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Our vision... gmmy

4 Most SCMs and powder extenders have the potential to b@
used in concrete if a performance-based mixture
proportioning procedure, which incorporates their chemical
composition and reactivity, is followed.

: : Underutilized :
Local materials Novel materials : Off-spec materials
materials
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4 Most SCMs and powder extenders have the potential to b@
used in concrete if a performance-based mixture

proportioning procedure, which incorporates their chemical
composition and reactivity, is followed. y

Off-spec SCMs (off-spec fly ash, natural pozzolans, slags, etc.);
Alternative ashes (bottom ash, reclaimed ash, agricultural ash, etc.);

Other industrial and natural products (pumice, under utilized clays, etc.);
Powder extenders (limestone, etc.)




What do we mean by performance? G st
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O Strength

Mechanical properties

O Electrical properties (e.g., resistivity, formation factor, etc.) ———— Transport properties
O Time to critical saturation ———— Freeze-thaw damage resistance

O CH content

CaOxy damage resistance, corrosion resistance

O pH ——— Corrosion resistance, ASR, etc.

O Porosity

Mechanical, transport, durability properties

Example: AASHTO R 101-22 - Performance Engineered Concrete Pavement Mixtures
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Mixture

[/OPC M - ] N N\ Calculated Property

CH Content (CaOxy resistance, ASR, corrosion)
Time to critical saturation (freeze-thaw)

framework
pH of pore solution (ASR, corrosion)
+ m
\_ -

k / 7 days 28 days 56 days

+ * Compressive Strength
* Porosity
[ SCM 1 } [ SCM 2 } .« o e Thermodynamica"y G Electrical reristivit(y )
. * Formation Factor (transport properties
+ > based modeling . por* Prop

Azad et al (2017); Isgor and Weiss (2018); Bharadwaj et al. (2019, 2021); Glosser et al. (2019, 2021)




Does the model work?
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SCM characterization G s
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. SCM Chemistry . Eiilic: I;ume SiO
A y S 2
« SCM reactivity . gﬁg- d Cl 0
« alcine ay
+ Natural Pozzolans

» Water demand

» Particle size and shape ----Siliceous SCMs
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= «==Aluminous SCMs
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Image source: PCA
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Pozzolanic reactivity test (PRT) 0 R
regon State University

Pozzolanic reactivity 0.5M 0o M
KOH
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Defining performance
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Concrete Application

Bridge Deck

Midwest Pavement

Foundation

Exposure Class /
Durability
Requirement

ACI 318: F3, SO, WO, C2

Resistance to chloride ingress,
corrosion, and FT damage

AASHTO PP-84

Resistance to CaOxy and FT
damage specified by State
Highway Agencies

ACl 318: FO, S1, W1, CO
Moderate sulfate resistance
and ASR resistance

Strength (56-day)

5000 psi (34 MPa) (min)

4225 psi (29 MPa) (min)

4000 psi (27 MPa) (min)

Slump 1-4in (25-100 mm) 1-2in (25-50 mm) 1-3in (25-75 mm)
Formation Factor, 375 (min) 270 (min) 200 (min)
Apparent (56-day)

Calcium Hydroxide 20g/100g binder (max) 20g/100g binder (max) N/A

Content (56-day)

pH (56-day) 12.8 (min) N/A 13.6 (max)

Time to Critical 30 years (min) 30 years (min) N/A

Saturation

Bharadwaj et al., ACl Mat., 2022
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Midwest Pavemen
dwest Pavement Ash 3 (milled
Component | OPC Ash1 | Ash2 || bottom ash)’ Ash 4
Performance | Target Si0, 20.86 21.9 28.9 42.3 40.1
Criteria ALO; 362 | 174 | 148 16.8 16.8
Strength > 29 MPa Fe,05 3.16 5.7 4.7 7.0 6.2
[> 4200 psi] Ca0 61.63 | 292 | 273 212 21.2
Formation >270 Na,0 0.17 1.67 1.09 1.11 1.08
Factor K;0 0.53 0.47 0.54 0.43 0.46
(Apparent)
MgO 3.20 7.0 3.8 42 43
CH Content <.20g/ 100g SO, 2.13 5.0° 11.9° 0.4 0.8
binder
P,05 — 2.63 0.71 0.54 0.71
Time to > 30 years LOI 1.4 3.0 3.2 2.5 1.1
critical . DOR — 38% | 52% 24% 23%
saturation _
Spec%ﬁc 315 26 2.4 208 2.8
gravity




Example

Midwest Pavement

Performance | Target

Criteria

Strength > 29 MPa
[> 4200 psi]

Formation >270

Factor

(Apparent)

CH Content <20g/100g
binder

Time to > 30 years

critical

saturation

8\ Oregon State University

College of Engineering

Bottom Ash (DOR* = 23%)
6% Air, 25% Paste

50 1 : . _ : .
< . Strength (MPa)|
45 ' |
4
0 3y
351
=
g
QL
5
= <0
a
L
2
o)
0.35 0.4 0.45 0.5 0.55
w/b Isgor et al. (2020)

Bharadwaj et al. (2022)
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Bottom Ash (DOR* = 23%)

Midwest Pavement 6% Air, 25% Paste

50 1
Performance | Target
er e 45 §
Criteria |
Strength > 29 MPa i 0
[> 4200 psi] 30 > |
Formation >270 ‘%30 ] %_ L
Factor 5 _
£ 251 _
(Apparent) 8| &
= ‘ o)
CH Content | <20g/ 100g £20 = i
binder s ] r
Time to > 30 years 101 % I
critical L o
saturation 1 L T
0 3 . 'y b . b
0.35 0.4 0.45 0.5 0.55
w/b Isgor et al. (2020)

Bharadwaj et al. (2022)



Example

Midwest Pavement

Performance | Target

Criteria

Strength > 29 MPa
[> 4200 psi]

Formation >270

Factor

(Apparent)

CH Content <20g/100g
binder

Time to > 30 years

critical

saturation
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Bottom Ash (DOR* = 23%)
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=
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Isgor et al. (2020)

Bharadwaj et al. (2022)



Example

Midwest Pavement

Performance | Target

Criteria

Strength > 29 MPa
[> 4200 psi]

Formation >270

Factor

(Apparent)

CH Content <20g/100g
binder

Time to > 30 years

critical

saturation

50
45

40 -

Replacement (%)
p— —t [s®] S ] (%] %]
Ln o wn (=] 19} o Lh

0 !

0.35
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Bottom Ash (DOR* = 23%)
6% Air, 25% Paste

Strength (MPa)
(EF jpp

Ca(OH)2 (g/ l(}()gbin der)
tr (yrs)
[ IFeasible Space

CH <20glloogbinder

0.4 0.45 0.5 0.55
w/b Isgor et al. (2020)
Bharadwaj et al. (2022)
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Midwest P ¢ Bottom Ash (DOR* = 23%)
idwest Favemen 6% Air, 25% Paste
50 -
Performance | Target Achieved | [(£”Strength (MPa) \
Criteria 45 V@ F gpp ik
40 {5 o \@»Ca(0H), (2/100g,,, ..)) |
% g O19)

351" [ IFeasible Space

50 \ @ Sclected w/b, Repl.

“:30_ SEEEES Wy~ (N, oS S

v

£25

2

] 3

.20 T

“1s ~CH<20g/ |

\. 100g hinder-
5
0 l i - I 1 Y ._l . - &
0.3 0.4 0.45 0.5 0.55
w/b Isgor et al. (2020)

Bharadwaj et al. (2022)



Different ashes / performance
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Midwest pavement mixtures

Ash 1 - 6% Air - 25% Paste Ash 2 - 6% Air - 25% Paste Ash 3 - 6% Air - 25% Paste

Ash 4 - 6% Air - 25% Paste

50 50 50 ' 50 ; :

Strength (MPa) Strength (MPa) Strength (MPa) \ Strength (MPa)
45 Fopp 45 Fopp 45 FM'l" 45 FM'P
i Ca(OH), (&/100g,, , ) 40 Ca(OH), (100g,. ) 401 Ca(OH), (2/100g,, ) 401 Ca(OH), (g/100g,. )

teg OVS) tog (V18) tog (¥1S) tog (¥78)
35 [ Feasible Space 35 [ Feasible Space 351 | Feasible Space 35 "1l Feasible Space

@ Sclected wib, Repl.

@ Sclected w/b, Repl. /@ Selected w/b, Repl.

L]
s

(]
=

Replacement (%)
G
Replacement (%)
o
Replacement (%)
i
Replacement (%)
u

20 ® 20 20
15 15 15 15
10 10 10 10
5 5 5 5

e
0 0 0 0
0.35 0.4 0.45 0.5 0.55 0.35 04 0.45 0.5 0.55 0.35 04 0.45 0.5 0.55 0.35 04 0.45 0.5 0.55
w’b wi’b w/b w/b
(a) Ash 1 (b) Ash 2 (c) Ash 3 (d) Ash 4

Bharadwaj et al. 2022



Different ashes / performance

Replacement (%)

Ash 1-6% Air - 27% Paste

50
Strength (MPa)
45 Fn?P
Ca(OH 100g, .
40 a )! (& h’Ilm:lv:l')
pH 56d
35 g O7)
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Corrosion resistant mixtures

Ash 2 - 6% Air - 27% Paste

h
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Ash 3 - 6% Air - 27% Paste
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50
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45 Fopp
- Ca(OH), (2/100g,, . ) |
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Ash 4 - 6% Air - 27% Paste
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Bharadwaj et al. 2022




Different ashes / performance
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Foundation mixtures

Ash 1-2% Air - 30% Paste

50 £ Ash 2 - 2% Air - 30% Paste 50 Ash 3 - 2% Air - 30% Paste 50 Ash 4 - 2% Air - 30% Paste
Strength (MPa) Strength (MPa) Strength (MPa) Strength (MPa)
45 Farp 45 F e 45 Frep 45 F e
pH 56d pH 56d pH 56d pH 56d
40 [Feasible Space 401 [Fcasible Space 40 IFeasible Space T 40 [Feasible Space
5 @ sclected wib, Repl. 3% @ Sclected wib, Repl. 4 @ Selected wib, Repl. - @ Sciccted w/b, Repl.

[
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[
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5 :
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b A
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] L
n

20 20

15 15 15 15
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5 5 5 -1

] 0 , : 0 . = 0 ;

0.35 0.4 0.45 0.5 0.55 0.35 04 0.45 05 0.55 0.35 0.4 0.45 05 0.55 0.35 04 0.45 0.5 0.55

wib w/b w/b w/b
(a) Ash 1 (b) Ash 2 (c) Ash 3 (d) Ash 4

Bharadwaj et al. 2022
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Corrosion mixture Foundation mixture
Ash 1 - 6% Air - 27% Paste 50 Ash 1 -2% Air - 30% Paste
50 - ' '
Strength (MPa) 2 Strength (MPa)
45 BF o 45 F o
Ca(OH), (g/100g,. . ) pH 56d
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- Most SCM and powder extenders have the potential to be\
used in concrete If a performance-based mixture

proportioning procedure, which incorporates their chemical

composition and reactivity, is followed.

: . Underutilized :
Local materials Novel materials . Off-spec materials
materials
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- Most SCM and powder extenders have the potential to be\
used in concrete If a performance-based mixture
proportioning procedure, which incorporates their chemical

composition and reactivity, is followed.”

: : Underutilized :
Local materials Novel materials . Off-spec materials
materials

Optimizing Mixture Designs for LCA and GWP
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Mixture optimization S

« NRMCA relates compressive
strength of a mixture has been
related to the GWP

— Compressive strength is at best incomplete
but is the current state

« Goal is to reduce this amount by

some percentage

— How does the producer begin to design
mixtures with reduced GWP in an efficient &
documented way ?

(kg CO2e/cyd)

©
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c
]
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9
(&

2000 4000 6000 8000 10000
Compressive Strength (psi)

« How do we develop mixtures that
‘best’ reduce GWP ? NRMCA member LCA Benchmarks V 3.0




Mixture optimization G s
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Modeling Inputs:

| sio, Ik 48.20 reaction ]
4.80 19.10 SC,M okl s hig =k products +AA ,. =
30 s | / =
63.50  14.60 “ / "y A
EELCCPE 051 078 [l Measure CH Krrrrrra e
Measure Heat Released
m 0'80 3'80 Consumed DOR* = Qu — G- CHrmuurm'd
BT 30 1.00 S—
13.00 - Component | Cost ($/ton) CO, emissions (kg CO, /m?)
Specific Gravity NP 2.66 PLC 140 2728
(nites) SCM 1 120 74
(m?/kg) Fine Agg. 15 6
NIA 43 Coarse Age. [NRNNER: 8




Mixture optimization
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 Most SCM and powder extenders have the potential to be used in
concrete if a performance-based mixture proportioning procedure,
which incorporates their chemical composition and reactivity, is
followed.

* These performance-engineered concrete mixtures can be further
optimized for cost and/or carbon (GWP) using linear programming

 Very powerful tool for reducing GWP in practice and performing
LCA.
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