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Background

Cement industry accounts for ~
5% of global CO, emissions.

The U.S. generated approximately
70 million tons of fly ashes In
2014, only 27% were recycled.

Air pollution from fly ash
(photo by Shaila Dewan)

Cement Production
(photo by Shaila Dewan)

Coal ash spill in Tennessee
(photo by Shaila Dewan)




Fly Ash Composition

Cement Fly ash

Specific gravity 3.2 2.7 7Ry

MT ash
Bulk Density (Ibs/ft?) 76 54 v Y
SiO, (wt. %) 21 235 " ORash
CaO (wt. %) 65 23.2 Y .
AlLO; (Wt. %) 4 13.8
Fe,O4 (Wt. %) 3.5 4.8 N -
MgO (wt. %) 0.2 4.2

Oklah
New Mexico

1. Chemical Composition

The contents of principal oxides are usually
Si0,, Al,O,, Fe,0; CaO, MgO, K,O, Na,O
and SO,.

Texas

2. Minerology Composition
Fly ash has approximately 316 individual
minerals and 188 mineral groups.




Turning Fly Ash into a Green Binder

Recycled glass ]

powder
Coal fly ash: Class GO + Chemical
C (OR) or F (WA) activators
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Chemical activators enhance fly
ash hydration
 Secondary Electron Imaging (SElI) Analysis
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Chemically Activated Fly Ash Mortar
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Xu, G., Shi, X. Exploratory Investigation into A Chemically Activated
Fly Ash Binder for Mortars. ASCE Journal of Materials in Civil

Engineering, 2017, in press.



http://www.editorialmanager.com/jrnmteng/

Function of graphene oxide in OPC
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Graphene Oxide (GO)
Modified Mortar

Ultrasonification of GO
suspension

SEl image of cement hydrates at 7-days: (a) flower-like shape with
0.01% GO; (b) polyhedron-like shape with 0.05% GO (Lv et al. 2014)



GO-Modified Fly Ash Mortar

-

Cement mortar (left); GO-
modified fly ash mortar
(middle); fly ash mortar (right)

0.03%0 GO- 1 pegular f
modified fly J y f.’Increase
ash mortar
ash mortar
7-day f.’
_ 3353 2705.9 24%
(psi)
14-day f,’
_ 4688 3721.1 26%
(psi)
28-day | 5998 psi 4878 psi
23%
fe (41.4 MPa) |((33.6 MPa)
Following
ASTM C39/39M

Fly ash mortar (left);
GO-modified fly ash
mortar (right)




Mortar Setting Time Test

Following ASTM C403/403M
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1. Borax shows the ability to adjust the
setting time of fly ash mortar. \\
‘ ‘.%!q-\

2. 0.5 wt.% Borax is able to produce the

similar setting time as cement.
Concrete Pocket Penetrometer



Mortar Workabillity Test

Following ASTM C230/230M

1. HRWR is not effective for fly
ash binder due to LOI content.

2. F-500 Encapsulate Agent
shows the ability to increase
the workability of fly ash
mortar.

3. 1% F-500 is able to produce
the similar workability as
cement (with same w/b ratio).




Pervious Concrete is a LID Tool
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Developing Pervious Concrete

with Fly Ash Binder

Fly Na
Cem Water CaO Water GO HRWR
Mix | 299 | ent | 3N | kg | SO CaCly | Glass | (o100 |(minoo| , AF
: Size CFAl 3 ka/ | (kd/ (ml1/100kg
Design | inety | €9 | Tagr | ™ | ko | CY| 1y | Ko | ko kg binder)
m3) [wib] | m3y | M) m3) | binder) | binder)
m3) m°)
80
Cement | 3/8 | 320 | -- - | - - - - 300 30
[0.25]
Cement 80
318 | 320 | -- - | - - - 96 300 30
+GO [0.25]
97
Flyash | 3/8 | - | 358 36 | 179| 36 | 25 - 1000 30
[0.27]
Fly ash 97
318 | -- | 358 36 | 179| 36 | 25 108 1000 30
+GO [0.27]




Fabrication of GO-FA-Pervious

Concrete

Pervious concrete 4" X8"
cylinders (left to right)
cement, cement + GO, fly
ash, fly ash + GO

(a): cylinders with capping
(b): Close-up view of
surface




Workabillity of Pervious Concrete

105
< 100 WEI CDI
E % C 612 416
2 90 C+GO 603 426
o
g 85 F 609 618
< & F+GO 602 668
75 =
0 8 50 100
Superpave gyrafory Gyrations @ 60kPa
compactor. Workability (WED)
orkability
(e'?rglp)osed Oy Kevern i workability WEI > 640
' Acceptable workability 640 > WEI > 600
Poor workability WEI <600
Compactability (CDI)
Self-consolidating CDI <50
Normal compaction effort required 50< CDI <450
Considerable additional compaction effort required CDI > 450




Density and Void Ratio
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Compressive and Split Tensile Strength
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Young's Modulus (ksi)

Young's Modulus
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Abrasion Resistance

 (Abrasion) Degradation test

results on 90-day
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Freeze-deicer Salt Scaling

Resistance Test

Salt scaling test

C Cg F Fg
1% 1579 1.90% 2.26% 1.87%
A 2f E { : 15.60% -15.17%
2 -30%
: )1 370 A\ -50%
4 R A . 57%
Pervious concrete samples before | -70%
freeze-deicer salt scaling test
, - -90% . -
i g -100% -100%  -100% 1O0% 100% o0 -100%
-110%

m Wet weight 3rd cycle (after dry) 5th cycle (after dry)  m6th cycle (after dry)

Weight loss during salt scaling test

| < Samples after the 3" cycle during test

Fly ash + GO



Freeze-Thaw + Wet/Dry

1.2

Relative Dynamic Modulus
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Salt Exposure + Wet/Dry
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22Si NMR Spectra Comparison

Fly ash hydrates 3
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2/ Al NMR Spectra Comparison

Fly ash hydrates
i Great peak area of Al(IV)
i from fly ash itself and C-A-S-

Al(VI)

H hydrates. Al (IV) acts as

reservoir to improve the

Al(IV)

resistance to sulfate attack.

Cement hydrates
2 12.8

Most of Al present as Al(VI) in
AFt and TAH (amorphous Al
hydroxide). No enough Al
reservoir for later sulfate
attack.




Summary

1 A preliminary assessment showed that the fly ash binder was able
to produce a pervious concrete with desirable densities, void
ratios, infiltration rates and mechanical strengths.

 Freeze-thaw and deicer resistance of fly ash pervious concrete are
better than the cement pervious concrete.

L Work is ongoing to employ waste carbon fibers to further enhance
the durability of fly ash pervious concrete in cold climate.



Summary (cont'd)

1 0.03 wt.% GO improved overall performance of fly ash pervious
concrete, e.g. the 28-day f~, of fly ash pervious concrete was
Improved by more than 50%.

O GO accelerated the fly ash hydration and promoted the formation
of low-Quartz and Jennite-like hydrates.

1 GO increase the degree of polymerization of fly ash hydrates.

O EPMA and NMR are powerful tools that can shed light on the
hydration mechanism of fly ash and on the role of GO.

Xu, G., Shi, X. Graphene Oxide Modified Pervious Concrete with Fly Ash
as the Sole Binder. , 2017.

Xu, G., Shi, X. Reaction mechanism of graphene oxide in a chemically
activated fly ash binder, , 2017.


http://www.concrete.org/Publications/ACIMaterialsJournal.aspx
https://www.journals.elsevier.com/cement-and-concrete-research/
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Fly Ash Formation
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Coal fly ash as the sole bindere

Goal: Use coal fly ashes to make a durable, clinker-free concrete

Our recent work has confirmed the possibilities of using class C
coal fly ash (without activation) as the sole binder to make

concretes of moderate strength.
w/b 0.20:

28-d f'_: 38 MPq;

Surface resistivity:
130 KQ.cm;

E.ono: 39-4 GPa;
K: 4.1%10-'77 m?/s;
Dc.: 1.9%10-2 m?/s

Xie, N., Shi, X., et al. Upcycling of Waste Materials: Green Binder Prepared
with Pure Fly Ash. ASCE Journal of Materials in Civil Engineering, 2016,
28(3), DOI; 10.1061/(ASCE)MT.1243-5533.0001414.



http://ascelibrary.org/doi/abs/10.1061/(ASCE)MT.1943-5533.0001414

Coal fly ash as binder/aggregatee
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Volume Fly Ash Mortars. ASCE Journal of Materials in Civil Engineering,
2016, DOI: 10.1061/(ASCE)MT.1943-5533.0001854.
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GO-0OPC: Elemental maps & SEM

GO-induced crystalline CQ(OH)2

Elemental maps
(10x10 pm) for
selected sites at
28-d

(top) OPC paste;
(bottom) OPC+GO
paste
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GO Modified Fly Ash Mortar

 EPMA (Electron probe micro-analyzer)

Element mapping
(Ca and Si)

(a) mortar without
GO;

(b) GO-modified
mortar




GO In the hydration system

Ca Al Fe Si S

Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.
dev. dev. dev. dev. dev.

143 139 385 252 058 0.69 153 440 042 0.18
13.5 157 423 291 062 0.71 151 452 0.19 0.12

+13% +15% +3% +3% -33%

1. The GO increased o of Ca distribution by 13%. The boxplot also
indicated that GO reduced the Ca-concentration.

2. The GO increased o of Al and Fe distribution by 15% and 3%
respectively. e.qg., repelling Al(OH),

3. The effect of GO on the Si distribution was considered weak
(increased by 3%). This is due to the presence of neutral Si(OH),
units in addition to SIO(OH), and SiO, (OH),2 anions, as the
electronegative GO does not repel neutral Si(OH) , units.



Function of GO

Fly
ash

SiO, Wt. %) 21 235
ALO, (Wt.%) 4 138
Fe,0, (Wt. %) 35 48
CaO (wt. %) 65 232

Cement

Ca Network
Modifiers
Fe .
1. Exclude the intermediates Al Intermediates

2. Consume network modifiers
S; Network
3. Not affect network formers : Formers



Unlock the potential of fly ash!
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NMR Instrument
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Bruker Avance Il 400MHz NMR machine
(ohoto by Bruker Inc.)



29Si NMR Study of Fly Ash Hydrates

29Si NMR spectra at 56-day

wE o thhegeF -2 ~
200 i oo s th hoad oz o ShHe D =153 ¥ -
shemie. o poners | pp— az

Q1(J-infinite) and =
Q2(1Al)

g3 04(2Al)

‘qa(al) J QLA
Q1 in Fly Ash ' i e Lo Quartz
: Amorphous
™ Quartzin

Fly Ash

different Q0 i

e Vit et S et :  Increase of Q1(J)
’ and Q2(1Al)

Increase of
Low Quartz

Decrease
of
amorphous
Quartz in
fly ash

" o . e . 0 . ' - T - 7
4t L] = =H] 45 it 75 5 L . L ER W] e LU | =0 25 AE 2E
[HE T

Decrease of
Qlin fly ash

25| chemical shift ranges of silicates

guarlz

m clay
a—
60 70 80 90

100 110 {ppm) 45 B0 BS B) BS A0 P8 &0 3 40 % W) WE NC ME I @ Ca i
i



27Si NMR Coupling with EPMA
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27Si NMR Coupling with XRD

Q
Lo i it 442 D152
’z?co;(n;rnwnca
Increase of Q1(J) Qa q
e L W
Py
ﬁ W |1 r| FA+GOD
LA 1
L'-... wﬁﬁuﬁ,_rf Ln'.r-' L'| v W-"Lxﬂf"‘l | MMM _.r’l.-.njk#
15 25 35 45 55 65

XRD confirmed
increase of Low Quartz

En A ¢ y - \ .
4 4 " v < v -
L, LV 4 ’
- - ;
AN oey -
.'

Matrix | GO Si-richPhase

b i

ﬁ\ —C

BSE image
of GO-
induced
Low Quariz

Microns



2/ Al NMR Study of Fly Ash Hydrates

27Al NMR spectra at 56-day
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