CHAPTER 4

RESULTS AND DISCUSSION

A. Synthesis of a-HH
4.1 Phase analysis of a-HH
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Fig. 4.1 Ca ave treatment.

Grinding co A ofo-HH from FGD and natural
gypsums calcined under varioy t AITES & esi(Fig. 4.1) are tabulated in Table

4.1, Table 4.2, and Appendix : Table e

gonditions (feeding size ~ 2.0 mm).

Table 4.1 Grinding of synthetic o.-F

P T t e ding ¢ _ Diameter at 90% (um)*

(bars) | (°C) | (min) | Sgfefmin) 1 FGE ————g==2Sb] FGD NG

2 130 60 - o) 15.36+0.93 18.92+0.76
= | 19.60+0.54 -

2 130 | 120 . 6.85+0.24 | - 18.21+0.80
6.36+0.13 - 18.87+0.76 -

4 150 | 60 Q) 6.71+0.14 - 19.63+0.65
. 2 760738 M 4 $R]7+0.63 -

4 150 | 12 v 90:0.32] - 18.45+0.71
: 6.45+0.26 - 19.86+0.54 -

5 156 | 60 10 ‘- 6,88:0.29 -QJ 19.21+0.54
"\ [QeF M QoS £ 530 Y QF 4379.80 | -

5 15& Wo a ﬂa | 5 fﬁ ﬁ Hll F.9§oﬁ E_%ﬁ% 19.43+0.62
0 6.50+0.32 - 19.5310.71 -

6 163 | 60 10 - 6.76+0.16 - 19.17+0.73
20 6.21+0.24 - 19.75+0.59 -

6 163 | 120 10 - 6.51+0.24 - 18.94+0.78
20 6.42+0.19 - 18.63+0.52 -

o-BSP 6.8740.25 20.92+0.83

P = pressure, T = temperature, and t = time

FGD = FGD gypsum briquettes, NG = Natural gypsum, o-BSP = Lafarge 's product
# Lab grinding machine (FRITSCH Rotor Speed Mill Pulverisette 14)
* Laser granulometer CILAS 920L, diameter at 90% = cumulative 90% finer than



48

Table 4.2 Content of hemihydrate analyzed from both Infrared Moisture Determination

Balance (IMDB) and calculation.

P T t %HH (IMDB)* %HH (Calculation)
(bars) (°0) (min) FGD NG FGD NG
2 130 60 86.60+3.26 87.40+2.49 90.73+4.76 91.24+4.02
2 130 120 88.70+3.75 89.90+2.95 91.55+3.91 90.98+4.32
4 150 60 89.20+3.8 90.20+2.87 93.20+3.83 93.0443.77
4 150 120 [ 91.60+3.60 93.56+4.32 92.67+4.14
5 156 60 91.90+3.98 93.66+3.75
S 156 120 92.14+4.16 92.9743.46
6 163 60 94.25+3.49 93.5743.06
6 163 90.2243.11 94.01+4.07
a-BSP ‘ 89.65+4.12
4////@ E\ x\\

P = pressure, T = temperature, and t —#img /

FGD = FGD gypsum briquettes, N@G= N¢ pﬁ

o-BSP = Lafarge 's product i . E-

* Infrared Moisture Determination Bala &D 713 AD-4712)

/ ! mud
The results from Tablefé. s 1

\\ tory scale-grinding machine, a

t“ gypsum and 10 g/min is for that

feeding rate of 20 g/min is suit
ame size of particle as commercial a-
HH (a-BSP). This means that from FGD gypsum.

The results of %HH fro a_).fi_

(@ 4ble 4.2) are approximately
o that'e

in good agreement and clo From ui e results of phase calculation

(Appendix : Table 1), a smalkamount of dihydr%(DH) is still present in a-HHs produced

from both FGD an u Wﬂ ﬁ@ﬂﬂﬂtﬂﬁlent at S bars, I h. The
t at a

HH content increase§ with the pressure, optlmum When calcining at 1 hour for

FGD gyps g‘!ﬁ tained and the
reproducib ﬁy :ﬁetq ﬂ\“‘igﬁ)ﬂ ma szl E[IH is modified
by the additives"'”. The effect of additives on the morphology and mechanical property of a.-
HH was studied and presented in 4.2.
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4.2 Effect of additives on the physical and mechanical properties of a-HH

In this experiment, the optimized calcinations of FGD and natural gypsum from
previous experiment are selected to produce at-HH, calcining at 6 bars, 1 h for FGD gypsum
and 2 h for natural gypsum..

4.2.1 Grinding conditions of synthetic a-HH

The grinding results of synthetic o.-HH are presented in Fig. 4.2.

45 - Sodium succinate ¥ 3 TS Succinic acid
~ |OFGD gypsum i | B FGD gypsum
40 <8 Natural gypsum i / | B Natural gypsum
35 - e
E 301
&
& 251
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0
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Dipping time (g Dipping time (min)
4 ) . Magnesium nitrate 1 Mixture of sodium succinate and magnesium nitrate (1:1)
| OFGD gypsum y B P gypsum
40 < B Natural gypsum g -8 Natural gypsum
- »
35
0
H 30
K]
= 25 4
E |
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5 - N
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Fig. 4.2 Effect of additive and d(opmg time on the feeding rate of o-HH.

AWLIDIUIIZNEIA e e

feeding rate is needed. a-HHs calcined with some additives are easy to grind than those
without additive. The suitable grinding conditions of a-HH synthesized with additives are

the feeding rate 25-40 g/min for FGD gypsum and 15-30 g/min for natural gypsum and also
presented in detail in Appendix : Table 2.
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4.2.2 Phase analysis of a-HH synthesized with various additives and
dipping times
The phase composition of synthetic a-HHs are shown in Table 4.3, Appendix
: Table 3 and Fig. 4.3

Table 4.3 Content of hemihydrate analyzed from both Infrared Moisture Determination
Balance (IMDB) and calculation.

Additive Dipping timeg | %HH (Calculation)

FGD NG

(min

86.87+4.35

o-HTGS 92 70m3.93

- [.9¢ 93.03+3.40 93.2143.76
94.49+3.86 93.52+3.20
95.16+3.32 94.51+3.42

95.20+3.93 95.3743.93

Sodium succinate

94.87+3.55 93.37+4.20
96.02+3.84 94.80+3.24
96.22+3.70 96.04+3.46

Succinic acid

94.53+4.06 93.48+3.21
95.02+3.51 94.23+3.96
95.23+3.78 95.44+3.36

Magnesium nitrate

94.76+4.11 93.64+3.50
95.5243.21 94.62+3.17
95.87+3.60 95.70+3.47

Mixture of sodium
succinate and
magnesium nitrate 15

* Infrared Moisture Determinatig 3, AD-4712)

»
)
n

&
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Fig. 4.3 Effect of types of additive and dipping time on the content of hemihydrate (o.-HH),

blended additive : sodium succinate : magnesium nitrate = 1:1 by wt.
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The results from Table 4.3 and Fig. 4.3 show that the amount of a-HH
syvnthesized from FGD gypsums greatly increases in the range of short dipping time upto 7
min, and slightly increases after this. A dipping time of 7 min seems to be the optimum point
of all the curves. Of all the additives employed, succinic acid is the most effective and the
order is : succinic acid > blended additive > sodium succinate > magnesium nitrate. For

natural gypsum, the curves show the same trend but at the beginning, the content of a-HH

Natural gypsum

20
L _.__A_A__,__‘.,..-l...- Succinic acid
16 4 6 P
W o - . -/.—0 Sodium succinate
? . W T e
f 10 .—_____‘.___’___,_—4—‘ Blended additive
=
= 8 8
z -
6 My’ “S—
i = -4 Magnesium nitrate
2 4
0 T T
2 4 6 8 6 12 14 16 18
Dipping tim 0 Setting ti me Dipping time (min)
15 [ 4 F- S 7 T S
__________ ¥ Succinic acid
145 : it
e e SuICCINIC ACId — :
— = i
g “ ‘ ; 14 Blended ndditive
S Blended additive = Sodium succinate
? | cdlhte ﬂ 1 Q -A Magnesium nitrate
% s ¢
£ B
=
13 125
125 . § 12 : - . .
2 4 6 8 10 12 4 16 18 2 4 6 8 10 12 14 16 18
Dipping time (min) Flexural Strength Dipping timémin)

Fig. 4.4 Effect of additives and dipping time on the physical and mechanical
properties of synthesized o-HHs.
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From Fig. 4.4, the setting time of a-HHs produced with succinic acid and
sodium succinate increases with dipping time, but clearly decreases in the case of magnesium
nitrate because of its accelerating effect. It is noticed that succinic acid is a stronger retarder
than sodium succinate. The flexural strengths of a-HHs produced with all types of additive,
increase which are in agreement with the results of Fig. 4.3. Succinic acid is the most
effective additive in this case because it produces the highest early strength. When using the

combination of sodium succinate and magnes nitrate (1:1 by wt), It is interesting that all

the properties are in between those'of's sinic 4 _ dium succinate. It is also noticed
that the setting time in this case 18 Hotsensiti éﬁme.

The results M _ApHondi % “-\ how that generally, o-HH,

with the exception of the #@Wwabiliyy” FUbis, might | sed by the narrow particle
size distribution (PSD) of thg

AU INENTNEINS
AR TN TN
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4.2.4 Morphology of dihydrate obtained after hydration of a-HHs

TGS (commerc1al product with addltlve)

s s RS BRI G WA s

without addifi¥e and commerc1al

Al G IOUUBAIN LA e

without addmve) of Mae Moh and Lippendorf FGD gypsums, and local natural gypsum in
comparison with the commercial product (0t-BSP). It can be concluded that the hydrated
products of a-HHs synthesized without additive products are composed of high aspect ratio

than those of the commercial product (with additive, a-HTGS). The average DH crystals

from the Lippendorf FGD gypsum is the smallest.
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Mae Moh FGD gypsum Natural gypsum

3 &
¢ sMagnesium nitfase (7 min)

NS

F

Mixtures of sodium succinate and magnesium nitrate (1:1 by wt) (7 min)

Fig. 4.6 SEM micrographs of hydrated products with various types of additives.
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Fig. 4.6 revealed the microstructure of hydrated a-HHs of Mae Moh FGD
gypsum and natural gypsum under the influence of various additives. It is found that
additives tend to reduce both the size and aspect ratio of DH crystals and cause grain
cementation. The microstructure of dihydrate from the mixed additive shows the mixed
morphologies—long and small crystals with high-aspect-ratio characteristic of sodium
succinate and large and thick plate crystals with low-aspect-ratio characteristic of magnesium

nitrate.

4.2.5 Improvementoffic ity of e=HH"products

o-HHs synthesize dipping time of 15 min and 7 min

AN

in sodium succinate and isucgi eiceted to be the samples for this
experiment. The PSDs of sgiCtal 6 #1Hs (under thelgriiding conditions of Appendix :

Table 2, feeding rate 30 and 35,8/mi vel 1 '\‘x' Fig. 4.7.

a ‘oln
AU TNHNITNEIR S —

Particle size (micron)

- TR e
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Fig. 4.7 show that the synthetic a.-HH has a much finer and narrow PSD than
the commercial product (0t-HTGS). This result affects their flowability as shown in
Appendix : Table 4. To improve this property, various amounts of coarse size a.-HH, 10-200
Wm, is added in the synthetic product. This coarse size FGD a-HH was made by crushing

the o.-HH from FGD gypsum and sieving through 70 mesh screen (210 pm) and mixing in

(%)

Particle size (micron) Particle size (micron)

(a)

Fig. 4.8 Effect of-goarsegparticle Sizedadc the,PSDs of a-HH synthesized

from FOD ZypSumTIwIE id (b) succinic acid.

] )

Table 4.4 Flowabﬁ and méchanical propertiessof oi-HHs synthesized from FGD gypsum

185 VIEVITWR NI

with additive and i

| Samplr | Gparse Sizé |a quwabilityf o Flexural strength®
 QWIAININEMII NN o

qe TG ' - 3.50%0.05 12.67+0.89
FGD gypsum + Sodium succinate 15 min 0 17.50+0.05 13.84+1.18
10 19.90+0.09 13.98+1.29
20 21.50+0.06 14.27+1.36
30 23.30+0.10 14.55+1.10
FGD gypsum + Succinic acid 7 min 0 16.00+0.04 14.14+0.72
10 19.5040.07 14.25+1.27
20 21.75+0.08 14.63+1.08
30 23.00+0.05 14.80+1.25

+ Lafarge method, * DIN 1168
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30
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H Flexural strength (MPa)
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)
A

a-HTGS

Fig. 4.9 Flowability and flexural strepgth om FGD gypsum) with

The results Table Hid\an, 4 show that the flowability

wability of the chosen a.-HHs

\ e coarse size is about 30%.

4251 G d' g-ce s synthesized with additive

The grinding r&su etic 0.-HHs are tabulated in Table 4.5

and illustrated in Fig. 4.10.4

7

Table 4.5 Suitable grinding gonditions'e O=H 1 (fe ing size ~ 2.0 mm, -10#).
Additive Dipping time Feeding rate Medlan size (um)
mjin | € Soiot F8BT T FGDG_ | NG
- ] \ A79+2.6
Sodium '@ 5" =R N SR N 7.74+0.38
succinate 30 & 7.75+0.56 7.8340.29 -
" | ) ala ; 5+0.27
RTANN I BT NE § £
Succinic 3 20 - - 7.56+0.19
acid 30 7.554+0.77 7.61+0.63 -
7 25 - - 7.77+0.20
35 7.69+0.38 7.71+0.51 -

# Lab grinding machine (FRITSCH Rotor Speed Mill Pulverisette 14), 15,000 rpm, 12 teeth, sieve = | mm.
FGD-T =Mae Moh FGD gypsum briquettes

FGD-G - Lippendorf FGD gypsum briquettes

NG = Natural gypsum
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O Mae Moh FGD gypsum
B Lippendorf FGD gypsum

O Natural gypsum

Feeding rate (g/min)
b 8

w
E=)

ows the same results as the

previous experiment (Fig. 4 \-\\\ additives were easy to grind

ceded. At the same dipping

time, the feeding rate of nai gy \\ gypsums.
4.2.6 Recycling : \

nd mechanical properties of Q-

cling solution

To.-sifulate the actual practice in thedaiory, each dipping solution

was used several times witHoL {" effect of the recycling was
monitored interms of OL-Hlmontent setting time, and ﬂexura ength. It is thought that the
increase in pH of uéj =2 for succinic acid)
after each dlppm ﬁ:ﬂﬂﬁiﬁg 5‘iftlcﬁentration which later
hydrolyze to Ca(OH » and act as set accelg¢rator which explains the resulgsyof Fig. 4.12. The
growth of @! WG‘; aﬂ@ ﬂiﬁ%“\%@l’r}mr’t}ﬁr&wstals of low
aspect ratio sfjown in all the hydrated specimens of the 8" dipping, Fig. 4.14 - 4.17.

The phase composition of synthetic o-HHs obtained at
different dipping cycles is tabulated in Appendix : Table 5 and Table 6 and presented in Fig.
4.11. Physical and mechanical properties of o.-HHs products are also showed in Appendix :

Table 7 and illustrated in Fig. 4.12 and Fig. 4.13.
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Natural gypsum
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Fig. 4.12 Effect of dipping cycle on tlic setting time of o.-HHs.
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yeleo
o "
g

strength of o.-HHs.

It was found fre e S ig, 4.11 and Appendix : Table 5 and
that there is a gradually $§ iy /o

cycle which supports thed

asifig dipping time and reused

ig .13). The results of the

physical and mechanical perties in Appendix : Table 7 andiBable 8§ are clearly shown that

the setting time and ﬁrindabilfyﬁ all samples aruﬁijﬁml and positively affected by the

increase in dippin “ urge%MI %@ lit T;]l‘tixural strength are less
RINNIUNNINYIAE

affected.
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4.2.6.2 Morphology of DH obtained after hydration of

a-HHs synthesized with recycling solution

1 cycle 8 cycles

Natural gypsum

Fig. 4.14 SEM micrographs of hydrated products of a.-HH synthesized with

recycling sodium succinate solution (10 min).
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8 cycles

Natural gypsum

Fig. 4.15 SEM micrographs of hydrated products of a-HH synthesized with

recycling sodium succinate solution (14 min).
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Natural gypsum

Fig. 4.16 SEM micrographs of hydrated products of a-HH synthesized with

recycling succinic acid solution (3 min).
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1 cycle 8 cycles

Natural gypsum

Fig. 4.17 SEM micrographs of hydrated products of a-HH synthesized with

recycling succinic acid solution (7 min).
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The SEM results (Fig. 4.14 - 4.17) of the hydration products of a-HHs,

synthesized by calcining FGD and natural gypsums with reused solutions of additive, show
different morphology of DH crystals. The DH crystals of the 1* dipping are small, prismatic
and have a high aspect ratio but those of the later dippings tend to have a decreasing aspects
ratio, hence leading to plate-like or laminated structure and less interlocking. Moreover, the

morphology of the DH crystals of a short dipping time are quite similar to that of the 1%

stack of plates cemented into a of allAhedditives (Fig. 4.6) employed, succinic
acid yields the smallest DH ' ith hi amorwhich explains its high flexural
strength of Fig. 4.4.

iF

AUt INeNInens
ARIANTANNING1AY



B. Preparation of FGD gypsum-fly ash-lime composite materials

4.3 Formulation of FGD gypsum-fly ash-lime

66

Results of physical and mechanical properties of composite materials with

various compositions were tabulated in Table 4.6 and presented in Fig. 4.18.

Table 4.6 Physical and mechanical properties of FGD gypsum-fly ash-lime specimens.

Properties

30-58-12 | 40-

Compressive strength (MPa)
1 day
3 days
7 days
14 days
28 days

Bulk density (g’cm’)
1 day
3 days
7 days
14 days
28 days

1.1

1.1 1
121 A1
126 | T1f

Porosity (%)
1 day
3 days
7 days
14 days

82
26.4‘1 26.89
31

28 days qlﬁ ‘
ﬂ i) d

ARIAINTU NN INE

D gypsum (3-HH)-Fly ash-Lime

1
o el
5 1
£ 3
Ty
28
26.75 26.82
6

-16 | 40-44-16 | 60-24-16 | 30-50-20 | 40-40-20 | 60-20-20
1.9 2.1 1.8 1.9 2.1
2.1 1.9 2.1 22
2.4 2.3 23 24
2.9 3.9 3.0 2.7
S 3.6 4.7 3.8 3.0
18 1.18 1.18 1.18 1.18
1.18 1.19 1.19 1.19
.19 1.20 1.19 1.19 1.19
1.21 1.21 1.21 1.20 1.20
1.25 1.23 1.24 1.23 1.22
28.69 27.64 28.56 28.66
28.03 27.23 28.26 28.35
2 27.90 26.51 27.75 27.88
26.5]‘ 27.54 26.24 27.30 27.53
25.82 26.18 26.49

1
o1l

2621
d

188
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01 day
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FGD gypsum (B-HH)-Fly ash-Lime

Porosity

th

Ime specimens wi

Fig. 4.18 Physical and mechanical properties of FGD gypsum-fly ash-I

ixing proportions.

different m
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The physical and mechanical properties of the specimens are shown in Table
4.6 and Fig. 4.18. The strength gained of these pastes are due to the hydration of B-HH (eq.
1), the pozzolanic reaction of fly ash (eq. 2 and 3). These two reactions progress slowly but
continuously when there is an adequate water supply.

CaS04.1/2H,0 + 1.5H,0 ——> CaS04.2H,0 )
Y[SiO(OH)3]" + XCa®* + (Z-X-Y)H,0 + (2-Y)OH ——> C,-S,-H, (2)

2[AI(OH)] + 380, > + 6Ca** + 40K > 3Ca0.A,05.3CaS0,.32H,0 (3)

Along with the decreasing prop@ition-o F i atio, the strength of paste increases

obviously and reaches maximug - satio of 0.29 which corresponds to
composition, 30%FGD gyp (B Y544 H . ash-1 ne, but beyond this value, the
strength sharply decreasesv ‘ lustrated in Fig. 4.20 also show
the same results. The strong at lime/fly ash ratio of 0.29 and
decrease sharply at the otH€rs. S fesulyc 1§ to, th port of Fournier M., et. al.®” '
and Cereseto A., et. al.”” @R ati'the presence of gypsum in the

lime-fly ash system did not chalig

%

o
L

wn
L

&=

40-40-20 (09416

ﬂyaqwanswaw
W’lMﬂ‘iﬂmWﬁﬂﬁ’mﬂ

Fig. 4 19 Relation between lime/fly ash ratio and compressive strength of 28-day

ompressive strength (MPa)

60-20-20

FGD gypsum-fly ash-lime pastes.

The results of compressive strength (Table 4.6) is in agreement with those of

the bulk density and porosity. However, the strength of specimen is still low at every curing
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age. Improvement of mechanical properties of the specimens was performed based on the

composition containing lime/fly ash ratio 0.29.

E = Ettringite

G =Gypsum

M = Mullite

Q =Quartz

CH= C:al(OH)z Lime/Fly ash
ratio

0.29

0.40

JJ‘ A / | &*\‘\\\\L\‘ GG GG .
2T INNS |
) . m b \.\ 0 50
2 AN
V 2 \ astes with various
%\

Al (>98% RH).

Fig. 4.20 XRD patterps offFGD l’xm“

lime/ash ratio glirell at 28-days

4.4 Improvement of the ok Fand mechanical properties of FGD

B-HH)—ﬂy ash-lime

XRD results of the phase composmon of composite

materials cured at ﬂ ﬂ ﬂp?ﬂsﬂmwgﬁﬂﬁted in Fig. 4.21.
AR ANNIURIINEAY



Curing for 3 days

Curing for 7 days

-4 G Gen
M

ARNAASHIHRIA NN E Y

2°C

10 20 30 40 50

Fig. 4.21 XRD patterns of FGD gypsum-fly ash-lime pastes cured at various

temperatures and differents ages.

70
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XRD analyses in Fig. 4.21 show that the main products from
pozzolanic reaction are ettringite and poorly crystallised tobermorite, C-S-H(I). The higher
content of ettringite and C-S-H(I) can be synthesized at higher curing temperature because
the rate of pozzalanic reaction increases with temperature between 40 and 60°C**4>™_ The
curing temperature at 50°C show the best result because gypsum has the maximised
solubility at 50°C (Fig. 4.22) leading to higher ettringite phase produced (eq. 3). Above

60°C, the ettringite content decreasing,bi ¢ pozzolanic reaction tends to stop or to

(43.45)

lessen and the solubility of gypsi ‘

80 100 12() 1406 160

ﬂpummm%wmﬂi
AR 890 HRAD WA Bhm e

I-IH) fly ash-lime
Physical and mechanical properties of the composite materials
cured in humid air at different temperatures at scheduled age are presented in Appendix :

Table 8 and shown in Fig. 4.23.
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Bulk density (g/cm’)

Compressive strength (MPa)

20°C

Curing time (day)

Porosity (%)

Curing time (da d ' b Curing time (day)

) § ﬁ{{ o ' (d)

Fig. 4.23 Physic 59- echanica ies of composite materials cured at

% U_\A l‘.kﬂl.l Aﬂ( l! !"l\-‘ 'A A1} v"'nnl--'-‘ ‘ gth (b) bulk denslty, (C)
‘ 5

o’-’;?k

" ¥
II l'
|
W

Fhewresults from Fi é& .23 show that compressive strength (Fig.

1250 incrases b ihe dur ke R f i, The ormator

of ettringite and C-§!H(I) in the gypsumymatrix is reg(.)nmble for th in in strength of
specimens. q%r}ﬁ %ﬁmlﬂquq wm ﬁﬂ)f bulk density
(Fig. 4.23b) 4nd total porosity (Fig. 4.23¢) supports the i increase in the compressive strength.

These results clearly manifest that a porous structure is formed in the early period and after 3
days the matrix of gypsum is being filled by hydration products (ettringite and C-S-H(I)) and
structure becomes denser, enhancing high strength. The volume stability of specimens is

showed in Fig. 4.23d. All specimens show shrinkage in the first 3 days of hydration due to
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the solubility of gypsum®”. They expand significantly after 7 days due to high content of

expansive hydration products.

c.) Free lime content

100 4

N R 63°C

60 4

20°C
40 - "

20

Degree of reaction of Ca(OH) (%)

Fig. 424 The degree posite materials cured

at various te

Fig. #24 shows: eacted percentage of Ca(OH), in the
pastes cured at different tempef re gl

period, and then much more slowly!ﬁ
b s 24

asumed very quickiy during initial
curing temperature. The higher the

curing temperature, the faster the ected._The variation in the degree

hl
of reaction of Ca(OH)- coneSpontimoto the mueasura e Strerot ot d the slope of those linear

relationships (Fig. 4.25) ﬁ atio ~¢':"l,_ various hydration products

"
|

with different mechanisms:™ ~

ﬂ__ El’JVIEWI‘iWEI'lfT‘i

Compressive

0 10 20 30 40 20 60 70 80 90
Degree of reaction of Ca(OH), (%)

Fig. 4.25 Correlation between compressive strength and the degree of Ca(OH), in

the composite materials cured at different temperatures.
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d.) Particle morphology of composite materials

Curing 20°C for 28

Fig. 426 SEM micré8ra omposite materials.

sing curing temperature, the

hydrated products, ettringite: ology of hydrated products

changes from irregular shape t

- ¢ o v/
RN UANTINGIRE

Fig. 4.27 Kinetics of pozzolanic reaction in composite materials cured at different

temperatures.
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Table 4.7 Reaction grade (N) and phase period of the composite materials activated with

thermally accelerating method.

Curing temperature Phase [(N<1) Phase I (2>N>1) Phase III (N > 2)
(°C) N Period N Period N Period
20 N/A N/A 1.95 3 days 2.51 > 3 days
40 N/A N/A 1.82 3 days 2.34 >3 days
50 N/A N/A 1.66 3 days 2.18 > 3 days
65 N/A N/A 2.09 > 1 day
80 N/A N/A 2.04 > 1 day
N/A = not applicable.
/ 842 able 4.7 that Phase I can not be
detected regardless of curing Jef / hat Phase [ has been completed

before the determination of freg m 20 %0 '80°C, pozzolanic reaction behaves in the
same way, i.e. Phase Il efids aftes apy ximately 3 days uring and Phase III starts

thereafter. As curing temperafiire se 11 could be identified.

posite materials
als,gontaining various amount

of B-HH and cured at diffest

|

i

ﬂ‘IJEl’JVIEWI‘iWEI']ﬂ‘i
’QWWMT]?W&JWI’MHWRH



E = Ettringite
G =Gypsum
I =CS-H(l)
M = Mullite
Q =Quartz
CH = Ca(OH),

100%HH

L‘JJ.,LJJU I Curing for 3 days
».-a :

GG G

30%HH

Curing for 7 days

i¥

Q =Quaru
CH = Ca(OH),

?\..L.JML.J‘/ o -

fl ummfl&lma.n p)

tLl Nﬂ)ﬁﬁu‘ﬁﬁwﬁw‘mw

JWNII

E : . N
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0%HH
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Fig. 428 XRD patterns of composite materials containing various contents of

B-HH and cured at different ages.
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Fig. 4.28 shows XRD patterns of the composite materials,
improved properties by physically accelerating method. Small ettringite peaks are detected
at 3 days and their intensities increased with curing time. Strong diffraction peaks of gypsum

are still detected at every curing period and only slightly decrease with curing time.

b.) Physical and mechanical properties of composite materials

d e | g ‘ B A ‘ gt

15 20 25 30
Curing time (day)

(b)

29 4

28 4

27 4

26

Porosity (%)
e change (%

=

5

254 4

24 1  0%HH

Curing 20°C

’ = s
23 4 2 4 .
0 % 2 5 w I l, ’ 10 : 20 25 30
’ ay) | L] I L Cugingtime (day)

q e d)

-0.15

Fig. 429 Effect of B—HH content on the physical properties of composite materials (a)
compressive strength, (b) bulk density, (c) water absorption, and (d) volume

change.
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It was found from Appendix : Table 9 and Fig. 4.29 that
compressive strength of blended materials increases with increasing amount of B-HH in the
composition. However, it shows employed reversible results in flowability (Fig. 4.30). The
higher the content of B-HH is employed, the lower the flowability of the composite materials

is resulted. This is occurred due to the short setting time.

Flowability (mm)

omposite materials.

osité materials under water
Perfornianoe unde of the 28-day composite materials

ppendix : Table 10 and

improved by physically, a8 )
AL

presented in Fig. 4.31. Y

.,I
-y ar

AUEINENINGINT
ARIANTAUNNINGAE
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25 - 35
30% HH 30 4 100% HH, 4 d-leaching
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~ & 60% HH, 11 d-leaching 40% HH
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0% HH

Fig. 4.31 Physical and mecha Of 28-day specimens under water

(a) compressi rength, (b) w ion, and (c) volume change.

-

A
(He" specimens improved by
LI

= =
physically accelerating me '-1|) cured at 20°C for 28 days areshown in Appendix : Table 10

and Fig.4.30. It is, found fhataspecimens corftaining B-HH higher than 40 wt% show

unstability in wateﬂ u ﬂs(a ﬂﬂﬁmﬂqﬂid W. Yang”. They

reported that the coﬂent of synthetic gypsum as cemealtlous binder uld not be higher

oo ARARIATEIHAT N A D

4.4.3 Chemically accelerating method
a.) Phase analysis of composite materials activated with
additive and cured ay different ages.

XRD results of composite materials activated with CaCl, and

Na,COj3 and cured at different times are presented in Fig. 4.32 and Fig. 4.33, respectively.
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= Ettringite
-c,&m 10H 0

Gypsum
- C-S-H(l)
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4 ’ | . R |
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cz=amm
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1]
#Cl.10H,0 |

G =Gypsum

1 =C-s-H®)

M M-mu

Q
cH Cl(()lll

3 ‘HH N9
AR ﬁﬂw%ﬂ“frﬁl%% IRl

Fig. 4.32 XRD patterns of composite materials activated with various contents of

CaCl; and cured at different ages.



81

F. = Ftringite
G = Gypsum
1 =C-5-H(l)

M = Myllite

Q =Quartz

Clt = Ca0I,
/ MJJ«..J

Curing 20°C for 1 day

q WW 3 mmu% -‘-'JJQEI 304 B 2000
M\Jy

Fig. 4.33 XRD patterns of composite materials activated with various contents of

Na,COs and cured at different ages.
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Fig. 4.32 and Fig. 4.33 show the XRD patterns of composite
materials activated with additive and cured at 20°C for 1, 7, and 28 days. In the case of CaCl,
activated pastes (Fig. 4.32), The Friedel’s salt (3Ca0.Al,0;.CaCl,.10H,0), is identified and
begins to form in the paste with 1% CaCl, at 1 day. The intensities of these diffraction
peakes increase with curing time. The weak ettringite diffraction peaks appear with 4%

CaCl, at 1 day and can be detected in every dosage of CaCl, at 7 days. The unreacted

perties of chemically activated

properties of composite materials

activated with CaCl, and Na,CQO r:_-:' it at 20°C in humid air at scheduled age

ﬂ'HEl’JVIEWI‘iWEI’]ﬂ‘i
amaﬁﬂ‘imum'mmaa
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Fig. 4.34 Effect of content of additive on the physical and mechanical properties of

composite materials.
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Lime-Fly ash-FGD gypsum (B-HH)-CaCl, system
It was found from Fig. 4.34 that the compressive strength of
specimens increases with increasing content of CaCl,. This is also confirmed by the results
of bulk density and porosity. It is found that the increase in additive content results in the
increase of bulk density and hence porosity is reduced.

During the blending of the materials with CaCl, solution,

Ca(OH); dissolves first. The presenc celerates the dissolution of Ca(OH), and
gypsum ,but reduces the pH o e solution/2 issolution of fly ash, respectively.
Therefore, the liquid phase of ire ha ntration of Ca’* and SO4*, but a

lower concentration of di e species. This results in the

formation of lower ettringi cally to form Friedel’s salt®

(Fig. 4.32) (eq. 1) (3CaO0.

2[AI(OH),] + 2CI" + 3Ca 3 \ \ 05.CaCly.10H,0 (1)

The formation of 3Ca0.Al,0;. OS¢ ‘ \ lid volume (Table 11) much

more than gypsum. Therefor 3 d'Spéeime \ ow the higher strength and

,j"';j 03 system
7 also s “‘ ow the effect of the content of
Na,COj; on the compressnve s‘;rength of spec1mer&s’ It is found that the compressive strength

increases with inc ﬁf‘geﬂg Wﬁﬁrﬂﬁ:h is obtained at 3% of
- o ) .

Na,COs. The dro q‘ essive strength with higher contents a,CO; is explained by
Jinawath e l (73) gqi éaﬂ ﬁj‘gﬂmﬁ ﬂg.ilﬁg ent of Na,COs
severely sh fi ?1 ﬂ ot gﬂme to prepared

a complete test specimens. This is confirmed by the flowability result (Fig. 4.35).
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Flowability (mm)

Fig. 4.35 Effect of additive™On.tte v lity. O pens activated by chemically

accelerating

aluminate (Fig. 4.33). Therm dithat ettringite is the stable phase

below 70°C and monosulf: o the higher concentration of

reactants and the environmenta! for monosulfate aluminate to form

directly or from the conversion @ the Na,COj; pastes (eq. 2, 3, and

74 ) - -
6)™. B
L

2[AI(OH),] + SO, + 47 FEFEO T A0 9, CaS0..12H;0 @)

-|l I
i n‘

6Ca(OH),+2A1,03+3Ca0.Al> 93 .3CaS04.32H,0 _’3[3Ca0 A1,03.CaS04.12H,0]+2H,0 (3)

Nazcoz(aq@,;&m‘ﬂﬂm%’lai@
cust| FARSAIANMININEL

3CaO.A1203.3CaSO4.32H20+4NaOH - 3CaO.A1203.CaSO4. 1 2H20+2N32$O4
+Ca(OH),+20H,0 (6)
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The conversion of ettringite to monosulfate aluminate causes the decrease in the solid
volume. This means that the Na,COj3 activated pastes will exhibit a lower strength at higher
concentrations.

When Na,COj; is added, the reaction between Ca(OH), and
Na,COj; as expressed by eq.(4) happens first. The reaction increases the pH of the solution,

accelerates the dissolution of fly ash and speeds up the pozzolanic reaction between Ca(OH),

paction results in the increase of NaOH
concentration and promotes gypsum formation of calcium hydroxide
: ate ion concentrations increase

and calcium hydroxide precipitate™ Lie.f ,; ati o\\fiw amishydroxide therefore competes

with that of ettringite. ide formed limits ettringite

T a A LT OL )
formation and allows for the - t € .\\ \

e 4
gypsum pastes are listed in Taple 488 8 ? \

early strength of hardened paStesgVer ‘1 .ff; f? \‘

dration products in lime-fly ash-

mg1te (Fig. 4.33) increases the
s the structure. These results
are comfirmed by the results offbu den 'u, g 4.34).

ffﬂ{ ."'.-:'_.n #
Table 4.8 Properties of related reactigfi piog
p n.-:_’a!.-f A oa

Formular | Mol 1"_'{. nsity (g/cm”) | Volume change (%)
CaSO,.2H;0 1 : Y] 230 10.1
Ca0.Si0,. 1.5H,0 = > 0-2.2 17.5
3Ca0.AL0;.13H;0 E agonal plate | 2.02 58.9
3Ca0.Al,0;.CaCl,.10H,0 Hexagonal plate 2.03 95.4
3Ca0.Al,0;.3CaS0,.32H,0 ueedle 1.73 164.2
3Ca0.A1;0;.Cas0..1§Bi{d] | 1/ HEpd ol fla e Mw 79.2

AN ITUNNINGA Y
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c.) Free lime content

CaC|2 N32CO3

of reaction of Ca(OH) , (%)

Degree of reaction of Ca(OH) , (%)
g
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Curing time (day)

Curing time (da . [ v ing ti
Fig. 4.36 The degree of C the ‘chemicall \ erating composite materials.

ercentage of Ca(OH), in the
of Ca(OH)z in N32CO3 and
e without additive during the

chemically activating com0sitg
CaCl, activated pastes tendgffto

initial reaction state. The highg séd in the composition, the higher

the degree of Ca(OH), consumg 5.';;_,_,;,__"% Lherefore, it can be concluded that the

addition of both additives accelerate 1 ylanic reaction. The results in Fig. 4.37

show that the slopes of-the linear Telation: fesent. .~ This is resulted from the
formatlon Of VarlOUS hy ;“m:?;
N32CO3
16 20
i W Na,CO, ../’ 3%

s
D
=
ol
.,
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| S
T
5

Compressive strength (MPa)
o

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
Degree of reaction of Ca(OH), (%) Degree of reaction of Ca(OH), (%)

Fig. 4.37 Correlation between compressive strength and the degree of Ca(OH),

reaction in the chemically accelerating composite materials.
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d.) Particle morphology of chemically accelerating composite

materials

Non-additive paste

‘o Y
Fig. 4.38 SW jjrﬁaﬁﬁs?flcﬁj%fﬁawﬁq ﬂﬁite materials cured in
id air at 20°C for 28 days.

hu@l

R AN TUNRAIN G Bhoco. e

microstructuréd of the hardened composite materials at 28 days. Comparing the fracture
surfaces of these samples, CaCl,- and Na,CO;-activated pastes reveal a better developed
hydration products than the non additive paste which shows only compact lath crystals of
gypsum and clusters hydrated product. The various morphologies of hydration products in
CaCl,- and NayCOs-activated pastes have been identified by the energy dispersing
spectroscopy (EDS). It is found from the EDS results in Fig. 4.39 that the hydration products
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can be divided in to two groups. The first one is gypsum (area 1, big crystals) and the second
one is the combination products of ettringite and C-S-H(I) (area 2, 3, 4, and 5). The
difference among these combination products is the Al,O3/SiO; ratio. The higher the ratio,
the higher the tendency of phase separation is investigated. According to the XRD analyses
in Fig. 4.32 and Fig. 4.33, Friedel’s salt and C-S-H(I) are also found. However, these two
hydration products with a morphology and composition are not detected by SEM. This

might be due to the limitation of the instuuim

Area (5)

Fig. 4.39 EDS results of chemically accelerating composite materials focused at the different

areas of specimens relating to the SEM micrographs. illustrated in Fig. 4.38.
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e.) Kinetic analysis

CaClz

0.2 4
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-
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Fig. 4.40 Pozzolanic reag/ ‘ : rating composite materials.
Table 4.9 Reaction grade ‘D osite materials activated by
chemically accelerating meghiod - '

Amount of Type of sgl (N £°1)° >N>1) Phase III (N > 2)
Additive (wt%) additive 7 : Period N Period

- - ‘/ 1 3 days 2.51 > 3 days
1 CaCl, M/ A N/A 2.08 > 3 days
Na,COs N/A 7 .96 3 days 2.12 > 3 days
2 CaCl, /A 2.14 > 3 days
Na,CO; days 2.16 > 3 days
3 CaCl, : N/A 2.23 > 3 days
Na,CO; N/A N/A 1.78 3 days 2.30 > 3 days
4 CaCl, N, N/A N/A N/A 2.32 > 3 days
\ﬂﬂm | ﬂ @s 2.41 > 3 days

N/A = not applicable. §]

AR AT NN

=1

Table 4.9, igcan be seen that the introduction of Ca

atiﬂn Fig. 4.40 and

niticant effect on the

pozzolanic reaction in the composite materials. It seems that only Phase III is the reaction
phase detected in all the CaCl, admixtures and the reaction grade N decreases with increasing

amount of CaCl,. Thus, the addition of CaCl, significantly alters the pozzolanic reaction

behavior.
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The trend of pozzolanic reactions in the Na,COj;-activated
pastes is very similar to that of the non additive paste except for some offset reaction degree
in the early stage. This means that the addition of Na,COj accelerates the consumption of

Ca(OH): or pozzolanic reaction rate mainly during the first period.

4.4.4 Mechanically accelerating method
a.) .1""‘~

i§ 9f composite materials improved by

ing method
'-.‘..;::""::.

7 Lresults,of thHesphase composition of composite
materials cured at different tguaperatitesand 'ch_ |c@"agesate presented in Fig. 4.41.

= Ettringite
Gypsum
=C-S-H(I)
Mullite
Quartz
CH = Ca(OH),

28 days
7 days

3 days

;—_—:ﬁ oved by mechanically

cren _x: g€S.

4

¢
; ;J\ary]gsjy[ ﬂyjniﬁ:.m, small ettringite
peaks are investig@u d:z u -8-H(1 détécted¥at all the curing ages.

Diffraction peaks of gypsum and unreadted hydratedime are still refadined and slightly

woewes I) OV SO V- VI, Y Bt o

specimens m&ht relate to the high density and low porosity of the compacted specimens.
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b.) Physical and mechanical properties of mechanically
accelerating composite materials
Physical and mechanical properties of the composite materials
improved by mechanically accelerating method at various curing ages are presented in

Appendix : Table 12 and shown in Fig. 4.42.
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Fig. 4.42 Effect oflc anically accelerating method on the physical and mechanical
wravH gy

It is found from the experiment that the mechanically

60 70 80 90 100 0 20 30 40 50 60 70 80 90 100
Curing time (day)

accelerating composite materials shows high strength in the beginning of curing stage and
gradually increases with time (Fig. 4.42). Moreover, the mechanically accelerating method

reinforces the specimens to have higher strength than the others.
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Due to high bulk density and low porosity, the humidity from
the curing atmosphere is difficult to react with unreacted substances remaining inside.
Therefore, the pozzolanic reaction proceeds very slow. This results conform to the results of
XRD analyses. However, the most important advantage of mechanical accelerated method is
based on a productivity aspect. The preliminary thermal treatment to prepared B-HH from

the FGD gypsum, for use as binder in the other methods is not required in the mechanically

V /7/d'n the as-received form.

orﬂml@anically accelerating

nateriais.

accelerating method and the FGD gypsu

After g DU, ¢ for 28 days

=

Fig. 4.43 SEM micr@raphs of mechanically acceleratir@composite materials.
¢ o v/

compaction causes ﬂ' u EIJ ﬂ Wﬂﬁw WEE/] ﬁiﬂﬁ)hs (Fig. 4.43) that

contact of raw materials after demould and hence, during curing, the

hydration qﬁlﬁﬁﬁs @?_fﬁl\ﬁl n w tﬁlﬁ ,i 8 “supports the high
strength of't 3 anidally accelerdting |1I)S :Jte al Ele 1 gETThe hydration

products from pozzolanic reaction keep on going with curing time and result in the dense

cementation of the hydrated mass.
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d.) Performance of mechanically accelerating composite
materials under water
Performance under water of the composite materials cured in
humid air at 20°C for 28 days and improved with mechanically accelerating method at

different ages are shown in Appendix : Table 13 and presented graphically in Fig. 4.44.

120 : — 65
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02 - Pl

0.

Volume change (%)
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0 ,' 0 90

cwoay) .|.IJ

mﬂmmmmmzzszm
QA IATRIH RV B GG b v

increasing imfhersion time because the excess water proceeds the pozzolanic reaction and

100

produces more hydrated phases. The water absorption of the composite increases and no
leaching away of the matrix is detected. The superior behaviour of the composite towards
water may be ascribed to the filling of most of voids and pores of the gypsum matrix with
hydrated products. The volume change measurements indicate that the swelling under water

does not excess 0.20 Vol% at 90 days and tends to be constant at the later age.
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4.4.5 Combination of accelerating methods

4.4.5.1 Thermally and chemically accelerating method

a.) Phase analysis of composite materials improved

by the combination methods.

XRD results of the phase composition of composite
materials cured at 50°C and scheduled age are illustrated in Fig. 4.45.

E = Ettringitc

F  =C3A.CaCl,.10H,0
G =Gypsum
I =CS-H(})
M =Mullite
Q =Quartz

1 =Ca(OH),

1
28 days

D
M,

VN
; ’4 &\\\\{\ s

(a) Activatel wi ._ &%

T

0°C in humid air

E = Ettringite
G =Gypsum
I =C-S-H(l)
M = Mullite
Q =Quartz
CH = Ca(OH),

1
28 days

1 day

QA RIATRUH RN B b

Fig. 4.45 XRD patterns of thermally and chemically accelerating composite materials
cured at various ages.

Fig. 4.45 (a) shows the XRD patterns of 4 wt% CaCl,-

activated pastes. Diffraction peaks of Friedel’s salt (3Ca0.Al,05.CaCl,.10H,0) are
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identified and intensified with time. Diffraction peaks of hydrated lime slightly diminishes
with time and almost disappears at 28 days.

XRD patterns of 3wt% Na,COjs-activated pastes cured
at 50°C are presented in Fig. 4.45 (b). Strong ettringite peaks are detected at 1 day and
increases sharply with time. Diffraction peaks of gypsum are weaker than those cured at

20°C and diminishes with time. Diffraction peaks of unreacted hydrated lime are detected at

1 to 7 days and disappears at 28 days.

mechanical properties of composite

by thermally and chemically

LA
g

properties of composite

materials activated with Ca@l; 4.4 T, Nask @34 5\ wit' \ at 50°C and scheduled age
e N,
are presented in Appendix : J
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Fig. 4.46 Effect of thermally and chemically accelerating method on the physical and
mechanical properties of composite materials (a) compressive strength, (b)

bulk density, (c) porosity. and (d) volume change.
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It is found from the previous results that activated
pastes with CaCl, 4 wt% and Na,CO; 3 wt% showed the optimum results at curing
temperature 20°C. Therefore, these contents of additive are selected to use in pastes cured at
50°C. The results from Appendix : Table 14 and Fig. 4.46 showed that the increase in curing
temperature accelerates the dissolution of fly ash and the formation of reaction products in

both CaCl,- and Na,COs-activated pastes. All these pastes cured at 50°C exhibit a more

rapid initial strength gain than those ofjthe ep curing temperature. The presence of

Na,COj; induces a significant increasi “moua'but a slow later strength gain, while
CaCly-activated pastes exhibits @"shieli ' - éarly ages but tends to go for a
higher strength than the Na, st igessuMoreover, it is also found that

the chemical activation sh ion effect than the thermal

activation.

120 4
Curing at 50°C

100 - ) NayCO, 3%

CaCl, 4%
...... —4, Non-additive

£) Na,CO,;3%
£ CaCl, 4%

80 -

60 1 J ey Non-additive

: uring at 20°C
40 ¥

Degree of reaction of Ca(OH), (%)

o— €y ——q - '
AUYINTAIHENT
Fig. 4.47 Theq&egree of Ca(OH);, rgaction in the &mposnte materw improved by

A RTNATUAATTREIR

Fig. 4.47 shows the reacted percentage of Ca(OH); in
the composite materials activated by the combination of temperature and chemicals. It can
be concluded that the addition of Na,COj; accelerates the early pozzolanic reaction since
Ca(OH), is consumed very quickly and then much more slowly thereafter and completely

after 28 days. The consumption of Ca(OH), in CaCl,-activated pasics is similar to that of the
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Na,COs-activated pastes during the first 3 days and diminishes later. It is also found from
the results that, in the early curing period, the chemically accelerating method shows more
effective for accelerating pozzolanic reaction than the temperature method. The consumption
of Ca(OH); in Na,CO;- and CaCl,-activated pastes are faster than that non-additive paste
during the initial rapid reaction state. The higher the content of additive is used in the

composition, the higher the degree of Ca(OH), consumption is detected. Therefore, it can be

concluded that the combination of accelg methods is more efficient to enhance the

pozzolanic reaction than using a sing '
heresu i ow that the slopes of the linear

relationships are different. varlous hydration products of

different mechanisms.

60 PRRSo— T —_ = e
Curing at 50°C

50 CaCl, 4%

/‘ Na,C0;3%

404

Non-additive

Compressive strength (MPa)

80 100 120
Degree of reaction of Ca(OH), (%)=

) ‘IJTEJ *“mmswzzmﬁi;f::“‘” '
qwmnmwmmaa
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d.) Particle morphology of composite materials activated

by thermally and chemically accelerating method

CaCl, 4 wt% activated paste cured at 50°C Na,CO; 3 wt % activated paste cured at 50°C

1SkU ¥2.0a88 i 5 = Sky X2.880 18pm

a.) Fracture®sur FF-. (- %.) Fracture surface

S
o it s

Sy H1S5.888 1pm 218 § 2 - ¥i5. 0808 tyem 2987208

c.) Watrix enlarged ' d.) Matrlx enlarged

pio MoBend G AIANRIANLIAY,

materials cured at 28 days.
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Fig. 4.49 shows the microstructure of the hardened
composite materials at 28 days. The fracture surfaces of CaCl,- and NayCOs-activated pastes
(Fig. 4.49a and Fig. 4.49b) reveal clearly a more hydration products and a less porous
structure than those in the non-additive pastes. On the fracture surface of the CaCl,-activated

pastes, the outline of fly ash particles can be distinguished but all of them are covered by a

layer of hydration products. This means | ‘ ot all the fly ash particles in the CaCl,-
activated pastes are completely reacted. Or i / sgthand, the outline of fly ash particles on
the surface of the Na,COjs-activated S can noiBesdetected.

ma o"'“'-m_g_l.- hydration products can be
clearly observed on the fracturgese 260 ba ., \\\ a,CO;-activated pastes. They
are shown as protruding clustgu§™ er \ fine mesh. According to the
Fig. 4.49a and 4.4%b are

ettrigite. These results arg#Condirn he e " EDS"presented in Fig. 4.50a and

XRD analysis in Fig. 4.45, t

4.50b. The hexagonal platgs”a > mafn ¢ ationyin the matrix of CaCl,-activated
pastes. These hexagonal plate del’s'salty(Fig. 4.49¢c, area 1). Moreover,
Non crystalline morphology of C&S-H& s alse te a minor constituent (Fig. 4.49¢,
area 2). These results are also veri 1 ------- —-‘ “exhibited in Fig. 4.50c and Fig. 4.50e.
Honeycomb-liked structusgs cz o ed ir i, of the Na,COjs-activated pastes
(Fig. 4.49d). Those ;—m—- RD (Fig. 4.45) and EDS

A
analysis (Fig. 4.50d). E |

{

ﬂ‘HEI’JVIEWI‘SWEI']ﬂ‘i
QW\MH‘E@UNW]’MEHEQEI
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CaCl, 4 wt% activated paste cured at 50°C Na,COj3 3 wt% activated paste cured at 50°C

‘ X

Energy (keV)

a.) Fracture surface, clusters of i ___ Fracture surface, clusters of big fiber

2

Energy (keV)

d.) Matrix

ors

TNYINT

e.) Maﬂlx (area 2)

s LA ANT) T HRANENAEL v

analyzed on the different areas of specimens relating to the SEM

micrographs illustrated in Fig. 4.49.



Fig. 4.51 Pozzolani

Log [1-(1-0)"™

compositey

0.2

-0.2

-04

-0.6

-0.8

Table 4.10 Reaction gra

e.) Kinetic analysis

thermally and chemically accgler:
Type of Curing
additive temperature (°C)
Non additive 20
50
CaCl, 4 wt% 20|
50
Na,CO5 3 wt% 20
50

102

N/A = not applicable.

of reactants?,

Thus, the total pozzolanic reaction in the CaCl, and Na,COs-activated pastes is governed by

Curing at 50°C
Na,CO; 3%
CaCl, 4%
.4 Non-additive
Y N2;CO33%
........ & CaCl, 4%
____________ e A, Non-additive
N aa Curing at 20°C
e
2
¢ nd chemically accelerating
o 41
ase(pr )site materials activated by
et da temperatures.
ell2>N>1) Phase 11 (N > 2)
N = Period N Period
= .95 3 days 2.51 > 3 days
RN Y 1.66 3 days 2.18 > 3 days
N/A 2.32 > 3 days
N/A N/A N/A
ol 3 days 2.30 > 3 days
0.23 >1 day N/A N/A N/A N/A

It is found from the reaction kinetics in Fig. 4.40 and

1o ﬁsmmmmm

the dissolution of the pozzolan at 50°C.

activated by

he dissolution
The dissolution of CaOH, should be much faster than that of the pozzalan.
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f.) Performance under water of composite materials
activated by thermally and chemically accelerating
method.

Performance of the composite materials improved by

thermally and chemically accelerating method, cured at 20°C and 50°C for 28 days at

different ages are presented in Appendix : Table 15 and in Fig. 4.52.

Compressive strength (MPa)

Immersion period (dg

Curing at 20°C
e, Non-additive :
------------------------------------ £] CaCl, 4%
= £ Na,CO3 3%
o
........ A e Non-additive
- N CaCl 4%
® ® Na,CO; 3%
Curing at 50°C
40 60 80 100

Immersion period (day)
Cunng at 20‘5C
_£, Non-additive
[]CaCl; 4%
© Na,CO; 3%

/. Non-additive

siime change (%)

1 £aC), 4%
L

BIN2,CO, 3%
*Curing at 50°C

Imme! uPerlod (day)

phys,calﬂ‘]é I mmmm ——
ARIRTE b (aIBILtab I Y- XN

change.

It is found from the results shown in Appendix : Table

15 and illustrated in Fig. 4.52 that the strength increases slightly and tends to be constant in

the Na,COs-activated specimens. At a period of 90 days under water, the CaCl,-activated

specimens exhibit higher strength than the Na,COs-activated specimens. It may be caused by
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the further pozzolanic reaction between the remaining hydrated lime in the specimens and the
excess water in the system. The water absorption of both activated specimens is lower than
those in the specimens without additive due to the filling of voids and pores in gypsums

matrix with the hydration products, ettringite, C-S-H(I), Friedel’s salt.

g.) Effect of wetting/drying cyclic storage on the

properties of composite materials

thermally and chemically
10d.

Physicalf andimeehanical properties at different cyclic
storage of the 28-day compeSitcsfmarera k roved. by thermally and chemically

- L "‘-‘
accelerating method, are showasin Abpeadix.. A al \i\

‘\\t\

K e

trated in Fig. 4.53.

an ~' l.\
. —.‘.q ° . \\. Curing at 50°C
i GO W8 '\' - -@ Na,CO,3%

F 3 2 1 4
= % ! i - ", £ 3 B gy Non-additive
= 30 gy 2
B
g 25
% 206 Curing at
;. 153 O T ) N2,C0,3%
S 10 £] CaCl, 4%
5 G4y
------ ..z, NOR-RAditiVE
0+
0

60 80 100 120
Wetting/Drying (Cycles)

(b)

o eorfls, Non-additive

D g Insas

Curing at 50°C
0 20 40 60 80 100 120
Wetting/Drying (Cycles)
()

Fig. 4.53 Effect of wetting/drying cycles on the physical and mechanical properties of
composite materials activated by thermally and chemically accelerating method

(a) compressive strength, (b) bulk density, and (c) linear change.
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The compressive strength of temperature and chemical
accelerated composite materials measured after different cyclic storage shows the expected
drop in strenght (Appendix : Table 16, Fig. 4.53). After 100 wetting/drying cycles, the
strength of the non-additive specimens cured at high temperature, 50°C, drops 14.14% while
those of the specimens activated with CaCl, and Na,CO; decrease only 7.27% and 5.51%,
repectively. The strength reduction in the specimens accelerated with additive is lower than
those without additive due to their highier'af f hydrated products and lesser gypsum
content in the system. This r 5 € R %{D results presented in Fig. 4.45.

The hydration products, espegia ringit@, i

e strength and densifies the

structure. Therefore, The hig c corfent ated produets in the specimens, the lower

15kU K2,.00€ V2, 8882 i8gpm BSB88As

&

CaCl, 4 wt% activated pasﬁ cured at 5( 2,CO; ﬁvt% activated paste cured at 50°C

Fig. 4.54 SEM micrographs ofgcomposite materialg activated by thermally and chemically

acceleratiﬂil r%%}a&% Pﬂ glﬂfgewgﬂy%ﬂcﬁ Stotage:
QA9 FOEHAATII AR Bt 5

4.54 that the rfiicrostructures of composite materials after 100 cycles of wetting/drying cyclic
storage are sound and in well-formed structure. However, it seems that there is a little part of

some coagulation behavior showing in the micrographs. It might be caused by the

dissolution of the remaining gypsum in the composition.
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Rhombohedral crystals were investigated from the SEM
micrograph of both CaCl,- and Na,COs-activated composite materials after 100 cycles of
wetting/drying cyclic storage. The XRD results from Fig. 4.55 showed that those crystal are
calcite. The occurance of calcite might be caused by the carbonation of the unreacted
hydrated lime (Ca(OH),) remaining in the composition with carbon dioxide in the

environment.

C = Calcite
E = Eftringite
G =Gypsum
1 =C-S-H(I)
M = Mullite
Q =Quartz
CH = Ca(OH),

100 Cycles

,UL..Lu_u_.uL/\u

o
it 3 "
. \ s0.Cye
é ,
E ! E .
unE F A GG \ X EE 1S ¢ E E
‘ GIMG [m y
0 n,
20 P

10

AT
CaCl, 4 wt% activated paste €lred at 5
.f’ 4
Fig. 4.55 XRD patterns of composi -'_;,;‘_ 57 2d by thermally and chemically
accelerating metho : pgfcyclic storage.
s %
]4.4.5.

1call "l, nd mechanically

acceleratl method

AU 3N Wﬁ%ﬂ (Y i improved

y the combination of 3 acceleratmg methods

e ARARSD I ST LA

4.56.
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E =Etringite

F = C3A.CaCly 10,0

G =Gypsum E = Ettringite
1 =C-S-HD) G =Gypsum

M =Mullite 1 =CS-H()

Q =Qurtz M = Mullite

CH =Ca(OH),

tz
CH = Ca(OH),
E

7 days

Activated with CaCl, 4 wt% R 'th Na,CO; 3 wt%, curing at 50°C

Fig. 4.56 XRD patternss \\\\Q\ and mechanically accelerating

RD patterns of composite
edyat 50°C for 3, 7, and 28 days,
respectively. It is found that fhe 0 it -S=H(I) peaks begin to form in all the
pastes cured for 3 days at high temp :‘A: “inter ify with time. Sharp ettringite peaks

g’}_ 1CTY v & D'

ys=in-CaCi=activated=pastessandrynfensify with curing time.

are detected in both activated i

salt are identified at 3 [de

wd : .
g lime e nd weaker than those of the

raction peaks of Friedel’s

Diffraction peaks of hydrat

non-additive. However, the diffraction peaks f hydrated lie in the specimens from the
combination of 3 d fa o imation of thermally and
chemically accelerﬂguﬂdjﬁﬂnzmnﬁti of absorbed water in
the compacted composition to generate thé'reaction. Mo#eover, the humi@lify from the curing

anosphere) e @) N4 119 Gl Srabobdethed Gt e reacin

because of thg high density of the specimens.
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b.) Physical and mechanical properties of composite
materials improved by the combination of 3
accelerating methods

Physical and mechanical properties of the composite

materials activated by the combination of 3 accelerating methods, cured at scheduled age are

presented in Appendix : Table 17 and illustrated in Fig. 4.57.

Compressive strength (MPa)

Porosity (%)

' Curing at 50°C

2 Na,C0; 3%
IR 4 CaCl, 4%
dif )

.4 Non-additive
e — Y g = £) Na,CO; 3%
S,

£] CaCl, 4%

£ Ny
)

Curing at 20°C

J ; 40 60 80 100
Curing time (day) - ;- . Curing time (day)

(@) (b)

Curing at 50°C

CaCl; 4%
Na,CO, 3%

gy Non-additive
£) NayCO;3 3%
: CaCl. 4%
.7, Non-additive
Curing at 20°C

Curing at 50°

20 40 60 ‘ 80 100

FW&EI oh EWI'WI El'] ﬂ ‘i s

g.4.57 Effect of the combinatiofl of 3 accelerating methods on the physical and

’Q Vedgtabibadbdablomodc dahdiokGpiive s

(b) bulk density, (c) porosity, and (d) volume change.

It is found from the results of physical and mechanical

properties in Appendix : Table 17 and Fig. 4.57 that the increase in strength relates to the

content of hydrated products which depend on curing temperature and chemical activator.
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This result is also confirmed by the results of bulk density and porosity. It is found that the
increase in hydrated phases increases the bulk density and reduces the porosity due to the

filling of voids and pores with hydration products.

c.) Particle morphology of composite materials activated

with the gombination of 3 accelerating methods

19pm 318789

. 1”#‘1;
CaCl;, 4 wt% activated paste Curedrat 5059 SlEn e ZC 33

\".r

% activated paste cured at 50°C

Fig. 4.58 SEM mlcrographs 0] ‘e materials activated by the combination

=
e .-':_"

icrographs (Fig. 4.58) that

the combination of 3 acceleran?g methods tremendously increases the formation of hydration

products which lat ﬂ EJDW?W% lﬁTﬂﬁructure and no grain
i isi herefore, th

boundaries are visi 0 cementmg action among grams creates the dense

RN SHITW NSy
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d.) Performance under water of composite materials

activated by the combination of 3 accelerating methods

Performance under water of the composite materials

improved by the combination of 3 accelerating methods, cured at 28 days and followed by
immersion in water for different periods, are shown in Appendix : Table 18 and

demonstrated in Fig. 4.59.

Curing at 20°C

——F]CaCl, 4%
—_©)N2,C0,3%

b [

7 al - 8% .
1203F F 2 3 : - L ___»_________,A_A,.....“_“,,,,,,.‘...m,._.,..A.._...«...,.__....,,..-‘ Non-additive

Compressive strength (MPa)

i CaCl; 4%
@ N2:.C0, 3%

Curing at 50°C

40 60 80 100
Curing time {day)

(b)

Curing time (day)

(a)

02 14 -t 4 -

0.18 1 v 4 4 - Non-additive -
0.16 ;
F] CaClL4%
Na,C0;3%

0.14

.................... % Non-additive

meéchange (%)

CRGhC, 4%

S

:-"‘ ‘ ,CO;y 3%
'l.i. Curing at 50°C

|
i¥ |

Aug ANeNINeAns

Fig. 4.59 Physical an? mechanical properties under wat of the 28-day swlmens improved

QRIRAATRIN QYRR oo

absdtption, and (c) volume change.

It is found from Appendix : Table 18 and Fig. 4.59 that
the strength and volume change increases slightly in the specimens activated with additive
cured at 50°C due to the high density but clearly increases in the others. The increase in

strength may be caused by the reaction of the remaining unreacted lime and pozzolan.
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Pozzolanic reaction can proceed under the excess water system. The lower water absorption

in the activated and high temperature curing specimens is also caused by the filling of

hydration products in voids and pores.

e.) Effect of wetting/drying cyclic storage on the

physical and mechanical properties of composite

madtgrials activated by the combination of 3
\ inoanethods.
ysical an@eMiClhanical properties of the 28-day

composite materials improved by thesabove methoasaid followed by immersion in water for

different periods are presented im®A ppEiadix

- // \

Curing at 50°C
€ —@ Na,CO,3%
140 W CaCl, 4%
s
Z 130
FEY o Y’ &7 0 e T T o o LR -
£ 1209 DR
£ 3 N 0 S .. g Non-additive
S ] - 1 -
g 1o : = ) Na,CO; 3%
£ . —— : o £ CaCly 4%
£ 1004 4 ’ A
g S . i
90 1 * ., Non-additive
Curing at
80 T T T J
0 40 j 60 80 100 120
Wetting/Drying L e e Wetting/Drying (Cycles)
-
St T £ (b)

] CaCl, 4%

< ‘ V i a 2 - " - 3%

ﬂ u Fl Vg e+ ‘?
)OI, Pof

D RPREE T Re T e
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Wetting/Drying (Cycles)

(©)

Fig. 4.60 Effect of wetting/drying cycles on the physical and mechanical properties of
composite materials activated by the combination of 3 accelerating methods (a)

compressive strength, (b) bulk density, and (c) linear change.
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The physical and mechanical properties of the activated
specimens after the cyclic storage are shown in Appendix : Table 19 and Fig. 4.60. The
strength reduction in the specimens without additive cured at high temperature is 1.53% and
only 0.56% and 0.45% in the CaCl,- and Na,COs-activated specimens, respectively. The
superior properties of these accelerated specimens over those of thermally and chemically

accelerating method are their higher strength and higher dimensional stability.

18pm B85

CaCl, 4 wt% activated pastefCurgd at %@ S NaxG wt % activated paste cured at 50°C

of 3 acc
|

of wetting/drying cyclic storage.

4":"‘. Ad 4 o ;I'
El)erating ﬂi'efﬁ%‘&gfaﬁeﬁ* [0

Mﬂicrographs illustrated in Fig.

4.61 that microstructures of c&mgosite materials ffter 100 cycles of wetting/drying cyclic

storage are still soﬁ}i Tﬂdgj ﬁglwﬁiﬂ w quoﬂ me remaining in the

structure, the pozzo@mc reaction proceeds in the excess water during cyclic storage.

R SR A e o
Na,COs-acti qt omp tﬁn teridls. , ﬁ‘\]
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C = Calcite
E =Ettringite

F =C3A.CaCl,.10H,0 C -Cak.lu.
G =Gypsum ::; - l('::ﬂnllgltt

I =CS-H(1) =Gypsum

M =Mullite I =CS-H()

Q =Quartz M = Mullite

I CH = Ca(OH), Q =Quartz
L o, CH = Ca(OH),

1
100 Cycles 100 Cycles
e e
C 1 c
50 Cycles
o G
£ F G
E E
gCH
0 Cycle
10 20

CaCl; 4 wt% activated past

Fig. 4.62 XRD patterns ated by the combination of 3

accelerating mé eiting/drying cyclic storage.

,

4.5 Formula . X ontaining materials

Results of pliysi€al and’

al p \ perties of composite materials with

various contents of lime are tabulated-in-Appen able 4.20 and presented in Fig. 4.63.

Two lime-containing materials are emplo] d, 211 d and sludge waste.

L

il_

AU INENTNEINS
AR TN TN
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Lime mud Sludge waste
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Fig. 4.63 Effect of the content of lime-containing material on the physical and mechanical

properties of composite materials.
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200 :
180 l< ¢ + < . L
°. Lime mud

1601 T
140 4 LN

£ 120 N

£ 120 "

£ 100 Sa

=

z 80 e

g \

= 9
60 N
] Sludge waste
20 1

80 100

It is found frosi™ A - “Pable 420 and"Eie. 4.63 that the compressive
strength of specimens decreasg8 amou \; containing materials in the
composition. The composite 1gher than 50 wt% or 30 wt%
of lime mud and sludge wa gth. The results of flowability
t \1 und that lime mud does not affect

Content of sludge waste is used in

of lime-containing mixtures ar
the flowability as much as sludg
the composition, the lower the flowa - 7 _f’ esu iLherefore, the highest content of lime-

containing material in eagh'$y c dge yaste 30 wt%.

Z | 0

4.6 Improveme 'j of the phys 1anica j_; roperties of FGD

gypsum-fly ash- 'gle containing Wposite materials

AU ETRUNTNEA G

) Phase analysns of FGD gypsum -fly ash- 11me containing

R AT SAANENAL,

cured at dlfferent temperatures and scheduled age are presented in Fig. 4.65.
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. 1506% Sludge waste 30%
ime mu 0
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-G EijKAIMEM 156 G o
'LJJ» J-‘\——M Non-additive

10 20 26 30 40 50 10 2 260 40 »

Curing at 50°C for 28 days

Non-additive

Fig. 4.65 XRD patterns of lime-containing composite materials improved by thermally

and chemically accelerating method cured at different ages.
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Fig. 4.65 shows the XRD patterns of lime-containing
composite materials with and without additive cured at 50°C. It is found that hydrated
product, ettringite, is detected from lime containing pastes without additive at 1 day. In the
activated pastes, both ettringite and C-S-H(I) phases can be identified at 1 day and intensify
with time. The diffraction peaks of hydrated lime in the activated lime containing pastes are

weaker than those in the specimens without additive. The diffraction peaks of the unreacted

hydrated lime from both pastes are deteg od fro o 7 days and disappear at 28 days.

inposite materials improved by

inically accelerating method

composite materials activated 42 and Na;CO3'3% cured at 50°C and scheduled

age are presented Appendix®
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Fig. 4.66 Effect of thermally and chemically accelerating method on the physical

and mechanical properties of lime-containing composite materials.
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It is found from Appendix : Table 21 and Fig. 4.66 that
both lime containing materials showed the same tendency in some properties, i.e.
compressive strength increases with increasing curing time in all specimens due to the
formation of more hydrated phases. This result is confirmed by the results of bulk density
and porosity. It is found that the increase in hydrated phases increases the bulk density and
decreases porosity because pores and voids in the structure are filled with hydrated products.

However, the results of volume change, ate ent. The volume change in the specimens

with sludge waste tends to be constant at 14 dats’, t of those with lime mud increases
with time. Chrysotile fibers in"thessiu ' : éthe reduction of expansion and
because of their high surfacggared™thed n ‘n etlicieneysbetween hydrated products and
matrix increases. Moreove ?»// 1 4 -\\u\&% hydrated products can be formed
inside or on the surface of cL#iSoyie fibess (Fig. \ \\

Sludge waste 30%

Curing at 50°C
100 - — @ Na,CO; 3%
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g
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Fig. 4.67 Th@ldegree of Ca(OH); reaction in the lime-containing composite materials
: ¢ - :
RIS T AT Y TY
9
Fig. 4.67 shows the reacted percentage of Ca(OH), in
the lime containing composite materials activated with the combination of 2 methods. It can
be concluded that Na,COj; accelerates the early pozzolanic reaction since the Ca(OH), is

consumed very quickly and then much more slowly thereafter and completely consumed

after 28 days. In the CaCl,-activated pastes, the consumption of Ca(OH); is similar to that in
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the Na,COs-activated pastes in the first 3 days and gradually differs in the later. It is also

found from the results that the tendencies for the consumption of Ca(OH), in Na,COs- and

CaCl,-activated pastes are faster than that of the non-additive paste during the initial rapid

reaction stage.

The results in Fig. 4.68 show that the slopes of the linear

relationships are different. It is resulted from the formation of various hydration products

with different mechanisms.

Compressive strength (MPa)
"
S

w”m
S

Lime mud 50% % Sludge waste 30%

ClCI, 4 %o

& Non-additive

Curing time 50°C

Na,;CO, 3%
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Degree of reaction Ca(OH): (%)
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40 60 80 100
Degree of reaction Ca(OH); (%)

Fig. 4.68 Correlation between COFH €ngth and the degree of Ca(OH); in the

thermallyand cally aceel ontaining composite materials.
1
)
iv lime-containing composite

materials actlvated by therma]ly and chemically
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Lime mud 50% Sludge waste 30%

15ky XKz, 653»3

(a)  Fracture surfeit; Wf/}tlvated specimen  (b)

15kY g 18pm 8588681

(e) F rgpge surface of Na&SOyactivated specimen  (f)

e INE

{15.08208 15kU X15,88 iprm 228714

(g) Product in matrix of Na,COs-activated specimen (h)

Fig. 4.69 SEM micrographs of thermally and chemically accelerating lime-

containing composite materials cured at 28 days.
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SEM micrographs illustrated in Fig. 4.69 show the
effect of CaCl, and Na,CO; on the microstructure of the 28-day hardened lime-containing
composite materials. The fracture surfaces of lime-CaCl,- or lime-Na,COs-activated pastes
clearly reveal hydration products. Moreover, some large foreign particles can be detected on
the fracture surfaces of sludge waste composite materials. They might be the pieces of

cement formerly included in the sludge waste.

detected on the fracture surface andiin atrix O bélaflime-containing CaCly- and Na;COs-
activated pastes. According to tk eRD: 2 i é the large fibers showed in Fig.
4.69a, Fig. 4.69b, Fig. 4.69¢,.ai FIE50f d > eitrgl wihese results have been confirmed

by the results of EDS illus

in the matrix of both lime cqaf@inj activate x weFriedel’s salt (Fig. 4.69c and

Lhe hexagonal plates detected

Fig. 4.69d). These results hg oy erific ” e EDS presented in Fig. 4.70a and
Fig. 4.70b. Honeycomb-Tike s (eank bi : “‘_nx\. in the matrix of Na,COs-
activated pastes (Fig. 4.69g4 k : are C-S-H(I) conformed with
the results of XRD (Fig. 4.65) dhd § sisiBiz. 4. 70cahd Fig. 4.70d).

1
]
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i¥ |
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Lime mud 50% Sludge waste 30%
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Fig. 4.70 EDS results of thermélly, ae acceletatilg lime containing composite
materials analyzed on the diffeen 1oz M micrographs illustrated in Fig.
4.69.
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Fig. 4.71 Pozzolanic reaction kinetics in the thermally and chemically accelerating

lime-containing composite materials.
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Table 4.11 Reaction grade (N) and phase period of the lime-containing composite materials

activated by thermally and chemically accelerating method.

Lime-containing Type of Phase I(N<1) Phase I (2>N>1) Phase III (N > 2)
material additive N Period N Period N Period
Lime mud Non additive N/A N/A 1.10 3 days 2.66 > 3 days
CaCl, 4 wt% 0.34 > 1 day N/A N/A N/A N/A
Na,CO; 3 wt% 0.30 N/A N/A N/A N/A
Sludge waste Non additive N/A 1.21 3 days 2.62 > 3 days
CaCl, 4 wt% N/A N/A N/A N/A
Na,CO; 3 wi% | "l N/A N/A N/A

N/A = not applicable.

illustrated in Fig. 4.71 and
tabulated in Table 4.11 show thg reaction grade (N) less than
I in the lime-containing conPos i€ rgtgrialSactiva | With the e8mbination method is found.
Therefore, the total pozzalg ic fe: ongl he dissolution of reactants.
Moreover, The pozzolanic feac on jih NayC O3 vatedpastes should be faster than that of

the CaCl,-activated pastes due to i

of lime-containing composite

T mally and chemically
ol

erformance un e water of the 28-day lime-containing

composite matenalﬂrﬂoﬁ!’gyweﬁaﬂ ﬁiﬁeﬂcﬁ]yﬂ ﬁeratmg method and

followed by immersi@ in water for dlfferent periods are tabulated in Appendlx Table 22

”“*‘”“W’mnizuum'marmtl
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Fig. 4.72 Physical and mechanical properties of 28-day lime-containing composite
materials improved by thermally and chemically accelerating method under

water.



126

It is found from the results tabulated in Appendix :
Table 22 and presented in Fig. 4.72 that the strength increases slightly and tends to be
constant in lime and Na,COjs-activated specimens. It is also found that the lime and CaCl,-
activated specimens shows higher strength than that of the Na,COs-activated specimens at 90
days under water. It might be caused by the pozzolanic reaction of the remaining hydrated

lime in the composition and the excess water in the system. Both activated specimens show

specimens containing sludge waste ver/ dud stable under water than those
containing of lime mud. riightebe. causg forcement of chrysotile fibers

lic storage on the physical

operties of  lime-containing

‘\ tivated by thermally and
: method.

. gchanigal” properties of 28-day lime-

containing composite materials 1 and chemically accelerating method

at various cyclic storage cycle a

4.73.

: Table 23 and illustrated in Fig.

ﬂUEl’JVIEWIﬁWEI’]ﬂ‘i
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It is found from Appendix : Table 16 and Fig. 4.53 that
compressive strength of lime containing composite materials activated by thermally and
chemically accelerating method decreases with increasing cyclic storage. After 100
wetting/drying cycles, the strength of specimens reduces within the acceptable range!” and

the results are tabulated in Table 4.12.
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Table 4.12 Strength reduction after cyclic storage (100 cycles) of lime-containing composite

materials activated by thermally and chemically accelerating method.

Lime-containing Strength reduction (%)
composite materials Non-additive CaCl, 4 wt% Na,CO5; 3 wt%
Lime mud 30.35 15.33 12.76
Sludge waste 22.09 10.02 8.14

products and less gypsum ¢
shown in Fig. 4.65. The h

of the structure. Both acti

jon in lime-containing specimens

i @e due to their higher hydrated
0 ‘meriﬁed by the XRD results

in strength and densification
ssame trend in compressive
inear change of specimens
d. The lower linear change of
rysotile fibers. Becuase of the

products can be formed on or

rated products and matrix.

Fig. 4.74 SEM micrograph of chrysotile fibers in lime-containing, sludge waste,

composite materials.
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Fig. 4.75 SEM micrgraphs-c—)f lime-ontaining compos € materials activated by
thermally and efemically accele ‘ after 100 cycles of
B I WEA TS

R ¢ o e/
& WTANTI 36 ad W dedebl fkod e e 475

the microstruc?ures of lime containing composite materials after 100 cycles of wetting/drying
cyclic storage are still in sound and the well-formed structure. However, some parts of
microstructure are coagulated together. It might be caused from the dissolution of the

remaining gypsum in the system.
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Moreover, rhombohedral crystals are also detected
both CaCl,- and Na,COs-activated lime-containing composite materials after 100 cycles of
wetting/drying cyclic storage. The XRD results from Fig. 4.76 reveal that those crystal are
calcite, from the carbonation reaction of unreacted hydrated lime (Ca(OH),) remaining in the

composition and carbon dioxide in the environment.

Lime mud 50% Sludge waste 30%

C = Calcite

E = Eftringite

F =C3A.CaCly10H,0
G =Gypsum

I =CsS-H(I)

M =Mullite

Q =Quarz

Ch = Chrysotile

CH =Ca(OH),

1
Na,CO, 3%

1
CaCl,4%

SEg e 1
Non-additive

Fig. 4.76 XRD patterds offlime Sofitain ompasite materials activated by

thermally and & method after 100 cycles of
wetting/drying
4.6. 4-:I cthanically accelerating
' )

method
- LY . . .

ﬂ u EJ ’jﬂ; :ﬂ E!e-lotjﬁ;g composite materials
Q i b¥'the combination! of3 accelerating methods
XRD t€sults of the=sphase compodition of composite

s 34 o G Sl b S e Bl v s

in Fig. 4.77. °
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Fig. 4.77 XRD patterns of lime-containing composite materials activated by the

combination of 3 accelerating methods, cured at various ages.
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Fig. 4.77 shows the XRD patterns of lime containing
composite materials activated by the combination of 3 methods cured at 50°C for 3, 7, and 28
days. It is found that the poor ettringite and C-S-H(I) peaks start to form in the pastes with
additive at 3 days and increases with time. Diffraction peaks of Friedel’s salt are detected at
3 days in CaCl,-activated pastes and increase with time. The diffraction peaks of hydrated

lime are weaker than those of thermally and chemically accelerating method. It is caused by

specimens.

¢ materials improved by the
lerating methods
| properties of lime-containing

‘<'.. . l k
| \ cured at scheduled age, are
tabulated in Appendix : Table 24%and presente ig. 4 '\,

composite materials activatedgf

i1
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AR TN TN



133
Lime mud 50% Sludge waste 30%

140 - e oo Lo 140 - i ¥
——— @——————@ Na,C0,3% Na,C0,3%
e a,

130 CaCl, A 130 /’—\—‘——. CaCly 4%
£ é . i e g, Non-additive
E -4, Non-additive = o g——

" A o ' £ Curing at 50°C
g : Curing at 50°C £
: s
100 :
g :
o/, £
e o
s
.3

" 80

70 .

0 20 40 60 80 ) - - " " =

Curing time (day) Curing time (day)

FE=TT———— @ N8ijC0;3%
2.244
/ CaCly 4%
PP / /
..E i
$n / T y
z /" s e o fgm e -4 Non-additive
fas{ o/« 7 Curing at S0°C
216 : A
214 %
212 ¥ 1
0 20 40 60 e " 40 60 80 100
Curing time (day) - 3 Y Curing time (day)
g
_;: P Curing ut 50°C
£
£ el .. Non-additive
~e
10.5 —a —— i CaCl, 4%
10 \.‘_____,_..____—_. Na,C0,3%
9.5 —
0 20 40 . 20 40 60 80 100
¢ Porosity Curing time (4ay)
0.025 = W - T
0.02 .\
CaCl,
0.015
— s Non-addig -
jppe— & * R
g o001 L = o
2 uciamat % e @ NaC0,3%
& / i H —— W CaCl 4%
g 00057 / £
£ o ) P R T A Non-additive
] ! -
é L ’- 1 N N S N § Curing at 50°C
IS i
-0.005 {f
-0.01
0.015 0015 +
0 20 40 60 80 100 0 20 40 60 80 100
Curing time (day) Curing time (day)

Volume change

Fig. 4.78 Effect of the combination of 3 accelerating methods on the physical and

mechanical properties of lime-containing composite materials.
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It is found from Appendix : Table 24 and Fig. 4.78 that
the increase in strength of the accelerated lime-containing composite materials relates to the
content of hydrated products. This result is conformed with the results of bulk density and
porosity. It is also found that the increase in hydrated phases increases bulk density and
reduces porosity because of the filling of voids and pores with hydration products. The

volume change of composite materials prepared from sludge waste is lower than those from

lime mud. It might be caused by the chr)x\ﬁy/ in sludge waste composite specimens.

rtlcle of lime containing composite

— atelhls aﬁ@ the combination of 3
-y -

gelgrating m S
/ Sludge waste 30%

e i

18pm

15kU ¥1.588 i9pm 3187 15ky XK1.508 18pm 318706

Na,CO; 3 wt% activated paste cured at 50°C
Fig. 4.79 SEM micrographs of lime-containing composite materials activated by the

combination of 3 accelerating methods, cured at 28 days.
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It is found from the SEM micrographs illustrated in Fig.
4.79 that the combined method increases the formation of hydration products. All of the
materials in the specimens are bonded together by the hydrated products and yield high
strength and high density of the hydrated specimens.

d.) Performance under water of lime-containing composite

ated by the combination of 3 accelerating

nanc un of the 28-day lime-containing

=

by eefbfitation of thodS"and followed by immersion in
sheWndndAppendix 25.and presented in Fig. 4.80.

composite materials improved

water for different periods &
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Fig. 4.80 Physical and ‘Inechamcal propertles under water of 28-day lime-containing

AU Iy

It is found from Appendix : Table 23 and Fig. 4.80 that
the strengtl‘q%q a‘\q F})ﬁm %%&q%w&* r‘aa Elh additive due
to their high @ensity. The increase in strength might be caused by the reaction between the
remaining unreacted products. The pozzolanic reaction can continue under the excess water
system. The water absorption of the lime-containing specimens by this method is quite
stable due to the filling of all voids and pores with hydration products. The composite
materials prepared from sludge waste show more dimensional stability under water than

those from lime mud. It is, again, caused by the chrysotile fibers containing in sludge waste.
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e.) Effect of wetting/drying cyclic storage on the
physical and mechanical properties of lime-
containing composite materials activated by the
combination of 3 accelerating methods.

Physical and mechanical properties of the 28-day

composite materials improved by the combined method, and followed by immersion in water

for different periods, are shown in Appendi

\ ble25 and illustrated in Fig. 4.81.
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Fig. 4.81 Effect of wetting/drying cycles on the physical and mechanical properties of lime-
containing composite materials activated by the combination of 3 accelerating

methods.
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The physical and mechanical properties of the activated
specimens after cyclic storage are presented in Appendix : Table 25 and Fig. 4.81. It is found
that compressive strength of lime-containing composite materials decreases slightly with
increasing cyclic storage. However, the reduction of strength of specimens is within the
acceptable range after 100 wetting/drying cycles and the results are tabulated in Table 4.13.

The superior properties of the specimens from this method over those from the thermally and

chemically accelerating method are the _;_ | : h and higher dimensional stability.

Table 4.13 Strength reduction aff ereyel @) of lime-containing composite

materials activated by the coinipif® .\ 63 ac

Lime-containing //// ‘ \Q:‘; : eduetion (%)

composite materials On_ald /{f ’-‘E’\\"\“\“ i Na,CO; 3 wt%

i | 8\

Sludge waste ‘ﬂ i E&i -‘\\‘Q‘ 0.69

, ﬁ?-" A

ﬂUEl’JVIEWI‘iWEI’]ﬂ‘i
’QW']ﬂ\iﬂ‘iflJﬂJiﬂTmﬁl’]ﬂEl
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Fig. 4.82 SEM micrgraphs of lime=contaming compos{t} materials activated
by the combigatign of 3 accelerating methods after 100 cycles of
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cyclic storage ‘are still sound and in the well-formed structure. The pozzolanic reaction can

be further proceed due to the reaction between lime and pozzolan remaining in the structure.
Rhombohedral crystals can be detected in both CaCl,- and Na,COs-activated lime-containing
composite materials. The results from XRD analysis are shown in Fig. 4.83 confirm the

presence of calcite from the carbonation reaction.
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