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This Presentation...

* Discusses the fundamental effects of fine limestone in
cementitious systems in alumina-deficient and alumina-rich
conditions

* Brings out the synergistic effect of LS and MK/FA in pore
structure changes that influence ionic transport

e Demonstrates the relative effects of clinker factor reduction
(with LS addition as a strategy) on transport properties

* Presents a modeling strategy to predict the chloride profiles in
LS-modified concrete under accelerated conditions
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Limestone in Cementitious Systems
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Limestone in Cementitious Systems

Enhanced CO;-AFm formation
alone is insufficient to ensure

mechanical property equivalence

* Beneficial effect of pozzolanic

reaction of metakaolin or fly ash

10— Lo 1 1 . 1 . |
= i wis = 0.45, 90 days
% O OPC/OPC+Limestone
< 809 , cac1
e
=) 1 O CAC2
§ 60 x MET
by 4 2 HA
2 4o ¢ Quartz
o = = Dilution Line .
o 7 .o
o - .
g 20 L.
5] i .
3} Lo’
0 -

Fsl

v vrr
0.00 0.10 020 0.30 0.40 0.50 0.60 0.70 0.80 0.90

OPC Factor (CF)

Ira A. Fulton
Schools of Engineering

ARIZONA

STATE UNIVERSITY

LI L
1.00

0 .
5 ] . i
g -0.07 / I Limestone —
()
8 - , TAH, Hy CH B
-l
8-0144 | OPC+MK [
f i T Mc/Hc i
B C-S-H,AFt TGA Data 90 days
2 -0.21 100% OPC |-
8 5% MET
1 — - -10% MET |
- - - -15% MET
-0-28 ) I ) I ) I ) I )
0 200 400 600 800 1000
Temperature (°C)
o I L L I L -

-0.21 +

Derivative Mass Loss (%/°C)
o
=Y
H
1

1\

C-s

-=---15% MET + 30% Limestone

eme OPC+LS+
TGA Data 90 days
OPC + 30% Limestone =

5% MET + 30% Limestone
-10% MET + 30% Limestone [

-0.28
0

T T T T T 7
200 400 600 800
Temperature (°C)

1000

N.Neithalath; Presented at the ACI Spring Convention, Milwaukee, April 2016



Limestone in Cementitious Systems
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Limestone + Slag
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Fracture response of blended binders
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Chloride Transport

* One of the major durability predictors

* Chloride transport under an external
electric field used in the development of
transport testing methods

e (Cations and anions move in opposite
directions under an externally imposed
electric field

Concentration

* Transport influenced by pore structure, Co
pore solution composition, and external
electric field characteristics (test l l""”::i::g;;::»:mm:m
methods)
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Transport in limestone modified concretes
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Rapid Chloride Permeability (ASTM C 1202)
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* Synergistic effects noted

* Influence of MK — pozzolanic reaction, carboaluminate
formation

 Don’t discount the lower pore solution conductivity of
blended binders
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Non-Steady State Migration (NT Build 492)
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Pore Structure and Cl- Migration

* Pore structure factor (¢p3) from electrical impedance

tests
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Pore structure in blended binders
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* Binary pastes — 10% OPC replacement level; Ternary pastes — 20%
replacement

« 28 day porosities not very dependent on LS sizes (within range) or
even the replacement level

* LS-MK ternary blends much more influential in reducing pore sizes
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Pore Sizes and Transport

* Pore sizes are more influential than porosity in moisture and
lonic transport

— Pore sizes and porosity are related too...

— Pore connectivity is a better indicator of transport
* For a given porosity, pore connectivity is a function of the pore sizes

1 2 3
—~ 0021 """"" : """"" : """"" o 0024 lllllllll Lovvvanaes Levvvanaes Levvinnaes 008 o EE——— Lo vy vy a 0y Loy v 010y -
& | | E % Plain ] Plai N B n -
5 ! *! FAL0 %  Plain ] y
IS) B FAL0 E g
s C : . o @ FA20 = C i p
b 1 Plain and fly ash : FO sFe ® FA2 » L i Silicafume I, 0 * E
> 1 mixtures ] FO s O {1 0O sre /‘. - 0.07 m|xtures;D _-w® 3
i I CooTTTTT E E 0.016 O sro %, Plain and fly ash [~ —_ 3 _ -0 *, E
é ] : - ] _-m mixtures £ - 0 * s E
- £ > ’ blai E
c ] 1 S [} = o + Plain and fly ash F
S B A ! = [ 2 0 © 0.06 — ] mixtures -
] - Q . o
@ ] : c ] - S
© 0009 1® Lo/ Lommeee e c ] g s L o /!
a 1 ! o 0.008 H - o - ‘ % Plain
o o E © ] m o N ] ,®
) o O Silica fume = e ] ~ Silica fume L 0.05 / B FAlL0 B
& A ] | mixtires £ I o .7 mixtures - ] ® rA2
= ] o : .70 [0 sFé6
- o 1
% 0.003 e e e ] C 3 O sk ¢
0.051 0_062 0-073 0_084 0.000 ||||||||| I ||||||||| I ||||||||| 0.04 ||||||||| I ||||||||| I |||||||||
Calculated porosity 0.006 0.008 0.01 0.012 0.006 0.008 0.01 0.012
Equivalent pore size (d),,,, M Equivalent pore size (d).,,,, M

% Ira A. Fulton
Schools of Engineering

ARIZONA STATE UNIVERSITY

N.Neithalath; Presented at the ACI Spring Convention, Milwaukee, April 2016



Summary: Experimental Results

* Binary blends containing limestone showed higher RCP and
NSSM values than the OPC (control) system, while the
ternary blends containing limestone and fly ash or
metakaolin showed comparable or lower RCP (and NSSM)

values
* Beneficial synergy of limestone and metakaolin evident

* Pore structure factor demonstrated a strong correlation
with the penetration depth of Cl-ions.

* Pore structure factor can be used compare the transport
performance of limestone blended concretes
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Accurately Modeling Accelerated Transport

* Modeling ionic transport accurately depends on a proper
understanding of several factors

* This results in several modeling assumptions that are needed
(some less, and some more consequential)

* From a corrosion standpoint, accurate models can help develop
reasonable service life predictions

— Important to make economic decisions on
repair/rehabilitation/replacement

— Infrastructural asset management
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Multi-Species Transport Modeling Gaps

e C(Classical Poisson-Nernst-Planck model for accelerated
multi-species transport ?

 What about diffusion coefficients, electrical field
distribution?

 What constitutes tortuosity in electrically accelerated ionic
transport?

* How to account for binding?
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Traditional PNP model
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Rational Modifications
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Rational Modifications
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Reactive Considerations

* Reactions under electrically induced movement — subject of
debate

* Prediction based on the Freundlich isotherm being obeyed at
each time step in the calculation:

= k()™

. d(pCy) 5((1—¢)Pdrbe) dCr
ot ot _¢DClax(ax)+

ziF 0 ¥y
$Dci RT 8(z'x) (Cl (' x))

 More refinement needed to account for changes in rate of
binding
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Model Validations
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* Influence of replacement materials that function as reactive materials
or fillers noticed from the penetration profiles and the depth, due to
their contribution to the pore structure

e Satisfactory prediction of charge passed that the standard PNP model is
incapable of
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Fsl

Summary

Carboaluminate formation favored in the presence of reactive
alumina-bearing species, along with the impact of the pozzolanic
reaction

Ternary blends containing MK or FA beneficial with LS (Clinker factors
up to ~0.6), while slag and LS blends are beneficial at even lower
(~0.5) clinker factors

Transport performance and its dependence on the pore structure
brought out

A modified version of the PNP model helps predict the transport
characteristics accurately

Modeling approaches need to be sufficiently integrated with
experiments for service life prediction
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Thank You....

Narayanan.Neithalath@asu.edu
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