cost..

Sellings
Help Tar is window

Sel defaull values.
Abput Lite-355™...

Tipa

Froject Exposure  Concrete Mistures  ndiecual Costs  Lie-Cycle Cost  Senica Lite Report LCC Report
Select Method tor Settng External Concentration and Temperature Protile

(%) Use defaults

() Sefvalues manually (below)

Chloride Fxposure {autamatically set)
Max Concentration

LSTM 1556
AC nEvw

Tima to Max

¥ears to bulld to may surface concentraton

Temperature Cycle {automatically o1)
Temperaturs Histary

Location | Mew York
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Delete
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Currant Analysis  Default Selings and Parameters  Online Help
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Year
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Life-365™ - Mix proportion and material
properties

£ Life-363 v2.0.1 <ne
Project Seftings

Currert Projsct Project | Expasure | Concrete Midures | Individual Costs | Life-Cycle Cost | 5L Report | LCC Report
Save project
Save project az.. f — ) = ; [ ) f )

Calculate service life Compi: raint:
Export project data... h L “OMPLLE UNCEraity. | b
o ject
SSEpOR Define Concrete Mixtures (select a mix to edit its properties)

Steps | | Maine Uzer Defined D28 (mtmizec) t CHi% wt. conc.) Init. yr=) Prop. (yrs) Service Life (yrs) = Init + Prop
LEfNEpIOECS Control concrete no BAFIBE-2 0.20 0.050 43 B0 108
Define afternaives.. 50% FA na BETIBE-12 060 0.050 193 60 253
ge;f”e e’_‘pzsufe"' 50% Slag no B.T1BE-12 049 0.050 114 £ 174

B1Ne Ml CEsIgns... 25% FA + 25% Slag ro 5 BT1BE-12 054 0.050 147 60 07
Compute gervice life... : -
= | T

Cefine project costs..

Compute life-cycle cost...

Selected mixture: 25% Slag + 10% SF (a new description)

Rebar Barriers

| Settings

Help for this window...
Set default values...
Ahout Life-365...

Reber steeltype | Black Stesl v

1.20% |

. =nanes=

Rehar % vol. concrete |

| Tips

3] custom D28 (mimisec) | 17038612 | m |

Service Life | Cross-section | Intiation | Canc Characteristics

- 35% Slan + 10% SF v
Select: (25% Shag +10% SF ¥

Concentration (% wi. conc.)

0.0
067
043
040 200.0
027
013
0.00

Select nearest year [0 to in] A ‘ear=1332

,) | Currert Analysis | Default Seftings and Parameters | Online Help



Life-36S software - Probability of
corrosion initiation

Project  Settings

Currert Project | Project | Exposure | Concrete Midures | Individual Costs | Life-Cycle Cost | 5L Report | LCC Report
Save project
SAVEIDIEERS T Calculate service life X i Seftings Hel
Export project dta... ’ ) X Compute uncertainty { us.. )| Hel )

Cl ject
OSE profe beﬁne Concrete Mixtures {zelect a mix to edit its properties)

Steps | | Marme Uszer Defined D28 (m*misec) m Ct (% wt. conc.) Init. (=) Prog. (yrs) Service Life (yrs) = Int + Prop
DEERDEES Control concrete no 88TIRE-12 0.20 0.050 48 50 108
LEfiEH B SES 50% Fi o BATIRE12 0D 0.050 193 £0 253
ge?”e e’_‘pzsufe"' 50% Slag no GETIEE12 049 0.050 114 £.0 174
C;”'iﬁ"g";eri?fe”"i; 25% FA, +25% Slag ro 3.8TIEE-12 054 0.050 147 £.0 07
Deﬂ:e rcjsct co Sts"' 25% Slag + 10% SF no 1. 7033E-12 034 0.050 33.1 g0 381
Compute ife-cycle cost. belected mixture: 25% Slag + 10% 5F (a new description)

| | Mixture Rebar Barriers
Seftings s s 8 Y
wizm 042 " EBlack Steel ) [ anones -
Help for this window .. | | S AC =158 = 4
Set defaut values... Slag (%) | 25 00% | Rebar % vol. concrete | 1.20% |
Ahaut Life-365... =
[fes ||| clssF y ash (% | 0.00% | | [ nkikitor
f = 1
Silica fume (%) | 10.00% | | =nones v
) custom | | m| | |
ISeruice Life Graphs |
Initiation Period Probability, by Year Cumulative Initiation Per. Prob., by Year
020 1.00
0.25
z 078
= 020
BT 040
2
0.10
& 025 |
005
0.00 0.00 |
55 60 65 70 75 0 & M0 15 20 25 30 35 40 45 50 & 60 65 70 75
Year Year
= Control concrete = 50% FA = 50% Slag = 25% FA + 256% Slag = 25% Slag + 10% SF| |—Contr0| concrete =A0% FA —50% Slag — 25% FA + 25% Slag — 25% Slag + 10% 5F

ert Analysis | Default Seftings and Parameters | Onling Hel



Rebars with discontinuities were observed...

(Short videos of the test)

POOR GOOD

Nital test
QST rebars cut and polished, cold mounted in 25mm moulds and
Etched using a 5% Nital solution (Nitric acid in ethanol)

Courtesy: Sooraj A.O, 2016



rebars witn aiscontinuities observed
predominantly in 8 and 12 mm diameter rebars
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Corrosion and mechanical performance of some g%
the TMT/QST rebars in the market Bge
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“TM-Ring” test —
A quality control test for TMT/QST steel rebars

“TA-Ri ” Sometimes 1t Decomes necessary to determine 1f a
Data sheet for 'I:M Ring test st el il ysrudade
REFERENCE CASES proper heat treatment or is only a mild steel deformed

bar. Because the two cannot be distinguished visually,
the following field 1est may be used for purposes of
identification. A small piece (about 12 mm long) can
be cut and the transverse face lightly ground flat on

progressively finer emery papers up to ‘0’ size. The

LL [y[v[v vy [vIn]nlv][n[n]n]y[n[n]n sample can be macroetched with nital (S percent nitric
L2 Y Y - . . acid i alcohol) at ambient temperature for a few seconds
Accepled Rejected Rejected Rejected which should then reveal a darker annular region

corr ture and
LEVEL 1 (L1) ACCEPFTANCE CRITERIA

ighter core region. However, this test is not 1o
No. Question Pl < regarded as a criterion for rejection. The material >
1 |[Is adark grey peripheral region and light grey core seen? Yes ( No < ; i ! or
| 2 | Duws the dark grey peripheral region form a continuous outer ring? ¥es f No chemical and Phyil“l propem:s shall be considered
3 | Are the dark grey peripheral region and light grey core concentric? Yes | No .wccptablc.
4 | Is the thickness of the dark grey peripheral region uniform? Yes [ No
Decision

I all the answers are “Yea', then sccepl the ichar lot
If anv oite of mone answers are “No”, then reject the rebar lol

5 A G What about the Cly o4 Of

T Mesmred e Ty TMT steel rebars, especially
Mo. Question —

ceexa | \WWhen embedded in systems

| |5ty 007D 7 Yes | No
2 |5t =010D7 Yes / No

~r with corrosion inhibitors?

If all the answers are “Yes", then accept the rebar lot
If any one or mere answers are “No®, then reject the rebar lot




Nomograms are available to estimate the
service life

n Line Number - (Type of binder + CIA)
1-> 50%Slag/FA + OPC + CIA;

I n e r < 20% MK/FA +OPC + CIA
2-0PC +CIA;

> 50% Slag/FA + OPC;

< 20% MK/FA + OPC

3 - (30-50%) Slag/FA/ MK + OPQ @yn e rg iStI C effe Ct\

LC3 + CIA; OPC + SF+ CIA
4-1LC3; <10% SF + OPC

5. < 10% SF + MK+ PG of various
parameters on
service life must
be considered
while selecting

Qnaterials /

1
T T T . T
0.6 05 04 0.3 0.2 0.1
Probability of corrosion initiation

200 (i) (i) (i) (iv)

Steps v
1)  Assume probability of corrosion initiation (A)

2)  Choose cover and find the intercept (B)

3)  Traverse right from B; choose binder property (C)
4)  From C, move down and choose D¢, (D)

5)  Traverse left from D and navigate to y axis (E)

6) Eisthe corrosion-free service life for the chosen

parameters

Assumptions

1) Chloride build-up rate = 0.04% bwoc

2) Max. surface CI- concentration = 0.6% bwoc ~ ]
3) Duration of hydration = 2 years E 1P (Vi) (i)
-€ - (X)-(’xi)’_

cl:

1

1

1

1

1

1

1

1

1

1

1

1

150 '
1
1

v (vi)

1
1
1
1
1
1
1
1

(vii)A

Corrosion-free service life (years)

CIA - Corrosion inhibiting admixture
d - Cover depth

D¢, - Diffusion co-efficient

FA - Fly ash

LC3 - Limestone calcined clay cement
MK - Metakaolin

OPC - Ordinary portland cement

Specify Mx-Dy instead of Mx

Rengaraju, S. (2019), PhD Thesis, [ITM

Ol (i) D=1E-12m%s (V) D =7E-12m%s  (ix) D_=5E-11m%s
(i) D=2E-12m°/s  (vi) D=1E-11m’/s  (x) D=1E-10m°/s
(iii) D_=3E-12m%s  (vii) D_,=2E-11m%s  (xi) D_=5E-10m?/s
(iv) D =5E-12m°/s  (viii) D =3E-11m®/s




Summary

 Critical material, design, and environmental parameters for
predicting service life

 Inhibitor mechanisms, Bipolar inhibitors are recommended
« Test methods to determine chloride threshold & results
« Optimal dosage is important (strength and durability)

* Reduction in Cl,, due to the use of SCMs can be compensated
by inhibitors

« Ensuring cover depth is very important
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