PROCEEDINGS OI' THE SECOND INTERNATIONAL CONGRESS ON
ENVIRONMENTAL GEOTECHNICS /OSAKA/JAPAN/5-8 NOVEMBER 1996

Environmental
Geotechnics

fodited by
MASASHI KAMON

Kvoto University, Japan

VOLUME 2

A A BALKEMA/ROTTERDAM/BEROOKFIELD/ [996



Oreanized by The International Society for Soil Mechanies and Foundation Engineering
and The Japanese Geotechnical Society

The texts of the varicus papers in this volume were setindividhually by tepists under the supervision of each of the
aufhars conccrned

Authorization o photocopy itemns for intermal on petsonal use, or the internal or personal use of specifie clients, is
granted by A A Balkema, Rotterdam, provided that the base tee of US51.50 per copy. plus USS0.10 per page is
paid directly 1 Copyright Clearance Center, 222 Rosewood Dnve, Danvers, MA 01923, USA. For those
organizations that have been granted a photocopy License by CUC, o separate system of payment has buenarranged.
The fee code fur users of the Transactional Reporting Service 180 90 5410 848 7/96 USS1.50 + LISS0.10)

Fublished by
A A Balkems, PO, Box 1675, 3000 BR Rotterdam. Netherlands (Fax: +31. 104135947
A A Balkerma Publishers, Old Post Road, Brookfield, v T 03036-9704, USa (Fux: +1.802 2703837

Tor the complete sl of three volumes, [SBN 90 5210 8487
Tor Volume 1 TSEN Q0 54100 5449 &
For Volume 2. ISEN 905410 8504
For Vildume 3. 15BN 90 5410831 7

£ 1996 A A Balkema, Rotlerdam
Privted i the Netherlands



Envirgnmental Goglochnes, Kamon fad )8 1995 Batkema, Aoterdam 50N S0 5T TARG T

Hydration mechanisms of fly ash stabilized by lime

Supakij Nontananandh
Department of Civil Engincering. Kasetsart Unversity Bangkok, Theiland

Masashi K.amon
Disaxter Preventton Bexearch fnviittute, Kvolo Universin Supan

ABSTRACT Many current rescarches have recognized that coal fly ashes stabilized by cement
and/or hme steadily gam strengths over tme duc 1o the pozzolanie reaction The mayor attraction in
ustng this material in pavement o grouting work 15 that the structure will be progressively stronger
over il d-:_'sign life. Understanduwge ol certam reaction mechanisms hl!’_ti!ll'..'-i-lll“'}-‘ ;ulwnh'*-.
mnprovement on {ly ash stabilization to a satisfactonily high level The expenmental studies presented
in this paper have been devoted o elucidate hydraton mechanism and major reactiom products of
lime-stabilized fly ash mixtiwres  Fvaluation ol hardemng eftects was perfonmed  based on the
compressive strength test and by means of the phyvsico-chermical tests. [t 1s found that hardening
muchansm can be aoproved when a centam propartton of chenncal additives sach as aluominom
sulfate and sodiwm carbopate are blended o the bvdeated Do {Il'.1]1.‘={,‘[.]11l..'rll mnprovement on
strength 15 due to the enhancement of hydraton by a through solution mechamsm.  Strength
development 15 ¢losely relited o chienucal composimons of 1y ash, appropoate type and amount ot
stabilizer, types, degree of crystallizanon and morphology of reaction producty, and changes in then
microstructures during the course of reactions.

L ENTRODCT LON attack  and chlonde on penetrabion o the
presence of hydrated  lime. coal ly  ashes
Coal fly ashes (fly  ashes) are presently contribute 1o long-term  strength due to the
generated in large quantities worldwide due o carbonatious and pozzolanie reactions.
mereasmy demand for enerpy consumption. Fly For hydraton mechamsms of the lime-
ash utilization as construction materials can  pozzolana mixtures, several hypotheses have
concomitantly  compromise  concerns o been proposed. Uchikawa and Ucluda (1980,
technical and cconomical feasibility along with 1986) found that the initial rate of hydration of
the environmental control,  Potential uses for  the ChA-lme-pypsum mixtures was activated by

this matenal include a design of hme-coment-fly  pozzolanic matenal,  Chemical reactivily was
ash for runway pavement (Jefts, 1986), remedial  enhanced by its characteristics such as specific
works on the leachate problems by fly ash-  surface wien, ecxchanpe capacity of cation, and

cement grouting, maternals for concrete dam and  glass phase contents. Enhancement of hydration
recently for roller compacted concrete (RCC)  in this case 1s basically dug to a topochenneal
dam, and fly ash-bentonite contamnment walls  mechanism,
(Cabrera et al., 1994). Prelimmary  study an the stabilization of
Concerning technical advantages, flv ashes  hime-fly ash mixtures by Kamon et al. (1988)
accelerate the carly stength of coment, reduce indicated that changes 1in microstructures were
heat of hydration, improve workability of  due w certain hardening effects.  Sipnificant
conerete, and improve resistance o sulfate  improvement on strengths could be  observed
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Table 1a Chemical vcompositions of Hly ashes

Materials Compositions (%)

50, | ALO: | TesOu | CaQ | MO | Na0 | K0 | TiO; | SOs
Fly Ash 1 403 20 4 4d 540 | 1.10 | 201 120 | 1.23 | 670
Fly Ash Il | 565 3127 1 70 080 030 ] LIZ [ 011 | 174 | =81

Table 1h  Sclected mational standard specifications for fly aslies used in concrete
and properties of fly ashes used in this study

Fequiremen T":. ath | Al Canadn Iridia fapan LK 15A
i 11 Clss C | Class F l.'_"t:j’%.ﬂ O Clags I¢
IEr'n'h.;m friss, MoanSe 1.1 51 1.0 [2.0 fi 7l 134 =10 7.0 0 4.1)
S0, mae % o1 1] 50 41 5.0 50 510 a1l
Mp.t bomax % 1.1 (I 510 e 50 50 S0 | sl 3.0
Alkali meral ay MazO, oS 20 11 ES ] 1.5 L5 15
Kil b, min % @3 | se 350 | ase | Ak (
S A0 FepOaomn's '.r'*. 7 F1 E._ B _mn | o (] Sk
."Q.pﬂ"il iconarface arca, ok e L1 4] 1210 20
when hme was mised with some chemical properties of fly ashes used are consistent with
addiive such  as sodium  carbonate and the stundard specilications ol other countries

aluminum sulfate. However, conceptual views
on how strengths are improved, especially i the
presence of tis type of additives, are unclear
and thus need to be lurther substantated, It is,
therefore, our main ebjective m thes study 1o
elucidate hydiaton mechanism of coal fly ashes
stabilized by lime, i order 1o aclieve strengths
applicable as road subbase and base matenals

Pt

EXPERIMENTAL PROCEDLUIRE

2

1 Meriepiands

Two types of fly ashes, designated as fly ash |
and fly ash 1T, were used According to ASTM
(-618, these fly ashes are elassilied as low-lime
(class F) fly ashes. Both types of fly ash consist
mostly of glassy, sphencal particles as observed
by scanning electron microscopic observation.
X-ray diffraction patterns of the untreated ashes
clearly reflected peaks coresponding to quartz
{S$i0;) and mullite (3A1:0:2810;).  Matenal
compositional analysis revealed thar 510 Al and
Ca are identified as dominant clements for fly
ash I, while Si and Al predominate in fly ash IL
Chemical compositions of flv ashes are givenan
Table 1a  As illustrated in Table [b, the
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2 2 Npecimen preparation and test

Specimens were prn:pa.n:d by mixing {ly ashues
with hydiated hime and lime-hased stabihzer,
using mix proporiions of 10% and 20% by sl
weight Lime-hased  stabilizer used as a
hardening matenal consists of 70%, Ca(OH )
189 ALISOLY and 12% Na.COs o order Lo
obtain a uniform consisteney of freshly mixed
fly ash with workabihty (Mlow value) witlhin a
range of 150-190 mm, it was decided to control
the muxtures with a muang water of 60% by
total weight Mixing conditions are summarized
in Table 2

Mixing and preparation of speeimens were
carried out according to the method of making
and cunng  noncompacted - stabilized  soil
specimens (JSI T-821). Fly ash fresh pastes
were put in a mold for obtaining a cylindrical
specimen of 5 am i diameter and 10 cm i
lenzth.  After approximately 18-24 hours, the
specinens were demoulded and cured in a
constant-temperaiure room (20°C, 30% relative
humidity) unul testing. Compressive strength
tests wers carried out after the curing penods of
3, 7, 28, and 90 davs. Some were available for



Table 2 Sirength of the fly ash-stabilized mixtures

M itures Malerials & Contents Compressive Slizngll (MPa)

Symhbal fly ash siabtlizer I davy 7 days 14 days M) days 2.75 yEars

MIX-1 0% asl | 1% lime 016 027 148 243 tAn

MIX-2 K% ash | 0%y lame Q.05 0,15 11D 313 *

MIX-1 901 ash ] 1% | BS 023 63 7 14 717 .

MIX4 80%, ash | 0% | RS 049 107 1011 1101 :

hALX -5 WP ash 11 1% e Q.12 Q.13 028 025 1A%

MIX -G Bl msh 1 Mra hime L (¥159 145 057 "

MIEX-T 0% axh 1 0% LIS 0.07 K 0 R4 279 .

P13 -5 B ach H 0% LBS 00N{ 0¥} 4 33 515 12,30

“Note . LBS stands for Hme-hased stabilizer which 15 composed of 0% lime, 18% AL{SOL),, and [2% Na OO,
* stands for no obsemved datla
the test almost after 3 years In order 1o ,
clucidate  hydration  mwechamsms  and  magor ‘
reaction products, Xeray  dilliaction analysis |
(XRDY),  scanming electron  MUCIOSCOpL y .
abscrvation (SEM) and cnvrpy dispersive X-ray L._*- " o gl
I:I‘Ji{:TL:IMEll}’IEI {EDXY were |1|.'||:||rr=:‘|.1 an the ; i s
{atlure specimens after strength test Z o i, ""-“”‘ SR
7 L |-. 11‘4'\'J }UH I |'\' I'I1 S L ilas
1 RESULTS AND DISCUSSION = e
£ = i kol wd i T A 5 davs
31 Steengths of fly ash mridtres , s - - L
[hrtracton Ancle, M) {depdes)
Table 2 shows comprehensive strengths of all
muxtures. It is most likely that streneths of lime- Sbvmm carbanate Ch Caleinm aluanate hydee
B T i BTk i hbdrowde G4 Catemme Silscate hydrate

stabilized nuxtues weie developed slowly Q. Chasrts

the early age and steadily increased as curing
time mereased.  lFor such nuxtueres as MIX-]
MIX-5 and MIX-6, suength  development
appears to be more pronounced after 33 months
Actually, a relatvely high strength i long tenn
elucidates the potential for utilization of the
stabilized fly ash as subbase for road.

For the same mixing condinon, the nuxiures
of fly ash I gave considerably lugher strengths
than those of fly ash Il 1 all respects. It 15
however, can be noticed that at long termi the iy
ash Il mutures can  develop  strengths
comparable to those of fly ash [ mixtures. As
shown in Table 2, the 2.75-year specimen of
MIX-5 and MIX-8 developed strengths to a
certain level of the 90-dayv strenpths of MIX-1
and MIX-4, respectively.

As a material for road base purpose, 1t is
recommended that a mixture should gain 10-day
strength of 0.7 MPa for a lower base and 1.0
MPa for upper base, without yielding a loss in
strength, It is found that the strengths were

L4 ]

SWas Mool i

Figure 1 XRLY patterns of 20% lime-based-
stabilized fly ash T at various curing periods,

markedly
T

impraved 1 agreeable with  the
ommendation when lime-based stabilizer way
uscd.  For example, the 28-day strength of fly
ash I KUX-T and MIX-3, are 048 and 714
MPa, while, those of fly ash II, MIX-t and
MIX-8, are 046 and 4 34 MPa, respectively [n
this study, the stabilizer was found more active
ui (he fly ash [ mixtures than in the fly ash II
muxures. This indicates that chemical compo-
sitians of the onginal ash affect the hardening in
the resultant mixtures,

The evidence of stenpth development thus
brings o light some essential roles by which
aluminum sulfate and sodium carbonate 1n
comhination with lime contributes to strength of
Iy ash muixtures. It 15 believed that lime-based
stabilizer accelerates hydration of ash through
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(a) 3 days

(d). 90 days
Figure 2 “T'yvpical SEM micrographs of 20% lime
slubilived Ny ash T at specified eunng perods of
'1| T 2R camd 90 |1;p_q'l;

Figure 3 Typical SEM micrographs of 20%% lime-
based-stabihzed fly ash | at specified curing penriods
af 3 7 28, and 90 days.

particular mechamisms,  Further discussion =2
presented to substantiate this assumption.

3.2 Changes i minerad composition and miceo-
stractures in relation to strength development

Typical XRD patterns of the {ly ash [ mixed
with Tune-hased stabilizer (Figure 1) show
reduction of the crystalline components of fly
ash and hydrated lime. They converted nto
reaction products which can be identified as

{a) 3 days

R
(d) S0 days:
Froure 4 Typical SEM mocropraphs of 10%% lime-

stabilized My ash 1T at specitied cunng periods of
3,7, 28 and 90 days

¥
(c) 28 days

Figure 3 Typical SEM micrographs of 20% lime-
hased-stabilized fly ash 1T at specified curing peniods
of 3,7, 28, and 20 days
calcium  silicate  hydrate (CSH), calcium
aluminate hydrate (CAID, ettringite, and
caleim carbonate (Cal0y).  Mixtures having
superior strengths exhibit larger amounts of
these major reaction products, while those with
low smength exbabnt weak difractions of such
cementitous materials but strong peaks of
hydrated hme. For hme-fly ash I, no marked
changes in ash particles and the overall
microstructures could be seen even at long
term, as illustrated 1o Fipures 2a-2d, The



reactions i this case scenunpgly proceed n
a slow ratc. Conversely, for lime-bascd
stabilizer, the reaction products were abundantly
produced on the fly ash surfuce, filling up the
voids which were previously filled with pore
water (Fiure 3).

Conversion of ctirinpite crystals into hexa-
ponal cardboard-shape monosulfates could be
ohserved (Fipures 3b-3¢). Accordingly. [Ty ash
particles virtually changed mto smaller i sizes
after 28 days  Figores 3¢ and 3d reveal thar fly
ash particles act as spherical cores where upon
renctions products are formed extensively  The
combination of reaction products such as this
resulted inoa higher rggdity

In apreement with the strength test results,
there were no marked changes Ton 11y ash I

when mixed with lime (Figures da-1d) - Some
remained weacted even at long time When
hme-based  stabilizer was  used, changes

mucrostructures could be observed (Tipures Sa-
Sd) there  arc distinct
differences the developed  micro-
stiuctures of fly ash 1 and My ash 1l muxtures.

Fust, monosulfate phases fonned m Hy ash
Il moxtwes are the hexagonal rosette features
(Figure 5d), while, o {1y ash | mustures the
hexagonal cardboard  features formaed
{(Figure 3c)  Second, some mert fIvoash I
particles remam wreact and inherently impede
in a dense structure (Figure 5d)

It can be concluded that fly ash 1 consists of
more achive alumino-silicate particles than fly
ash 11, In addition, substantial changees i migro-
structure into a denser texture conmibute 1o
strength  development of the  Lime-flv
stabilized matenals,

Honwever, SO0

hictween

daly

ash

3.3 Iydratton mechamsms of flv ash mixiures

BGased on
structures

myvestipations of chanoes in micro-

wt

lydation tune,  the  conceptual  pictures
regrarding the  reaction mechanisms can he
highlighted.  The essential roles of sodium

carbonate and alumunum sulfatc as 2 chemical
additve for Time can be asserted using the
reacting solid particle models as dlustated n
Fipare 6 Based on the results of strenpth test
and microscopic observations, reactivitics of the

and their morpholegy in terms of
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(b} lisse-hased stabilizer mixtre
Figure & Reaction mechamsms of reacting My ash
I:1dr|.1|,_;]l.:h for {a) e hme mostuies, amd () Tt
based stabulized nustures

mixtures can be categonzed by the followmng
order,  hime-hascd ash
stabilized ash - hydrwted ash Tooall cases B
the same muixing condition, fly ash 1 pgains
superion reactivity than fy ash 1

Beneficial effects concerninge an additen ol
additives into lime are atrbuted to three main
[EASONS

First, the chemicals added improve reaction
by ncreasing the rate ot solubality of fly ash
particles,  thus, the  rale
hydration and pozrolanic reaction in long term

Second, in addinon 1o this, major reaction
products  such CSIL cttangie  and
monosulfate are nchly formed and gradually
strengthened struciuies as reacion progresses.

Third, cementanion is activated due to the
presence of sodwm carbonate.  Formation of
CaC(Q, substantially fills the wvouds and thus
provides additional cementation of the phases.

In the hme-fiy ash system, ash particles
inittally react slowly with hydrated Tume Thin
hydrate films, presumedly a CSI1 phase, are
formed, covering the unreacted cores.  These
protective layers then retard further reaction of
fly ash particies.

However, as curing tme increases, thickness
of the hvdrate film increases slightly, probably
due to a diffusion of Ca’ , OH , and I " into
the mner gores (Figure 6a)  Theough  such
reaction mechanisms, the particles sizes are
mostly unchanged as previously illustrated by
SEM micrographs

stalnulized lime

LT sy ol il

= 4]



Figure 7(a) Dissolution and applomeration of fly ash in lime-based muxtures
T(b) SEM micrographs of 1055 hme-based stabilized flv ash at 3 days
T{c) X-ray mapping of (Ca clement on the scanned view of 7(b)
Tdy Meray [[I.":F‘.-]‘lim_f, of S element on the scannesd view of 7(h)

Conversely, the pamncles scem to dissolve
vigtously al the very beginming when sodium
carbonate and alumimum sulfane
e moxtores {Figune 6h).

dre present

Ay clearly seen in Figure 7o, surbives of the
sphencal ashes are leached out and changed into
whinle
apelomerated mto a cluste

wrepnlar shapes, SOme  rams e
I nsselunen of (v
ashone this case can be further substantiated by
an amvestieation of the constitutive élements on
the surface 10 noted that Ny ash s the only
Therelore, as llustrated
Fipures Th-Td, the distribution of 51 and (a 0w
the whole sucface will asset o the Gaer that
stheale as well as alominate minerals dissolve
o the pore selution,  and
hediaton ol the Hme-based-fly  ash sysiem.
resulting in the development of strength  As can
be expected. such observations wore not found

me e Treee-fly ash systems,

senntets ol siheon

thus  welivale

FCNCIL SN S

Based on the expenmental studyv. the man
resulls are concluded as lollows:

1, Strength development of the coal flv a:h s
substantially  mmflnenced by several
narcly, reactivity of ongmal fly ash, npe and
amount of stabilizer and mixing condition

2 Strenpths have unproved in relation o

actors,

lypes  of  hwdration  products  and  thewr
morphelogical charactenstics
3. The major reaction products which

contribute to strengths are calowum sihcate
hvidrale, caloium aluminate hvdrate,
and monosulfate and calcium carbonate

etmmneite

B&2

(<} ()
1. Certain proportion  of lime, sodium
cartbomate  and  alumimum  sulfate markedly
im improve  the reactions of the lime-fly  ash
mixtures by an increase i dissolution of ashes
and - starting matenals, acecleration of  the
hydiation  and  poscolame  reactions,  simul-
taneous achivation of the carbonation,
5. Hypaothesis o celatom 1o stienpth

developing mechamsms 15 proposed.  Strength
of the fly ash mixtures can be improved when
hydrations are enhanced by the through-salutivn
mechanism.

o Steengths ol the successful mixtures of
hme-stabilized fly ash show promise for as
peomatenals such as road base and subbase,
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