MANUIN N.

ﬂ‘ ' Vo [ d' A a a o Ad'd
.1 ‘5181‘]5E)lmﬂ’J13J!!i1$‘l]'nﬂ’numﬂi‘ljﬂﬁﬂﬁ)‘ﬂi‘ljSW?)ﬂWN‘V‘ﬂM’JﬁﬂWi’J‘H]ﬂﬁifL’ﬂ‘ﬂ‘N]N]‘ﬂWI?’IN

Impact Factor

10.

P. Chindaprasirt, C. Jaturapitakkul, W. Chalee, U. Ratanasak*. Comparative study on the
characteristics of fly ash and bottom ash geopolymers, Waste Management, 29 (2009), 539-543. (IF
2.208)

P. Chindaprasirt, C. Jaturapitakkul, U. Ratanasak*. Influence of fineness of rice husk ash and
additives on the properties of lightweight aggregate, Fuel, 88 (2009), 158-162. (IF 2.536)

W. Chalee, C. Jaturapitakkul*, P. Chindaprasirt. Predicting the chloride penetration of fly ash
concrete in seawater, Marine Structures, 22 (2009), 341-353. (IF 0.615)

W. Chalee, C. Jaturapitakkul*. Effects of W/B ratios and fly ash finenesses on chloride diffusion
coefficient of concrete in marine environment, Materials and Structures, 42 (2009), 505-514. (IF
0.892)

W. Tangchirapat, C. Jaturapitakkul*, P. Chindaprasirt. Use of palm oil fuel ash as a supplementary
cementitious material for producing high-strength concrete, Construction and Building Materials, 23
(2009), 2641-2646. (IF 0.947).

W. Tangchirapat, C. Jaturapitakkul*, K. Kiattikomol. Compressive strength and expansion of
blended cement mortar containing palm oil fuel ash, Journal of Materials in Civil Engineering,
Technical Note, 21 (2009), 426-431. (IF 0.526)

N. Chusilp, C. Jaturapitakkul*, K. Kiattikomol. Utilization of bagasse ash as a pozzolanic material in
concrete, Construction and Building Materials, 23 (2009), 3352-3358. (IF 0.947)

N. Chusilp, C. Jaturapitakkul*, K. Kiattikomol. Effects of LOI of ground bagasse ash on the
compressive strength and sulfate resistance of mortars, Construction and Building Materials, 23
(2009), 3523-3531. (IF 0.947)

W. Chalee, P. Ausapanit , C. Jaturapitakkul*. Utilization of fly ash concrete in marine environment
for long term design life analysis, Materials & Design, 31 (2010), 1242-1249. (IF 1.107).

S. Songpiriyakij*, T. Kubprasit, C. Jaturapitakkul, P. Chindaprasirt. Compressive strength and
degree of reaction of biomass-fly ash —based geopolymer, Construction and Building Materials, 24

(2010), 236-240. (IF 0.947)



11

103

13,

14.

1S.

10

T. Cheewaket, C. Jaturapitakkul, W. Chalee*. Long term performance of chloride binding
capacity in fly ash concrete in a marine environment, Construction and Building Materials, 24
(2010), 1352-1357. (IF 0.947)

W. Tangchirapat, R. Buranasing, C. Jaturapitakkul*. Use of high fineness of fly ash to improve
properties of recycled aggregate concrete, Journal of Materials in Civil Engineering ASCE, 22, No.
6 (2010), 565-571.(IF 0.526).

J. Wongpa, K. Kiattikomol, C. Jaturapitakkul*, P. Chindaprasirt. Compressive strength, modulus of
elasticity, and water permeability of inorganic polymer concrete, Materials & Design, 31 (2010),
4748-4754. (IF 1.107).

Vanchai Sata*, Chai Jaturapitakkul, Chaiyanunt Rattanashotinunt. Compressive Strength and heat
evolution of concrete containing palm oil fuel ash, Journal of Materials in Civil Engineering ASCE.
(accepfed) (IF 0.526).

Nattapong Makaratat, Chai Jaturapitakkul*, Thanapol Laosamathikul. Effects of calcium carbide
residue-fly ash binder on mechanical properties of concrete, Journal of Materials in Civil

Engineering ASCE. (accepted) (IF 0.526).

A a Aawv
1.2 1BNAINMIYUVDIATNTUAS

o a aw { 4 Y ° (% a =
1PNMIAVDIATNTIAT 7 100100038 (T84 "n3sITMsHANTagUsTMUTmIUNAAREUNIA

§ o_w o £ ' ' a v da
Faiimdaga Tnamdeud uaziinnumumugae” F90g5TNINMINNIBNVRINTUNSNITUMTTyan



1. P. Chindaprasirt, C. Jaturapitakkul, W. Chalee, U. Ratanasak.
Comparative study on the characteristics of fly ash and bottom

ash geopolymers, Waste Management, 29 (2009), 539-543. (IF
2.208)



Waste Management 29 (2009) 539-543

ELSEVIER

journal homepage: www.elsevier.com/locat:

Contents lists available at Scié

o
E
&
F
g
g

Wasman

Comparative study on the characteristics of fly ash and bottom ash geopolymers

Prinya Chindaprasirt 2, Chai Jaturapitakkul b, Wichian Chalee ¢, Ubolluk Rattanasak %

2 Department of Civil Engineering, Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand

> Department of Civil Engineering, Faculty of Engineering, King Mongkut's University of Technology Thonburi, Bangkok 10140, Thailand
¢ Department of Civil Engineering, Faculty of Engineering, Burapha University, Chonburi 20131, Thailand ’

4 Department of Chemistry, Faculty of Science, Burapha University, Chonburi 20131, Thailand

ARTICLE INFO

ABSTRACT

Article history: )
Accepted 11 June 2008
. Available online 19 August 2008

This research was conducted to compare geopolymers made from fly ash and ground bottom ash. Sodium
hydroxide (NaOH) and sodium silicate (Na,Si03) solutions were used as activators. A mass ratio of 1.5
Na;Si03/NaOH and three concentrations of NaOH (5, 10, and 15M) were used; the geopolymers were
cured at 65°C for 48 h. A Fourier transform infrared spectrometer (FT-IR), differential scanning calorim-
eter (DSC), and scanning electron microscope (SEM) were used on the geopolymer pastes. Geopolymer
mortars were also prepared in order to investigate compressive strength. The results show that both fly
ash and bottom ash can be utilized as source materials for the production of geopolymers. The properties
of the geopolymers are dependent on source materials and the NaOH concentration. Fly ash is more reac-
tive and produces a higher degree of geopolymerization in comparison with bottom ash. The moderate
NaOH concentration of 10M is found to be suitable and gives fly ash ana bottom ash geopolymer mortars

with compressive strengths of 35 and 18 MPa.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Every year, there is an increase in consumption of fossil fuels
to produce energy. Coal is mainly used to generate the steam for
industrial operation and electricity generation. Consequently, coal
ash is obtained as a waste product that needs to be disposed of
in an environmentally friendly way. However, because of the large
quantity produced, most types of ash, including fly and bottom

ash, are disposed of in landfills. This disposal process leads to envi- -

ronmental and other problems.

In Thailand, the annual output of fly ash and bottom ash from
large and small power plants totals about 4.0 million t6is. Approxi-
mately 1.8 millioi tons of fly ash is used as a pozzolanic material in
the concrete industry. The partial replacement of Portland cement
with fly ash reduces the heat of hydration and improves the work-
ability and durability of the conrrete. However, the level of fly ash
replacement is normally restricted to less than 40% of Portland
cement (Mehta, 1998).

Bottom ash, in contrast, does not possess the same enhanced
workability. However, the chemical constituents of these two mate-
rials are very similar, with the main difference being particle shape
and size. Bottom ash is larger in size and very irregular, contain-
ing pores and cavities. Ground to a proper fineness, bottom ash

* Corresponding author. Tel.: +66 38103066; fax: +66 38393494,
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).

0956-053>3 - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016;5.wasman.2008.06.023

can be used as a pozzolan that produces relatively high strength
concrete (Jaturapitakkul and Cheerarot, 2003). Since fly ash is not
yet completely used, a very large amount of bottom ash.is still dis-
carded.

Manufacturing of Portland cement is an energy intensive pro-
cess that releases a very large amount of greenhouse gas (Mahol-
tra, 2002). Therefore, the use of pozzolans to replace part of Port-
land cement is receiving a lot of attention. Other efforts have also
been made to ‘develop alternative cementitious materials. One
promising finding is the use of an alumino-silicate material called
“geopolymer”. Since fly ash contains a large amount of silica and
alumina, it is a suitable source material for making geopolymers
(Lee and Van Deventer, 2002). The fly ash geopolymer is prepared
by incorporating high alkaline solution and sodium silicate and is
activated with temperature curing. The polycondensation reaction
provides an alumino-silicate cementitious compound. Apart from
fly ash, other materials, such as calcined kaolinite and burnt clay,
can also be used as source materials. Bottom ash, which has simi-
lar chemical ingredients as fly ash, should also be used to produce
geopolymers. The bottom ash, however, may rieed some grinding
to improve its reactivity.

The utilization of coal ash in the production of geopolymers
offers an alternative cementitious material. Therefore, this research
focuses on the physical and chemical structures of coal ash geo-
polymer. Original fly ash and ground bottom ash were used to pre-
pare geopolymers by mixing with sodium hydroxide and sodium
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silicate solutions. varied in order to analyze their

effects on strength and other material properties.

2. Materials and methods
2.1. Materials

Fly ash and bottom ash from Mae Moh power plant in the north
of Thailand were used in this research. Bottom ash was ground
to a similar particle size as fly ash. Table 1 shows the significant
chemical composition of coal ash using X-ray fluorescence (XRF).
XRD patterns of fly ash and bottom ash displayed in Fig. 1 show that
fly ash contained a higher content of amorphous phase particles
compared to the bottom ash. The crystalline phases are predomi-
nantly quartz and mullite. Sodium hydroxide solution (NaOH) at 5,
10. and 15M concentration and sodium silicate solution (Na,Si0o;)
with Na;0 9% and SiO, 30% by weight were used. The viscosities
of 5, 10, and 15M NaOH solutions were 3.9, 9.3, and 14.3 cps (cen-
tipoises), respectively. The sodium silicate solution’s viscosity was
higher at 60.6 cps.

2.2. Mixing procedure for the'geopolymer paste

Coal ash was mixed with NaOH solution for 10 min to allow the
leaching of ions. Sodium silicate solution was then added to the
mixture and mixed until uniform, usually about 60s. The mass
ratio of Na,SiO3/NaOH of 1.5 was used. The mix proportions are
tabulated in Table 2. Compositions of geopolymers in mole ratios
are shown in Table 3. After mixing, paste specimens were molded
into 25mm diameter x 25mm height plastic containers. They
were then cured at 65°C for 48 h, based on previous work done

Table 1 )
' Chemical composition and physical properties of coal ash
Composition (%) _ Flyash(FA) Ground bottom ash (BT)
Si0, 387 388
ALDy 208 213
FeO3 153 121
Ca0 16.6 165
N2,0 13 1.0
Ti0; 0.5 038
Mg0 13 1.7
K;0 21 25
S0; 2.6 24
Lo . 0.8 29
Retained on sieve no. 32 29
325 (X by weight)
Q
%’ & Wi bottom ash
2
2
=

0 10 20 30 40 50
2Theta(deg)
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Table 2 .
Mix proportion of coal ash geopolymer paste

Materials - : Mix proportion (¥ by weight)
Fly ash or bottom ash - 60 '
NaOH (5,10;and 15M) . .- . 15

Na,Sioy . - Py 24

Table 3

Composition of geopolymers prepared from ! _-ash and bottom ash
Sample ~'NaOH (M) * ‘Moleratio
B . Na0/Si0;  Si0JA,0;  H,0/Na3,0  Na;0/AL0,

FAS 4§

414 19.95 0.64
FA10. - 10 414 1333 0.89
FAI5 15 414 10.40 1.08
BIS 5 405 . 1995 0.62
BTI0 .10 4.05 1333 087
BT15 . ‘15 4.05 10.40 1.05

on fly ash (Chindaprasirt et al., 2007). FT-IR, Differential Scanning
Calorimetry (DSC), XRD and EDX analyses were performed on the
hardened sample. .

2.3. Mixing procedure and tests of the geopolymer mortar

When making the mortar, sand was added to the paste mix-
ture at a sand-to-coal ash ratio of 2:1 (by weight) and mixed for
another two 2min. The mixture was then cast into 50 mm3 molds
in accordance with ASTM C109 and covered with cling film to
avoid moisture evaporation during heat curing. The mixture was
subsequently cured in an oven at 65°C for 48h to complete the
geopolymerization. After that, the specimens were cooled to room
temperature and tested for strength. The results are reported as an
average of three samples.

3. Results and discussion
3.1. IR spectra

FT-IR was used to study the geopolymerization of the paste.
The distinct band near 460cm™" can be ascribed to the O-Si-0
bending mode (Barbosa et al., 2000: Giinzler and Gremlich, 2002).
The Si-0-Si stretching vibration was detected at the wave num-
ber range of 1200~-950cm™". The Si-O-Si stretching vibration was
more prominent than the 0-Si-0 bending mode. It is, therefore,
logical to use the Si-0-Si vibration to indicate the degree of geo-
polymerization. i

The results of the IR spectra are shown in Fig. 2a and b. The sig-
nificant broad bands are located at approximately 3450cm™! and
1650-1600 cm™" for O-H stretching and O-H bending, respectively.
Si~O-Si position is shifted to the right position or lower frequency
compared with the original ash, implying a chemical change in the
matrix. The band at 1460cm™" represents the sodium carbonate
resulting from the carbonation (Barbosa et al., 2000).

The peak areas and peak heights are frequently used in quan-
titative assessment of the reaction. The ratios of peak area of
Si-0-Si stretching vibration (AS) are tabulated in Table 3. For the
fly ash system, the AS is relatively low. The AS of the geopolymer
paste increases with an increase in the concentration of sodium
hydroxide (up to 10M). At a higher concentration of 15M NaOH,
the AS of paste is still high (Table 4). The AS ratios of the 5, 10,
and 15M NaOH paste to that of the fly ash are 1.43, 4.53, and
3.61, respectively. This suggests that a relatively high degree of
geopolymerization is obtained with the use of 10M NaOH. At a low -

Fig. 1. XRD patterns of fly ash and bottom ash, Q= quartz, M= mullite: “ikneoncentiation, the geopslmenzationds low, due to the low con-
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Table 4

Inverted peak area and AS ratio from IR spectra of pastes at Si-0-Si stretching vibra-
tion

Sample NaOH (M) - Location of Si-O-Si ASratio Peak height
(em™1) ratio

Fly ash particles - 1016 1 1

1 5 1016 143 . 174

2 . 10 1001 453 414

3 : 15 1008 - ' 3.61 3.93

Bottom ash particles - 1023 14 1

4 g 5 1023 323 - 275

S 10 1016 4.56 3.82

6 . 15 1020 3n 238

centration of base and, hence, less leaching of silica and alumina
from the source material. At the high concentration of 15M NaOH,
although the concentration of base is high, the matrix becomes
very stiff, as the viscosity of the 15M NaOH is 14.3 €ps in compari-
son to the 9.3 cps of the 10M NaOH. The high viscosity hinders the
leaching of the silica and alumina, resulting in a lesser degree of
geopolymerization as compared to that of the 10M NaOH paste.
The peak height also gives similar indications of the degree of geo-
polymerization. For the bottom ash system, the results are similar
. to those of the fly ash system. The 10M NaOH paste also gives a
high degree of polymerization. The bottom ash pastes behave
in a similar manner to the fly ash pastes as they contain similar

sa-.amounts of silica and alumina and come from the same source.

3.2. Differential Scanning Calorimetry (DSC )

Differential scanning calorimetry was used to measure a num-
ber of characteristic properties of the geopolymer pastes. Using
this technique, it is possible to observe exothermic and endother-
mic events, as well as glass transition temperatures (T;). The range
of investigation is between —30 and 100°C. The results of the DSC
thermograms (exothermal up) of the fly ash, ground bottom ash,
and geopolymer mixed with 10M NaOH are shown in Fig. 3. The
DSC thermograms of fly ash and bottom ash are relatively straight,
indicating no sign of reaction. The thermograms of coal ash geo-
polymers show several peaks, indicating some degree of geopoly-
merization. A significant peak representing the melting point of
water is observed in all geopolymer samples at 0°C (Phair et al.,
2003). The exothermal peaks found in the fly ash geopolymer at

""" the temperature of approximately 20 °C reflect the glass transition °

~— I5M-FA

541

— 5M-BT

e 10M~BT

— 15M-BT

M .

4000 3600 3200 2800 2400 2000 1600 1200

800 400
Wavenumber (cm™)

(b) bottom ash geopolymer

Fig. 2. FT-IR spectra of fly ash and bottom ash geopolymers.

‘Heat Flow (mW)

fi » s

20 40 60 80 100
Temperature (°C)

o TN S

-40 -20
Fig. 3. DSC thermogram of geopolymer paste- using 10M NaOH.

temperature (T;). The bottom ash geopolymer reveals several small
peaks in the temperature range of 10-40°C, The peaks at this range
of temperature can be attributed to the crystallization temperature
(Tc), at which an amorphous solid could become less viscous and
obtain enough freedom of motion to spontaneously arrange into
a crystalline form. This transition from amorphous solid to crystal-
line solid is an exothermic process, and it results ip.a peak in the
DSC signal (Dean, 1995). . <

Within the temperature range of 30-100°C, the slope of the
DSC thermogram for the fly ash geopolymer is relatively flat as
compared to that of the bottom ash geopolymer. This indicates a
difference in the degree of geopolymerization of the two geopoly-
mers. For the bottom ash geopolymer, although the DSC thermo-
gram at this range contains several distinct peaks, the slope of the
thermogram is about the same as that of the base material (ie,
bottom ash). This suggests a low degree of geopolymerization of
the bottom asn geopolymer. The slope of the fly ash geopolymer,
however, is significantly different from that of fly ash, indicating a
higher degree of geopolymerization.

3.3. Microstructure -

The typical SEM-EDX of hardened fly ash geopolymer is shown
in Fig-4"Thepastashaws unreactedang/ol ggially reacted grains
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of fly ash and a continuous mass of alumino-silicate. A large propor-
tion of fly ash still does not completely react, especially the large
particles. Although the matrix is continuous and relatively dense,
voids and cracks are easily observed. This would limit the bind-
ing capacity and strength of the geopolymer. For the bottom ash
geopolymer, as shown in Fig. 5, the paste also shows a continuous
mass of alumino-silicate with unreacted and/or partially reacted
grains of irregular coal ash particles. The irregular particles are
porous and would thus exert a negative influence on the strength
of the geopolymer.

The results of the EDX analyses of the fly ash and bottom ash geo-
polymers are also shown in Figs. 4 and 5. The major elements are Si
and Al, with some Na and Ca also present. The presence of Ca is from
the source materials as the fly ash and bottom ash both contain large
amounts of Ca0. The ratios of Si/Al for the fly ash and bottom ash geo-
polymers are significantly different. The ratio of Si/Al for the fly ash
geopolymer is 3.0, and the same ratio for the bottom ash geopolymer
is much higher at 6.0. This indicates that the leaching of alumina in
the fly ash geopolymer matrix is better than that in the bottom ash
matrix. The higher ratio of Si/Al results in geopolymers with lower
strength and higher elasticity (Fletcher et al., 2005).

Continuous matrix with voids and
cracks

SOMIMNG = 1ECKX WO= Jmm Sigels=CRSD :

P. Chindaprasirt et al. / Waste Management 29 (2009) 539-543

3.4. Compressive strength

Fig. 6 shows the compressive strength of geopolymer mortars
when-heat cured at 65°C for 48 h. The fly ash geopolymer mortar
gives a higher compressive strength in comparison to the bottom
ash geopolymer. The results also indicate that the use of alow NaOH
concentration of 5M gives geopolymer mortars with relatively low
strength. For the fly ash geopolymer, the use of 5M NaOH gives a
mortar with a moderate strength of 24 MPa. Higher strengths of 35
and 33 MPa are obtained with the use of 10M and 15M NaOH. The
compressive strength results are consistent with the results of the
FT-IR, thermograph, and SEM.

For the bottom ash, the compressive strengths of mortars are
lower than those of the fly ash geopolymer. The strengths of 5,
10, and 15M geopolymer mortars are 10, 14, and 18 MPa, respec-
tively. The degree of polymerization of the bottom ash geopoly-
mer is lower than that of the fly ash polymer, as suggested by the
thermograph. The dissolution of bottom ash in the NaOH solution
would be lower than that of the fly ash. Bottom ash thus requires
a higher concentration of NaOH for the dissolving of alumina and

. silica and for geopolymerization. The fact that a large number of

Panially reacted fly ash punicle

461~

369

Si

£ 1276

184+

Fig. 4. SEM-EDX znalysis of fly ash geopolymer.

Continuous mairix with voids and
cracks

® SRS

yi92
o - — T
.9.00 200 400 600 800 1000
Partially reacted porous ash
panticle
6.00 800  10.00

Fig. 5. SEM-EDX analysis of bottom ash geopolymer.
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Fig. 6. Compressive strength of geopolymer mortars.

the bottom ash particles are porous also contributes to the lower
mortar strength.

The analysis of geopolymer paste characteristics and micro-
structure, using FT-IR, DSC thermographs, and SEM, reinforces the
importance of a physical property, i.e., the compressive strength of
geopolymer mortars.

4. Conclusions

Fly ash and ground bottom ash are suitable source materials
for producing geopolymers. The results of the FT-IR, DSC thermo-
gram, SEM, and XRD analyses indicate that fly ash is more reac-
tive than bottom ash and gives a higher degree of geopolymeriza-
tion. The compressive strength of the fly ash geopolymer mortar
is reasonably high at 35 MPa, and it is significantly higher than
the 18 MPa of the bottom ash geopolymer mortar. The strength

of a geopolymer is also dependent on NaOH concentration. The
optimum NaOH concentration of 10M is suitable for both ash
materials. '
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In this paper, the preparation of lightweight aggregate (LWA) from rice husk ash (RHA) obtained from a
biomass power plant was studied. As-received and ground RHAs were mixed with sodium hydroxide
solution (NaOH) and cured to obtain the hardened sodium silicate paste. The samples were then crushed
and heated to form LWA. The LWA was tested for acid and base solubility and for disintegration in boiling
water. The results showed that ground RHA-LWA gave better performances in terms of expansion, sol-
ubility, and disintegration than the as-received RHA-LWA. However, the disintegration of LWA in boiling
water was the main problem. It was found that the incorporation of 2-7% boric acid by weight of RHA
alleviated this problem and no sign of disintegration was observed. The density of LWA of 0.20-0.40

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Rice husk is an agricultural by-product and the annual output is
approximately 5 million tons in Thailand alone. It consists of about
40% cellulose, 30% lignin group and 20% silica and hence its ash
contains a large amount of silica [1,2]. It is used as an energy
source ‘for biomass power plants, rice mills and brick factories.
When burnt, rice husk ash (RHA) with approximately one-fifth of
the original weight is obtained as a by-product. RHA contains over
80% of silica and small proportion of impurities such as K,0, Na,0
and Fe,03 [2,3]. The silici exists in amorphous and crystalline
forms depending on the temperature and duration of burning.
Amorphous silica is obtained by burning rice husk at temperature
lower than 700 °C [4]. For higher burning temperature, some crys-
talline silica is formed and to produce amorphous silica, the burn-
ing duration needs to be shortened [5). The specific gravity of RHA

“is around 2.0-2.3 depending on the burning temperatures [6). The

cellular nature of the rice husk gives the cellular porous structure
of the RHA texture. The RHA is, therefore, bulky and the transpor-
tation could pose some problems.

The commercial uses of RHA are in the silica extraction process
[7.8], pozzolanic material [1,3,9] and other applications such as soil
improvement. The silica from RHA can be extracted economically
with sodium hydroxide solution at 100 °C to obtain a soluble salt

* Corresponding author. Tel.: +66 38 103 066; fax: +66 38 393 494.
E-mail address: ubolluk@buu.ac.th (U. Rattanasak).
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in the form of sodium silicate [7]. The reactive RHA produced from
proper burning and grinding can also be used for partial replace-
ment of Portland cement. The concrete containing RHA is of good
quality with reduced porosity, and improved resistance to sulphate
attack and chloride penetration [9,10]. With the problem of han-
dling and transportation, a large amount of RHA is, however, trea-
ted as waste and disposed at landfill site. Therefore, an increase in
the utilization of RHA has enormous potential for waste manage-
ment and value added commercial applications.

Lightweight aggregate (LWA) is an alternative way to utilize this
by-product. The production of LWA is done by pelletizing the pow-
der and expanding the sintered aggregate at high temperature of

#900-1300 °C [11,12]. The expansion mechanism of sintered LWA

is a dynamic balance process of the expanded gas escaping from
the pellet and the inhibiting effect of liquid viscosity [13]. This
interaction results in the expansion of sintered raw material. In
some cases, foaming agent is added to improve the expansion
[14]. This method is widely used as it is convenient, but the process
is not environmental friendly as it consumes high energy.

The sodium silicate pellets can also be used to make LWA as it
possesses the expansive property [15]. The sodium silicate can be
obtained from the reaction of RHA and NaOH. Low temperature
used in the expansion process is expected owing to the thermal
expansion property of sodium silicate when heated in comparison
to the fusion method. The stability of this RHA-LWA after soaking
in water and other solutions could pose some problems owing pri-
marily to the high porosity and weak pore structure of RHA.
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The incorporation of boric compound significantly reduces the
melting point and lowers the transformation temperature. This
renders the effective control of the morphology and phase purity
of the particles [16]. Boric acid (H3BO3) is the most common com-
pound and is generally used.as an additive to improve the stability
and setting of powdery particles at high temperature [17,18]. As
temperature increases above 170 °C, H3BO; decomposes to metab-
oric acid (HBO,) which further decomposes to boron oxide (B,03)
at higher temperature, In the formation of various calcium-alumi-
nate phases, the addition of H3BOj as a flux drastically reduces the
heating temperature from 1700 to 1300 °C [18]. Calcium oxide
(Ca0) is another common additive which is widely used in mortar
and plaster to increase the rate of hardening and to improve the
adhesion [19]. In addition, Ca0 is-also used to reduce the melting
temperature of slag in a similar manner to boric acid [20).

. This paper, therefore, explores an alternative method for the
production of expanded aggregate from RHA. The method is based
on alkaline solubility of silica in RHA. It is more environmental
friendly than the current fusion method. The influence of the addi-
tives, i.e. boric acid and calcium oxide on the stability of the LWA is
also studied.

2. Materials and methods
2.1. Materials

Rice husk ash from biomass power plant in the central part of
Thailand and sodium hydroxide (NaOH) pellet were used. NaOH
pellet was dissolved in water to obtain NaOH solution at concen-
trations of 10, 15 and 25 M. Three types of ash viz., as-received rice
husk ash (A-RHA), ground medium fineness rice husk ash (M-RHA)

- with 12% retained on sieve No. 325, and ground fine rice husk ash

(F-RHA) with 5% retained on sieve No. 325 were used. Analytical
grade boric acid (H3BOs) and calcium oxide (Ca0) were used as
additives to solve the problem of disintegration in boiling water.
The chemical composition of the RHA is shown in Table 1.

2.2. LWA preparation

The RHA, NaOH solution and H3BO5 (or Ca0O) were thoroughly
mixed in the mixer for 5 min to form uniform paste. The mixture
was then placed in the 100 x 100 x 10 mm? mould and cured for
24 h. The curing temperatures of 85, 100 and 115 °C were used.
The hardened pastes were then crushed and passed through sieve
No. 4 (4.75 mm opening) and retained on sieve No. 10 (2 mm open-
ing). They were, then, put in the oven at 350, 500 and 650 °C for
30 min for expansion. The percentage retained on sieve No. 4 of
the LWA was measured to indicate the degree of expansion. In
addition, the bulk density, gradation, fineness modulus, solubility
and the boiling tests were performed. The experiment parameters
for LWA are summarized in Table 2.

2.2.1. Mixes for LWA with various finenesses of RHA

The mixes with different finenesses of RHA are shown in Table 3.
The NaOH with the concentration of 10 M was used. The A-RHA re-
quires a larger amount of NaOH to obtain the paste with similar
consistency. Therefore, the RHA:NaOH ratio of 1:1 was used for
A-RHA and the ratio of 1:2.5 was used for M-RHA and F-RHA.

Table 1 1

Chemical composition of RHA%

Si0, Al;03 Ca0 Fe,03 MgO K20 LO}I
87.46 253 078 040 ., kS8 473 252

159

Table 2
Experiment parameters and tested properties

Y

Table 3 -

Physical properties of LWA prepared with various fineness RHA

RHA - RHA: - Expansion Bulk density. Timeto .- - Solubility
i ratio (%) {(g/em?): . . disintegrate (min) -7 5
ARHA" 1:25 S50, 030 iR Yes: i
M-RHA  1:1 22 032 10 ; No'
FERHA 151 s b 29 (e ] EF No

2.2.2. Study on curing and expansion temperatures

In this series, the M-RHA was selected based on the result of the
test of Section 2.2.1. Pastes were prepared using 10 M NaOH with
RHA:NaOH ratio of 1:1. The curing temperatures were varied at
85, 100 and 115 °C. The crushed samples were left to expand in
the oven at different temperatures of 350, 500 and 650 °C for
30 min.

2.2.3. Mixes with Ca0O and H3BO;

The 10 M NaOH and M-RHA:NaOH ratio of 1:1 were used for the
preparation of LWA. Four H3BO5 contents of 2%, 4%, 7% and 10% by
weiglit of RHA and two CaO contents of 4% and 10% by weight of
RHA were investigated. Based on the result of Section 2.2.2,
115°C was selected to cure the paste and the temperature of
500 °C was used for the expansion.

2.2.4. Mixes for various concentrations of NaOH solution

For comparison purpose, 10, 15 and 20 M NaOH were used to
prepare the LWA using M-RHA:NaOH ratio of 1:1, with 4% and
10% of H3B03. Sample was cured at 115 °C for 24 h and then left
to expand at 500 °C for 30 min.

2.3. Tests of LWA

LWA was tested for bulk density, solubilityin 12 M HCl acida d
20 M NaOH base solutions, disintegration in boiling water by soak-
ing in boiling water for 60 min, crushing resistance, water absorp-
tion and gradation. The bulk density of the LWA was tested in
accordance with BS EN 1305 [21]. The acid and base solution test
was adapted from the procedure described in ASTM C114 [22].
The boiling test was applied from the procedure described in BS
EN 1367 method of the boiling test for “Sonnenbrand” basalt
[23]. The crushing resistance, the water absorption and the grada-
tion of the LWA were tested in accordance with BS 1305. The tested
properties of LWA are summarized in Table 2. In addition, the
microstructure of the fractured samples was microscopically
examined with scanning electron microscope (SEM).
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3. Results and discussion -
3.1. Effects of fineness of RHA

The results of degree of expansion, bulk density and disintegra-
tion in boiling water of LWA with various finenesses of RHA are
shown in Table 3. There was a tendency that the larger expansion
was found with the increase in the fineness of RHA. The expansions
of the LWA made from A-RHA, M-RHA, and F-RHA were 15%, 22%
and 29%, respectively. The bulk density of LWA was fairly low be-
tween 0.28 and 0.32 g/cm? and not affected by the fineness of RHA.
The low bulk density is one of the very important properties of
LWA. The other important property is the stability.

The result of disintegration in boiling water shown in Table 3
indicated that the stability of the LWA increased with the increase
in fineness of RHA. The grinding of RHA increased its fineness and
reactivity [3-5] and hence produced a stronger paste as compared
with the as-received RHA as shown in Fig. 1. The RHA grains were
easily detected. The LWA showed non-uniform texture of the RHA
agglomeration and appeared as weak porous aggregate leading to
disintegration in boiling water. LWAs prepared from M-RHA and
F-RHA showed no sign of solubility in acid and base, and prolonged
the time to disintegration in boiling water. M-RHA was, therefore,
selected to further study the properties of LWA because of the
economy and the practicality.

3.2. Properties of LWA froiii M-RHA

3.2.1. Effect of curing and expansion temperatures

The results of bulk density and time to disintegration of LWA
prepared at various curing and expansion temperatures are shown
in Table 4. The curing temperatures of 85 and 100 °C for 24 h were
not sufficient to accelerate the paste stiffening and resulted in
unhardened pastes which were not suitable for further process.
The use of high temperature of 115 °C for 24 h resulted in hardened
paste. At this temperature, rice husk ash reacted with sodium
hydroxide solution to form the sodium silicate [7] as described in
the following equation:

2NaOH + Si0; (from RHA) u Na;Si0; + H,0 + insoluble material.

The hardened sodium silicate and ash mixtures were then
crushed and left to expand at high temperature. The temperature
for expansion affectea the properties of LWA. At low temperature
of 350 °C, the LWA expansion was low leading to a relatively high
bulk density.of 0.42 g/cm>. The use of higher temperatures of 500

Fig. 1. SEM of LWA (A-RHA. 10M NaOH, curing temperature 115 °C, expansion
temperature 500 °C). % = .

Table 4
Bulk density and time to disintegration of LWA prepared at various curing and
expansion temperatures .

and 650 °C resulted in lighfer and stronger aggregate as reflected

-by the low bulk density of 0.32 and 0.31 g/cm?. The time to disin-

tegration was also improved to 10 min comparing to 7 min of that
using 350 °C expansion temperature. Rapid heating caused the
aggregate to expand owing to the high coefficient of thermal
cApansio. of sodium silicate [15]. The sodium silicate mixture
melted at approximately 500 °C which corresponded to its defor~
mation temperature [15]. The texture of the LWA before expansion
is shown in Fig. 2. The particle of RHA and a small amount of nee-
dle-like particles were readily detected. After heating at 500 °C
(Fig. 3), the texture of the LWA was quite homogenous with some
pores. The needle-like particles disappeared owing to the melting
and expansion of sodium silicate. The improved homogeneity
and reduced porosity led to the higher resistance of aggregate
against disintegration in boiling water.

3.2.2. Effects of CaO and H3BOjs on disintegration in boiling water

The incorporation of H3BO; and CaO was to promote the bind-
ing capacity of the paste and, hence, more stable pastes should
be obtained. It was found that the use of H3BOj3 resulted in signif-
icant improvement on the disintegration. The results of the tests
are shown in Table 5. The addition of 2-7% of H3BOj3 in the mixture
with 10 M NaOH solved this problem because no sign of disintegra-
tion was observed. Since there was a non-bridging oxygen in a so-
dium silicate structure, addition of H3BOs; resulted in BO,
tetrahedral in the sedium silicate matrix and enabled the oxygen .
to bridge again resulting in a more stable structure. In other words,
the structure teiided to be solidified as H3BO; was used [17]. How-
ever, excessive use of H3BO; had an adverse effect on the
disintegration.

In contrast, the use of CaO only slightly improved the stability of -
the LWA in terms of the disintegration in boiling water. CaO
reacted with silica to form calcium silicate with low bulk density

Fig. 2. SEM of hardened M-RHA paste (10M NaOH, 2% boric acid, curing
temperature 115 °C, before expansion).
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Fig. 3. SEM of LWA (M-RHA and 10 M NaOH, 2% boric acid, curing temperature
115 °C, expansion temperature 500 °C).

Table 5
Physical properties of M-RHA-LWA with 10 M NaOH, H3BO; and Ca0

RHA:.: NaOH. -'H;BO;

< Solubility’ Timeto -~

(8):(8) :(g):" - disintegrate
0077100 =R 0 min
100 7100 2 Nonein .
e 60 min
100 100 4 - 45 0.19 None in
; G : - 60 min
100 100 7 ¢ - 43 +4.0.25. ... None in’
i e 60 min
100 100 10. - 35, - 0.36 20 min
100 100 =° 4 29" 7034 % 8 min
100 100 - 10008 0.51 No 20 min

and high physical water absorption property [19]. Matrix with cal-
cium silicate was, therefore, easily damaged in boiling water.

3.2.3. Effects of concentration of NaOH on disintegration in boiling
water

The results of the effects of NaOH on disintegration in boiling
water shown in Table 6 indicated that only the use of 10 M NaOH
with 4% H3BO; resulted in no disintegration in boiling water. For
the 15 and 20 M NaOH, the problem of disintegration still per-
sisted. The LWA made from 10 M NaOH with 4% of H3BO3 showed
high bulk density as compared with those of 15 and 20 M NaOH.
These concentrations also resulted in larger expansion as mea-
sured by percentage retained on sieve No. 4 in comparison to that
using 10 M NaOH. With high NaOH concentrations of 15 and 20 M,
the viscosity of the mixtures increased and the solubility and
mobility of the system were reduced. For lower concentration of
10 M NaOH, the absorption and interaction between the NaOH
solution and RHA particles were better than those with the higher
NaOH concentration. Disintegration was, therefore, dependent on
alkali solution concentrations and additives added.

3.3. Basic properties and application of LWA

M-RHA mixed with 4% of boric acid and 10 M NaOH was pre-
pared for testing of physical properties of LWA. The gradation as
shown in Fig. 4 presented that the particles sizes of LWA were
mainly between 2.4 and 4.7 mm with the fineness modulus of
5.1. Its crushing resistance was 3.2 N/mm?2. Its low crushing resis-
tance and bulk density suggest the use for lightweight concrete
panels or blocks for thermal insulation and noise absorption and/

Table 6
Physical properties of LWA prepared with various NaOH concentrations

Cumulative weight passing (%)

Sieve size (mm)

Fig. 4. Gradation of LWA (M-RHA. 10 M NaOH, 2% boric acid, curing temperature
115 °C, expansion temperature 500 °C).

or fire protection. The water absorption of the LWA was 64%. The
high porosity and absorption capability together with the insolu-
bility in acid and base make the LWA suitable for use as an absor-
bent for a wide variety of liquids. Once absorbed, the liquid is
retained by LWA allowing easy handling and disposal. Also with
its low density, LWA concrete is a viable solution for reducing load-
ing on the structure of the building. Although, LWA is more expen-
sive to produce than gravel or crushed stone aggregates, the
reduced overall weight of the structure leads to overall saving
[24]. The cost of this RHA-LWA should be jess than that obtained
from the fusion method as it consumes less energy.

4. Conclusion

Rice husk ash has the potential for making light weight aggregate
with low bulk density of 0.20-0.40 g/cm>. The pro- erties of LWA are
enhanced with the increase in fineness of RHA. The RHAs with 12%
and 5% retained on sieve No. 325 give better LWA than the as-re-
ceived RHA. The process involves the reaction of RHA with 10 M so-
dium hydroxide solution at 115 °C for 24 h to form the sodium
silicate and the expansion of crushed hardened sodium silicate
and ash mixture at 500 °C. The stability of the LWA is obtained by
incorporating 2-7% boric acid by weight of RHA in the mixture.
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Iémgzsaiffusion of diffusion to generate an empirical formula for predicting chlo-
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Fly ash : (W[B) ratio, fly ash content, distance from the concrete surface,
Prediction and exposure time. Model validation revealed that the predicted
Seawater chloride concentration levels were within a +25% error margin

(R?=091 - 0.99) in the samples used to develop the model. Th2
model was also verified using data from previous laboratory and
field studies. Most predicted chloride concentration levels were
-within a £30% margin of error from field samples. The model also
predicted the strong effect of fly ash and W/B ratio on reducing
chloride diffusion in concrete. Results clearly indicated that a high
volume fly ash replacement {up to 50% by weight of binder) and
a low W/B ratio will yield good chloride resistance in concrete
under long-term exposure in a marine environment.
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1. Introduction

New methods for designing more durable reinforced concrete structures are now required to
minimize maintenance costs. By determining the causes of damage and providing appropriate
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protection, designers will be able to create marine concrete structures with a long service life at
minimal construction cost. However, concrete is destroyed by a complex combination of chemical and
physical processes [1], and data from laboratory tests are insufficient to predict long-term behavior.
Thus, long-term data of actual on-site marine concrete structures are needed for design and
construction. Normally, the concrete is an excellent corrosion protection for reinforcing steel, but
exposure to various environmental conditions during its service life may accelerate the destruction
process. One well-known cause of steel corrosion in concrete is chloride. Many fartors govern chloride
ingress into concrete, including the type of cementitious material, water to binder (W/B) ratio, curing
time, exposure period, and other physical factors. Generally, the rate of chloride ing. 2ss into concrete
depends on the chloride diffusion coefficient, which varies with the length of exposure. Therefore,
studies on the long-term: performance of chloride ingress into concrete should incorporate the
changing chloride diffusion coefficient during the exposure period.

Many studies have predicted the chloride profile in concrete over long-term exposure based on
a constant chloride diffusion coefficient [2.3]. However, the chloride diffusion coefficient changes
during the exposure period, decreasing with an increased length of exposure [4,5]. Thus, an appro-
priate prediction of a chloride diffusion profile must consider changes in the chloride Aiffusicn coef-
ficient over time. Moreover, the chloride diffusion profile should be based on data obtained from
marine sites to represent actual concrete structures. If the chloride diffusion profile of fly ash concrete
under long-term exposure in an actual marine environment can be calculated, this should reveal the
behavior of chloride ingress into concrete. In turn, the results can be used to design more durable
reinforced concrete structures. A

2. Experimental program
2.1. Materials and specimens

The concrete mixtures were composed of ordinary Portland cement type I (ASTM C 150), class F
fly ash (ASTM C 618) from Thailand (Si02 + Al;03 + Fe;03 = 79.45%) with a 30-pm median particle size,
graded sand, and crushed limestone with a maximum size of 19 mm. The chemical properties of fly
ash and Portland cement type I are presented in Table 1. Concrete cube specimens sized
200 x 200 x 200 mm?® were prepared and the specimens were cast using fly ash to replace Portland
cement type I at 0, 15, 25, 35, and 50% by weight of binder. W/B ratios were set at 0.45, 0.55, and 0.65.
Table 2 lists all concrete mix proportions and compressive strength at 28 days. After casting for 24 h, all
concrete specimens were removed from the molds and then cured in water for 27 days; they were then
transferred to a tidal zone marine site in Chonburi Province in the Gulf of Thailand (see Fig. 1). The air
temperature at this site ranges from 25 °C to 35 °C, and the concrete specimens were exposed to two

Table 1
Chemical composition of Portland cement type I and fly ash.
Chemical composition (%) . Cement type | Fly ash (FA)
Silicon dioxide, SiO, 20.80 44.95
Aluminum oxide, Al,03 5.50 23.70
Iron oxide, Fe,0; ' 3.16 : 10.80
Calcium oxide, CaO 64.97 13.80
Magnesium oxide, MO 1.06 347
Sodium oxide, Na,O 0.08 0.07
Potassium oxide, K,0 : 0.55 2.38
Sulfur trioxide, SO3 2.96 131
Loss on ignition, LOI 2.89 0.52
Tricalcium silicate, C3S 56.50 =
Dicalcium silicate, C5S 17.01 =

‘ Tricalcium aluminate, C3A 9.23 =

Tetracalcium aluminoferrite, C4AF 9.62 =
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Fig. 1. Concrete specimens in seawater, Chonburi Province; Thailand.

wet-dry cycles of seawater daily. Chloride and sulfate compositions in the seawater ranged from
16,000 to 18,000 ppm and from 2200 to 2600 ppm, respectively.

2.2. Experimental investigation for chloride content

After exposure to seawater for 2, 3, 4, and 5 years, concrete specimens were dry-cored to obtain
a core sample 50 mm in diameter. Cores were sliced from the top surface to produce slides with
a 10 mm thickness, and each slide was ground into small powdery particles. Nitric acid was added to
10 g of the ground concrete powder and the mixture was heated on a hot plate for 3 min; this process
ensures the digestion of chloride from the concrete powder sample. The sample was allowed to cool
and then filtered to obtain the solution state. Auto-titration equipment was used to test this filtrate for
chloride content, which determined the total chloride content of the concrete in accordance with ASTM
C1152 [6]. Chloride content was plotted against the distance from the top surface of the concrete to
present the chloride diffusion profile in concrete. ‘

3. Model formulation

In this study the experimental data were used to generate a model for predicting the chloride
diffusion profile of concrete in a marine environment by applying Fick’s second law [7] as shown in
Eq. (1):

oC o%c
a = P : W
The chloride diffusion model in this study was developed based on the experimental data gathered
from the practice site. Controlling all parameters that affect the chloride diffusion of concrete in a field
site (e.g., temperature, humidity, abrasion-erosion damage) is difficult, and thus some studies have
suggested simulating a chloride diffusion profile by fitting Fick’s second law, which can be used effi-
ciently on data obtained at a field site [4,8]. Since this equation provides the best fit with the behavior of
a chloride diffusion profile, it is concluded that Eq. (1) is appropriate when developing a chloride
diffusion model based on an actual field environment.

As discussed above, a model for predicting a chloride penetration profile over long-term exposure
must incorporate the changing chloride diffusion coefficient (Dc) over time. Since a change in D at any
time has a considerable effect on the penetration rate of chloride in marine concrete [9]. predictions of
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such a long-term chloride penetration profile must incorporate a time-dependent D into Fick’s second
law. According to Mangat and Limbachiya [5], the relationship between D, and exposure time can be
approximated by an empirical relationship in the form of an inverse exponential function. The principle -
of this relationship can be applied to generate Eq: (2):

Dc = (t)? ' b : «-(2)
Substituting L. into Eq (1),

oC Bazc

=~ 3).

ot . ox2 ,( )

a general solution for Eq. (3) can be given as

X
2 t(1-8)
(1-B)
In Eq. (4), concrete exposure time (t) is in units of seconds. When this equation is used for long-term

prediction, the exposure time should be converted into units of years. With this alteration, Eq. (4)
~becomes Eq. (5): ‘

Cx't = CO 1'—erf

(4)

X

= (5)
2 v/ (31,536,000t) 7 \ '

(1-6)

Cx,[ = Co 1 "'erf

where G = total chloride concentration (% by weight of binder) at position x and exposure time t,
= exposure time (years), x = distance from the concrete surface (mm), G, = chloride concentration at
the concrete surface (% by weight of binder) at exposure time t, § = empirical coefficient, erf = error
function. ‘

In Eq. (5), G, is determined by evaluating the 8 and C, values using the best fit of chloride pene-
tration profile curves. Fig. 2 shows how Eq. (5) provides the best fit to experimental data for a chloride
penetration profile of concrete with a W/B ratio of 0.65 obtained from the actual marine site. Regression
analysis yielded the empirical coefficient (8) and the chloride concentration at concrete surface (C,) for
concrete with W/B ratios of 0.65 at 2-, 3-, 4-, and 5-year exposures to the tidal zore of marine envi-
ronment in Thailand. Using the same procedure, f and G, of the other concrete mixtures (W/B = 0.45
and 0.55) at a given exposure time can be determined, as shown in Tables 2 and 3, respectively. Table 3
shows that g values for a specific mix proportion do not change with time, so a prediction of 8 can be
interpolated in terms of fly ash replacement and the W/B ratio by plotting § values against fly ash
content. Therefore, 8 values can be generated using Eq. (6):

B=06F)+¢ ‘ (6)

where 4 and ¢ are the empirical coefficients in terms of the W/B ratio obtained from the regression
technique shown below:

6 = —0.0015(W/B) + 0.0034 (7)

¢ = -0.175(W/B) + 0.840 (8)
Substituting Egs. (7) and (8) into Eq_. (6),
B = [-0.0015(W/B) + 0.0034] (F) + [ — 0.175(W/B) + 0.840] _ (9)

where F= fly ash replacement (%), W/B = water to binder ratio.
Equation (9) can be used to calculate the value of B for fly ash replacement up to 50% by weight of
binder and W/B ratios ranging from 0.45 to 0.65.
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Fig. 2. Chloride penetration profiles for concrete with WIB ratio of 0.65 at 2-, 3-, 4-, and 5-year exposures in a tidal zone of marine
environment in Thailand.

Table 4 lists chloride concentrations at the concrete surface (Co), which are used to generate t} 2
model for predicting C, over long-term exposure. In this model, G, values are not related to fly ash
replacement, so it is decided to generate the predictive function in terms of exposure time (t) and the
WIB ratio. The average C, values with W/B ratios of 0.45, 0.55, and 0.65 at 2-, 3-,4-, and 5-year exposure
periods was generated by plotting the average C, versus exposure time (see Fig. 3), and expressed this
as a logarithm function: ’

Co = aln(t) +7 (10)

where a and vy are empirical coefficients in terms of the W/Bratio obtained from a regression analysis of
the empirical data as shown below:
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Table 2
Concrete mixture proportions and compressive strength at 28 days.

145FA50
1555
ISSFA15 * - 40¢
IS5FA25 " /35
IS5FA35" . 31
I55FA50 - '3
165: - v
I65FA15 - 40
165FA25 7.
I65FA35
165FA50

—-0.379(W/B) + 2.064 - | (11)

R
Il

v = 4.078(W/B) + 1.011 8 & (12)
Substituting Egs. (11) and (12) into Eq. (10), .

Co = [—0.379(W/B) + 2.064] In(t) +[4.078(W/B) + 1.011], ‘ (13)

where C,=chloride concentration at the concrete surface at time t (% by weight of binder),
t = exposure time (years), W/B = water to binder ratio.

Equation (13) can predict the chloride concentration at the concrete surface (C,) for W/B ratios
ranging from 0.45 to 0.65 and for exposure to a marine environment beyond 2 years. Thus, chloride
concentration can be predicted over a long-term exposure to a marine environment by substituting
B from Eq. (9) and G, from Eq. (13) into Eg. (5). ’

The model [Eq. (5)] was developed based on experimental data collected from the marine test site
and from regression analyses. The chloride concentration in fly ash concrete is a function of several

Table 3
Empirical coefficient 3.
Mix no. Empirical coefficient, § _ i Average
. 2-yearexposure . -.3-yearexposure  4-yearexposure - L
145 0769 0760 - 0.755 0.756
145FA15 0.83 082005 £41140,8200 55 Soelals 08207
145FA25 0.835 0.835. 7. 0.830 1 0.825 e 0.831
145FA35 0.835 - 0.840 - 0.840 S 0:840 Y 2 - n839.
145FA50 0.930 0.920° 0.890 0880, ;0" x & = 0.905
155 0.750 0.735 ‘0735 0735 ; 0.739
I55FA15 0.820 0.795 0790 © 0790 0.799
I55FA25 0.830 0.820 0.815 0.800 0.816
I55FA35 0.835 0.830 0.820 0.800 0.821-
155FA50 0.910 0.920 0.900 0830 0.905
165 0.710 0710 0710 S 0708 HalE 0.709
I65FA15 0.790 07807 5 0.780 0.770 0.780
165FA25 0.810 0.805 0.800 0.780 0.799
165FA35 0.830 0.830 0.820 0.810 0.823

I65FA50 0.840 0.840 . 0.830 0.820 0.833
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Table 4 g
Chloride concentration at concrete surface (Cs):

I55FA25 -
ISSFA35. -
I55FAS0

I6SFA35
I65FAS0

parameters, including distance from the concrete surface (x), the W/B ratio, exposure time (t), and fly
ash replacement (F). The model can predict the chloride concentration in fly ash concrete at any depth
and at any exposure time within a marine environment. The environmental conditions are considered
in the two wet-dry cycles of seawater daily, air temperature ranges from 25 °C to 35 °C, chloride and
sulfate compositions in the seawater ranged from 16,000 to 18,000 ppm and from 2200 to 2600 ppm,
respectively. However, the model has a limited application because it only uses one-dimensional
chloride dispersion. The model was constructed using chloride penetration profiles obtained from dry-
cored concrete cube specimens, and thus one-dimensional chloride ingress from the outer surface to
the inner concrete yields good results. '

4. Model validation
4.1. Comparison to experimental data

The empirical model was validated by using experimental data collected from samples in the Thai
marine environment. Fig. 4 presents the predicted curves of chloride penetration profiles derived from

=
o
]

T W/B=0.65

'g W/B=0.55

= 6.0 7 W/B=0.45

S 50 £3

§ 4.0 4

by

2 3.0

S 20 C,= 1.86741n(t)+2.8349; R?=0.956 for W/B=0.45

4]

§° 1.0 4 C,= 1.90861In(t)+3.2756; R?=0.980 for W/B=0.55

3 C,= 1.7917In(t)}+3.6505; R?=0.981 for W/B=0.65
0.0 T T { T T 1

0 1 2 3 4 5 6

Exposure time (year)

Fig. 3. Relationships between the average chloride concentration at the concrete surface and exposure time in a tidal zone of marine
environment in Thailaad. !
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Fig. 4. Comparison of the predicted and experimental chloride penetration profiles of concrete exposed to a marine environment in

Thailand for 5 years.
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~ the empirical model that were plotted with actual experimental data at a 5-year exposure. Most
experimental data fit well with the predicted curve. Fig. 5 shows the relationship between the pre- -
dicted and experimental chloride concentrations at 15, 25, 35, and 45 mm concrete depths with W/B-
ratios of 0.45, 0.55, and 0.65 at 4- and 5-year exposures. Most of the data are below the line of equality,
so the estimated chloride concentration at all depths was lower than the experimental results.
However, most estimates were within a +£25% margin of error based on the test data (R = 0.91 — 0.99),
especially for chloride concentrations cf more than 0.5% by weight of binder. Although most of the data
with the chloride concentration lower than 0.5% by weight of binder lie out of this interval, this does
not significantly affect the predicted values. Even though very low cli.oride concentrations yielded high
percentages of error, the predicted chloride concentrations differed minimally from the actual data. For
example, the model predicted a chloride concentration of 0.2% by weight of binder, while the actual
experimental data revealed a concentration of 0.1% on the same basis at the same depth of concrete. In
this case, the prediction error was as high as 50%, but the predicted chloride concentration only differed
by 0.1% by weight of binder. A chloride content of 0.1% or 0.2% by weight of binder in concrete will not -
result in a significantly different corrosion in reinforcing steel. Therefore, predictions using the
empirical model are reasonably accurate compared to experimental d-ta.

4.2. Comparison to other experimental results

We compared the model’s predictions to experimental results obtained from Thomas and Matthews
[4], Castro et al. [10], Mcpolin et al. [11], and Mohammed et al. [12]. Thomas carried out an experiment
using concrete exposed for 10 years under an English tidal zone BRE marine site with chloride and
sulfate compositions of 18,200 ppm and 2600 ppm, respectively. The major chemical compositions of
seawater at that site did not differ greatly from those in the Gulf of Thailand, but other physical factors
(such as temperature, humidity, and abrasion-erosion) did. In 2005, Castro et al. [10] published
a chloride profile of normal concrete with a WIB ratio of 0.50 under 24- and 45-month exposures in
a Mexican marine site that varied greatly in humidity and temperature from 60% to 95% and 20 °C to
30 °C, respectively. Mcpolin et al. [11] conducted a laboratory investigation of chloride content in
concrete specimens at 2-, 3-, and 4-year exposures in 0.55 M NaCl (3.2% by weight). These specimens
were exposed to the solution for 24 h and then removed to dry for 6 days before being reimmersed.
Throughout, Mohammed et al. [12] reported chloride contént in cement concrete under 30-year
exposure in marine environment. In this investigation, the specimens were exposed to 5 h of wetting
and seven hours of drying cycle. The average temperature of seawater is about -8 °C to 24 °C with

A 0%-FA (R°=0.92-0.99)

A 15%-FA (R*=0.91-0.99)
= 25%-FA (R?=0.98-0.99)
O 35%-FA (R>=0.95-0.99)

® 50%-FA (R°=0.97-0.99)

Equality line
....... +25%-line
s e & 25%-line

Prediction CI" (% by weight of binder)

i T T T T T T ¥ T T T T T T T T
00 05 1.0 1.5 20 25 30 35 40 45 50 55 60 65 70 7.5 8.0
Experimental CI" (% by weight of binder)

Fig. 5. Comparison of the predicted and experimental results of chloride concentrations at 15, 25, 35, and 45 mm depth in concrete
with-W/B ratios of 0.45, 0.55, and 0.65 under 4- and 5-year exposures to a marine environtignt
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Fig. 6. Comparison of the predicted and experimental results of chloride concentrations based on data from Thomas and Matthews
[4], Castro et al. [10], Mcpolin et al. [11] and Mohammed et al. [12].

chloride and sulfate compositions of 17,136 ppm and 2412 ppm, respectively. We compared these
experimental data with the results obtained from our proposed model (see Fig. 6). ’

Fig. 6 indicates that Mcpolin’s [11] data are above the line of equality; thus, compared to those
results, our proposed model overestimated the chloride concentration. However, most of Thomas’s [4],
Castro’s [10] and Mohammed’s [12] data are within a +30% margin of error, and Thomas’s [4] data are
between Mcpolin’s [11] and Castro’s [10]. All Mohammed’s data are below the line of equality, it
presents the lower estimate of chloride content in cement concrete as compared with the tested
results. Note that data obtained from marine sites differ from laboratory data. The data from both
marine sites were similar to the results obtained from the proposed model, while laboratory tests
produced lower chloride ingress than the predicted results. This is likely caused by the physical impact
of an actual marine environment, which damages concrete. Therefore, the results indicate that dura-
bility testing in a laboratory setting (which can easily control many factors) may not sufficiently mimic
an actual marine environment. Fig. 7 compares the chloride penetration profiles for 30% fly ash
concrete from the proposed model and experimental results obtained from Thomas and Matthews [4].
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6.5 S0 feesmmge Prediction, 2-year
6.0 - ] Prediction, 4-year
5.5 4 - Prediction, 10-year
5.0 1 A Thomas, 2-year
4.5 + B Thomas, 4-year

4.0 1 ®  Thomas,10-year
3.5

304
2.5
2.0
11514
1.0 -
0.5 -
0.0 :

CI- (% by weight of binder)

30

Distance from surface (mm)

Fig. 7. Comparison of the predicted and experimental results of chloride penetration profiles of 30% fly ash concrete with W/B ratio
: 0of 0.45 based on data from Thomas and Matthews [4] under 2-, 4-, and 10-year exposures in a marine environment.
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The experimental results fit well with the predicted curves, especially at deeper concrete covering
depths. These comparisons demonstrate that the proposed model is reasonable for predicting chloride
penetration profiles in fly ash concrete at tidal zones of a marine environment. This validation was
based on experimental data over a 10-year exposure period. However, the model will require further
validation using experimental data over longer exposure periods and various exposure zones. Because
of limited information in the literature, the existing experimental data are insufficient to confirm this
model. As a starting point, this empirical model can be used to efficiently predict long-term chloride
diffusion in cement concrete as well as in fly ash concrete. ' ]

5. Practical uses of the proposed modél

Generally, a chloride penetration profile presents the chloride concentration at any depth of
concrete. If a chloride penetration profile can be estimated at any exposure time, it will enable esti-
mation of initial corrosion and the deterioration of reinforcing steel after this initial period. Fig. 8 shows
predicted chloride concentrations for 20- and 50-year exposures at any depth of concrete with a W|B
ratio of 0.50. The predicted chloride concentration in 30% fly ash concrete over a 30-year period (from
20- to 50-year exposures) changed less than in cement concrete; these changes correspond reasonably
to the actual behavior of chloride ingress because concrete containing fly ash is more resistant
to chloride and has a smaller pore size than concrete without fly ash [13-16]. Fig. 9 shows estimated
. chloride concentrations at a 40 mm concrete covering depth at any tiine of exposure up to 60 years in
concrete with a W/B ratio of 0.50. According to this prediction, the highest chloride content will appear
in concrete without fly ash, and the chloride content decreases with increased fly ash replacement in
concrete. Throughout the experiment, cement concrete had the highest rate of chloride buildup at this
covering depth, about 0.04% by weight of binder per year, while the use of fly ash in concrete (up to 40%
on the same basis) clearly reduced the rate of chloride buildup from 0.04 to 0.003% by weight of binder
per year.

Fig. 10 shows the time to initial corrosion of fly ash concrete for a covering depth of 40 mm. This
estimate was based on the proposed model and threshold chloride levels reported in several studies
(Threshold chloride values of 0.9%, 0.6%, 0.4% and 0.3% for 0%, 15%, 25% and 35% fly ash concretes,
respectively) [17,18]. The use of fly ash to replace Portland cement in concrete can extend the time
to initial corrosion. In addition, a lower W/B ratio clearly resulted in superior corrosion resistance due
to the low permeability of concrete. Thus, the most effective way to reduce chloride penetration is to
decrease the W/B ratio and increase the fly ash replacement in concrete. While a high volume of fly ash
can greatly improve chloride resistance of concrete, it can also negatively affect some mechanical
properties, for example, cause low compressive strength at an early age [19,20]. These mechanical
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Fig. 8. Predicted chloride penetration profiles in fly ash concrete with W/B ratio of 0.50 and exposed to a marine environment for 20
and 50 years based on the proposed model.
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Fig. 9. Estimated chloride concentration in fly ash concrete at a covering depth of 40 mm with WIB ratio of 0.50 based on the
proposed model. y
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Fig. 10. Estimated time to initial corrosion of fly ash concrete at a covering depth of 40 mm.based on the proposed model.

properties also influence the rate of corrosion and the service life of reinforced concrete structures
under loading conditions. Therefore, increasing the durability of reinforced concrete structures in
a mariile environment requires not only incorporating resistance to chloride ingress, but also main-

taining other properties of concrete such as the compressive strength, permeability, and abrasion-
erosion resistance.

6. Conclusion

In this study a model for predicting chloride diffusion in cement and fly ash concretes under long-
term marine exposure in the Gulf of Thailand is proposed. The model can predict chloride concen-
tration at any depth of cement and fly ash concretes in a marine environment at any exposure period
longer than 2 years. Accurate results could be obtained for concrete with W/B ratios from 0.45 to 0.65
and fly ash replacement from 0 to 50%. The model’s application, however, is limited because it only
produces a one-dimensional ingress of chloride into a reinforced concrete structure. The results
indicated that both fly ash and W/B ratio strongly affected chloride diffusion in concrete: higher fly ash
replacement and lower W/B ratios clearly produced better chloride resistance in concrete under
a marine environment. '
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Abstract The objectives of this investigation were
to study the effect of W/B ratios and fly ash
finenesses on chloride diffusion coefficient (D.) of

concrete under marine environment. Original and

classified fly ashes were used as a partial replacement
of Portland cement type I at 0%, 15%, 25%, 35%, and
50% by weight of binder. Water to binder ratios (W/B)
were varied as 0.45, 0.55, and 0.65. Concrete cube
specimens of 200 mm were cast and removed from
the molds after casting 1 day and then cured in fresh
water for 27 days. After that, the specimens ‘were
placed to the tidal zone of marine environment in the
Gulf of Thailand. Subsequently, the specimens were
tested for chloride penetration profile after being
exposed to the tidal zone for 2, 3, 4, and 5 years. The
regression analysis of investigated data was carried
out and Fick’s second law of diffusion was applied to
calculate the chloride diffusion coefficient (D.) and
chloride concentration at concrete surface (C,) based
on one-dimensional analysis. The results showed that
D. of all concrete mixtures decreased with an
exposure time and the decrease of W/B ratio resulted
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in the decrease of D.. When the W/B ratio of concrete
was reduced, the decrease of D, in cement concrete
was higher than that of the fly ash concrete. The use
of fly ash with high fineness clearly reduced the rate
of chloride ingress into concrete. In addition, fly ash
with high fineness has more effective on reducing of
D, in concrete with higher W/B ratio than that with
lower W/B ratio.
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1 Introduction

Chloride penetration into concrete is a main cause of
the corrosion of steel in reinforced concrete under
marine environment. The level of corrosion in
reinforcing steel is primarily based on the penetration.
of chloride ions to the steel surface. Genetally, a
study of chloride attack in reinforced concrete
structure is emphasized on the corrosion at the initial
state which causes by a threshold chloride level. In
particular, a threshold chloride presented in term of
the level of chloride concentration required to initiate
the corrosion of reinforcing steel. This chloride
concentration has led to the finding of sufficient
concrete covering and time to start the initial
corrosion of steel under marine environment. In
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addition, a high rate of chloride ingress into concrete
significantly leads to a short period of initial corro-
sion. The penetration rate of chloride ingress into
concrete depends on the diffusion coefficient since a
higher rate causes a higher diffusion coefficient.

In general, Fick’s law of diffusion is popular to be
used to simulate the transportation of chloride into
concrete. The applying of Fick’s law to fit curve with
the chloride penetration profile yields the diffusion
coefficient and chloride concentration at concrete
surface. Most of researchers investigated the chloride
diffusion coefficient based on electrical techniques
because the testing time can be reduced by the
accelerative diffusion of chloride into concrete under
the action of an electric filed [1-4]. This method has
some disadvantage because it cannot present the

actual diffusion of chloride into concrete. In addition,

some researchers also investigated the chloride diffu-
sion coefficient based on the diffusion from laboratory
[5-7]. However, the results from laboratory ‘cannot

present the actual behavior of chloride ingress from

marine site because all physical influences such as

abrasion, temperature, moisture etc. cannot be simu- -

lated in the laboratory. In 2004, Thomas and
Matthews [8] had published the chloride diffusion
coefficient of concrete in the practice site of England.
In fact, D, is changing with time and the simulation of
chloride ingress into concrete for long term exposure
should consider together with the changing of D..
However, most researchers suggested a constant value
of D, with a specific exposure time for supporting the
design of marine concrete structures [9, 10]. Through-
out, the acceptable chloride diffusion coefficient
should be determir=d based on the actual exposure
from marine environment because it will present the
real case of concrete structure. The objectives of this
investigation are to study the effect of W/B ratios and

fly ash finénesses on chloride diffusion coefficient of -

concrete under practice site of marine environment.

2 Experimental program
2.1 Materials 3

Portland cement type I and fly ash obtained from Mae
Moh power plant in Thailand, graded sand, and
crushed limestone with maximum size of 19 mm
were used in this study for casting concrete.

=

The original fly ash (fly ash as received from the
powér plant) had the median particle size of 30.6 pm,
and then was classified by an air classifier to have
median = particle size of 9.7 ym. For chemical
compositions, the sums of SiO,, Al,O3, and Fe,03
in original and classified fly ashes were 79.45% and
78.47%, respectively, indicating the class F fly ash
‘1 accordance with ASTM C 618. It was also
concluded that the chemical compositions of classi-
fied fly ash were not different from those of the
original fly ash.

2.2 Specimens

Cor.crete cube specimens of 200 mm were prepared.
Fly ash concretes were cast by using original and
classified fly ashes to replace Portland cement type I
at percentages of 0, 15, 25, 35, and 50 by weight of .
binder. Water to binder ratios (W/B) of concretes
were varied as 0.45, 0.55, and 0.65. The mix
proportions of all concretes are shown in Table 1.
The specimens were demoulded after 1 day of casting
and then cured in water for 27 days. After that, they
were transferred to the tidal zone of the marine site in
Chonburi, Thailand. Normally, the temperature at this
site is between 25 and 35°C. Chloride and sulfate
compositions in the sea water are ranging from
16,000 to 18,000 mg/l and 2,200 to 2,600 mg/l,
respectively. The concretes were tested to determine
the chloride penetration profile after being exposed to
sea water in wet-dry condition for 2, 3, 4, and
5 years.

2.3 Tested program

After exposure period of 2, 3, 4, and 5 years in the
marine site, the concrete sample was dry-cored to
obtain a cored concrete with 50-mm in diameter at
the center of the cuoe specimen. The cored sample
was cut from surface having each slide of 10-mm
thickness then each slide of the concrete was ground
into fine particles. The powder sample was used to
test for chloride content by auto titration equipment
in order to determine the total chloride content in

. concrete, in accordance with ASTM C1152 [11]. The

chloride content was plotted against the distance from
the top surface, presenting the total chloride diffusion
profile in concrete. The details and results of this
investigation can be found from [12].
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g:l:; rt?orz\s/h(’:;l::‘:ncretes Mix Mixture proportions of concretes (kg/ms) W/B
| Cement Original Classified  Fine Coarse Water '
fly ash fly ash aggregate aggregate

145 478 - - 639 1,024 : 215 0.45
155 478 - - 639 971 262 0.55
165 478 - - 639 922 311 065
145015 406 72 - 539 1,004 215 0.45
145025 359 119 - 639 990 215 0.45
145035 311 167 - 639 977 215 0.45
145050 239 . 239 - 639 i 957 215 0.45
155015 406 72 ~ 639 948 262 0.55
155025 359 119 - 639 . 933 262 055
155035 311 167 - 639 918 262 0.55
155050 239 239 - 63y 897 262 0.55
165015 406 72 - 639 898 311 0.65
165025 359 119 - 639 881 311 0.65
165035 311" 167 - 639 864 i 311 0.65
165050 239 239 - 639 840 311 0.65
145F15 406 - .72 639 1,004 215 0.45
145F25 359 - 119 639 990 w215 0.45
145F35 311 - 167 639 977 215 0.45
I45F50 - 239 - 239 639 957 213 045
IS5F1S 406 - 72 639 948 262 0.55
I55F25 359 - 119 639 - 933 = 262 0.55
I35F35 811 - 167 639 918 262 0.55
I55F50 239 - 239 639 897 262 0.55
165F15 406 - 72 639 898 311 0.65
165F25 359 - 119 639 - 881 311 0.65
165F35 311 R 167 639 864 311 0.65
239 639 840 311 0.65

165F50 239 -

3 Calculation of chloride diffusion coefficient (18]

In this paper, D, was evaluated based on Fick’s
'second law of diffusion as given by Eq. 1 [13]

aC *c
o =Pz M

If D, in this equation is a constant value at a
specific exposure time, a general solution of Eq. 1is
given in Eq. 2

Cos = co[l = erf(2 \/;)_t)] (2)

where Cy, is the total chloride concentration (% by
~weight of binder) at the position x and exposure

time t; x the distance from concrete surface (mm);
t the exposure time (s); C, the chloride concentration
at concrete surface (% by weight of binder) at
exposure time t; D, the diffusion coefficient (min?/s)
at exposure time t; and erf the error function.

The general soluticn in Eq. 2 provides the chloride
concentration at any depth and at any exposure time
under the constant values of D, and C,. Thus, the
value of D by this equation can only be obtained
when the value of D is a constant at a specific
exposure time. In order to obtain the value of C,, the
chloride profile has to be extrapolated at x = 0.

The determination of D, can be evaluated by
fitting the Fick’s second law on the chloride pene-
tration profile from experiment. Figure 1 shows the

k-
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Fig. 1 Chloride penetration profiles of original fly ash
concretes with W/B ratio of 045 at 2, 3, 4, and S-year
exposure in tidal zone of the marine environment. (a) Normal

fitting curve of Fick’s second law on chloride
penetration profile of original fly ash concretes with
W/B ratio of 0.45 at 2, 3, 4, and 5-year exposure. The
regression analysis yielded D, and C, at 2, 3, 4, and
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concrete; (b) 15%-fly ash concrete; (c) 25%-fly ash concrete;
(d) 35%-fly ash concrete; and (e) 50%-fly ash concrete

5-year exposure in the marine environment. For the
same procedure, the values of D, and C, could be
evaluated in the other concrete mixtures as shown in
Table 2.



Materials and Structures (2009) 42:505-514

509

Table 2 Chloride diffusion coefficient (D) and chloride concentration at concrete surface (C,) of concretes under 2, 3, 4, and 5-year

exposure in marine environment

Mix no. Chloride diffusion coefficient, D, x 10~% (mm?s)

Chloride concentration at concrete surface, C, (% by weighi
of binder)

2-year 3-year 4-year - 5-year 2-year 3-year 4-year 5-year
exposure exposure exposure exposure exposure exposure exposure exposure -
145 5.00 4.30 3.40 3.10 " 3.40 5.00 5.50 1 6.00
155 5.70 5.50 5.10 4.00 4.00 4.70 5.00 6.00
165 8.70 8.00 7.00 5.60 4.20 5.20 i 5.70 6.20
145015 1.90 S 1250 1.40 5 1.20 4.80 5.50 5.80 - 6.50
145025 1.80 1.30 1.20 0.98 4.80 5.10 5.80 6.50
145035 1.60 1.20 1.00 0.80 4.10 4.30 4.50 5.50
145050 0.55 0.50 0.50 0.45 4.00 4.30 4.70 5.60
155015 2.50 210 . 1.80 1.50 4.60 5.60 6.00 7.00
155025 1.80 v 1.60 . 1.40 - 1.30 5.20 5.40 5.50 . 6.30
155035 1.80 1.50 1.20 1.10 4.80 5.50 6.00 6.40
155050 0.85 0.65 0.55 - 0.55 4.60 550 6.40 6.60
165015 3.10 2.80 2.20 2.10 5.30 6.50 6.90 7.30
165025 2.50 2.00 1.90 1.90 5.50 6.00 6.30 7.00
165035 2.00 150 - 1.30 1.20 4.80 5.40 5.70 6.30
165050 1.60 1.30 1.00 0.95 4.80 5.40 5.80 6.20
145F15 1.40 1.30 . 1.20 1.10 4.10 5.40 5.60 6.00
- I45F25 1.60 1.30 1.10 . 0.95 4.40 5.30 5.50 5.80
I45F35 1.00 0.75 0.70 0.60 3.70 4.30 4.50 5.20
I145F50 0.55 0.40 0.35 0.30 4.00 4.30 4.50 4.70
I55F15  2.30 1.60 1.30 1.10 4.40 5.00 5.30 5.70
IS5F25 1.80 ‘ 1.40 1.30 1.20 5.10 5.40 5.60 6.20
ISS5F35 1.30 1.10 1.00 0.90 4.00 4.40 5.00 5.20
IS5F50 0.75 0.60 0.45 0.45 4.60 5.00 5.50 5.90
165F15 2.40 1.80 1.50 L35 5.00 " 550 6.50 7.30
I165F25 1.70 1.50 - 1.40 1.20 4.80 5.00 5.30 5.90
165F35 1.40 1.20 1.00 1.00 4.40 5.40 6.00 6.40
I65F50 1.10 0.90 0.85 0.80 4.80 520 5.70 6.20

4 Results and discussion

4.1 Effects of W/B ratio and fly ash on chloride
diffusion coefficient (D.)

Generally, the effect of W/B ratio on durability of
concrete is well reported in literatures that the low W/B
ratio has improved the durability of concrete. Inter-
estingly, this study found that the decrease of W/B
ratio is more effective on reducing D, in cement
concrete than in fly ash concrete as shown in Fig. 2.
The results show the similar trend for all concrete
mixtures that the concrete with lower W/B ratio has

lower value of D, particularly in the concrete without
fly ash. For example, the decreasing of W/B ratio
from 0.65 to 0.45, the values of D, of the cement
concretes (I65 and 145 concretes) at 5-year exposure
decreased from 5.6 x 107% to 3.1 x 10~° mm?¥s
while the D, of the 35%-original fly ash concretes
(165035 and 145035 concretes) decreased from
12x107° to 0.8 x 10~° mm¥s, respectively.
Generally, the W/B ratio is very important parameter
in Portland cement concrete since it directly affects
the rate of hydration and strength development.
Throughout, the water permeability of concrete
without fly ash is mainly depended on W/B ratio. In

L
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Fig. 2 Effect of W/B ratio on chloride diffusion coefficient of
fly ash concrete at 5-year exposure in the marine environment.
(a) Original fly ash and (b) classified fly ash

2005, Chindaprasirt et al. [14] also found that the
increase of fly ash content in blended cement paste
could reduce the pore size distribution and average
pore diameter, but it also dccreased the compressive
strength. In addition, packing effect and pozzolanic
reaction of fly ash in concrete are depended on the
spherical particle and chemical composition of fly ash
[15]). Thus, it should be noted that the chloride

resistance in fly ash concrete does not solely depend

on the compressive strength of concrete. Owing to the
results, W/B ratio was more effective on reducing the
chloride penetration rate of cement concrete than
original or classified fly ash concretes.

Figure 3 shows the effect of fly ash on D, of
concretes at 5-year exposure in marine environment.
The results showed that the use of both original and
classified fly ashes clearly reduced the fate of
chleride ingress in concrete and it was strongly
confirmed by several studies [16-18]. This is due to
the packing effect and pozzolanic reaction of fly ash
in concrete help the concrete to resist the chloride

R
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0 10 20 - 30 40 50 60

Classified fly ash replacement (%)

Fig. 3 Effect of fly ash on chloride diffusion coefficient of
concrete at 5-year exposure in the marine environment. (a)
Original fly ash and (b) classified fly ash

penetration [19]. Interestingly, all fly ash concretes
with W/B ratio of 0.65 had D, at 5-year exposure
lower than that of 145 concrete (cement concrete with
W/B ratio of 0.45). This clearly explains that the
replacement of cement by fly ash at least 15% by
weight of binder in concrete with W/B ratio of 0.65
provides lower rate of chloride ingress than the
cement concrete with W/B ratio of 0.45.

4.2 Effect of fly ash finenesses on chloride
diffusion. coefficient (D)

Figure 4 shows the effect of fly ash finenesses on D,
of concrete with W/B ratios of 0.45 and 0.65 at 5-year
exposure in the marine environment. The result
shows that concrete with classified fly ash gave a
good result in lower D, than the concrete with
original fly ash. It can be seen that the use of fly ash
with high fineness and high W/B ratio in concrete has
more effect on reducing D, than the one with low W/B
ratio. For instance, the concretes with W/B ratio of

T



Materials and Structures (2009) 42:505—514

—®—Original-FA, W/B=045 —eo— Original-FA, W/B=0.65
---B -~ Classified-FA, W/B=045 ---© -- Classified-FA, W/B=0.65

2

3.00

-6

Diffusion coefficient (Dc x10 mm'/s)

2.50
2.00 1
1.50 1
1.00

0.50 A

0.00 T T T T T

Fly ash replacement (%)

Fig. 4 Effect of fly ash finenesses on chloride diffusion
coefficient of concrete with W/B ratios of 0.45 and 0.65 at 5-
‘year exposure in mari:.2 envircament

0.65 and 25%-fly ash replacement (I65F25 and
165025 concretes), the use of classified fly ash
instead of original fly ash in concrete could decrease
D, at 5-year exposure of 0.7 x 107% mm?%s (from

1.9 x 107° to 1.2 x 1075 mm?s) while D, of the

concrete with W/B ratio of 0.45 (145F25 and 145025
concretes) decreased only 0.03 x 1075 mm?¥s (from
0.98 x 107® to 0.95 x 107° mm?/s). Chindaprasirt
et al. [19] reported the similar trend of this result that
the incorporation of high fineness fly ash in low
strength concrete (high W/B ratio) was more effect
on reducing chloride penetration into concrete than in
high strength concrete (low W/B ratio). This result is

confirmed to the study in the laboratory and in the

site. However, the effective improvement of concrete
under marine environment, based on the strength and
durability of concrete, is to use high fineness fly ash
as a cement replacement and to use low W/B ratio of
concrete.

4.3 Effect of exposure time on chloride diffusion
coefficient (D.)

Figure 5 shows the effect of exposure time on D, of
original fly ash concretes with W/B ratio of 0.65. The
result showed the general trend in all concrete
mixtures that the values of D, decreased with
exposure time. The D, of cement concretes decrease
at higher rate than that of fly ash concrete (see
Fig. 5). Typically, the value of D, in cement concrete
with W/B ratio of 0.65 (165 concrcie) decreased from
8.7 x 107° to 5.6 x 107% mm%s during the expo-
sure period of 2-5 years whilé that of 25% and

511
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Fig. 5 Relationship between chloride diffusion coefficient of .
original fly ash concrete with W/B ratio of 0.65 and exposure
time in marine environment

50%-original fly ash concretes (165025 and 165050
concretes, respectively) decreased from 2.5 x 1076
to 19x10°mm%s and 16x107° to
0.95 x 10~® mm?%/s, respectively. The decrease of
D, with exposure time was confirmed by Thomas and
Matthews [8]. The decrease of D, with exposure time
is conceivable normality because the pore size
distribution and average pore diameter in concrete
decreases with time [14. 20). Throughout, the use of
fly ash in concrete could efficiently improve the pore
system, especially in long term performance, leading
to the good resistance of chloride ingress into
concrete. This can be explained that at the early
age, the concrete containing fly ash has a higher
permeability than that of cement concrete, but in
longer period, fly ash concrete can provide a very low
permeability due to pozzolanic reaction [21]. In this
study, the value of D, truly decreased with exposure
time but it showed a slow decreasing and almost be
constant as a longer period. Mangat and Limbachiya
[5] had published the relationship between D, and
exposure time in form of the inverse exponential
function. This function demonstrates that the value of
D. decreases slowly when the exposure time
increases.

At present, numerous authors have reported dif-
ferent chloride diffusion coefficient (D.) with various
methods for several concrete mixtures as shown in
Table 3 [1, 2, 5, 6, 8, 22]. Those of them identically
concluded that D had several values depending on
several parameters, for instance, type of cement and
cementitious materials, W/B ratio, exposure condi-
tion, migration, diffusion, detection method, etc.

L
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Fig. 6 Relationship between chloride concentration at con-
crete surface of original fly ash concrete with W/B ratio of 0.65
and exposure time in marine environment
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Fig. 7 Effects of original fly ash and W/B ratio on chloride
concentration at concrete surface at 5-year exposure in marine
environment

4.4 Chloride concentration at concrete surface
(Co)

The determination of C, is evaluated by the extrap-
olation of chloride profile at x = 0 (at surface of
concrete) and the values of C, for all concrete
mixtures at any exposure time are shown in Table 2.

Figure 6 shows the effect of exposure time on G
of original fly ash concrete with W/B ratio of 0.65.
This figure indicated that C, increased with the
increase of exposure time. It is noted that the value of
C, in this study does not relate to fly ash replacement

_or W/B ratio (see Fig. 7).

Generally, C, must be determined prior to obtain
the chloride penetration in concrete under marine
environment. At present, little research has study in
this point because it is so complicated and so difficult

to present the actual value of C,. Generally, C,
depends on many factors such as airborne chlorides,
exposure time, surface roughness of concrete, types
of structural member, rain, wind speed, and so on
[23]. Some literature had published C, based on some
parameters as mentioned above [24], but it did not
clearly present the actual behavior. However, the
study  fC, based on airborne chloride is useful in the
case of concrete is far away from the sea water (at
atmospheric zone). The damaging of reinforced

- concrete structure in this zone is mainly caused by

the chloride ions diffusion into the concrete and
induces the steel to be corroded. Besides, in the case
of concrete diréctly subjected to sea water or chloride
solution, :he valie of C, is needed to support the
boundary condition of diffusion equation for simula-
tion chloride penetration profile in concrete. Many
researches had evaluated C, for initial concentration
in Fick’s second law of diffusion to obtain the
chloride penetration profile in concrete [5, 8].

5 Conclusion

Based on the results and discussions, the following
conclusions are made.

1. Decrease of W/B ratio resulted in the decrease of
chloride diffusion coefficient (D.). It is also
found that the decrease of W/B ratio is more
effective on reducing D, in cement concrete than
in fly ash concretc.

2. The increase of fly ash fineness, fly ash replace-
ment of cement, and exposure time of concrete
resulted in the decrease of chloride diffusion
coefficient (D).

3. The use of fly ash with higher W/B ratio has
more effective on reducing of chloride diffusion
coefficient (D) than that of concrete with lower
W/B ratio.

4. Concrete with W/B ratio of 0.65 and use fly ash
to replace cement at least 15% by weight of
binder can provide the chloride diffusion coeffi-
cient (D.) lower than that of the cement concrete
with W/B ratio of 0.45.
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ARTICLE INFO ABSTRACT

The objective of this study is to investigate the use of ground palm oil fuel ash with high fineness (GPA) as
a pozzolanic material to produce high-strength concrete. Samples were made by replacing Type | Port-
land cement with various proportions of GPA. Properties such as the compressive strength, drying shrink-
age, water permeability, and sulfate resistance, were then investigated. After aging for 28 days, the
compressive strengths of these concrete samples were found to be in the range of 59.5-64.3 MPa. At
90-day the compressive strength of concrete containing GPA 20% was as high as 70 MPa. The drying
shrinkage and water permeability were lower than those of high-strength concrete made from Type 1
Portland cement. When the concrete samples were immersed in a 10% MgSO04 solution for 180 days,
the sulfate resistance in terms of the expansion and loss of compressive strength was improved. The
results indicated that GPA is a reactive pozzolanic material and can be used as a supplementary cemen-
titious material for producing high-strength concrete.
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1. Introduction

High-strength concrete is widely used in civil engineering pro-
Jects throughout the world because most of its mechanical and
durability properties are better than those of normal-strength con-
crete. In addition to the advantageous properties, using high-
strength concrete enables reduction of the size of structural mem-
bers that are essential in high-rise buildings, such as beams and
columns. The use of lighter and slender structures reduces the vol-
ume of concrete needed in building structures, resulting in cost
savings for construction projects.

According to ACI 363 [1), concrete ‘with a 28-day compressive
strength higher than 41 MPa is considered high-strength concrete.
Typically, high-strength concrete has a low water to binder ratio of
0.20-0.45 with high binder content [2] and superplasticizer is used
to increase its workability. In addition, supplementary cementing
materials, such as fly ash and silica fume, are widely used as
pozzolanic materials in high-strength concrete. They are normally
used to create extra strength by pozzolanic reactions, to reduce the
permeability, and to improve the durability of the concrete.

Palm oil fuel ash (POFA) is one of agro-waste ash from which
palm oil residue, such as palm fiber and shells, are burnt at tempe-
ratures of about 800-1000°C to produce steam for electricity
generation in biomass thermal power ‘plants. In Thailand, more
than 100.020 tons of POFA are produced annually, and this amount

* Corresponding author. Tel.: +66 2470 9131; fax: +66 2427 9063.
E-mail address: chaijat@kmutt.ac.th (C. Jaturapitakkul).

0950-0618/S - see front matter ® 2009 Elsevier Ltd. Al rights reserved.
doi:10.1016/j.conbuildmat.2009.01.008

increases every year because palm oil is one of the major raw
materials used in the production of bio-diesel. POFA contains large
amounts of silica and has recently been accepted as a pozzolanic
material in concrete [3,4]. However, the utilization of POFA as a
pozzolanic material to partially replace Portland cement has not
been investigated extensively. especially in high-strength concrete.

In this study, an effort was made to evaluate the usefulness of
POFA as a cement replacement for producing high-strength con-
crete. The effects of POFA on the compressive strength and durabil-
ity of high-strength concrete in terms of drying shrinkage, water
permeability, and sulfate resistance were investigated. If POFA
can be:used as a pozzolanic maverial in producing high-strength
concrete and can improve its durability, it will lead to reductions
in cement usage and the cost of high-strength concrete and will
also be beneficial for the environment by reducing the volume of
waste disposed of in landfills. Furthermore, using POFA as a
replacement for cement will also encourage researchers to investi-
gate the use of other by-products from biomass power pl-nts,
which will ultimately lead to their development as a more environ-
mentally friendly way of generating energy.

2. Experiment
2.1. Materials
2.1.1. Cement

The physical properties and chemical compositions of the Type 1 and Type V
Portland cement used in this study are shown in Tables 1 and 2, regpectively..
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Table 1

Physical properties of materials,

Materials " Specific: .
: o gravity

Cement Type | i3

Ceme’?t‘jl'ypev - 43,17

Original POFA (OP) . - - 1.97

High-fineness i, 4233

POFA (GPA)
Table 2

Chemical composition of materials.

Chemical.composition (%)
Silicon dioxide (Si0,) - .
Aluminum oxide (Al,05)
Iron oxide (Fe,0,)
Caldium oxide (Ca0)
Magnesium oxide (Mg0)
Sodium.oxide (Na,0)
‘oxide (K;0)
Sulfur trioxide (SO3) e
Loss on ignition (LOI) -
Si03 4 Al03 + Fe;05:: -5
Bogue chemical compositions (%)
Tricalcium silicate (C5S)
Dicalcium silicate (C;S)
Tricalcium aluminate (C;A)
Tetracalcium aluminofertite (C,AF)

2.1.2. Aggregate

Local river sand with a fineness modulus of 2.68, specific gravity of 2.60, and
water absorption of 0.63% was used as a fine aggregate. Crushed limestone with a
maximum size of 12.5 mm, specific gravity of 2.72, and water absorption of 0.80%
was used as coarse aggregate.

2.1.3. Palm oil fuel ash
Palm oil fuel ash (POFA) used in this study was collected from a biomass power
plant located in Southern Thailand. To improve its reactivity, it was ground with a
ball mill to reduce the particle sizes. The particle morphologies are shown in Fig 1
and the physical properties of the materials are shown in Table 1. The original POFA
(OP) that came directly from the power plant had large particles with a median par-
, ticle size of 65.6 pm, and most of the particles had a porous texture (sce Fig. 1a).
After the POFA was ground to reduce the particle size (GPA), irregular particles with
a crushed shape were found (see Fig. 1b) and the median particle size was reduced
to 10.1 pm. The fineness in terms of the weight of particles retained on a 45-pm
(No. 325) sieve and the specific gravity of the materials are shown in Table 1. It
was found that 41.2% of the OP particles were retained on the sieve, while only
1.5% by weight of the particles of ground POFA with high fineness (GPA) was re-
tained. The specific gravity of OP was 1.97 and increased to 2.33 for GPA. The grind-
ing process increased both the fineness of POFA and the specific gravity. This was
due to the crushing of porous particles, which usually have low specific gravity, into
smaller ‘particles with lower porosity [5]. This result agreed with those of other
researchers who ground fly ash and bottom ash [6.7]). :
The chemical composition of ground POFA with high fineness (GPA) is listed in
Table 2. The main component of GPA is Si02 which is 65.3%. The total amount of
\SiOz. Al;05, and Fe,0; was 69.7%. The amounts of LOI and SO; were within the
respective limits of 10.0% and 4.0% as specified by ASTM C618 [8]. Although GPA
is not a natural pozzolan, it can be classified as a Class N (natural) pozzolan based
on the chemical composition according to ASTM C618 [8).

2.2. Mix proportions and test specimens

GPA was used to partially replace Type I Portland cement at proportions of 10%,
20%, and 30% by weight of binder. The targeted compressive strength of concrete
incorporating GPA at 28 days was at least 55 MPa. All mix proportions of high-
strength ccucretes as shown in Table 3 had the same binder content of 550 kg/
m?, and the water to binder (W/B) ratio was kept at 0.32. Superplasticizer was used
in the high-strength concrete mixtures in order to obtain high workability with
slump of fresh concrete between 200 and 250 mm. Concrete cylinders of 100 mm
in diameter and 200 mm in height were cast and used to determine the compres-
sive strength at 7, 28, 90, and 180 days. Three concrete cylinders were tested and
uséd f=r each data point.

(1b) Ground palm oil fuel ash (GPA)

Fig. 1. Scanning electron microscopy (SEM) images of palm oil fuel ash.

To determine the drying shrinkage of concrete, prismatic concrete specimens
75 x 75 mm? in cross-section and 285 mm in length were used. Each specimen
was fitted with stainless steel studs at both ends. After casting for 24 h, the speci-
mens were removed from the molds and cured in tap water for 1 day. After the age
of 3 days, the specimens were removed from the water, wiped with damp cloth, and
measured immediately to determine the initial length of the concrete specimens.
The concrete specimens were subsequently placed in an air storage cabinet with

‘a controlled temperature of 23 +2<C and a relative humidity of 50% 5% as pre-

scribed by ASTM (596 [9). The drying shrinkage of all concrete samples was mon-
itored up to 6 months.

To conduct the water permeability test, a slice 40 mm thick was sawvn from the
middle of the 100 x 200 mm concrete cylinder. A layer of epoxy resin 25 mm thick
was'then cast around the slice of concrete and allowed to harden for 24 h. The
resulting specimen was ther: installed in a permeability housing cell (Fig. 2). Water
pressure of 0.5 MPa or 5.0 bar was applied to the cell. The amount of water flowing
through the concrete specimen was measured by reading the drop in water level
within a manometer tube. The results were plotted with a curve of the cumulative
amount of water flowing vs. the cumulative time to determine the stead>-state
flow. At this stage. the steady flow rate was obtained and the coefficient of water
permeability was calculated using Darcy’s law and continuity equation. This exper-
imental setup for testing the water permeability of concrete was recommended by
Khatri and Sirivivatnanon [ 10} and Chindaprasirt et al. [11]. The values of water per-
meability of concretes were investigated at the age of 90 days.

Two types of tes: for sulfate resistance of concretes, expansion and loss in com-
pressive strength, were performed by exposing the samples to a 10% MgSO, solu-
tion. The expansion of a prismatic concrete specimen 75 x 75 mm? in cross-
section and 285 mm in length was measured. The concrete bars were immediately
immersed in a 10% MgSO0, solution after being removed from the molds (24 h after
casting). The expansion of all concrete bars was measured during a period of 180
days (about 6 months).

To examine the loss of compressive strength, concrete cylinders of 100 mm in
diameter and 200 mm in height were used. Fifteen specimens were cured in water
and another 15 specimens were immessed in a 10% MgSO, solution. After, 180 days,



W. Tangchirapat et al./ Construction and Building Materials 23 (2009) 2641-2646

Table 3
Mix proportions of high-strength concretes.
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Fig. 2. Experimental setup to test the water permeability of concrete.

the compressive strengths of the two types of specimen were.examined. The Joss of
compressive strength of concrete was. evaluated by measuring the difference in
compressive strength compared to the same type of concrete cured in water at
the same age. ’

To compare the sulfate resistance of concretes containing GPA with that of con-
crete made from high sulfate resistance cement, high-strength concrete made from
Type V Portland cement (CTV) was also prepared and tested. The mix proportion of
the concrete is also shown in Table 3.

3. Results and discussion
3.1. Compressive strength

The results of compressive strength and normalized compres-
sive strength of concretes containing GPA with high fineness are
shown in Table 4. Normalized compressive strength is defined
as the ratio (in percentage) between the compressive strength
of concrete containing GPA and the compressive strength of CTI
concrete. For concrete mixtures containing various proportions
of GPA, the compressive strength at 28 days was more than

55.0 MPa, with GPA30 and GPA20 concrete samples showing val-

ues of 58.8 and 60.9 MPa, respectively. These results were compa-
rable to those of CTI and CTV concretes, which had compressive

Table 4
Compressive strength and water permeability of high-strength concretes.

strengths of 58.5 and 57.9 MPa, respectively, at the same age.
Therefore, all of these concrete mixtures could be categorized as
high-strength concrete. 3

The effects of GPA on the high compressive strength of con-
cretes are shown in Fig. 3. At an early age of 7 days, replacing
Type 1 Portland cement with 10-30% GPA was found to yield a
compruyssive st.ength that was comparable to CTI concrete. The
compressive strengths of GPA10, GPA29, and GPA30 concretes
were 55.6, 54.6, and 53.2 MPa, respectively. These values repre-
sent 101%, 99%, and 97% of the compressive strength of CTI con-
crete, respectively. After 28 days, the compressive strengths of
all concretes containing GPA were higher than that of CTI con-
crete. The compressive strengths of GPA10, GPA20, and GPA30
concretes were 59.5, 60.9, and 58.8 MPa, respectively. Among
all the samples examined in this study, the highest compressive
strengths were found in the sample containing 20% GPA with
values at 28, 90, and 180 days of 60.9, 69.4, and 73.7 MPa,
respectively, representing 104%, 107%, and 108% of the compres-
sive strength of CTI concrete. The increase in the compressive
strength of GPA concretes at an early age was due to the high
fineness of GPA particles, which filled the voids between the ce-
ment and the aggregates. At later ages, the SiO, contained in
GPA reacts with the Ca(OH), generated by the hydratien process
of cement to form additional calcium silicate hydrate (C—S—H)
and improves interfacial bonding between the aggregates and
pastes. These characteristics have been shown to improve the
compressive strength and increase the density of concrete
[12,13].

The use of 20% GPA gave a compressive strength as high as
70.0 MPa at age of 90 days. Furthermore, GPA can be used as a ce-
ment replacement up to 30% in producing high-strength concrete,
and the compressive strength obtained is higher than that of high-
strength concrete made from Type I Portland cement. The results
suggested that ground POFA with high fineness (GPA) is a reactive
pozzolanic material and can be used as a mineral admixture in pro-
ducing high-strength concrete. The material is similar to other poz-
zolanic materials, such as silica fume and fly ash.

3.2. Drying shrinkage
Fig. 4 shows the results of drying shrinkage of high-strength

concretes. The drying shrinkage developed rapidly at an early
stage, with approximately 70% of the maximum shrinkage occur-

Mixes Compressive strength (MPa) - normalized compressive strength (%) Water permeability at 90 days
—14 "
7-D 28-D 90-D 180-D (K 207, vhfe-K7Ken
CT1 54.9-100 58.5-100 " 64.7-100 68.5-100 6.67-1.00
GPA10 55.6-101 59.5-102' 67.5-104 . 72.0-105 4.17-0.63
GPA20 54.6-99 60.9-104 69.4-107 73.7-108 3.11-047
GPA30 532-97 58.8-101 66.1-102 69.0-101 3.83-057 ~
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Fig. 4. Drying shrinkage of high-strength concrete.

ring during the first 3 months. The drying shrinkage curve patterns

agreed with the observations reported by Barr et al. [14] and Huo

* et al. [15]. At 6 months, the drying shrinkage values were found
to vary between 494 x 10°°® and 557 x 10°® mm/mm. For high-
strength concretes with high binder contents, the drying shrinkage
values were moderate and agreed with those reported by Haque
[16] for concretes of similar binder contents.

At 6 months, the drying shrinkage of CTI was 557 x 106 mm/
mm while those of GPA concretes were slightly lower than that
of CTI concrete. At 6 months, the drying shrinkage values of
GPA10, GPA20, and GPA30 concretes . were 525 x 105,
505 x 107°, and 434 x 10"® mm/mm, respectively. The lower val-
ues of the drying shrinkage were attributed to densification of

he concrete due to pozzolanic reaction and the high fineness
of the ash. In addition, the high fineness of the ash caused pore
refinement, i.e., the transformation of large pores into fine pores.
This process reduced the evaporation of water and thus de-
creased the drying shrinkage of concrete. Haque and Kayali
[17} reported that most specifications allow drying shrinkage
performance in the range of 600-800 microstrain at 56 days.
Therefore, the drying shrinkage characteristics of these high-
strength concretes were in compliance with these specifications.
The above results suggested that the use of GPA up to 30%
slightly reduces the drying shrinkage of high-strength concrete.
From this viewpoint, concretes incorporating GPA with high fine-

ness are also considered to be within the high performance
category.

3.3. Water permeability

The water permeability of high-strength concretes at the age of
90-day was investigated and the results are shown in Table 4. The
water permeability of all the high-strength concretes varied be-
tween 3.11 x 107" and 8.47 x 10" ria/s, which were consistent
with the results of El-Dieb and Hooton [18], who reported water
permeability values of high-strength concrete ranging from
1x 1072 to 1 x 107'° m/s. At 90 days, the water permeability va-
lue of CTI concrete was 6.67x10™'* m/s while those of GPA10,
GPA20, 'and GPA30 concretes were 4.17 x 107%4, 3.11 x 10~4,
and 3.83 x 10~ m/s, respectively. These results indicated that
the use of GPA at all proportions examined in this study reduced
the water permeability of high-strength concrete. Using up to
30% GPA in high-strength concrete resulted in greater imnerme-
ability to water than CTI concrete. The above results suggested that
the pozzolanic reaction and the filler effect of the GPA with high
fineness filled voids and thus increased the density of the resultant
concrete [11].

The water permeability was compared between concrete sam-
ples with different proportions of GPA. The results indicated that
concrete containing 20% GPA had the lowest water permeability
as compared to the other replacement rates, and the water perme-
ability of concrete increased slightly when the replacement of ce-
ment by GPA was up to 30% by weight of binder. In addition, all
high-strength concretes containing GPA had water permeability
about half that of the CTI concrete, suggesting that GPA can help
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refine thé porosity and pore size in concrete to produce a hivghly
impermeable and dense concrete.

3.4. Sulfate resistance

3.4.1. Expansion of concrete

The results of the expansion test of the high-strength concrete
bars immersed in a 10% MgSO, solution for up to 180 days are
shown in Fig. 5. At 180 days, the amount of expansion of the CTV
concrete bar (0.016%) was not much different from that of the
CTI concrete bar (0.021%). This was despite the lack of C3A in Port-
land cement Type V, while Type I Portland cement had a C3A con-
tent of 6.8%. These results confirmed earlier findings that the
presence of C3A is not the only cause of expansion due to sulfate
attack [19]. Gonzalez and Irassar [20] investigated the sulfate at-

tack mechanism on four types of cement with low CsA contents.

(varying between 0% and 1%) and with C3S content varying be-
tween 40% and 74%. They found increased expansion of the cement
mortar with increasing C3S content. Moreover, this lack of a signif-
icant difference in expansion between CTV and CTI concrete bars
may be due to the Type I Portland cement used in this study has
a GA content of 6.8%, which is lower than the allowable C3A con-

tent for ASTM C150 [21] Type Il moderate sulfate resistance ce--

ment (8.0%) and is slightly higher than that allowable for Type V
high sulfate resistance cement (5.0%). ]
It was clearly seen that the use of GPA in high-strength concrete

reduced the expansion of the concrete bars. At 180 days of immer-.

sion, the GPA10, GPA20, and GPA30 concrete bars expanded by
0.016%, 0.015%, and 0.017%, respectively, values which were lower
than that of CTI concrete (0.021 %). In addition, the amount of

2645

expansion of GPA20 concrete bars was slightly lower than that of
CTV concrete bars. The lower expansion of concrete bars contain-
ing GPA was due to the replacement of cement by high fineness
POFA, which was responsible for the pozzolanic reaction and the
reduction of Ca(OH), in concrete. Our results were similar to those
of other studies in which pozzolanic materials were used as ce-
ment replacements to improve sulfate resistance [22,23). The poz-
zolanic reaction led to a refinement of the pore structure, resulting
in a highly impermeable matrix. A reduction in Ca(OH), led to
reductions ,n the formation of gypsum and ettringite [24]).

3.4.2. Concrete strength reduction

Fig. 6 shows the compressive strengths of high-strength con-
crete samples immersed in 10% MgSO, solution and cured in water
for 180 days. The compressive strength of high-strength concretes
made from Type I Portland cement and Type V Portland cement
placed in sulfate solution showed the same behavior as those cured
in water. After 180 days of immersion in sulfate solution, the com-
pressive strengch of Ci V concrete was 63.8 MPa, while that of CT}
concrete was 59.7 MPa, representing reductions of the compressive
strength of 10.4% and 12.8%, respectively.

The changes in compressive strength of GPA concrete samples
stored in a 10% MgSO, sulfate solution and water are also shown
in Fig. 6. Under the same curing conditions, GPA10, GPA20, and
GPA30 concretes showed higher compressive strength than CTI
concrete, and also showed a lower percentage reduction in com-
pressive strength as compared to CTI concrete. Again, this can be
explained by the pore refinement process that occurs as a result
of pozzolanic reactions, the filler effects from the fine particles of
GPA, and the reduction of Ca(OH), from the hydration reaction,

0.025

Expansion (%)

"""""""""""""""""" —-CTV

——CT1
—&—GPA10
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—*— GPA20

100
Immersing Time (Days)

200

Fig. 5. Expansion of high-strength concrete due to 10% MgS04 solution.

B In Water
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GPAI0

GPA20 GPA30

Fig. 6. Compressive strength of high-strength roncretes cured in water and immersed in a 10% MgSO, solution for 180 days (values indicate the percentage loss in

compressive strength of concrete).
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all of which act together to enhance the resistance of concrete to
sulfate attack [23,25]. In addition, the concrete samples incorporat-
ing 10% and 20% GPA had higher compressive strengths than that
of CTV concrete even after storage in sulfate solution for up to
180days. At 180 days, the compressive strengths of GPA10,
GPA20, and GPA30 concretes placed in sulfate solution were 64.1,
8.3, and 62.1 MPa, respectivelv. Compared to the samples cured in
water, these values represent reductions in compressive ‘strength
of 10.9%, 7.4%, and 10.0%, respectively. GPA20 concrete showed
the highest compressive strength and the lowest loss of compres-
sive strength among the GPA concretes. The obtained results sug-
gested that the use of 20% GPA produces concrete with sulfate
resistance comparable to that of Type V Portland cement concrete.

4. Conclusions

Based on the results of this study, the following conclusions can

be made.

1. Ground POFA with high fineness (GPA) can be used as a cement
replacement to produce high-strength concrete with a com-
pressive strength as high as 70 MPa at 90 days when used to
replace Type I Portland cement at 20% by weight of binder. At
the age of 28 days, concretes containing 10-30% GPA exhibited
higher compressive strength than concrete made from Type 1
Portland cement.

2. Use of GPA in high-strength concrete rcsulted in a slight reduc-

tion of concrete drying shrinkage as compared to the high-

strength concrete made from Type 1 Portland cement, depend-
ing on the amount of GPA added.

Increasing the proportion of GPA in high-strength concrete

reduces the water permeability of concrete. All high-strength

concretes containing GPA had water permeability between

3.11 x 107" and 4.62 x 10~** m/s, which were about half that

of high-strength concrete made from Type I Portland cement.

4. High-strength concrete containing GPA showed better resis-
tance in a 10% MgSO, solution. Concretes containing GPA
showed a smaller degree of expansion and loss in compressive
strength than high-strength concrete made from Type 1 Port-
land cement. In addition, the use of 20% GPA in high-strength
concrete showed the highest resistance to a 10% MgSO0, solution
attack, comparable to that of high-strength concrete made from
Type V Portland cement.
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Compressive Strength and Expansion of Blended Cement
Mortar Containing Palm Oil Fuel Ash
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Abstract: This research aims to utilize palm oil fuel ash (POFA) as a pozzolanic material for replacing portland cement. POFA was
ground by ball milling until the median particle sizes were 19.91 (GIP) and 10.18 pm (G2P). portland cement Type I was replaced by all
POFA of 10-40% by weight of the binder. The effects of POFA fineness on the setting times, compressive strength, and expansion of
mortars exposed to a 5% MgSO, solution were investigated. It was found that the use of POFA to replace portland cement Type I caused
an increase in water demand for normal consistency and setting times, depending on the fineness and level replacement of POFA. With
10% replacement of portland cement Type I by G1P or G2P, the con.pressive strengths of the POFA mortars were 102-104% of that of
portland cement Type I mortar at 90 days. For sulfate resistance, the expansions at 1 year for all monar bars 'containing G1P or G2P were
less than those of mortar bars made from portland cement Types I and V. The results suggest that ground POFA is a good pozzolanic

material and can be used to increase both the compressive strength and the sulfate resistance of mortar.

DOI: 10.1061/(ASCE)0899-1561(2009)21:8(426)

CE Database subject headings: Ashes; Cements: Mortars; Recycling; Compressive strength.

Introduction

Thailand is an agricultural country; so, besides the agricultural
products, the agroindustries also produce agrowastes. Palm oil
residue, obtained from palm oil mills, is one of those products. In
2004, the production of palm oil fruits in Thailand was about 5.18
million tons (Office of the Agricultural Economics 2006) and its
residue was estimated to be 2.59 million tons. Nowadays, palm
oil residue is used as a fuel in biomass power plants and a by-
product, in the form of ash, is produced that is about 5% by
weight of the residue or about 0.13 million tons per year. The
utilization of palm oil fuel ash (POFA) is minimal while its quan-
tity increases annually. Most POFA is disposed. of as waste in
landfills. thus causing environmental problems.
POFA is one of the agrowaste ashes that has a large amount of
silica in its chemical composition, which may be used as a cement
“replacement like rice-husk ash (Tkpong and Okpala 1992) and
sawdust ash (Elinwa and Mahmood 2002). However, the use of
POFA as a pozzolanic material to partially replace portland ce-
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ment is not well known and only a small amount of research has
been undertaken on this topic. Tay (1990) had used ash from palm
oil waste to replace portland cement and had shown that it had-
low pozzolanic properties; he recommended that POFA should
not be used as a cement substitute for more than 10% by weight
of a binder. The low pozzolanic property of POFA from Tay’s
work is due to the large size of the ash particles, thus resulting in
a very low rate of pozzolanic reaction. .

Sulfate in-soils, groundwater, and seawater reacts with various
phases of hydrated cement paste leading to expansion, cracking,
and spalling. Many researchers reported that the low water to:
binder ratio, the low C3;A content in cement, and using pozzolans
can improve the sulfate resistance of concrete (Irassar et al. 2000;
Shasiprakash and Thomas 2001; Ramyar and Inan 2006). Sideris
and Savva (2001) studied the sulfate resistance of cement mortar
and concrete that contain fly ash and natural pozzolans in their
blend. They concluded that the use of natural pozzolans and fly
ashes increased the sulfate resistance of concrete. The improved
sulfate resistance of mortar or concrete mixed with pozzolans is
attributed to the pozzolanic reaction, which leads to a refinement
of the pore structure and also a reduction in Ca(OH),.

Ther=fore, the objective of this research was to study the po-
tential of using POFA as a pozzolanic material in cement mortar.
Grinding was used to improve the reactivity of POFA. The effects
of ground POFA with two different degrees o fineness on com-
pressive strength and expansion of cement mortar exposed to a
5% MgSO0, solution were investigated.

Materials
The main materials used in this investigation were: portland ce-

ment Types I (CT1) and V (CT5), river sand, POFA, and MgSO,
(commercial grade). POFA was collected from a biomass power
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plant in the south of Thailand. It is a by-product of burning palm
oil residue at a controlled temperature of 800-900°C. The origi-
nal POFA—received directly from the power plant—was sieved
through a 1.18 mm (No. 16) sieve to remove large particles, for-
eign materials, and unbumnt palm fibers, which compriséd about
5% by weight of the ash. The sieved POFA was called GOP. To
study the effect of fineness on the pozzolanic reaction, the quality
of the GOP was improved by grinding it into two different fine-
necses with a ball mill. The abbreviations G 1P and G2P were used
to identify the ground POFA as small and very small particle sizes
with median particle sizes (dsg) of 19.91 and 10.18 wm, respec-
tively. -

Experimental Program

The physical properties of CT1, CT5, and all POFA (GOP, GiP,
and G2P), were investigated for the specific gravity and weight
retained on a 45 pm (No. 325) sieve. In addition, the morphology
of the materials was recorded by a scanning electron microscope
(SEM). The chemical compositions of CT1, CT 5, and POFA
(G2P) were analyzed by an X-ray fluorescence spectrometer.

CT1 was partially replaced by GOP, G1P, or G2P at rates of 0,
10, 20, 30, and 40% by weight of the binder. The Vicat needle
was used to study the normal consistency and setting times of the
cement pastes and pastes containing POFA.

The effects of POFA with different particle sizes and levels of

cement replacement on the compressive strength and sulfate re--

sistance of mortar were investigated. A standard mortar cube of
50 mm was used to determine the compressive strength. A ratio of
binder materials (portland cement plus POFA) to river sand was
set at a constant of 1:2.75 with a maintained flow of mortarin the
range of 105-115%. All samples were removed from the molds
after casting for 24 h and were cured in water at room tempera-
ture. The mortars were tested for compressive strength at the ages
of 7, 28, 60, and 90 days. The average of compressive strength for
each age was obtained from three mortars. The maximum permis-
sible range between specimens at the same tested, age and the
same mix proportion is 8.7% of the average as specified by
ASTM C109 (2001d).

To test for the ability of sulfate resistance, the change in length
of mortars was measured with a prism (cross section 25
X 25 mm, length 285 mm). After casting for 24 h, all specimens
were removed from the molds. They were then immersed in a 5%
MgSO, solution. The expansions of the mortar bars were mea-
sured during 364 days (about a year). The expansions of the
POFA mortar bars were compared to those of the mortar bars
made from CT1 and CT5. ¢

Results and Discussion

Particle Shape

Fig. 1 shows the particle morphologies of all POFA. Most par-
ticles of GOP had a rather spherical and porous structure with an
agglomeration of several particles [see Fig. 1(a)], whereas GIP
and G2P had irregular and crushed shapes as shown in Figs. 1(b
and c), respectively.

Specific Gravity and Fineness

The specific gravity and fineness of the materials used in this
study are shown in Table I. Fig. 2 shows the particle-size distri-

(c) Very small size of palm oil fuel ash (G2P)

Fig. 1. SEM images of POFA: (a) ﬁnderground palm oil fucl ash

" (GOP); (b) smal® size of palm oil fuel ash (G1P); and (c) very small

size of palm oil fuel ash (G2P)

butions of CT1, CT5 and all POFA. It was found that the percent-
age of GOP retained on a 45 pm (No. 325) sieve was 41.2%,
which was higher than 34.0%. The percentages of G1P and G2P
retained were 17.1 and 1.5%, respectively. The median particle
size of GOP was 62.5 pm. After grinding, the median particle
sizes of GIP and G2P were 19.9 and 10.1 pm or reduced by

.about 3 and 6 times, respectively. The specific gravity of GOP was

1.97 and increased to 2.17 and 2.33 for GIP and G2P, respec-

Table 1. Physical Properties of Materials

Retained on Median particle
Specific sieve No. 325 size, dsg
Sample gravity (%) (um)
Crl 3.14 N/A 14.6
CT5 3:17 N/A 7.5
Gop 1.97 41.2 62.5
GIP 2:17 17.1 19.9
G2P 2.33 L5 10.1
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Fig. 2. Particle-size distribution of the materials

tively. It should be noted that the grinding process not only in-
‘creased the fineness of the POFA, but also increased the specific
gravity because the porous particles, which usually had low spe-
cific gravities, were crushed into smaller particles with lower po--
rosity (Paya et al. 1995; Bouzoubaa et al. 1997; Jaturapitakkul
and Cheerarot 2003). »

Chemicél Composition

The chemical compositions of the powders are tabulated in Table
2. Bogue compositions of cement, calculated in accordance with
ASTM C 150 (2001c), showed that portland cement Type 1 had
6.8% of C;A while portland cement Type V had 0% of C,A.
The major chemical component of ground POFA (G2P) was
65.3% of SiO, which was more than one-half of the total chemi-
cal content. POFA had a total of 69.7% of Si0,, ALLO;, and
Fe;O;. which was close to the minimum requirement (70%)
specified by ASTM C 618 (2001b). The loss on ignition (LOI)
and SO; were 10.0 and 0.4%, respectively. According to the

Table 2. Chemical Compositions of Materials

POFA
Chemical compositions (%) CTl Ci1s (G2P)
Silicon dioxide (Si0,) - . 20.9 221 65.3
Aluminium oxide (AlO,) 4.7 35 2.5
Iron oxide (Fe,0,) 34 35 1.9
Calcium oxide (CaO) 65.4 62.4 64
Magnesium oxide (MgO) 1.2 0.9 3.0
Sodium oxide (Na,0) ) 0.2 0.0 0.3
Potassium oxide (K,0) 0.3 0.1 57
Sulfur trioxide (SO;) 27 1.0 0.4
Loss on ignition (LOI) 0.9 1.6 10.0
Tricalcium silicates (C;S) 62.8 511 —
Dicalcivs silicates (C,S) 12.5 249 —
Tricalcium aluminate (C;A) 6.8 0.0 —
Tetracalcium aluminoferrite (C4;AF) 103 16.8 —

chemical compositions, POFA may be classified as a Class N
pozzolan as prescribed by ASTM C 618 (2001b).

Normal Consistency and Setting Time

Table 3 shows the normal consistency and setting times of cement
paste and pastes incorporating POFA. All pastes mixed with GOP
had higher normal consistencies (29.9-39.8%) than those of CT}
and CTS5 pastes (25.9%.and 27.1%, respectively). Pastes contain-
ing POFA also had longer initial setting times than the CT1 paste
by about 14-33 min. After grinding to increase the fineness of the
POFA (GIP and G2P), the normal consistencies of POFA pastes
were in the range 26.6~31.9% with initial setting times between

Table 3. Normal Consistency and Setting Times of Cement Pastes and
Pastes Mixed with POFA -

Water requirement

Type of of paste Initial setting time  Final setting time
paste (%) (min) (min)
CT1 25.9 114 180
CTs 271 120 210
GOP10 29.9 128 210
GOP20 32.1 132 225
GOP30 34.5 139 225
GOP40 39.8 147 240
GI1P10 27.3 124 195
G1P20 28.7 127 195
GIP30 30.1 131 210
G1P40 319 137 225
G2P10 26.6 120 180
G2P20 28.1 124 195
G2P30 292 130 210
G2P40 30.9 133 210

Note: GOP, GIP. and G2P=unground, small, and very small palm oil fuel
ash. respectively. 10, 20, 30. and 40=percent replacement of palm oil fuel
ash in portland cement Type 1 by weight of the binder.
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Table 4. Compressive Strength of Mortars

Compressive' strength (MPa— %)

_w_ Water requirement

Mortar (C+P) Flow (%) 7 days 28 days 60 days 90 days

crL 067 - 111 100 32,7-100 42.8-100 48.9-100 51.5-100
CTS 0.67 108 100 28.1-86 42.1-98 49.5-101 53.2-103
GOP10 068 g 105 101 27.0-83 37.4-87 45.3-93 48.4-94
GOP?0 0.70 109 104 24.8-74 "31.3-73 36.8-75 39.9-77
GOP30 0.72 107 107 17.6-54 28.3-66 . 32.5-66 . 35.0-68
GOP40 j 0.73 .- 108 109 13.1-40 18.9-44 24.5-50 25.9-50
GI1P10 . 0.66 107 99 31.2-96 40.3-?4 48.8—-100 52.5-102
G1P20 0.67 . 111 100 29.3-90 38.1-89 46.4-95 50.0-97
GI1P30 0.68 112 101 25.3-78 35.4-83 43.4-89 46.4—-90
G1P40 0.69 107 103 . 21.3-65 30.3-71 359-73 38.4-75
G2P10 0.66 107 99 31.9-98 42.0-98 50.0-102 53.6-104
G2P20 0.67 1 100 29.5-90 40.6-95 48.9-100 52.1-101
G2P30 0.67 106 : 100 . 27.7-85 38.7-90 . 46.0-94 49.2-95
G2P40 0.68 109 101 25.5-78 33.8-7~ 40.1-82 42.9-83

Note: Bold-italic number indicate percentage of compressive strength as compared to that of CT1 mortar.

120 and 137 min. The normal consistencies and setting times of
all pastes containing POFA ‘were higher than those of the CTI
paste, depending on the levels of replacement and fineness of the
POFA. The use of a finer POFA decreased the normal consistency
and reduced the setting times of the pastes as compared to the
coarser one. These results support the finding that GOP has high
porosity, thus absorbing water during mixing. The higher POFA
content resulted in reducing the C;S. increasing the LOI in the
pastes, and thus increasing the setting times (Berg and Kukko
1991).

The final setting times of all pastes containing POFA were in
the range of 180-240 min while those of the CT1 and CTS5 pastes
were 180 and 210 min, respectively. According to ASTM C 595
{2001a), for blended cement the initial and final setting times of
the blended cement paste should not be less than 45 min and not
more than 420 min, respectively. In this study, the setting times of
all POFA pastes were within the specified limits.

Effect of POFA on Compressive Strength of Mortar

The compressive strength of mortars and their strength relative to
that of the CT1 mortar are given in Table 4. The water to binder
ratio of all mortars containing POFA. when keeping a constant
flow of 110%3%, varied in the range of 0.66-0.73, while the
CT1 and CT5 mortars had the same water to binder ratio of 0.67.

The compressive strengths of all mortars mixed with GOP were
always lower than that of the CT1 mortar at the same age up to
90 days. The result also revealed that the higher the percentage of
replacement by GOP in portland cement, the lower the compres-
sive strength of the GOP mortar. For example, the compressive
strengths of GOP10, GOP20, GOP30. and GOP40 mortars at the
age of 7 days were 27.0, 24.8, 17.6. and 13.1 MPa, respectively,
while those of CT1 and CTS mortars were 32.7 and 28.2 MPa,
respectively. It was also observed that the compressive strength of
GOP mortars was reduced by one-half with an increase in the
replacement of GOP from 10 to 40S%. The GOP20 mortar had
compressive strengths of 24.8 and 31.3 MPa or 74 and 73% of
CT1 mortar at 7 and 28 days, respectively. These compressive
strengths are lower than 75% of CT1 mortar and indicate that
unground POFA is not suitable for use as a pozzolanic material as
specified by ASTM C 618 (2001b).

After increasing the fineness of the POFA by grinding, the
compressive strength of G1P10, G1P20, G1P30, and G1P40 mor-
tars increased to be 31.2, 29.3. 25.3, and 21.3 MPa or 96, 90, 78, .
and 65% of CT1 mortar, respectively, at 7 days. At 28 days, the
G1P20 mortar had a compressive strength of 38.1 MPa or 89% of
CT1 mortar, which was 14% higher than the minimum value
specified by ASTM C 618 (2001b), and tended to increase above
this value at later ages.

The compressive strengths of the G2P mortars were slightly
greater than those of the G1P mortars. For example, at 90 days,

- the compressive strengths of G1P20 and G2P20 mortars were

50.0 and 52.1 MPa, respectively. Additionally, when G2P is used
at 10 and 20% replacement levels, the compressive strength of the
G2P mortars were as high as that of the CT1 mortar (101-104%)
at the age of 90 days. This indicated that POFA is not an inert
material. Thus, the additional compressive strength of G2P mor-
tars is due to the pozzolanic reaction between Ca(OH), and S:0,
as well as the filler effect of the small particle sizes of G2P, which
enhance the compressive strength of mortars. This behavior was
also found as the result of using ground bottem ash and ground
coarse fly ash as pozzolanic materials (Kiattikomol et al. 2001;
Jaturapitakkul and Cheerarot 2003).

The effects of replacement and fincness of POFA on the com-
pressive strength of mortars are shown in Fig. 3. It can be ob-
served in Fig. 3(a) that the higher is the replacement level of GOP,
the lower is the compressive strength of the mortar. However, the
use of improved.quality POFA (G1P and G2P) to replace portland
cement gives better results. Figs. 3(b and c) show that the replace-
ments of G1P and G2P at the rates of 10 and 20% by weight of
the binder give the highest compressive strengths of G1P and G2P
mortars, respectively, after 90 days. The results of compressive
strength of the mortars suggest that GIP and G2P are good poz-
zolanic materials. Their fineness is one of the major factors that
increases the compressive strength and confirms the results for
other pozzolanic materials such as fly ash (Kiattikomol et al.
2001) and rice-husk ash (Ikpong and Okpala 1992).

Effect of POFA on Expansion of Mortar Bar

The CT1 mortar bar was cracked along its edges and the speci-
men was bent due to uneven and fast expansion. The relationship
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between the expansion of the mortar bars and the time for which
they were immersed in a 5% MgSO; solution is shown in Fig. 4.

It was found that the CT1 mortar bar had the highest expan-
sion and was 0.434% at 364 days while the CTS mortar bar had
0.097% expansion at the same age. It was observed that the ex-
pansion values of the CT5 mortar bar was still about 0.1%, even
though. CT5 does not contain C3A. These results indicated that
C3A was not the sole parameter causing the mortar to expand in a
su.fate environment (Al-Amoudi 1998).

The values for the expansion of the GOP, CT1. and CT5 mortar
bars are shown in Fig. 4(a). The use of GOP at all replacement
rates can reduce the expansion of the mortar bar. The expansions
of the GOP mortar bars were in the range of 0.065-0.083% at
364 days. It should be noted that the replacement of CT1 by
10-40% of GOP significantly reduced the expansion of mortar
bars as compared to the CT! mortar bar, although the compres-
sive strengths of GOP mortars at all test ages were lower than
those of the CT1 mortar. In addition, the amount of mixing water
in the GOP mortar bars was higher than that in the CT1 mortar
bar, especially in GOP40 mortar. This resulted in increased poros-
ity of the GOP mortar bars. Additionally, the GOP mortar bars had
many voids due to their large and porous particles [see Fig. 1(c)].
These voids and pore structures may allow space for ettringite
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Fig. 4. Relationship between expansion and immersing time of mor-
tar bars in a 5% MgSO; solution: replacement of CT| by (a) GOP; (b)
GIP; and (c) G2P )

and for gypsum formation during a sulfate attack. Similar results
were obtained by Moukwa (1990) and Irassar and Batic (1989),
who found that the ettringite crystals develop slowly by filling
pore structures.

Although the expansions of the mortar bars were reduced by
using GOP to replace portland cement, the compressive strengths
of the GOP mortars were too-low. Thus, GOP is not suitzble for use
as a pozzolanic material in concrete. .

Figs. 4(b and c) show the expansion of mortar bars using GIP
and G2P, respectively, to replace CT1. The expansions of the G1P
and G2P mortar bars were lower than those of CT1 and CTS
mortar bars and were also lower than those of GOP mortar bars.
This occurs because the replacement of CT1 by GIP or G2P
reduces not only the C3A but also the Ca(OH),, which affects the
expansion of the mortar bar. After 364 days of immersion in a
sulfate solution, GIP10, GI1P20, G1P30, and G1P40 mortar bars
had expansions of 0.079, 0.065, 0.062, and 0.069%—or about 6
to 7 times lower than that of the CT1 mortar bar. The mortar bars
mixed with G2P had expansions at 364 days of 0.076, 0.061,
0.059, and 0.067% for replacement rates of 10, 20, 30, and 40%,
respectively. It was observed that 30% replacement of G1P and
G2P resulted in the lowest expansion for each group, and the
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expansion was slightly increased when the replacement of G1P or
G2P was increased to be 40%. However, the expansion of mortar
bars mixed with 40% of G1P and G2P was lower than that of the
control mortar bars (CT1 and CTS). g

Environmental and Economic Consideration

The results suggested that ground POFA (G1P and G2P) is a good
pozzolanic material to bc used as a partia! cement replacement to
increase sulfate resistance. The fineness of POFA does not have
much influence on expansion but has a major effect on the com-
pressive strength of mortar. However, the utilization of POFA is
minimal while its quantity increases annually with an increase in
energy demands since palm oil is one of the major raw materials
used to produce biodiesel. Thus, most POFA is disposed of as
waste in landfills, which is expensive and is a major threat to the
environment. The use of POFA as a partial cement replacement in
concrete not only reduces the disposal waste in landfill, but also
leads to the reduction of cement usage, results in a reduction of
CO, emissions, and is good for the environment. For economic
considerations, the cost of a pozzolanic material is usually low
and certainly well below that of portland cement. Since POFA is
a by-product the cost of POFA is, therefore, zero. The major cost
of POFA depends on the process of reducing its particle size to an
effective size. In this study, the cost of ground POFA is cheaper
than portland cement. Additionally, the writers think that the
grinding energy of POFA is still lower than that of portland ce-
ment clinker.

Conclusions

Based on the experimental results of this study, the following

conclusions can be drawn:

L. The use of POFA to replace CT1 gives a higher normal con-
sistency and longer setting times than those of CT1 paste.

2. - Although unground POFA can reduce the expansion of mor-
tar bars exposed to a 5% MgSO, solution, it is not suitable
for use as a pozzolanic material because it produces mortar
with a low compressive strength.

3. The mortars containing 10 and 20% of G1P and G2P exhibit
a compressive strength as high as that of mortar made from
CT1 at 90 days. At a replacement rate of 30%, the compres-
sive strengths of mortars GIP or G2P at 90 days are more
than 90% of those of CT1 mortar and produce a very low
expansion in a sulfate environment.

4. The use of 10~20% of ground POFA to replace CT1, result in

*°  a sulfate resistance as good as is achieved with the use of
CTS5. The results also encourage the researchers to undertake
further study on the use of POFA in concrete, which we hope
will Jead to a reduction in the cost of concrete as well as a
method for the disposal of POFA.
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The physical properties of concrete containing ground bagasse ash (BA) including compressive strength,
water permeability, and heat evolution, were investigated. Bagasse ash from a sugar factory was ground
using a ball mill until the particles retained on a No. 325 sieve were less than 5wt%. They were then used
as a replacement for Type I Portland cement at 10, 20, and 30wt% of binder. The water to binder (W/B)
ratio and binder content of the concrete were held constant at 0.50 and 350 kg/m?3, respectively.

The results showed that, at the age of 28 days, the concrete samples containing 10-30% ground bagasse
ash by weight of binder had greater compressive strengths than the control concrete (concrete without
ground bagzasse ash), while the water permeability was lower than the control concrete. Concrete con-
taining 20% ground bagasse ash had the highest compressive strength at 113% of the control concrete.
The water permeability of concrete decreased as the fractional replacement of ground bagasse ash was
increased. For the heat evolution, the maximum temperature rise of concrete containing ground bagasse
ash was lower than the control concrete. It was also found that the maximum temperature rise of the
concrete was reduced 13, 23, and 33% as compared with the control concrete when the cement was
replaced by ground bagasse ash at 10, 20, and 30wt% of binder. respectively. The results indicate that

Keywords:

Bagasse ash

Pozzolanic material
Compressive strength
Heat evolution of concrete
Water permeability

ground bagasse ash can be used as a pozzolanic material in concrete with an acceptable strength, lower
heat evolution, and reduced water permeability with respect to the control concrete. ’

Z 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Type 1 Portland cement is currently widely used to build various
constructions because of its high compressive strength. However, as
the quantity of cement needed for construction projects increases,
increasing amounts of raw materials from natural resources are
consumed. If some of these raw materials can be replaced by cheap-
er materials of similar composition, the concrete production cost
could be reduced without affecting its quality. For this reason, ba-
gasse ash, the by-product from burning sugar cane (or bagasse) as
a fuel to heat steam for electricity generation as well as the sugar
extraction process, has been chosen for further. investigation.

In general, bagasse ash is disposed of in landfills and is now
becoming an environmental burden. It is estimated that more than
200,000 tons of bagasse ash are produced every year in Thailand

~ [1], and this increases annually. Our study of bagasse ash for poten-
tial application in concrete production was‘introduced by Martire-
na et al. [2], who used different waste ashes from the sugar
industry as pozzolanic materials in lime-pozzolan binders. They
found that the sugar cane bagasse ash produced in the boilers of
the sugar industry could be classified as a pozzolanic material. Sub-
sequently, Singh et al. [3] found that the presence of 10% bagasse
ash in concrete gave a higher compressive strength than that of

* Corresponding author. Tel.: +66 2 470 9131; fax: +66 2 427 9063.
E-mail address: chaijat@kmutt.ac.th (C. Jaturapitakkul).

0950-0618/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
d0i:10:1016/j.conbuildmat.2009.06.030 . R

their control concrete at all ages, and the chemical deterioration
of the blended cement was less than that of the control concrete
due to the pozzolanic reaction induced permeability reduction of
bagasse ash. Ganesan et al. [4] studied the effects of bagasse ash
content as a partial replacement for cement on the physical and
mechanical properties of hardened concrete. They found that the
bagasse ash is an effective mineral admixture, with 20% constitut-
ing an optimal cement replacement ratio. i

Raw bagasse ash has a large particle size and a high porosity, so
it needs more water content in the concrete mixture and thus re-
sults in a lower compressive strength of concrete. However, when
bagasse ash is ground up into small particles, the compressive
strength of concrete containing this ground bagasse ash improves
significantly [5]. The optimum proportion of bagasse ash was
found to be in the range of 10-20wt% of binder. Most studies of ba-
gasse ash focus on the pozzolanic activity and hydration reaction of
mortar. Very few studies have been carried out studying the water
permeability and heat evolution of concrete containing bagasse
ash. These are the properties of interest for concrete in isolated
environments. Before application of bagasse ash in concrete, these
properties must be investigated to make sure that it is a suitable
material to use.

The aim of this paper is to study the compressive strength,
water permeability, and heat evolution of concrete containing
ground bagasse ash. The results are compared with the control
concrete, i.e., concrete made using Portland cement as the sole
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cementitious material. This knowledge could be beneficial for
using this type of waste product in concrete, especially regarding
the durability and heat reduction in mass concrete.

2. Experimental program
2.1. Materials

2.1.1. Cement and bagasse ash

ASTM Type | ordinary Portland cement was used in all concrete mixtures. Ba-
gasse ash from a sugar factory in central Thailand was ground using a ball mill until
the particles retained on a No. 325 sieve (with openings of 45 um) were less than
5wt¥ and was assigned as BA. The physical properties and chemical composition
of the cement and ground bagasse ash are listed in Tables 1 and 2, respectively.

2.1.2. Aggregates

Crushed li with a maxi size of 20 mm and a specific gravity of 2.67
Wwas used as a coarse aggregate. River sand with a fineness modulus of 2.4 and a
specific gravity of 2.65 was used as a fine aggregate.

2.2. Concrete mixtures

Ground bagasse ash (BA) was used to replace Type | Portland cement at 10, 20,
and 30wtX of binder. The binder content and water to binder (W/B) ratio of all types
of concrete were adjusted to be constant at 350 kg/m* and 0.50, respectively. The
miX proportions are presented in Table 3. The slump of fresh concrete was con-
trolled to remain in the range of 150-200 mm using superplasticizer.

2.3. Compressive strength 3

~

Concrete cylinders 100 mm in diameter and 200 mm in height were used to-

determine the compressive strength. The concrete samples were removed from
their molds after casting for 24 h and cured in water until their testing age. The
compressive strength of all concrete samples was determined at ages of 28 and
90 days. :

Table 1
Physical properties of Type I Portland cement and ground bagasse ash (BA).

Sample Retained on a 45-pm sieve (%) Specific gravity
Cement - ) 3.14

BA 28 220

Table 2

Chemical compositions of Type | Portland cement and ground bagasse ash (BA).

Chemical composition (%) Type of sample
Cement BA

Silicon dioxide, Si0, ) 20.90 64.88
Aluminum oxide, Al,0; 476 6.40
Iron oxide, Fe,05 341 263
Calcium oxide, Ca0 65.41 "10.69
Magnesium oxide, MgO 1.25 1.55
Sulfur trioxide, SO, 2.71- 1.56
Loss on ignition, LO1 0.96 8.16
Si0; + Al,03 + Fe;0, - 7391

2.4. Water permeability

A steady flow method was applied to test the permeability of the concrete. The
coefficient of the water permeability was determined by measuring the amount of
water passing through the specimen and calculated using Darcy’s Law and the
equation of continuity [6],

pLleQ

K=t «

."where K;is the coefficient of water permeability of the specimen (m/s), p the density

of water (kg/m?), L the lengtb of the specimen (m), g the acceleration due to gravity
(m/s?), Q the net flow rate (1.:3/s), A the cross-sectional area of the specimen (m?),
and P is the water pressure [(kg m s72)/(m?)].

The samples were prepared by sawing 40 mm thick slice from the middle of the
cylinder before testing the water permeability two days. After drying in the labora-
tory for 24 h, the concrete slices were cast in a 25 mm thick layer of non-shrinkage
epoxy resin to prevent water leakage. The epoxy resin was allowed to harden and
dry for another 24 h. The specimens were then installed in the housing cells, as
shown in Fig. 1a, upon which a water pressure of 0.5 MPa was applied. This pressure
was also used by both Chan and Wu [7] and Chindaprasirt et al. [8]. The time and
the amount of water that passed through each of the specimens were monitored
until a constant flow rate was obtained. The water permeability test apparatus is
shown in Fig. 1b.

2.5, Heat evolution of concrete

The heat evolution of concrete containing ground bagasse ash under semi-adi-
abatic conditions was investigated. Ground bagasse ash (BA) was used to replace
the Type I Portland cement at 10, 20, and 30wt% of binder. The mix proportion of
the concrete used in this investigation was the same as that for the study of the
compressive strength and water permeability. Concrete samples were cast in

‘450 mm cube molds lined with an insulator made of 50 mm expanded polystyrene

on each side. The heat evolution, in terms of temperature rise, was measured by
inserting a thermocouple into the center of the concrete specimen for a period of
168 h (7 days). The temperature rise of the concrete containing ground bagasse
ash was compared with that of the control concrete. Fig. 2 shows a schematic rep-
resentation of the concrete heat evolution test. :

Note that the heat evolution of the concrete containing original bagasse ash was
not examined since its compressive strength was much lower than that of the con~
trol concrete. This was because the particles of the original bagasse ash were large
compared with those of Portland cement [9). Thus, original bagasse ash is not suit-
able for use as a replacement for Portland cement.

3. Results and discussion
3.1. Physical properties of Portland cement and ground bagasse ash

The particle shapes of the cement and ground bagasse ash are
shown in Fig. 3. The cement particles were angular and irregular
while the original bagasse ash, particles had rough surfaces with
high porosity (“spongy”) and large surface areas. After the bagasse
ash particles were ground, their shapes were small but they still
had rough, porous surfaces.

It should be noted that the particle shape of bagasse ash is com-
pletely different from that of fly ash. Fly ash, melts at a tempera-
ture of about 1500 °C, forming spherically shaped particles. If the .
burn temperature is below 1500 °C, fly ash fails to melt and irreg-
ular particles are formed [10]. It has been reported that spongy
particles are associated with partially burnt fragments of coal
(carbon) resulting from incomplete combustion [11]. Bagasse ash,
burns at a temperature of 600-800 °C; the sponge-like particle
shape is obtained because this temperature is lower than the

Table 3

Mix proportions of concrete.

Sample Mix proportion (kg/m?) W/B Slump (mm)
Cement Bagasse ash Fine aggregate Coarse aggregate Water Super P

35CT 350 - 824 1055 175 - 0.50 150

35BA10 315 35 816 1047 175 3.15 0.50 160

35BA20 280 70 808 1039 175 525 0.50 180

35BA30 285 1028 175 7.35 0.50 190

105

800 -
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Fig. 1. Water permeability test.
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Fig. 2. Heat evolution test.

melting point of the bagasse ash. Spongy particles absorb the water
used to mix the concrete, which decreases the functionality of con-
crete compared with that of concrete mixed with spherical fly ash
particles.

The particle size distribution curves of the original and ground
bagasse ash are shown in Fig. 4. The mean particle size of the ori-
ginal bagasse ash was 23 pm. After grinding, the bagasse ash had a
mean particle size of 10 pum; the fraction of particles retained on a
45-pm sieve (No. 325) was 2.8%. The ground bagasse ash had a spe-
cfic gravity of 2.2, which is lower than 3.14, the specific gravity of
Type I Portland cement.

32. Chemical compositions of materials

Based on an assessment of the chemical compositions listed in

Table 2, it follows that the SiO, + Al,05 + Fe,0; content of ground
bagasse ash comprises more than 70% of the overall material com-
position. Note that the proportion of SiO, in bagasse ash is 64.88%,
suggesting that bagasse ash contains a high content of important
oxides suitable for a pozzolanic material. N .

The loss on ignition (LOI) content of ground bagasse ash is
rather high at 8.16%, which close to the limit of 10% specified by
the ASTM C 618 standard for class N pozzolan [12). Other pozzola-
nic materials, such as rice husk ash have LOIs that can be as high as
66% [13]. However, the LOI of the ash decreases when the calcina-
tion temperature increases. Ganesan et al. [4] used bagasse ash
with a LOI of 4.9% and found that this did not significantly affect
the compressive strength of the concrete. For classified fly ash,
LOI content increased the water demand of fresh concrete [14].
However, effects of LOI of bagasse ash on the properties of concrete
have not been published. )

3.3. Properties of fresh concrete

The control concrete (35CT) did not need superplasticizer to
maintain the slump of fresh concrete at values between 150 and
200 mm. However, concretes containing ground bagasse ash
required superplasticizer to maintain the specified slump (see
Table 3). When the replacement of cement by ground bagasse
ash_was Jincreased_in proportion, the concrete needed more

A Sl
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Fig. 4. Particle size distribution of bagasse ashes.

superplasticizer. For example, the control concrete did not require
superplasticizer while concretes containing 10%, 20%, and 30%
ground bagasse ash by weight of binder required 3.15, 5.25, and
7.35 kg/m?>, respectively, of superplasticizer. Because the particles
of ground bagasse ash are angular, irregularly shaped, and charac-
terized by a high porosity, like palm oil fuel ash and rice husk-bark
ash [8], bagasse ash required more superplasticizer for lubrication
to maintain the same workability as the control concrete.

3.4. Compressive strength of concrete

The compressive and normalized strength of concretes contain-
ing ground bagasse ash are included in Table 4. The control con-

crete (35CT) had a compressive strength of 36.9 MPa at the age’

of 28 days, which increased to 41.8 MPa after 90 days. Concretes
containing 15%, 20%, and 30% ground bagasse ash by weight of bin-
der (35BA10, 35BA20, and 35BA30, respectively) had compressive
strengths of 38.2, 40.5, and 39.3 MPa or 104%, 110%, and 107% of
the control concrete, and 44.4, 47.4, and 45.0 MPa, or 106%, 113%,
and 108% of the control concrete at the ages of 28 and 90 days.

Table 4

.- Compressive strength of concrete.

Sample Compressive strength {MPa) - normalized compressive strength (%)
28 days 90 days :

35CT 36.9-100 41.8-100

35BA10 38.2-104 44.4-106

35BA20 40.5-110 47.4-113

35BA30 393-107 45.0-108

pozzolanic material. “There are two factors responsible for the
early strength (at 28 days) of the ground bagasse ash concrete
compared to that.of the control concrete (35CT). First, the pozzola-
nic reaction can be highly activated when the particle size is small
[15]. In this experiment, the bagasse ash was ground by ball mill
until the particles retained on a 45-pum sieve were less than
5wt% and had a mean particle size, dso, of 10 pm. Thus, the pozzo-
lanic reaction of the ground bagasse ash is very fast and can im-
prove the compressive strength of concrete at an early age (at
28 days). Secondly, small particles of ground bagasse ash can fill
the voids or air spaces in the concrete structure and thus produces
denser concrete. This referred to as the filler or packing effect [16]".

The optimum fraction of ground bagasse ash replacing cement
in concrete is 20wWt% of binder, as this proportion exhibits the high-
est normalized compressive strength. Concretes containing * 2%
and 30% of ground bagasse ash by weight of binder also had a high-
er compressive strength than the control concrete. Note that the
variation in the strength of the various concrete mixes was not
large. The compressive strengths of concretes containing 10% and
30% of ground bagasse ash was 3-6% lower than that of the other
bagasse ash concrete. 1

3.5. Water permeability of concrete

The water permeability and the water permeability ratio of con-
crete mixes are also given in Table 5. The water permeability ratio

respectively. These results show that ground bagasse ash is a gond:» .. was. defined as the water. peomeability of concrete containing
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Table 5
Water permeability of concrete.

Sample . Permeability x 10~'2, k (m/s) - klkcr

00 " 28 days e ' 90days -
35CT 132-1.00 1.26-1.00
35BA10 . 122-092 . 0.73-058
35BA20 1:-1,0850,82:, © 048-028
35BA30 066-0.50 . 0.39-031
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Fig. 5. Relationship between the ratio of water permeability of concrete and
fraction replacement by ground bagasse ash.

ground bagasse ash with respect to that of the control concrete at
the same age. The water permeability of the control concrete was
1.32 x 107'% and 1.26 x 1072 m/s at 28 and 90 days, respectively.
These results agree with previous studies [8,17). It is also found
that the water permeability values of all concretes decreased with
their curing age. For example, the water permeability values of the
35BA10 concrete were 1.22 x 107'2 and 0.73 x 10~'2 m/s, with
water permeability ratios of 0.92 and 0.58, at 28 and 90 days,
respectively. These results suggest that the low water permeability
of concrete was affected by the pozzolanic reaction of the ground
bagasse ash. Note that the compressive strengths of 35CT and
35BA10 at the age of 90 days were not very different, at 41.8 and
44.4 MPa, respectively.

The relationship between the ratio of the water permeability of
concrete and the fractional replacement by ground bagasse ash is
shown in Fig. 5. The water permeability ratio of concrete decreased
with increasing ground bagasse ash proportion in concrete, At the
age of 28 days, water permeability ratios of 0.92 and 0.82 were ob-
tained for concretes containing 10% and 20% ground bagasse ash.
This result suggests that small particles of ground bagasse ash
can help to fill the voids in the concrete structure, so that the water
permeability of 35BA10 and 35BA20 was 80-90% of that of the
control concrete. Concrete containing 30% ground bagasse ash
had a water permeability ratio of 0.50 at the age of 28 days due
to the high number of small particles from the ground bagasse
ash filling the voids in the concrete. At 90 days, the water perme-
ability ratios of 35BA10, 35BA20, and 35BA30 were 0.58, 038,
and 0.31, respectively. The low water permeability values of con-
cretes containing ground bagasse ash at 90 days were mostly
caused by the pozzolanic reaction, which filled up the voids and in-
creased the concrete density [8].

3.6. Relationship between compressive strength and water
permeability of concrete

The relationship between the water permeability and the com-

- fiedive strength of the concrete at 28 and 90 days are illustrated
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Fig. 7. Relationship between watzr permeability and compressive strength of
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in Figs. 6 and 7, respectively. The figures are divided into four re-
gions. Region I represents concrete that has both a higher compres-
sive strength and higher water permeability than the control
concrete. Region Il includes concrete of lower compressive
strength but higher water permeability. Region Ill represents con-
crete that has both lower compressive strength and lower water
permeability than the control concrete. Finally, concrete contain-
ing 10-30% ground bagasse ash by weight of binder are located
in region IV; these are more impervious, or have lower water per-
meability; and also have a higher compressive strength than the
control concrete. The water permeability of concrete decr ased
with an increasing proportion of ground bagasse ash. However,
to obtain the highest compressive strength, it is recommended to
use ground bagasse ash at 20% by weight of binder. At a replace-
ment fraction of 10-20%, the combination of the pozzolanic reac-
tion and the filling effect of the ground bagasse ash can improve
the concrete property and make it more impervious. For a 30%
replacement fraction, the pozzolanic reaction and filling effect still
continues to cause low water permeability. However, the pozzola-
nic reaction filling effect does not compensate the loss of compres-
sive strength due to high replacement of Portland cement, thus
leading to a lower compressive strength of bagasse concrete as

compared with the contro] concrete R B e AR R
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Table 6 )
Heat evolution of eoncrete.

Sample ~ Initial temp. (°C) .'Max.-temp. (°C) " Highest:temp: risé'(°C) Highest-temp:'rise ~ ° Time of highest temp:
) N o e (°C/100 kg of binder) - - rise after casting (h).

35¢T 27 % 57 : 13 <

35BA10 28 54 14

35BA20 30 B 53 15

35BA30 30 1 50 I8

3.7. Heat evolution of concrete

Table 6 lists the highest temperature rise, the reduction in the
temperature rise compared to the control concrete, and the time
of the highest temperature rise after casting of concrete. The con-
trol concrete with a cement content of 350 kg/m? had a highest
temperature rise of 30°C after mixing for 13 h. For 35BA10,
35BA20, and 35BA30 concretes, the highest temperature rises were
26, 23, and 20 °C, respectively. The relationship between the tem-
perature rise of the concretes containing ground bagasse ash and
the time after casting is shown in Fig. 8.

The results of this study showed that the highest temperature
rises of concrete with 10%, 20%, and 30% ground bagasse ash were
lower than that of the control concrete by 4, 7, and 10 °C, or by 13%,
23%, and 33%, respectively. Higher replacement fractions of ground
bagasse ash lower the cement content in the concrete, and thus re-
duce the concrete heat evolution [18]. y

The highest temperature rises in concrete per 100 kg of binder
using different pozzolanic materials to replace Portland cement

50
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Fig. 8. Temperature rise of concrete versus duration time.
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Fig. 9. Highest temperature rise in concrete per 100 kg of binder using different
pozzolanic materials to replace Portland cement.

are shown in Fig. 9. The control concrete had the highest temper-
ature rise of 8.57 °C/100 kg of binder. It should be noted that this
result does not directly represent the temperature rise in thick sec-
tions or in mass concrete. Bamforth [19] reported that the temper-
ature rise when casting a 300 mm cube of concrete in a block “hot
box” -was only 7-°C per 100 kg of ordinary Portland cement (OPC),
compared with the measured in situ values of 12-13°C per
100 kg of OPC. In addition, for a slab with a thickness greater than
2.5m, the temperature rise was approximately constant at 12 °C
per 100 kg of binder [20]. According to the recommendation of
the ACI 207 [21] for the heat generated by cement hydration in
the presence of little heat loss, 0.3-0.5 m thick concrete can be ex-
pected to reach a maximum temperature of 9 °C per 100 kg of OPC
above its initial temperature at the age of 18-72 h.

This study showed that concrete with ground bagasse ash
replacements of 10, 20, and 30wt¥% of binder had the highest tem-
perature rises of 7.43, 6.57, and 5.71 °C/100 kg of binder, respec-
tively. This result is similar to that reported by Sata et al. {22},
who used ground Mae Moh fly ash (MFA), ground palm oil fuel
ash (POFA), and ground rice husk-bark ash (RHBA) as pozzolanic
materials to replace Portland cement at 10%, 20%, and 30wt% of
binder in concrete. They reported the highest temperature rises
of 82, 80, and 7.3°C/100kg of binder for MFA, 8.2, 7.9, and
7.1°C/100 kg of binder for POFA, and 8.0, 7.5, and 6.8 °C/100 kg
of binder for RHBA, respectively. It should be noted that the con-
crete mix proportion in Sata’s study had a W/B ratio of 0.28, while
in this experiment used a W/B ratio of 0.50.

The time required to reach the highest temperature rise in
ground bagasse ash concrete was delayed by 1-2 h compared with .
the control concrete (see Table 6). The higher the replacement frac-
tion of Portland-cement by ground bagasse ash, the longer the de-
lay time to obtain the highest temperature rise. This may be due to
the superplasticizer, which can delay the hydration reaction of
concrete [23,24]. Alternatively, this could be caused by the smallier
cement content in the ground bagasse ash concrete compared with
the control concrete. :

4. Conclusions

The following conclusions can be drawn based on the study of
using ground bagasse ash to replace Type 1 Portland cement in
concrete.

1. Concrete containing up to 30% ground bagasse ash had a higher
compressive strength and a lower water permeability than the
control concrete, both at ages of 28 and 90 days.

2. The optimum cement replacement fraction by ground bagasse
ash was 20wt% of binder. A higher replacement proportion
(30%) resulted in concrete with a lower water permeability
and a lower compressive strength.

3. The maximum temperature rise of concrete containing 10-30%
ground bagasse ash was lower than the control concrete. As the
cement replacement fraction by ground bagasse ash was
increased, the corresponding temperature rise in concrete
became smaller.
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4. Ground bagasse ash is a suitable pozzolanic material for use in
concrete. The above results show a beneficial application of this
by-product material.
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Raw bagasse ash collected from the Thai sugar industry has a high loss on ignition (LOI) of ~20%. When
ground and ignited at 550 °C for 45 min, the LOI was reduced to ~5%. These high and low LOI of ground
bagasse ashes were blended in the ratios of 1:2 and 2:1 by weight to give ground bagasse ashes with LOIs
of 10% and 15%, respectively. Each of these ground bagasse ashes was used to replace Portland cement
type I at 10%, 20%, 30%, and 40% by weight of binder to cast mortar.

The results showed that the development of compressive strengths of mortars containing ground
bagasse ash with high LOI was slower than that of mortar containing ground bagasse ash with low
LOI However, at the later age, both types of ground ash mortars displayed similar compressive strengths.
Mortars containing high LOI (~20%) of ground bagasse ash at 20% and 30% by weight of binder could pro-
duce higher compressive strengths than a control mortar after 28 and 90 days, respectively. Mortar bars
containing ground bagasse ash at 10% showed a greater potential sulfate resistance and displayed a
reduce expansion compared to a control mortar. However, mortar bars containing high LOI (larger than
10%) of ground bagasse ashes showed greater deterioration from sulfate attack than the mortar bars con-
taining low LOI (less than 10%) of ground bagasse ashes, especially at high replacement levels (39-40%).

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Loss on ignition (LOI) is defined by ACI 116 [1] as a percent loss
in mass of a constant weight sample ignited at temperatures of
900-1000 °C. ASTM C 618 [2] limits the LOI of pozzolanic materials
to less than 6%, largely because higher LOI levels commonly result
in discoloration, poor air entrainment, segregation, and low com-
pressive strength of the mixed components. However, this stan-
dard is specified principally for fly ashes. Atis [3] found. that the
LOI increased the water demand of fresh concrete. A high carbon
content provides one source of elevated LOI and is believed to
interfere the hydration reactions in cement, as well as reducing
the workability and increasing the water demand in concrete.
LOI of fly ash consists of unburned carbon generally presented in
the form of cellular particles. Berry et al. [4] found that an increase
in LOI was not necessarily related to an increase in the carbon con-
tent of fly ash. Numerous studies of LOI of fly ashes show that LOI
has a detrimental effect on concrete. For other pozzolanic materi-
als, such as calcined natural pozzolans, the ASTM C618 limits the
upper limit for LOI at 10%, since these materials are produced at
lower burning temperatures (500-800 °C) and contain higher LOI
levels.

* Corresponding author. Tel.: +66 2 470 9131; fax: +66 2 427 9063.
E-mail address: chai.jat@kmutt.ac.th (C. Jaturapitakkul).

0950-0618/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.conbuildmat.2009.06.046

Bagasse ash is recently accepted as a pozzolanic material which
is obtained as a by-product of the sugar industry. However, the
study of using bagasse ash as a pozzolan is not well-known espe-
cially the effects of LOI of bagasse ash on the compressive strength
and sulfate resistance. A survey from many sources in Thailand
found that LOI of bagasse ash is very high (larger than 10%) and
well over the limit for pozzolan in concrete [2]. Bagasse ash con-
tains amorphous silica and displays good pozzolanic properties
[5-9], but its uses are limited and most of it is disposed in landfills.
Moreover, sugar factories use different process of burning and col-
lecting which affects the physical and chemical properties of the
ash. Batra et al. [10] examined the unburned carbon in bagasse
ash and suggested that it might be separated from oxide fractions
by water floataion. This process increased LOI of the ash from 20%
to 80%, and the unburned carbon found to be amorphous with a
cellular morphology. Umamaheswaran et al. [11] compared ba-
gasse ash, ground nut shell ash, cashew shell ash, and rice husk
ash, all used in fabricating inorganic membrane filters and found
that the bagasse ash was the most suitable in terms of handling
strength, porosity, and pore size distribution, even though its LOI
was as high as 24.84%. Subsequently, Frias et al. [12] found that
LOI of bagasse ashes could vary from 1.81% to 0.52% depending
on whether the ignited temperature at 800 or 1000 °C, respec-
tively. At both temperatures, the ignited ash displayed very high
pozzolanic activity. However, to date, few studies have been
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Fig. 1. Flow chart to study the effects of LOI of ground bagasse ash on the compressive strength and the sulfate resistance of mortar.

undertaken to examine the impact the LOIs of bagasse ashes on the
mechanical properties of mortars and concretes.

Many researchers have found Pozzolanic materials such as fly
ash, rice husk ash, or palm oil fuel ash are effective in reducing sul-
fate attacks [13-15], but scant attention has been paid to the sim-
ilar effects of bagasse ashes when used as a Pozzolanic material in
concrete,

In this study, ground bagasse ashes of different LOIs were used
as a partial replacement for Portland cement in mortar, and the ef-
fects on compressive strength and sulfate resistance of mortars
were compared. This experiment studied mortar not concrete be-
cause it was easier to control the quality of mix proportion and
material. In addition, the use of mortar instead of concrete can
avoid the effects of many factors such as bond strength between
aggregate and paste or the uniformity of the mixture. The results
demonstrate that the ground bagasse ash with high fineness can
be used in concrete by engineers, designers, contractors, and other
users with a high degree of confidence. -

2. Experimental program
2.1. Materials and test methods

The primary materials used in this investigation were Portland cement type I,
natural river sand, bagasse ash, and water.

Bagasse ash with high LOI of about 20% was obtained from one of the sugar
industries in central Thailand. The bagasse ash was improved by grinding in a ball
mill until the particles retained on a 45-pum sieve were less than 5% and was then
put in an oven at 550 °C for about 45 min. This process reduced LOI of the ground
bagasse ash to about 5%. The two ground bagasse ashes were then prepared with
LOI contents of 10% and 15% by blending the ground bagasse ash of 20% LOI with
5% LOI in the weight ratios of 1:2 and 2:1, respectively.

Details of the four ground bagasse ashes, symbolized as L05, L1 0, L15, and L20,
are shown in Fig. 1. The analytical LOI values of the four were determined by com-

-paring the weights of the samples before and after ignition for 45 min at 550 °C, as
specified in ASTM C 311 [16]. The chemical compositions of the four ash samples
were determined using X-ray fluorescence spectrometry (XRF).

-

X-ray diffraction (XRD) examination of the four ground bagas;e ashes was car-
ried out by using a Bruker-AXS D8 Discover diffractometer operating with Co K,
radiation and a scanning angle (26) from 20° to 80°.

The particle size distributions of ground bagasse ashes were measured by laser
particle size analysis.

The morphology of ground bagasse ash particles was investigated by scanning
electron microscopy (SEM) using an accelerating voltage of 15KkV, and followed
by gold coating of the samples.

2.2. Compressive strength

Standard-sized 50 mm mortar cubes were prepared using each of the four dif-
ferent LOI ashes to partially replace Portland cement type I at rates of 10%, 20%, 30%,
and 40% by weight of binder. The binder to sand ratio was constant at 1:2.75 by
weight [17], and a standard flow of 110 ¢35, as specified by ASTM C 230 [18], was
maintained by adjusting the quantity of mixing water. This is to control the mortars
to have the same workability and to reduce the effect of compaction during casting
the mortars into the moulds. However, by following this standard, a disadvantage
was found since the W/B ratios of the mortar mixtures were rather high and varied
with the percent replacement of ground bagasse ash. The compressive strength of
mortar was measured after curing for 3, 7, 28, and 90 days.

2.3. Sulfate re#istance of the mortar

The sulfate resistance, was determined on 25 x 25 x 285 mm prismatic test
specimens with two stainless steel probes inserted at both ends in order to monitor
any changes in length of the mortar, in accordance with ASTM C1012 [19]. After
24 h of casting, one-half of the specimens were taken from the moulds and cured

Table 1 %
Physical properties of Portland cement
bagasse ash with different LOI.

type I, original bagasse ash, and ground

Remark: OBA = original bagasse ash received from the power plant.
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in water. The second half the specimens were exposed to a 5% magnesium sulfate
solution (MgS0,). The changes in length of the water-cured samples and those im-
mersed in the magnesium sulfate solution were compared for up to 360 days.

&

(3b) Ground bagasse ash (GBA)

3525
3. Results and discussion
3.1. Physical properties of the materials

Table 1 shows the physical properties of Portland cement typel,
the eriginal bagasse ash (OBA), and the blended ground bagasse
ashes. The OBA had a specific gravity of 2.08, and the ground ba-
gasse ashes had the specific gravities of 2.50, 2.37, 2.35, and 2.29
for LO5, L10, L15, and 120, respectively. That is, the specific gravity
of the ground bagasse ash decreased as the LOI increased, reflecting
a reduction in low-density substances upon decomposition during
burnt at 550 °C.

The particle size distributions of ground bagasse ashes are
shown in Fig. 2, with some 2.8% of the particles of ground bagasse
ash L20 retained on a 45-pm sieve compared with 47.1% of the
OBA. The OBA had large particles with a mean particle size (dsq)
of 23 pm. Following grinding, the mean particle size was reduced
to near 10 um. For Portland cement, the mean particle size was
14.6 pm.

Fig. 3. Scanning electron microscopies of original and ground bagasse ashes.
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 Table 2
Chemical compositions of Portland cement type I, original bagasse ash, and ground bagasse ash with different LOI.

Remark: OBA = original bagasse ash received from the power plant.

The morphologies of the original and ground bagasse ashes are 3.4. Effect of the LOI on the water requirement of mortar
shown in Fig. 3. The OBA had large tubular-shaped particles with
highly irregular shapes and high porosity (Fig. 3a). After grinding, The water to binder (W/B) ratios of all mortars to produce a
the particle size become smaller, the particle shape was still standard flow of 110 + 5 are shown in Table 3. All mix proportion
highly irregular and the ground bagasse ash become more dense of mortars containing ground bagasse ash had higher water
(Fig. 3b). =

3.2. Chemical compositions of the materials :Zz Bagasse
The XRF chemical analyses of the original bagasse ash (OBA), « 500
ground bagasse ashes, and Portland cement type I, are tabulated £ 400 A Q
in Table 2. The Portland cement type I had high Ca0O and SiO, con- é 200 T
tents of 65.41% and 20.90%, respectively. The analytical LOI of the £
ground bagasse ashes were 5.08%, 9.29%, 13.59%, and 19.39% for - 20
LO5, L10, L15, and 120, respectively, and their SiO, contents were 100
* 77.37%, 70.64%, 60.67%, and 54.45%, respectively, with SiO, o+——rr—r—+rr—+—1——1—
" decreasing as LOI increased. CaO, however, increased with 10 15 20.25 30 35 40 45 50 55 60 65 70 75 80 85 90
increasing LOL As the ignition temperature increased to 550 °C, 2-Theta
- the LOI declined to-become almost constant thereafter, as shown (5a) Bagasse
- in Fig. 4.
700
3.3. Mineralogical composition of ground bagasse ash %00 8 Ground Bagasse Ash (L20)
The results of the XRD mineralogical analysis of bagasse and N 200 -
ground bagasse ashes are shown in Fig. 5. Before ignition, bagasse S 400
displayed a wide scattering band centered at about 27° 20, consis- S
Gy Ty . 4 ~ 300
tent with the presence of amorphous silica, but with small quanti- £ Q - CQ. G Q
ties of crystalline quartz, calcite, and cristobalite also present = 2001
(Fig. 5a). 100 4
After bagasse being burnt and ground, the ground bagasse ash G- W -
L20 exhibited a high content of quartz, graphite, and calcite 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
(Fig. 5b), but after ignition at 550 °C for 45 min, and with now re- 2-Theta
duced LOI (LO5), the calcite peak was reduced, consistent with a (5b) Ground bagasse ash (1.20)
decrease in the CaO content of this ash, and the quartz (Si0,) peak
of ground bagasse ash increased (Fig. 5¢). 1600
1400 : Ground Bagasse Ash after reburnt (L05) |
20
o LN 5.0
16 \*\ § e
14 [3)
R \ £ 600
< 10 400 R
g \ ) oo-——'ug & R0 Q
5 \\ o+—— T
4 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
2 — 2-Theta
° 0 200 400 600 800 (5¢) Ground bagasse ash after reburnt(L05)
» Burning Temperature (degree celcius) Q: Quartz, Ca: Calcite, FeO: Iron oxide, Cr: Cristobalite, C: Graphite

'Fig. 4. Relationship between the LOI of ground bagasse ash and the burning Fig. 5. Mineralogical composition of (a) bagasse, (b) ground bagasse ash, and (c)
temperature. ground bagasse ash after reburnt at 550 °C.
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requirements than the control mortar. The water requirement of
the mortars increased with the increase in ground bagasse ash
replacement. For example, mortar containing OBA at rates of 10%,
20%, 30%, and 40% by weight of binder had the water requirements
of 0.75, 0.82, 0.92, and 1.03, respectively. For mortars containing
ground bagasse ash 120 to replace Portland cement of 10%, 20%,
30%, and 40% by weight of binder, the water requirements were
0.73, 0.74, 0.75, and 0.77, respectively. The water requirements
of mortars containing original bagasse ash (OBA) were extremely
high (W/B ratios between 0.75 and 1.03) and more than the mor-
tars containing ground bagasse ash and also increased with the in-

Table 3
Mix proportions of mortar.

Remark: OBA = original bagasse ash as received from the power plant.

Table 4
Compressive strength of mortars.

creased of the percent replacement of ground bagasse ash. At the
same replacement, mortars containing ground bagasse ash with
different LOI have slightly different in W/B ratio. The high water
requirement of original bagasse mortar was due to the porous nat-
ure of the particles and their higher surface area, both enhancing
the absorption of water by the mixture. At the same replacement,
the ground bagasse ash mortars had much lower water require-
ments (W/B Tatios between 0.73 and 0.79) compared to the origi-
nal bagasse ash mortar due to their lower particle porosity [20].
The above results point to both high and low LOI of ground ba-
gasse ashes having little effect on the water requirement of mortar.
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For example, mortars LO5R40, L10R40, L15R40, and 120R40 that
used ground bagasse ashes LO5, L10, L15, and [20 had water
requirements of 0.77, 0.79, 0.78, and 0.77, respectively. The results
also demonstrate that the replacement rate of ground bagasse ash
exercised a greater effect on water requirement of mortar than that
of the LOI of the ground bagasse ash.

3.5. Effect of the LOI on the compressive strengths of mortar

The compressive strengths of the control mortar and mortars
containing ground bagasse ashes with different LOI are shown in
Table 4. :

The compressive strengths of mortars containing original ba-
gasse ash (OBA) at 28 days were very low at 10.4MPa and
15.5 MPa for mortars OBAR40 and OBAR30, respectively. This is
due to the extremely high W/B ratios (W/B ratios of 1.03 and
0.92, respectively), high replacement, and low pozzolanic reaction
of OBA [21]. However, the mortars containing ground bagasse ash
with different LOI have compressive strength between 23.1 MPa
and 42.1 MPa, depending on the values of LOI and percent replace-
ment. Moreover, the compressive strengths at 90 days of ground
bagasse ash are rather high and varied between 31.2 MPa and
44.1 MPa, depending on the percent replacement of ground ba-
gasse ash. k

Mortars containing ground bagasse ash LO5 had higher com-
pressive strengths than the control mortar at 3 days or more when
the ground bagasse ash L0O5 was used to replace Portland cement at
20% by weight of binder. Moreover, those mortars containing
ground bagasse ash L10 and .L15 also had higher compressive

strengths than the control mortar at all tested ages when Portland

cement was replaced by the ground bagasse ash at 10% by weight
of binder. These results consistent with those of Ganesan etal. [22]
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and Cordeiro et al. [23] who found bagasse ash to provide an effec-
tive mineral admixture; replacing 10-20% of the Portland cement
proved optimal.

For 30% replacement, mortars containing ground bagasse ash
LO5 and L10 (less than or equal 10%) had higher compressive
strength than the control mortar at 7 days, while mortars contain-
ing ground bagasse ash L15 and 120 (larger than 10%) had higher
compressive strength than the control mortar at 28 and 90 days,
respectively. At 40% replacement, mortars containing ground ba-
gasse ash L05 and L10 (less than or equal 10%) had higher compres-
sive strength than the control mortar at 90 days, while the mortars
containing bagasse ash L15 and L20 (larger than 10%) had lower
compressive strength than the control mortar at all ages up to
90 days.

Clearly, the compressive strength of a mortar tends to decrease
with an increase of ground bagasse ash in the mortar. The develop-
ment of compressive strength in mortars containing ground ba-
gasse ash having high LOI (larger than 10%) were slightly slower
than mortars containing ground bagasse ash having low LOI (less
than 10%). However, at the later age (90 days), mortars containing
either low or high LOI of ground bagasse ash had similar compres-
sive strengths. Further, all mortars containing ground bagasse ash
with LOIs of 5-10% had the compressive strengths over 30 MPa.
Only mortar. OBAR10 had a compressive strength higher that
30 MPa while the rests of OBAR miortar had lower compressive
strength than 30 MPa.

The relationship between the compressive strength and the LOI
of ground bagasse ash was shown in Fig. 6. At the early age of
7 days and with 10% replacement of ground bagasse ash (Fig. 6a),
the compressive strength of a mortar tended to decrease when
the LOI of the ground bagasse ash was higher than 10%. However,
the compressive strengths of mortars containing ground bagasse
ashes with LOIs between 5% and 20% were almost the same from
28 to 90 days. This is arises from the replacement rate being low
(10%) thus the effect of LOI is minimal. For the replacement rate
of 40% (Fig. 6b), the effect of the LOI on reducing the compressive
strength of mortar at 7 days was enhanced regardless of whether
L15 and 120 were used. At the ages of 28 and 90 days, the effect
of the LOI of ground bagasse ash (L15 and L20) was reduced. These
results indicate that a high LOI (larger than 10%) effectively reduced
the compressive strengths of mortars at the early age but exercised
less influence at the later ages.

Fig. 7 shows the relationship between the compressive strength
of a mortar and the percent replacement of Portland cement by
ground bagasse ash at 7 and 90 days. The mortars containing
ground bagasse ash having high LOI (larger than 10%) tended to
have lower compressive strengths than the mortar containing
ground bagasse ash having low LOI (less than 10%). This was due
to the low LOI of ground bagasse ashes containing more active par-
ticles than the high LOI of ground bagasse ashes. In addition, the
replacement rate of ground bagasse ash had a more pronounced ef-
fect on reducing compressive strengths at the early age (7 days)

Fig. 9. Deterioration of mortar bars immersed in a 5% magnesium sulfate solution at 360 days.
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than the later age (90 days). At 90 days, the compressive strengths
of mortars containing ground bagasse ashes with different LOIs (5-
20%) and replacement rates of 10% or 40% were little different.
With 10-30% replacement of Portland cement, the compressive
strengths of ground bagasse ash mortars were higher or equal to
the control mortar. These results confirmed that the ground ba-
gasse ash was a good pozzolan and its reactivity was mainly
dependent on particle size and fineness [24].

3.6. Effect of the LOI on the suifate resistances of mortars

The relationship between expansion and immersion time in a
5% magnesium sulfate solution of mortar bars containing ground
bagasse ash L20 and LO5 are shown in Fig. 8a and b, respectively.
In Fig. 8a, mortar bar L20R10 had lower expansion compared' to
the control mortar bar. At the higher replacements (20% or more)
of ground bagasse ash L20 in mortar, the greater expansion of mor-
tar bar was a result. When using ground bagasse ash LO5 to replace
Portland cement, mortar bars LO5SR10 and LO5R20 produced less
expansion compared to the control mortar bar. The lower expan-
sions found in ground bagasse ash mortars came from the small
particles of the ash filling voids and increasing the density of the
mortar bar. However, where high levels of replacement of ground
bagasse ash were used, the opposite result occurred due to the
great surface area of the ground bagasse ash, which had a high
water requirement in the mortar bar, giving the resulting mortar
bar reduced compressive strength and resulted in a higher expan-
sion [25]. Mortar bars containing ground bagasse ashes with high
LOI (larger than 10%) tended to show a higher expansion than the
mortar bars containing ground bagasse ashes with low LOI (less

" than or equal 10%). -

Fig. 9 shows the deterioration of a control mortar bar and mor-
tar bars containing ground bagasse ash immersed in a 5% magne-
sium sulfate solution for 360 days. Mortar bars containing
ground bagasse ash L20 had a greater degree of deterioration than
the mortar bars containing ground bagasse ash LO5 for the same le-
vel of replacement of ground bagasse ash.

Mortar bars LO5R10, LO5R20, LO5R30, and LO5R40 did not show
any cracking while mortar bars L20R10, L20R20, L20R30, and
L20R40 showed major cracks due to their enhanced expansion.
The CaO and Al,05 contents in ground bagasse ash increased with
an increase in the LOI, and combined to form C3A that was suscep-
tible to sulfate attacks. In low LOI of ground bagasse ashes, the high
Fe,03 and low Al,0; contents increased their resistance to sulfate
attacks, consistent with other researches that showed a low LOI
could increase sulfate resistance [26-29).

4. Conclusions

The principal conclusions of this investigation are summarized
as follows:

1. The replacement rate of Portland cement type 1 by ground
bagasse ash had a greater effect on the compressive strength
of the mortar than did the LOI values (5-20%) of ground bagasse
ash.

2. Mortar bars made using ground bagasse ashes at 10-20% (LOI
between 5% and 20%) to replace Portland cement type I showed
little deterioration after being submersed in a 5% magnesium
sulfate solution for 360 days. However, the use of 30-40% of
ground bagasse ashes with high LOI (larger than 10%) caused
severe deterioration in the mortar bar.

3. The high LOI (larger than 10%) of ground bagasse ash had a
marked effect on lowering the compressive strength of the mor-
tar at the early age (7 days). However, the LOI content of up to

N. Chusilp et al./Construction and Building Materials 23 (2009) 3523-3531

20% had only a slight effect on lower the compressive strength
of mortar at the later age (more than 28 days).

4. A high degree of sulfate resistance could be obtained by using a
mortar containing ground bagasse ash of either a high or low
LOI to replace Portland cement type I not more than 20% by
weight of binder. :

5. A high LOI of a ground bagasse ash, whether it was due to the
carbon content or the unignited bagasse, had no adverse affect
on the properties of a mortar. Nonetheless, ground bagasse ash
with an LOI less than 10% provided an excellent pozzolanic

. material and could be used to partially replace Portland cement
in concrete. This use of ground bagasse ashes will reduce the
amount disposed as waste and be good for the environment.
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This paper presents the performance of 7-year fly ash concrete exposed to hot and high humidity climate
in marine conditions. Control concrete and fly-ash concrete cube specimens of 200 mm were cast and
steel bars of 12 mm in diameter and 50 mm in length were embedded at various cover depths. The con-
crete specimens were exposed to tidal zone of marine environment in the Gulf of Thailand. The concrete
specimens were tested for chloride penetration profile, chloride content at the position of embedded steel
bar, and corrosion of embedded steel bar after being exposed to tidal zone of sea water up to 7 years. Con-
sequently, these experimental data were used to generate the empirical equation for predicting long term
required cover depth of cement and fly ash concretes to protect against the initial corrosion of reinforcing

steel in a marine environment.

The results showed that the increase of fly ash replacement in concrete clearly reduced the chloride
penetration, chloride penetration coefficient, and steel corrosion in concrete. Interestingly, concretes with
the fly ash replacement of 25-50% by weight of binder with a W/B ratio of 0.65 did not have corrosion of
embedded steel bar at 50 mm concrete cover depth at 7-year exposure in a marine environment and pre-
sented the corrosion resistance as good as the cement concrete with a W/B ratio of 0.45. In addition, the
empirical model indicated that all predicted data were within +15% error of the tested data (up to
7 years). Also, the model was verified by using the investigated data of concrete exposed to a marine envi-
ronment up to 10 years from other researchers: most predicted results were within +25% error of the

investigated data.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Presently, there has been a renewed emphasis on improving
durability and increasing service life of concrete structures. Since,
the financial impact of rehabilitating structures that have failed
prematurely due to improper design and construction methods is
enormous. Therefore, the study on material design method for sup-
porting concrete structures under the severe condition is very
important. Under the severe condition, marine concrete structure
is widely concerned for long term serviceability. It is well known
that the destroying of concrete structure in marine environment
is mainly due to sulfate attack and the corrosion of steel under
chloride attack. However, all of these mechanisms are combination
of many influences, such as moisture, temperature, impacted force,
abrasion by sand in sea water and [1,2]. One way to increase ser-
vice life is to design, specify, and build structures using concrete
with particular properties. These properties can easily be improved
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by using concrete with a low water-binder (W/B) ratio or by using
fly ash to replace some of Portland cement in concrete [3,4].
Throughout, the compromise between material and durable design
method are necessary. The field indicator of concrete in marine site
is preferred to achieve the suitable design and development for
high durability concrete.

Many researchers have obtained the durability data of marine .
concrete structure in long-term exposure [5-7]. However, a few re-
searches studied on the corrosion of fly ash concrete relating to fly
ash replacement level, various concrete cover depths, corrosion of
steel, and chloride penetration profile [7.8]. Moreover, it has not
been found the long term durable data of concrete in a marine
environment of Southeast Asia which is in a hot and high humidity
climate. Besides, the prediction of long term performance of mar-
ine concrete is needed for durability design. Furthermore, the
development of empirical model to predict the corrosion of steel
reinforcement in fly ash concrete over long-term exposure to a
marine environment requires investigated data gathered from
experimental sites. Thus, the performances of 7-year fly ash con-
cretes exposed to a hot climate in marine condition were presented
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. Table 1

Chemical composition of Portland cement type I and fly ash.

in this study. Consequently, the prediction of cover depth of fly ash
concrete required to protect reinforcing steel against initial corro-
sion in a marine environment for a specified period was developed
based on experimental data. The model's validity was verified
using data obtained from specimens in a marine environment in
Thailand and from previous researches. 3

2. Specimen preparation and testing

The specimens used were 200 mm concrete cubes containing
0%, 15%, 25%, 35%, and 50% fly ash as a replacement of Portland ce-
ment type L. Concrete samples had W/B.ratios of 0.45, 0.55, and
0.65. Round bars (grade SR 24 yield strength of 240 MPa) with a
diameter of 12mm and a length of 50 mm were embedded .in
the concrete samples at cover depths of 10, 20, 50, and 75 mm. Ta-

Table 2
Mixture proportions of concrete samples.

bles 1 and 2 list the chemical properties of cementitious materials

and mix proportions of concretes, respectively. After casting for

28 days, the concrete specimens were transferred to a seashore

at Chonburi Province, Thailand (Fig. 1). Concrete samples at this

marine site were exposed to two wet-dry conditions daily. Annual -
temperatures at this site range from 25°C to 35°C. Table 3 lists the

chemical analysis of the sea water. After exposure to this environ-

ment for 2, 3, 4, 5 and 7 years, the samples were dry-cored and

tested to determine the chloride penetration profile and chloride

content at the position of the embedded steel bar. Chloride concen-

trations were determined using the acid-soluble chloride method

set out by ASTM C1152 [9], resulting in the total chloride content

(by weight of binder) in concrete. Besides, the concrete cubes were

cored to obtain cylindrical concretes of 50 mm in diameter and

100 mm in height. The compressive strength of the cored concretes

were determined and the result was the average of 3 samples. Fi-

nally, the 200 mm concrete samples were then crushed, and the

corrosions of the embedded steel bars were measured in term of
the percentage of rusted area.

3. Experimental results
3.1. Chloride penetration

Fig. 2 shows the chloride penetration profiles of cement con-
crete and fly ash concretes with a W/B ratio of 0.45 at 7-year expo-
sure in a marine environment. It is seen that fly ash concretes
provide lower chloride content than concrete without fly ash. This
result is confirmed by several researches that the pozzolanic reac-
tion of fly ash in concrete performs lower permeability, thus leads
to lower chloride ingress than normal concrete [10-16]. Interest-
ingly, all fly ash concretes with a W/B ratio of 0.65 had chloride
penetration at 7-year exposure lower than that of cement concrete

' Water td'bind Flya

ixtprg:prbpd&ibh"bf concrete (kg

Ce Fly a
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Fig. 1. Concrete specimens at a tidal zone in the Gulf of Thailand (Chonburi Province).

Table 3
Chemical analysis of sea water.
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Fig. 2. Chloride penetration profiles of fly ash concretes with a W/B of 0.45 at 7-
year exposure in a marine environment.
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_Fig. 3. Chloride penetration profiles of cement concrete with a W/B ratio of 0.45
and fly ash concretes with a W/B of 0.65 at 7-year exposure in a marine
environment.

with a W/B ratio of 0.45 as shown in Fig. 3. This result indicated
that the use of fly ash in concrete with lower strength grade (W/
B of 0.65) has higher resistance to chloride ingress than the one
with higher strength grade (W/B of 0.45). For instance, concretes
containing fly ash of 15%, 25%, 35%, and 50% by weight of binder
with a W/B ratio of 0.65 had chloride concentration at 35 mm cov-
er depth of 1.5%, 1.0%, 0.5%, and 0.1% by weight of binder, respec-
tively while cement concrete with W/B ratio of 0.45 had the
chloride concentration at the same cover depth of 1.6% by weight
of binder.

3.2. Relationship between compressive strength at 28 days and
chloride penetration coefficient

In this study, chloride penetration coefficient (D) was evaluated
based on the general solution of Fick’s second law of diffusion as
given in Eq. (1) [17].

R )

where G, is the total chloride concentration (% by weight of binder)
at the position x and exposure time t; x, the distance from concrete
surface (mm); t, the exposure time (seconds); C,, the chloride con-
centration at concrete surface (% by weight of binder) at exposure
time t; D, the chloride penetration coefficient (mm?/s) at exposure
time t and erf is the error function.

The determination of D, can be evaluated by fitting the Fick's
second law on chloride penetration profile of the specimens from
experimental site. Fig. 4 shows the fitting curve of Fick’s second
law on chloride penetration profile of concrete with a W/B ratio

chement type I ® 25%-fly ash A 35%-fly ash O 50%-fly asﬂ

10.0
9.0 1
8.0 1
7.0
6.0 -
5.0 1
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Cement concrete,Co=8.0%, Dc = 7.1x10° mm’/s
25%-fly ash, Co=7.5%, Dc = 3.1x10°® mm/s
--------- 35%-fly ash, Co=7.0%, Dc = 1.5x10°° mm/s
S—— = 50%-fly ash, Co=6.5%, Dc = 0.80x10° mm%/s

CI (% by wieght of binder)

Fig. 4. The fitting curve of general solution of Fick’s second law on chloride
penetration profile in concrete with a W/B ratio of 0.65 at 7-year exposure.
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Fig. 5. Relationship between compressive strength at 28 days and chloride pene-
tration coefficient (D.) of fly ash concretes at 7-year exposure.

of 0.65 at 7-year exposure. After the chloride concentration at
concrete surface (C,) was obtained, the regression analysis
yielded the chloride penetration coefficient (Dc) at 7-year expo-
sure in a marine environment. For the same procedure, the val-
ues of D. and C, could be evaluated in the other concrete
mixtures.

Fig. 5 shows relationship between compressive strength at
28 days and chloride penetration coefficient (Dc) of fly ash con-
cretes at 7-year exposure. These results were also compared with
cement concrete with a W/B ratio of 0.45, The results indicated
that all fly ash concretes had lower D. than cement concrete even
though they provided lower compressive strength at 28 days than

o e

65%‘ms(ed
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30% .r.usl.ed
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W/B=0

Cement concrete
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that of cement concrete. All concretes containing fly ash with W/B
ratios of 0.45, 0.55, and 0.65 had lower compressive strength than
those of cement concretes with the same W/B ratios. It should be
noted that the use of fly ash in concrete with low strength grade
(high W/B ratio) had more effect on decreasing chloride penetration
coefficient than the one with high strength grade (low W/B ratio).
For instance, in low strength grade concrete (W/B ratio of 0.65), the
D of concrete at 7-year exposure decreases from 2.9 x 10-5 mm?/s
(15% fly ash replacement) to 0.8 x 10"°mm?/s (50% fly ash
replacement) while the D. of concrete with high strength grade
(W/B ratio of 0.45) decreases from 1.2 x 107° to 0.4 x 10~5 mm?/
s with the same replacement of fly ash. This result was confirmed
by other researcher [18]. However, the effective improvement of
concrete under marine environment, based on strength and dura-
bility of concrete, is to use fly ash as a cement replacement and
to use low W/B ratio of concrete: Since the use of fly ash in concrete
with a low W/B ratio produces the high strength and low permeability,
achieving a high durable concrete.

In this study, 25% and 35%-fly ash concretes with a W/B ratio of
0.45 provided the best performance of concrete to be used in a
marine environment as it processed the high strength and rela-
tively low chloride penetration. Nevertheless, 50%-fly ash con-
cretes had the lowest compressive strength as compared with
the other concrete mixtures (having the same W/B ratio) but it pre-
sented the lowest chloride penetration.

3.3. Steel corrosion

After coring, the cube concrete was broken and the embedded
steel bars were removed from the cube concrete. The corrosions
of embedded steel bars were measured in terms of the percent-
age of rusted area and image recording. Fig. 6 shows the effects
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(a) Embedded steel bars in concretes at 20-mm cover depth
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(b) Embedded steel bars in concretes at 50-mm cover depth

Fig. 6. Corrosion of embedded steel bars in concretes at 7-year exposure in tidal zone of marine environment.
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Fig. 7. Relationship between chloride content and rusted area of 50%-fly ash
concrete with a W/B ratio of 0.65 at 7-year exposure.

of W/B ratio and fly ash replacement on the corrosion of embed-
ded steel bars at 20 and 50 mm cover depths at 7-year exposure.
The use of fly ash is found to reduce the corrosion of the embed-
ded steel bars as shown in Fig. 6a. For instance, concretes con-
taining fly ash 15%, 25%, 35%, and 50% by weight of binder
with a W/B ratio of 045 had percentages of rusted ‘area at
20 mm cover depth of 30%, 40%, 15% and 10%, respectively. In
Fig. 6b, the embedded steel bars with 50 mm cover depth are
rustless in all fly ash concretes, however, slightly rusted of
embedded steel bar can be seen in the concrete with high W/B
ratio and low fly ash replacement (W/B ratio of 0.65% and 15%-
fly ash concrete). Interestingly, the use of fly ash between 25%
and 50% in concretes with a W/B ratio of 0.65 did not show
the corrosion of embedded steel bar at 50 mm cover. depth and

Table 4

Required cover depths of concretes against the initial corrosion of embedded steel bar after 2, 3, 4, 5 and 7 years of exposure in a marine environment in Thailand,

‘W. Chalee et al./Materials and Design 31 (2010) 1242-1249
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Fig. 8. Chloride penetration profile of 50%-fly ash concrete with a W/B ratio o._f 0.65
at 7-year exposure.

presented the corrosion resistance as good as cement concrete
with W/B a ratio of 0.45. In cement concrete, it was found that
the corrosion was reduced with the decrease of W/B ratio. At
7-year exposure, the embedded steel bars in cement concrete
with W/B ratios of 0.55 and 0.65 were severely corroded at the
cover depth of 50 mm. This can be suggested that cement con-
crete with a W/B ratio of more than 0.55 is not appropriate for
practical use in a marine environment because it is rapidly de-
stroyed by sea water within 7-year exposure, however, small cor-
rosion (3% rusted area) is found in cement concrete with a W/B
ratio of 0.45. In this study, it can be concluded that a direct rela-
tionship between the steel corrosion and chloride penetration in
concrete under marine environment are found.
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4. Utilization of experimental data for long term design life
‘analysis

4.1. Cover depth for initial corrosion

The cover depth of concrete required to protect against the ini-
tial corrosion of embedded steel bar was defined by the penetra-
tion depth of threshold chloride in concrete. The threshold
chloride values were determined from the amount of chloride re-
quired to cause the initial corrosion of the steel bars embedded
in the concrete samples. In this study, initial corrosion was defined
as the initial occurrence of rusted steel, approximately 1% of the to-
tal area. The rusted areas were used to determine the threshold
chloride values using the relationship between the rusted area
and the chloride concentration near the embedded steel bar.
Throughout, penetration depths of the threshold chloride could
be extrapolated from chloride penetration profiles or from the rela-
tionship between chloride content and the distance from the con-
crete surface. ; ;

Fig. 7 shows the relationship between chloride content and
rusted area of 50% fly ash concrete with a W/B ratio of 0.65
after 7 years of exposure. At the initial occurrence of rust (~1%

of the steel area), the chloride content was 0.20% by weight.

of binder; this was defined as the threshold chloride content
for 50% fly ash concrete with a WIB ratio of 0.65 after 7 years
of exposure. This threshold chloride content was used to deter-
mine the cover depth of concrete required to protect against
the initial corrosion of embedded steel bar in fly ash concrete
(Fig. 8).
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4.2. Generating empirical equation for prediction of concrete cover
-depth

Table 4 lists the required concrete cover depths to protect
against the initial corrosion of embedded steel bar. The data were
plotted to obtain the relationship between the required concrete
cover depth to protect against the initial corrosion of embedded
steel bar and the exposure period of fly ash concretes with W/B ra-
tios of 0.45, 0.55, and 0.65 (shown in Fig. 9). The relationship be-
tween the required cover depth to protect against the initial
corrosion of embedded steel bar and the exposure period of fly-
ash concrete can be established using a logarithm function, pro-
ducing the following equation to predict the required cover depth
of fly ash concrete to protect reinforcing steel from initial corrosion

" at a specified exposure period:

CD = [o(F) + B In(T) + y(F) + & (2)

where CD is the required cover depth to protect against the initial
corrosion of embedded steel bar in concrete (mm); T, the exposure
period in a marine environment (years); F, the fly ash replacement
(%)and «, B, y and § are the coefficients for a specified W/B ratio, ob-
tained from the following regressions:

o = 6.03(W/B)? — 7.31(W/B) + 1.87 3)
B = —233.1(W/B)? +292.09(W/B) — 65.67 4)
y = —15.99(W/B)? + 16.76(W/B) — 4.29 (5)
& = 677.65(W/B)* — 682.81(W/B) + 181.69 (6)

where W/B = water to binder ratio, ranging from 0.45 to 0.65.
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Fig. 9. Relationship between required cover depth to protect against the initial corrosion of embedded steel bar and exposure time in a marine environment for fly ash

concrete.
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Eq. (2) can be re-written in the other form for predicting the
time for initial corrosion of embedded steel bar in fly ash concrete,
as follows:

T = Exp[CD — (y(F) + 8))/[a(F) + B] 7)

Furthermore, Eq. (7) can predict deactivation time of reinforcing
'steel or the maintenance period if the details of the reinforced con-
crete structure are known (cover depth, W/B ratio, fly ash replace-
ment, and exposure time). k
~ The empirical model was developed based on durable data ob-
tained from an actual experimental site in a marine environment.
It should be noted that it is difficult to control various parameters
in a field site, especially a site with physical effects such as temper-
ature, humidity, and- abrasion-erosion damage. However, the
empirical equation (which was based on data obtained from the
actual experimental site) also included physical and chemical
parameters that damaged concrete structures,

The empirical model can predict the required cover depth of
concrete to protect against the initial corrosion of reinforcing steel
bar in fly ash concrete at any duration of exposure in a marine
environment. It yields good results when W/B ratios range from
0.45 to 0.65, fly ash replacement values range from 0% to 50% by
weight of binder, and the duration of exposure in a marine envi-
ronment is longer than 2 years. However, the model's ability to
predict cover depth is limited; because the model was developed
based on the chloride penetration profile (obtained from dry-cored
200 mm concrete cube specimens), it used only the one-dimen-
sional dispersion of chloride., Therefore, it is limited to a one-
dimensional perspective of chloride ingress from the concrete sur-

_ face to its centre. The model is applicable to practical reinforced

.

concrete structures such as slabs, footings, and other structures
when they are assumed to have one-dimensional chloride ingress.

4.3. Model validation

The empirical model was validated using data obtained from an
experimental marine environment in Thailand and from previous
researches. Fig. 10 compares predicted and actual cover depth re-
sults at 2, 3, 4, 5 and 7 years of exposure. Solid and dotted lines
represent the range within +15% and —15% error of the tested data,
respectively. All predictions were within 15% error of the empirical
results. The predictions were also compared with the results ob-
tained from Thomas and Matthew [7] in a marine environment
in which the cover depths for threshold chloride levels in fly ash
concretes at 2, 4, and 10 years of exposure in a UK marine environ-
ment were investigated. Fig. 11 compares Thomas and Matthews's
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_Fig. 10. Comparison of predicted and experimental required cover depth to protect
against the initial corrosion of embedded steel bar in fly ash concrete after 7 years
of exposure in a marine environment.
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Fig. 11. Relationship between predicted and experimental cover depths of
concretes to protect against the initial corrosion of reinforcing steel bar based on’
Thomas's data [7].

results [7] to the predicted values; most predictions were within
25% error of the tested data.

Fig. 12 shows the required cover depths of cement concrete and
30% fly-ash concrete to protect against the initial corrosion of rein-
forcing steel, according to the predictions by Thomas [19] and our
empirical model. The predictions differed slightly for fly ash con-
cretes within a 40-year exposure period, after which the models
yielded quite different predictions: the empirical model predicted
that less concrete cover depth would be required. The two models
predicted the same cover depth for cement concrete within a 10-
year exposure period. Thomas’s model [19] is based on the penetra-
tion coefficient of chloride, calculated from the fitting of data over
four years and threshold chloride values of 0.7% for cement con-
crete and 0.5% for fly ash concrete. These data were gathered from
specimens exposed to the tidal zone of a marine site in Essex, UK,
where the climate varies greatly from warm summers to cool win-
ters. In contrast, the empirical model was based on experimental
data from a marine site in Southeast Asia, which is always hot
and humid. However, the predictions of both models indicated that
use of fly ash in concrete considerably reduces the required cover
depth to protect against the initial corrosion of steel. Predictions
by Thomas’s model [19] and by the empirical model indicated that
for a 50 mm cover depth, the time to initiate corrosion in reinforc-
ing steel was approximately 7 and 8 years for cement concrete and
30 and 24 years for concrete containing 30% fly ash, respectively.
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Fig. 12. Comparison of the cover depths of concretes to protect against the initial
corrosion of reinforcing steel bar in cement concrete and 30%-fly ash concrete in a
marine environment from the empirical model and from Thomas’s model [14].
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Fig. 13. Relationship between the initial corrosion of reinforcing steel and the cover
depth of fly ash concrete with a WI|B ratio of 0.45 after exposure to a marine
environment for 30 years, based on the empirical model.

Another study, Shafiq [20] predicted the required cover depths
for specified service lifetimes of 50 and 120 years based on the cor-
rosion by 1% chloride content in fly ash concrete, Shafiq [20] pre-
dicted that 40% fly ash concrete with a W/B ratio of 0.50 would
require a cover depth of 50 mm for 50 years and.75 mm for
120 years to protect against the initial corrosion of reinforcing steel;
the empirical model predicted a required cover depth of 55 and
65 mm for the same conditions. The different predictions may be
that Shafig’s prediction [20] is based on corrosion damage by 1%
chloride content, whereas the empirical model is based on the de-
fined initial corrosion of 1% rusted area of embedded steel inaprac-
tice site which has a chloride content of 0.4% by weight of binder.
However, the two models still yielded fairly similar results,

4.4. Use of the empirical model

The empirical model could be very useful to help engineers to
determine a suitable concrete cover depth for a reinforced concrete
structure in sea water. In addition, the time for initial corrosion of
the reinforcing steel in concrete can be predicted and then, the
maintenance of the reinforced concrete structure will be followed.
The empirical model can predict the time to the initial corrosion of
reinforcing steel in concrete when the cover depth and the charac-
teristics of concrete are known. Fig. 13 shows the relationship be-
tween the time to initial corrosion in reinforcing steel and the
required cover depths of 20%, 30%, 40% and 50% fly ash concretes
with a W/B ratio of 0.45. For example, if a 50 mm cover depth is re-
quired to last 20 years (time to initial corrosion), up to 30% of fly
ash will be needed to replace Portland cement in concrete with a
W/B ratio of 0.45. Furthermore, the model can predict the deactiva-
tion time or maintenance schedule for concrete structures that are
already in service in a marine environment when the details of the
concrete are known (i.e., cover depth, W/B ratio, fly ash replace-
ment, and exposure time).

5. Conclusions

1. The increase of fly ash replacement in concrete clearly reduces
the chloride penetration, chlcride penetration coefficient, and
steel corrosion in concrete.

2. Decrease of W/B ratio results in the decrease of chloride pene-
tration coefficient (D). It is also found that the decrease of W/
B ratio is more effective on reducing D. in low volume fly ash
concrete (15-25% replacement) than in high volume fly ash
concrete (35-50% replacement).

3. At 7-year exposure in sea water, concretes containing 25-50%
of fly ash as a cement replacement and having a W/B ratio of
0.65 have equivalent or better resistance of steel corrosion than
that of cement concrete with a W/B ratio of 0.45.

4. The empirical model can predict the required concrete cover
depth to protect against the initial corrosion of reinforcing steel
in cement and fly ash concretes for exposure period longer than
two years in a marine environment. It yields good results for
concretes with W/B ratios ranging from 0.45 to 0.65 and fly
ash replacement from 0% to 50% by weight of binder. However,
the application of the model is limited to a one-dimensional
ingress of chloride info concrete structures. 3
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Rice husk and bark ash (RHBA) was used as a rich Si0; source to partially replace fly ash in making geo-
polymer. Consequently, the Si0,/Al,05 ratio was extended to the wide range of 4.03-1035. Compressive
strength, degree of reaction, and microstructure of the geopolymers were investigated to observe the
effect of SiO,/Al,05 ratio. Results revealed that the optimum Si0,/Al,0; ratio to obtain the highest com-
pressive strength was 15.9. Fly ash was more reactive than RHBA. It was also shown that not only the
reactivity of the source materials but also the quality of the matrix contributed to the enhancement of
compressive strength of the geopolymer paste. ¢

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Unlike high-volume fly ash (HVFA) concrete, geopolymer is syn-
thesized by the polycondensation of silico-aluminate structures.
Highly alkaline solutes such as NaOH and KOH are incorporated
with source materials rich in SiO; and Al;05. There is no Portland
cement involved in this cementing material. Normal hydration or
pozzolanic reaction processes cannot be used to describe the geo-
polymeric reaction. Davidovits [1] described three basic forms of
silico-aluminate structures corresponding to Si/Al ratios of 1, 2,
and 3 as polysialate, polysialate-siloxo, and polysialate-disiloxo.
The matrix is bonded together by any form of 3D cross-linked
chain. Many researchers [2-4] have considered the role of the
5i0,/Al,03 ratio in the properties of geopolymer. However, with
constrained material sources such as fly ash and kaolin, SiO,/
Al,0; varies in a narrow range of 1-4. Fletcher et al. [5] extended
the limit of studies by observing the effect of Si0,/Al,0; ratios from
0.5 to 300 on the setting and hardening properties of geopolymer.
Itis interesting to observe that increasing the SiO,/Al,0;3 ratio to 16
results in higher compressive strength. Beyond this ratio, compres-
sive strength rapidly reduces and the geopolymer becomes elastic
rather than brittle. ‘

Other work [5] used dehydroxylated kaolinite and fine amor-
phous silica as starting materials. In practice, it is costly to use

* Corresponding author. Tel.: +66 2 2131524; fax: +66 2 587 6930.
. E-mail address: ssy@kmutnb.ac.th (S. Songpiriyakij).

0950-0618/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.conbuildmat.2009.09.002

materials rich in Si'and Al other than byproduct materials. We fo-
cus primarily on using rice husk and bark ash (RHBA) as a Si-rich
material, incorporating it with lignite fly ash as starting materials,
and testing the product’s compressive strength over a wide range
of Si0,/Al,05 ratios. Moreover, degrees of reaction corresponding
to the SiO,/Al,0; ratio are presented.

2. Experimental program
2.1. Materials

Fly ash and RHBA were used as starting materials. RHBA was obtained from a
biomass electricity power plant from burning of rice husks and bark at a ratio of
70:30. The burning temperature was around 400 °C. The chemical compositions
are shown in Table 1. RHBA was ground in a ball mill until 98% of the particles were
smaller than 45 pm. Fly ash was not processed as 66% of the particles were smaller
than 45 pm. Sodium hydroxide solutions of 14 and 18 M concentration were pre-
pared by dissolving NaOH pellets in distilled water. Sodium silicate solution with
composition of 8.9 wt.% Na,0, 28.7 wt.% Si0,, 62.5 wt.% H;0 was also used.

2.2. Mix proportions

Ashes were dry blended in a jar at proportions of FA:RHBA of 100:0, 80:20,
60:40, 20:80, and 0:100 by weight. NaOH and sodium silicate solutions were also
premixed in plastic containers and left overnight to cool to room temperature. A to-
tal of 11 mix proportions were used, as shown in Table 2.

Two series of mixes were used in this experiment. For the first series, seven
mixes were prepared with varying SiO,/Al,0; ratios by varying RHBA:FA ratios.
For the second series, four mixes were prepared to vary the liquid fractions (activa-
tor) by changing sodium silicate/NaOH ratios. The list of key chemical ratios is
shown in Table 3. It should be noted here that Si0,/Al,0;5 ratios could be varied
in a wide range by varying FA:RHBA ratios.
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Table 1
Chemical composition of starting materials.

2.3. Test details

Samples were cast in 30 mm diameter by 60 mm height cylindrical molds and
vibrated for 5 min to reduce entrained air. The pastes with high RHBA content were
quite sticky and required extra effort in casting in a mold. All samples were de-
molded 24 h after casting. They were wrapped with polyurethane sheet to prevent
moisture loss. A mixture was chosen to observe the effect of curing temperatures,
Two curing conditions, room curing at 27 °C and oven curing at 60 °C for 24 h were
used. Samples were then left at room temperature until the tested ages. Samples
‘were tested for compressive strength at 3, 7, 14, 28, and 90 days. Portions of broken
sample at the age of 28 days were used for the scanning electron microscopy and
energy dispersive spectroscopy (SEM/EDAX) studies.

Degrees of reaction of some samples were tracked by chemical processes. Geo-
polymer product was ground and attacked by picric acid (5 g dissolved in methyl
alcohol 10 g and 20 g distilled water added). The sample was stirred for 45 min
and poured through filter paper with a pore size of 2.5 pm. The remains were oven
dried at 100 °C for 24 h and then heated in an oven at 1000 °C for 3 h. The residue
was considered to be the unreacted portion of the fly ash. This method was used to
determine the degree of pozzolanic reaction [6-8]. A similar method with other

media was also used to determine the degree of geopolymerization by Fernan-

dez-Jimenez et al. [9].

3. Results and discussion
3.1. Effect of S5i0,/Al,05 ratios on compressive strength

The Si0,/Al,05 ratios were varied from 4.03 for the 100% FA
mixture to 1035 for the 100% RHBA mixture, as shown in Table

Table 2
Mixture proportions.
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Table 4
Compressive strength of pastes.

* H=cured at 60 °C for 24 h after demolding.

4. The compressive strength results of series 1 are shown in
Fig. 1. It should be noted here that the other chemicals were kept
optimum and varied within a narrow range. Compressive strength
increased as the SiO,/Al0; ratio increased. The compressive
strength at 3 days was 10.9 MPa at an Si0,/Al,05 ratio of 4.03
(100% FA). The strength increased rapidly when some RHBA was
added. The addition of RHBA enriched the Si in the matrix, which
allowed stronger Si-O-Si bonds to form. When the ratio of about
10 (65FA60 18M25 mix) was reached, the rate of compressive
strength development became slower. The strength actually
dropped when the ratio exceeded 15.9. When the Si0,/Al, 03 ratio
Wwas greater than eight, the mixtures were very sticky and difficult
to pour into the mold. The compressive strength at 3 days of
65FA60 18M25 (Si0/Al,03 = 15.9) paste with room temperature

NaOH 18 M.

xxFAyy zzMn: xx = % of solid fraction, yy=

Table 3

% of fly ash in solid fraction, zz = molarities of NaOH, and n = Na,0Si0,/NaOH ratio.

Key chemical ratios of mixtures.
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curing was 24.3 MPa. After demolding at age of 2 days, the same
mixture was cured at 60 °C for 24 h. The compressive strength of
this paste reached 49.2 MPa within 3 days, comparable with the
28-day strength of paste cured at room temperature. The compres-
sive strength of all mixtures increased with time similar to the nor-
mally observed Portland cement materials.

For the mixtures with S5i0,/Al,0; ratios higher than 15.9, expan-
sion of the specimens with time was observed and cracking started
to occur after a month. This leads to the need for more research on
expansion and the mechanism of this behavior. A 65FAQ0 18M25
paste specimen (SiO,/Al,0; = 1035) expanded and cracked within
the first day after demolding. The 65FA20.18M25 and 65FA30
18M25 paste specimens cracked after 1-2 months, There was no

- compressive strength gain for adding more RHBA when the SiO,/

Al;0s ratio was higher than 15.9, as shown in Fig. 1. Previous work
[2-4] on fly ash geopolymer reported optimum Si/Al ratios of 1.70-
1.90 for maximizing compressive strength.

Fletcher et al. [5] synthesized geopolymer from dehydroxylated
kaolinite and amorphous silica with Si02/Al,03 from 0.5 to 300 (Si/
Al =0.26-156) and showed that the compressive strength of the
geopolymer paste increased as the Si0,/Al,0; ratios increased.
When the Si0,/Al,0; ratio was higher than 16, the compressive
strength tended to drop and the failure mode changed from crush-

.ing to deformation. We also found this transformation from brittle
to elastic materials at SiO,/Al,0; at 15.9,

3.2. Influence of Na,0 on compressive strength

Although the main point of this research was to identify the
influence of the Si0,/Al,05 ratio on the compressive strength of
geopolymer paste, the effect of Na,O was not completely ignored.
Na;0/Si0, and Na,0/Al,0; ratios represented the amount of OH™
in the mixtures. The observation of the influence of Na,O on the
compressive strength of geopolymer paste was carried out inseries
2. In this series, the proportion of powder was kept constant and
the proportion of activator was varied to obtain a wide range of
NaOH in the mixtures. Table 3 shows that Si0,/Al,05 ratios chan-
ged in a narrow range between 14.51 and 16.14. The results shown
in Fig. 1 indicated that this small range had negligible effect on
compressive strength. Na,0/SiO, and Na,0/Al, 05 ratios were the
main variables affecting compressive strength in this series.
Na,0/Si0; ratios were between 0.14 and 0.23 and Na,0/Al,0; ra-

“tios were between 2.21 and 3.37.

The results as shown in Figs. 2 and 3 indicated that the decrease

in Na,0/Si0, and Na,0/Al,0; (or less Na,0) resulted in increases in
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compressive strength of the geopolymer. High Na,O content was
found to promote an amorphous-crystalline transformation in
the system. The dense amorphous matrix exhibited the higher
compressive strength [10]. The results conformed to previous re-
search [10,11}]; however, our work provided the results at very
high 5i0,/Al,05 ratios (between 14.51 and 16.14). Thus, we have
validated the effect for a wide range of SiO,/Al,0; (3-16.14).
Chindaprasirt et al. [11] reported that the optimum sodium sili-
cate/NaOH ratios of fly ash geopolymer were between 0.67 and
1.0, and NaOH concentrations between 10 and 20 M had a small ef-
fect on compressive strength.

3.3. Rate of reaction

Three proportions of paste, 100% FA, 40% FA-60% RHBA, and
100% RHBA mixtures were selected for the investigation of degree
of reaction. The 65FA40 18M25 (Si02/Al,05 = 15.91) paste was
cured both at room temperature and oven cured. The results are
shown in Table 5. Some particles reacted immediately in the disso-
lution stage, because silicon and aluminum jons were released into.
solution to form Si-0-Si, Si-O-Al, and Al-O-Al structures. These
matrixes were easily washed by mild acid, and unreacted particles
remained. The degree of reaction of the 100% FA mixture was
23.47% immediately after mixing and increased rapidly to 55.44%
at 24 h during the hardening process. Afterward, the reaction
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Table 5
Degree of reaction.

* H=cured at 60 °C for 24 h after demolding.

~ was relatively slow. However, the compressive strength of the
paste continued to develop after that time. It is noted that the reac-
tion in the solid phase of geopolymeric paste does not require
moist curing to the same extent as the hydration.

The 100% RHBA mixture showed less reaction than the 100% FA
mixture. A degree of reaction of 13.29% was obtained immediately
after mixing and only 40.20% was obtained after 28 days. However,
the compressive strength did not match the degree of reaction re-

70
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Fig. 4. Degree of reaction, H = cured at 60 °C for 24 h after demolding.

sults. This mixture expanded and cracked after demolding. Previ-
ous work [12] has reported that the Al ion is always required, to
form the stronger aluminosilicate compound. However, silicate
gel or glass gel did not provide compressive strength. The sample
65FA40 18M25 with a Si0,/Al,0; ratio of 15.91 gave the expected
result. The degree of reaction was lower than that of 100% FA but
higher than that of 100% RHBA. However, it was observed that
the lesser reaction resulted in the relatively high strength of
51.0 MPa at 28 days with degree of reaction of 46.25%. In contrast,
sample 65FA100 18M25 reacted faster to 65.21%, but had a lower
compressive strength of 34.0 MPa. It was evident that not only
the degree of reaction but also the quality of the matrix was
responsible for the compressive strength. With higher Si0,/Al,03
ratios, complex frameworks were formed and consequently exhib-
ited higher compressive strength.

To observe the effect of curing temperature, samples of 65FA40
18M25 were cured at room temperature of 27 °C and oven cured at
60 °C for 24 h. The results shown in Fig. 4 indicate that the rate of
reaction was enhanced with high-temperature curing. The rate of
reaction jumped from 32.14% to 41.25% within 24 h while it grad-
ually increased to 33.31% for normal room temperature curing.
This resulted in significant gain in compressive strength.

3.4. SEM and EDAX description

SEM and EDAX were taken from broken portions of 28-day
compressive strength test samples. Fig. 5 shows that the matrix

2.22 12.72
41.35 5118

Fig. 5. SEM and EDAX taken from a broken portion of a 28-day sample of mix.
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was not homogenous: some fly ash particles remained unreacted,
but were bonded in the matrix. Xu and Van Deventer [13] sug-
gested that these unreacted mineral particles are not acting as fil-
ler. The bonding is the result of complex reactions between the
mineral surfaces, adding to the late strength of the matrix.

It was found that the Si/Al ratios of geopolymer products were
slightly different from the input Si/Al ratios (see Table 3). However,
there was a tendency that as the Si/Al input increased, the Si/Al of
the end product increased-as well. The same result was found in
previous work [14].

4. Conclusions

Our systematic study of the effect of Si/Al ratio of geopolymer
paste allows us to conclude as follows.

1. RHBA is a good silicon-rich source and can be used to partially
replace fly ash to produce high Si/Al ratio geopolymers. Its
incorporation can change the geopolymer's mechanical
properties.

2. The optimum Si/Al ratio for maximum compressive strength of
this FA-RHBA geopolymer was eight (Si0,/AL,0; = 15.9). A geo-
polymer with the relatively high compressive strength of
73 MPa could be obtained. .

3. The behavior of the geopolymer changed from brittle to rela-
tively elastic materials as Si0,/Al,05 ratios increased above
15.9. Care should be taken when the Si0,/Al,03 ratio is
increased to a very high value, as the geopolymer expanded
and cracked with aging.

4. In this study, the Na,0/Si0, ratios were between 0.14 and 0.23
and Na,O/AL,03 ratios were between 2.21 and 3.37. The com-
pressive strength of the geopolymer increased with decreases
in the Na,0/Si0, and Na,0/Al,0; ratios.
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The capacity of binding chloride ions in fly ash concrete under marine exposure was studied. The free and
total chloride contents in concrete were determined by water and acid-soluble methods, respectively. In
order to study the effects of W/B ratios, exposure time, and fly ash contents on chloride binding capacity
of concrete in a marine site, a class F fly ash was used as a partial replacement of Portland cement type I at
0%, 15%, 25%, 35%, and 50% by weight of binder. Water to binder ratios (W/B) were varied at 0.45, 0.55,
and 0.65. Concrete cube specimens of 200 mm were cast and placed into the tidal zone of a marine envi-
ronment in the Gulf of Thailand. Consequently, acid-soluble and water-soluble chlorides in the concrete
were measured after the concrete was exposed to the tidal zone for 3, 4, 5, and 7 years. It was found that
the percentage of chloride binding capacity compared to total chloride content increased with the

Keywords:

Chloride binding capacity
Total chloride

Free chloride

Fly ash increase of fly ash in the concrete. The percentage of chloride binding capacity significantly decreased
Concrete within 3-4 years after the concrete was exposed to the marine environment, and then its value was
Marine environment almost constant. The research also showed that the W/B ratio does not noticeably affect the chloride bind-
Thailand

ing capacity of concrete.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

At present, the development of concrete mixtures that are
highly resistant to the ingress of chloride ions is very important
for concrete in marine environments. In order to achieve durable
concrete, the concrete should have low permeability and high
resistance to chloride ingress. For concrete in marine environ-
ments, several factors must be considered, such as the chloride dif-
fusion coefficient, threshold chloride, chloride binding capacity,
and so on [1-4]. The binding of chlorides in hydrated cement paste
affects the transport rate of chlorides into concrete as well as the
steel corrosion rate and the amount of chlorides necessary to initi-
ate active corrosion [5-7]. Generally, the chloride binding ability
depends on calcium aluminate, which reacts with chloride ions
to form chloroaluminates. The remaining chloride ions in the pore
solution (free chloride) lead to reinforcement corrosion. The effect
of the cement type on the bound chloride was also investigated by
Mohammed and Hamada [8]. Their research confirmed that a high
chloride binding capacity was found in a higher calcium aluminate
cement than in a lower calcium aluminate cement. In addition, the
use of pozzolanic materials can increase the binding ability of chlo-
ride, which has been confirmed by several studies [9-11]. Chloride
binding in concrete is very important for the development of mod-
els for service life predictions of reinforced concrete with respect to

* Corresponding author. Tel.: +66 38 102 2222; fax: +66 38 102 2222x3355.
E-mail address: wichian@buu.ac.th (W. Chalee).

0950-0618/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.conbuildmat.2009.12.039

reinforcement corrosion. Efficient models to predict long term
corrosion of reinforced concrete should be generated based on field
exposure investigation with long term monitoring [12-15]. The
combined destruction of reinforced concrete due to chemicals and
the physical properties of an actual environment is complicated
and requires a long term study. Thus, the goal for constructing con-
crete in a marine environment is to employ methods and materials
that will develop and provide a longer service life for concrete.

2. Materials and method
2.1. Concrete materials and properties

Portland cement types 1 and V and class F fly ash (SiO, + Al,05 + Fe,05 = 79.45%)
from Thailand with a 30-pm mean particle size (dso) were used as cementitious
materials. The chemical properties of fly ash and Portland cement types I and V
are shown in Table 1. Graded river sand and crushed limestone with a maximum
size of 19 mm were used as a fine and course aggregates, respectively.

2.2. Mix proportions and specimen preparation

Control concretes were designed by using Portland cement types I and V to have
compressive strengths of about 30, 40, and 50 MPa at 28 days, which corresponded
to the W/B ratios of 0.65, 0.55, and 0.45, respectively. Fly ash concretes were cast
using fly ash to replace Portland cement type I at 15%, 25%, 35%, and 50% by weight
of binder with the same W/B ratio of the control concretes. The detailed mixture
proportions of concretes are given in Table 2. Concrete cube specimens of
200 x 200 x 200 mm?® were prepared and transferred to the tidal zone of a marine
site in the Gulf of Thailand after being cured in water for 28 days as shown in Fig. 1.
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Table 1

Chemical compositions of the Portland cements and fly ash.
Chemical compositions (%) Sample

Cementtypel  CementtypeV = Fly ash
(FA)

Silicon dioxide, SiO 20.80 21.52 4495
Aluminium oxide, Al,05 5.50 3.56 23.70
Iron oxide, Fe,05 3.16 451 10.80
Calcium oxide, CaO 64.97 66.70:: . 13.80
Magnesium oxide, MgO 1.06 1.20 1347
Sodium oxide, Na,0 0.08 0.10 0.07
Potassium oxide, K0 0.55 e - 2.38
Sulfur trioxide, SO5 2.96 211 131
Loss on ignition, LOI 2.89 : 174 0.52
Tricalcium silicate, G55 56.50 71.60 -
Dicalcium silicate, C,S 17.01 7.68 -
Tricalcium aluminate, CsA 9.23 1.86 =
Tetracalcium aluminoferrite, 9.62 13.72 e

C4AF

2.3. Exposed site condition

The ambient temperature at the exposed site ranges from 25 °C to 35 °C, and the
pH of the seawater ranges from 7.9 to 8.2 while chloride and sulfate compositions in
the seawater range from 16,000 to 18,000 ppm and from 2200 to 2600 ppm, respec-
tively [16]. The concrete specimens were exposed to two wet-dry cycles of seawa-
ter daily.

2.4. Tested program

After the concrete samples were exposed to the seawater for 3,4,5, and 7 years,
the chloride contents of the concretes were investigated to measure the chloride in-
gress into the concrete specimens. The concrete specimens were cored to obtain

100-mm diameter cylinders. The core specimen was dry-cut from the surface which
was 10 mm thick, and then ground into small powdery particles (see Fig. 2). Ten
grams of the concrete powder was needed for chloride tests by acid-soluble and
water-soluble chloride methods, to determine the total and free chloride contents,
respectively. For the acid-soluble chloride test, the analysis conforms to ASTM C
1152 [17], and the analysis conforms to ASTM C1218 [18] for the water-soluble
chloride test.

3. Results and discussion
3.1. Chloride binding capacity

Generally, the chloride binding capacity in concrete can be cal-
culated by subtracting the free chloride content from total chloride
content. In this study, the chloride binding capacity was analysed
in term of percentage chloride binding capacity compared to the
total chloride content. Fig. 3 illustrates the relationship between
free chloride and total chloride content in concretes with W/B ra-
tios of 0.45, 0.55, and 0.65, which were exposed to a marine envi-
ronment for 7 years. Regression analyses were then performed to
obtain their relations. For example, C;=(0.8556)C, where G is
the free chloride content and C; is the total chloride content of
145 concrete after 7 years exposure. According to the relation, the
percentage chloride binding capacity (P.,) as compared to the total
chloride content can be easily determined from Eq. (1):

[(C: — C) x 100]

Pcb = Ct

M

By substituting C; in terms of C; [C;= (0.8556)C,] in Eq. (1), the
percentage chloride binding capacity (P.) of 145 concrete after

Table 2
Mixture proportions of the concretes.
Mix Mixture proportion of concrete (kg/m?) wiB
Cement type | Cement type V Fly ash Fine aggregate Coarse aggregate Water
145 478 - - 639 1024 215 0.45
155 478 - - 639 971 262 0.55
165 478 - - 639 922 311 0.65
V45 = 478 - 639 1024 215 045
V55 = 478 - 639 971 262 0.55
V45 = 478 - 639 922 311 0.65
145FA15 406 72 72 639 1004 215 0.45
[45FA25 350 119 119 639 990 215 0.45
145FA35 311 167 167 639 LT 215 0.45
145FA50 239 239 239 639 957 215 0.45
I55FA15 406 72 72 639 948 262 0.55
I55FA25 359 119 119 639 933 262 0.55
I55FA35 311 167 167 639 918 262 0.55
155FA50 239 239 239 639 897 262 0.55
I65FA15 406 72 72 639 898 . 311 0.65
165FA25 359 119 119 639 881 3¥1 0.65
165FA35 311 167 167 639 864 311 0.65
165FA50 239 239 239 639 840 311 0.65

Fig. 1. Concrete specimens under wet-dry cycles in the marine environment.
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Fig. 2. Concrete coring and cutting for chloride test.
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Fig. 3. Relationship between the free and total chloride contents of concrete after 7 years exposure in the marine environment: (a) W/B = 0.45, (b) W/B = 0.55, (c) W/B = 0.65.

7 years exposure is 14.4%. The percentage chloride binding capac-
ity of the other concrete mixtures at 3, 4, 5, and 7 years exposure
can also be calculated similarly, as shown in Table 3.

Fig. 4 presents the effect of fly ash content on the chloride bind-
ing capacity of concrete at 4, 5, and 7 years after being exposed in
the marine environment. The results showed that the use of fly
ash clearly increased the chloride binding capacity in concrete,
and this was also confirmed by several studies [19,20]. Generally,
chloride binding capacity of concrete depends on the two main mech-

anisms of physical adsorption and chemical reactions [21,22]. For
chemical binding, there is a chemical reaction between bound chlo-
ride and C3A that produces calcium chloroaluminate hydrate
(3Ca0-Al,03-CaCl,-10H,0), sometimes called Friedel's salt. There-
fore, chloride is bound more when the C3A content in the binder
is higher. Based on this study, fly ash contains aluminium oxide
(Al,03) at 23.7%, whereas Portland cement type I contains Al,03
at only 5.5%. For this reason, increasing the amount of fly ash in
concrete also increases the amount of Al,05;, which results in
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5 years of exposure 7 years of exposure

Table 3
Chloride binding capacity of concrete exposed to a marine environment.
Mix Chloride binding capacity (% of total chloride content)
3 years of exposure 4 years of exposure
145 224 13.7
155 16.0 143
165 15.0 13.7
V45 14.9 12,6
V55 13.2 133
V45 135 124
145FA15 248 17.8
145FA25 257 220
145FA35 28 219
145FA50 36.5 26.0
155FA15 19.2 16.2
I55FA25 214 20.0
I55FA35 264 241
155FA50 26.6 243
165FA15 20.7 16.4
165FA25 225 21.8
165FA35 212 £ 245
165FA50 : 303 238

16.6 14.4
143 14.0
15.2 136
15.1 14.0
131 : 13.0
11.0 10.9
17.5 : 17.4
216 + 19.4
247 e 21.0
241 : 23.8
165 16.9
206 195
23.1 24.1
24.0 : 246
16.0 159
18.5 206
217 21.7
232 236

enhancing chloride binding capacity as well [23,24]. For instance,
the concretes containing fly ash 0%, 15%, 25%, 35%, and 50% by
weight of binder with a W/B ratio of 0.45 had P, values at 7 years
exposure of 14.4%, 17.4%, 19.4%, 21.0%, and 23.8%, respectively. In
addition, Portland cement type I used in this study had a higher
C3A content than type V by about a factor of 5. Consequently, type
I concrete had more P, than type V concrete at all W/B ratios for a
given exposure time. For instance, P,, values at 3 years exposure
for the 145, 155, and 165 concretes were 22.4%, 16.0%, and 15.0%,
while those of the V45, V55, and V65 concretes were 14.9%,
13.2%, and 13.5%, respectively (see Table 3). For the physical binding,
chloride can be physically adsorbed on the surface of hydration or poz-
zolanic reaction products, such as C-S-H, C-A-H, ettringite, and
monosulfate. Previous research had reported that the physical bound
of chloride content in cement paste increases with the increasing of to-
tal chloride and WJ/B ratio [21,25].

Fig. 5 shows the relation between percentage chloride binding
capacity and W/B ratio of concretes at 7 years exposure. It was
found that P, is not correlated with the W/B ratio. As a result,
the W/B ratio does not affect the ratio of bound chloride compared
to total chloride ingress in concrete. This result was also confirmed
by previous research [26]. Although the P, of each concrete mix
did not change with the W/B ratio, the chloride binding capacity in-
creased as the W/B ratio increased. This result is due to the physical
binding of chloride in concrete [25]. Besides, the total chloride con-
tent in concrete increases when the W/B ratio increases. This is
due to a higher W/B ratio results in higher porosity in concrete
and thus greater chloride ingresses into the concrete.

Fig. 6 illustrates the effect of the exposure time on the chloride
binding capacity of concrete with a W/B ratio of 0.45 in the marine
environment. The results showed that P., decreased with the
exposure time. For example, 145FA50 concrete at 8.4, 5, and
7 years had P, values of 36.5%, 26.0%, 24.1%, and 23.8%, respec-
tively. Interestingly, P, obviously decreased at 4 years and then
remained almost constant for longer periods (from 4 to 7 years).
Previous research proposed a model for predicting the time-
dependent chloride binding based on experimental data in the lab-
oratory [25]. Their model states that a larger chloride binding
capacity is expected for longer exposure periods for paste. How-
ever, it did not present the bound chloride content as compared
to the total chloride content in cement paste. With increasing
exposure time, more total chloride ingress was found, and the
bound chloride content was greater, even though the percentage

chloride binding capacity (P,) as compared to the total chloride
content was smaller.

3.2. Utilization of chloride binding capacity in marine concrete

The ability to bind chloride ions in concrete can indicate the free
chloride content, which deteriorates reinforced steel of concrete in
a marine environment. As the total ingressing chloride in concrete
is increasingly bound, the free chloride cannot corrode reinforcing
steel as much, and hence the life of the concrete structure can be
prolonged [27]. Therefore, the selection of binding material in or-
der to protect against the corrosion of reinforcing steel by chloride
attack should be taken into account. The selection of concrete
should consider not only low water permeability and high strength
but also the chloride binding capacity of binding material in order
to prevent chloride ingress. This study proposes the percentage
chloride binding capacity (P,) compared to the total chloride con-
tent, which leads to the amount of bound chloride as well as free
chloride content in the pores of cement paste. The results are based
on exposed concrete specimens in the marine conditions for
7 years. Furthermore, the mathematical models were generated
using field data over a long period to achieve the precise prediction
of the steel corrosion and service life of concrete in the marine
environment [28]. Thus, the results in this research can be used
to develop a high efficiency model for predicting the corrosion of
reinforced concrete in a marine site. In addition, the data can assist
in the selection of concrete mixtures suitable for marine
environments.

3.3. Relationship between free and total chloride in concrete in marine
environment

In general, the free chloride content causes corrosion in rein-
forcing steel, but determining its value (by the water-soluble
method) is more difficult than conducting the total chloride con-
tent test (by the acid-soluble method). Therefore, this research pro-
poses an equation for determining the free chloride content from
the total chloride content ingress in concrete by using the data
gathered from the marine site over 7 years. Fig. 7 shows the rela-
tionship between free and total chloride contents of concretes with
WIB ratios of 0.45, 0.55, and 0.65 at 3, 4, 5, and 7 years exposures.
Using the experimental data, the following linear relationships are
proposed for cement and fly ash concrete as shown in Egs. (2)-(7):
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Fig. 4. Effect of fly ash on the chloride binding capacity of concretes at 4, 5, and
7 years exposures in the marine environment.

C;=0.8541(C,); (R = 0.9963), for Portland cement type I concrete (2)
C;=0.8773(C);(R* = 0.9977),for Portland cement type V concrete (3)
C;=0.8350(C,); (R* = 0.9985),for 15%-fly ash concrete (4)
C;=0.8011(C,);(R*= 0.9979),for 25%-fly ash concrete (5)
C;=0.7734(C,);(R* = 0.9986), for 35%-fly ash concrete (6)
C;=0.7661(C,);(R* = 0.9949),for 50%-fly ash concrete (7)

Here, Gy and C; are the free and total chloride contents in concrete,
respectively. According to the equations, the free chloride contents
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Fig. 5. Effect of W/B ratio on the chloride binding capacity of concrete after 7 years
exposure in the marine environment.
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Fig. 6. Effect of exposure time on the chloride binding capacity of concrete with a
W/B ratio of 0.45 in the marine environment.

12.0 1 0o ! - L ©Typel

5 C;=0.8541(C,); Type I concrete (R = 0.9963) (W/B=0.45,0.55,0.65
11. C;=0.8773(C,); Type V concrete (R” = 0.9977) 13,4,5,7-year exposure)
10.0 { C;=0.835(C,); 15%-FA concrete (R* = 0.9985) | OType V

(W/B=0.45,0.55,0.65 ;
3,4,5,7-year exposure)
®15%- FA (W/B=
0.45,0.55.0.65 ; 3,4.5,7
year exposure)
W25%-FA
(W/B=0.45,0.55.0.65 ;
3,4,5,7-year exposure)
A 35%-FA
(W/B=0.45,0.55,0.65
;3,4,5,7-year exposure)
® 50%-FA
(W/B=0.45,0.55.0.65
;3,4,5,7-year exposure)

1'0 11 12
Total CI (% by wt. of binder)

9.0 { C;=0.8011(C,); 25%-FA concrete (R* = 0.9979)
8.0 4 Cr=0.7734(C,); 35%-FA concrete (R = 0.9986)
GE C;=0.7661(C,); 50%-FA concrete (Rz =0.9949)

Free CI' (% by wt. of binder)

ooe,.s-
e o T S B

Fig. 7. Relationship between free and total chloride contents of concrete with W/B
ratios of 0.45, 0.55, and 0.65 at 3, 4, 5, and 7 years exposures.

of Portland cement types I and V, 15%-fly ash, 25%-fly ash, 35%-fly
ash, and 50%-fly ash concretes are 85.41%, 87.73%, 83.5%, 80.11%,
77.34%, and 76.61% of the total chloride content, respectively. The
relations show that as the percentage replacement of fly ash in-
creases, the free chloride content in terms of the total chloride con-
tent decreases, which corresponds to the increase in the chloride
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binding as previously presented. These equations are very useful in
determining the free chloride content, which affects steel corrosion.
In addition, they could also be used to determine the threshold
chloride with regard to the design of concrete durability.

4. Conclusions

Based on the results and discussions, the following conclusions
are made.

1. The increase of fly ash replacement of cement in concrete
resulted in an increasing the percentage chloride binding capacity
(Pep) as compared to the total chloride content.

2. Increasing the exposure time of concrete resulted in a decreas-
ing the percentage of chloride binding capacity (P.) as com-
pared to the total chloride content.

3. The W/B ratio of concrete has small effect on the chloride bind-
ing capacity of concrete exposed to a marine environment.

4. The proposed linear relationships between the free and total
chloride contents in concretes show reasonably good correla-
tion with field data obtained from the marine exposure site,
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Abstract: This study used high fineness of fly ash as a cement replacement to improve recycled aggregate concrete properties. The
mixture proportions of recycled aggregate concretes were first prepared using 100% recycled coarse aggregate, and then river sand was
replaced with recycled fine aggregate at 0, 50, and 100% by weight of the fine aggregate (river sand plus recycled fine aggregate). Results
indicated that use of 35-50% fly ash (with respect to total cementitious content) of high fineness could improve slump loss behavior in
recycled aggregate concretes. Greater proportions of recycled fine aggregates decreased the compressive strength of concrete. However,
use of high fineness of fly ash (1.2% retained on a No. 325 sieve) in recycled aggregate concrete could produce greater compressive
strength than that of the recycled aggregate concrete alone. The splitting tensile strength of the recycled aggregate concretes containing
high fineness of fly ash was 8.2% of its compressive strength, slightly lower than that of the normal aggregate concrete. The modulus of
elasticity of recycled aggregate concrete, with or without high fineness of fly ash, was lower than that of the normal aggregate concrete
and about 5.9% lower than the value predicted by ACI 318. The results suggest that high fineness of fly ash can be used to improve

various properties of recycled aggregate concrete.
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Introduction

Globally, the concrete industry consumes large quantities of natu-
ral resources, which are becoming insufficient to meet increasing
demands. At the same time, many old buildings have reached the
end of their service life and are being demolished, resulting in
wasted concrete; some concrete waste is used as backfill material,
and much being sent to landfills. Recycling concrete by using it as
new aggregate in concrete could reduce concrete waste and con-
serve natural sources of aggregate.

Many studies have attempted to use recycled aggregate in con-
crete and have concluded that it reduces the compressive strength
of concrete (De Oliveira and Vazquez 1996; Katz 2003;
Tangchirapat et al. 2008). Chen et al. (2003) conducted a litera-
ture review and reported that the compressive strength of concrete
containing 100% recycled coarse aggregate (RCA) could be as
low as 60% of the compressive strength of concrete made from
normal aggregate. Poon et al. (2004) found that concrete should
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contain no more than 50% RCA in the air-dried state to yield
normal strength recycled aggregate concrete. In addition to pro-
ducing low compressive strength, recycled aggregate allows high
water absorption and results in low concrete workability. Topgu
and Sengel (2004) reported that concrete containing more than
50% recycled aggregate is especially problematic for workability.
More details on considerations for evaluating and processing
waste concrete for production of aggregates suitable for reuses in
concrete construction are presented in ACI 555R-01 [American
Concrete Institute (ACI) Committee 2005b].

Due to the low compressive strength and low workability of
concrete containing recycled aggregates, most previous studies of
recycled aggregate in concrete have focused on replacing either
coarse or fine aggregate and have been limited to low replacement
levels of recycled aggregate. Several methods were used to im-
prove concrete containing recycled aggregates. Otsuki et al.
(2003) used a double mixing method in the case of high water-
binder ratio to increase strength, chloride penetration, and carbon-
ation resistance of concrete using recycled aggregates.
Montgomery (1998) used ball mill to treat the aggregate in order
to remove the old cement paste from the aggregate and found that
this method could be used to increase the strength of recycled
aggregate concrete. Katz (2004) treated the recycled aggregate by
impregnation of silica fume solution and by ultrasonic cleaning.
He found that an increase of 30 and 15% in the compressive
strength at the ages of 7 and 28 days was found after the silica
fume treatment and the improvement of 7% was observed in the
ultrasonic treatment. Another method to overcome these short-
comings is to incorporate a pozzolanic material in the concrete
mixture.

Fly ash is known to be a good pozzolanic material and has
been used to increase the ultimate compressive strength and
workability of fresh concrete (Mehta 1985). Naik and Ramme
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Table 1. Physical Properties of Portland Cement Type 1 and Fly Ash before and after Grinding

Retained on a 45-um sieve

(Number 325) Median particle size, ds,
Sample Specific gravity (%) (um)
Portland cement 3.15 NA 14.6
Fly ash before grinding 2.19 425 27.1
Fly ash after grinding 2.72 1.2 70

Note: NA is not applicable.

(1989) produced concrete mixes containing large quantities of fly
ash which achieved compressive strengths of 21 and 28 MPa
within 28 days. Influence of fly ash as a cement replacement on
the compressive strengths, tensile strengths, and static modulus of
elasticity values of recycled aggregate concrete was also shown in
studies by Kou et al. (2007). They found that the mentioned prop-
erties decreased as the recycled aggregate and the fly ash content
increased. It should be noted that fly ash used in this study did not
have high fineness. High fineness of fly ash is accepted to be an
excellent pozzolanic material. It was found that high fineness of
fly ash (mean diameter, ds, about 3.8 pm) can be used to pro-
duce high-strength concrete of 70 MPa at the age of 7 days
(Jaturapitakkul et al. 2004). In Thailand, the Mae Moh power
plant is the largest producer of fly ash, approximately 9,000 tons
per day or 3 million tons per year. Because of this massive quan-
tity, considerable funds are expended on transporting and dispos-
ing of the fly ash and minimizing environmental impacts.
Therefore, using high fineness of fly ash as a cement replacement
in recycled aggregate concrete cannot only increase the compres-
sive strength and workability of recycled aggregate concrete, but
also increase use of fly ash and reduce the amount of fly ash sent
to landfills.

This study investigated high fineness of fly ash as a cement
replacement in concrete containing high levels of recycled aggre-
gate. Only recycled aggregate concrete containing a high percent-
age of recycled aggregates (i.e., 100% RCA) was used, and then
recycled fine aggregate (RFA) was used to replace river sand at 0,
50, and 100% by weight of the fine aggregate. Slump loss of fresh
concretes and mechanical properties of recycled aggregate con-
cretes such as compressive strength, splitting tensile strength, and
modulus of elasticity were investigated and compared with those
of normal aggregate concrete (NAC). Using of the two often
wasted materials, recycled aggregate and fly ash, will reduce the
volume of waste, thereby improving the environment, and use of
recycled aggregate will also help conserve supplies of natural
aggregates.

Table 2. Chemical Compositions of Portland Cement Type I and High
Fineness of Fly Ash

Chemical composition Portland cement High fineness

(%) type I of fly ash
Silicon dioxide (SiO,) 20.9 41.9
Aluminum oxide (Al,05) 4.7 21.5
Iron oxide (Fe,0;) 34 12.7
Calcium oxide (CaO) 65.4 139
Magnesium oxide (MgO) 12 2.6
Sodium oxide (Na,0) 0.2 2.7
Potassium oxide (K,0) 0.3 25
Sulfur trioxide (SO;) 2.7 0.6
Loss on ignition (LOI) 0.9 0.7

Experimental Program

Materials

Cement

Portland cement type I was used in NAC and recycled aggregate
concretes. Tables 1 and 2 list its physical and chemical properties,
respectively.

Fly Ash

Fly ash class F was obtained from the Mae Moh power plant
located in Northern Thailand. Table 1 lists the physical properties
of Portland cement type I and fly ash before and after grinding
while Table 2 shows the chemical composition of Portland ce-
ment and high fineness of fly ash. To improve its reactivity, the fly
ash was ground until the particles retained on a No. 325 sieve
(45-um opening) were 1.2% by weight. It is noted that the high
fineness of fly ash is from grinding and not from separating pro-
cess, thus the particles of the ground fly ash are in irregular shape.
After that, the ground fly ash was then used as a pozzolanic ma-
terial to partially replace Portland cement type I (20 to 50% by
weight of binder) in recycled aggregate concrete.

Fine and Coarse Aggregates

Local river sand with a fineness modulus of 3.04 was used as a
fine aggregate. Crushed limestone with a maximum size of 20
mm was used as a coarse aggregate. The fine and coarse aggre-
gates had specific gravities of 2.60 and 2.67 and water absorp-
tions of 0.94 and 0.46%, respectively.

Recycled Aggregates

Recycled aggregates used in this investigation were obtained
from concrete test cylinders and not from demolition. The con-
crete cylinders were made from river sand and crushed limestone
which were the same types of aggregate used in NAC. Cylinder
concrete samples (150 X 300 mm) that had compressive strengths
between 25 and 40 MPa; these were crushed using swing hammer
mills. The crushed concrete was screened by sieving to produce
RCA and RFA. Table 3 lists the physical properties of recycled

Table 3. Physical Properties of Normal and Recycled Aggregates

Normal aggregates Recycled aggregates

River
Properties sand Limestone  Fine Coarse
Fineness modulus 3.04 6.79 3.55 6.40
Specific gravity 2.60 2.67 2.31 2.45
[saturated surface dry (SSD)]
Absorption (%) 0.94 0.46 11.91 5.61
Los Angeles abrasion loss (%) N/A 21.70 N/A 33.08

Note: NA is not applicable.
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Fig. 1. Grading sizes of river sand, limestone, and recycled aggre-
gates (RFA and RCA): (a) river sand and RFA; (b) limestone and
RCA

aggregates. Figs. 1(a and b) compare the grading size of the re-
cycled aggregates with ASTM C-33 (ASTM 2001a) requirements
for fine and coarse aggregates, respectively. The RFA had a fine-
ness modulus of 3.55, slightly coarser than the limit specified by
ASTM C-33 (ASTM 2001a), while the RCA had a fineness
modulus of 6.40, which met ASTM C-33 (ASTM 2001a) grading
requirements.

The RCA and RFA had specific gravities of 2.45 and 2.31 and
water absorptions of 5.61 and 11.91%, respectively. The low spe-
cific gravities and high water absorption of these recycled aggre-
gates were caused by residue from old mortar (Katz 2003). Based
on the Fig. 1(b), and assuming that the limestone was used in the

concrete cylinders, the difference of about 30% between crushed
limestone and RCA passing 10 mm indicated that many of the
RCA would be from original coarse aggregates below 10 mm
with attached mortar. This is a major factor lowering the specific
gravity and increasing the water absorption of RCA. In the case
of RFA, there would also be crushed partially hydrated cement
paste and hence even produced a higher difference in specific
gravity and absorption. The RCA had a Los Angeles abrasion of
33.08%, higher than that of crushed limestone (21.70%). This was
caused by the adhering cement paste, which is usually weaker
than the normal aggregate (Shayan and Xu 2003).

Mixture Proportions and Test Specimens

Table 4 summarizes the mixture proportions in NAC and recycled
aggregate concretes. Both the normal and recycled aggregates
used in this study were in an air-dried state. A constant effective
water/binder ratio (w/b) was calculated and maintained at 0.48 (or
effective water of 182.4 kg/m?) for all concrete mixtures. Since
the recycled aggregates had greater water absorption than normal
aggregates, they required more water to maintain the slump of
fresh concrete from 50 to 100 mm. Since the fine and coarse
recycled aggregates are in air-dried condition, the amount of mix-
ing water was adjusted to compensate for water absorption by the
recycled aggregates.

The mixture proportions of recycled aggregate concretes were
first prepared using 100% RCA, and local river sand was replaced
with RFA at the levels of 0, 50, and 100% by weight of the fine
aggregate (denoted as concrete groups AF, BF, and CF, respec-
tively). The ratio of fine to coarse aggregate was 45:55 by vol-
ume. In addition, high fineness of fly ash was used to replace
Portland cement type T at rates of 20, 35, and 50% by weight of
the binder.

After mixing, the slump loss of fresh concrete was measured
using the standard slump test apparatus. Initial slump value was
recorded, and slump values were then measured every 15 min.
Cylinder concretes (100 mm in diameter, 200 mm in height) were
prepared and cast for 24 h, after which they were removed from
the molds and cured in water. They were then tested for the me-
chanical properties of concrete, including compressive strength,

Table 4. Mixture Proportions of Normal Aggregate and Recycled Aggregate Concretes

Mix proportion (kg/m?)

Mix Cement  High fineness of fly ash  Limestone  Sand RFA®* RCAP Mixing water  Effective water ~ W/B®  Slump (mm)
NAC 380 — 1006 800 — — 191.0 182.4 0.48 60
AF 380 — = 800 — 1006 2145 182.4 0.48 70
AF20 304 76 — 785 — 1006 214.5 182.4 0.48 70
AF35 247 133 — 780 — 1006 214.5 182.4 0.48 80
AF50 190 190 s 770 — 1006 2145 182.4 0.48 85
BF 380 — — 400 400 1006 2353 182.4 0.48 60
BF20 304 76 — 395 395 1006 2355 182.4 0.48 70
BF35 247 133 = 390 390 1006 2355 182.4 0.48 80
BF50 190 190 = 385 385 1006 2335 182.4 0.48 80
CF 380 — — — 800 1006 256.5 182.4 0.48 50
CF20 304 76 — — 785 1006 256.5 1824 0.48 60
CF35 247 133 — = 780 1006 256.5 182.4 0.48 70
CF50 190 190 - = 770 1006 256.5 182.4 0.48 80

"RFA in air-dried condition.
PRCA in air-dried condition.

“W/B ratio was based on the SSD condition of recycled coarse and fine aggregates.
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splitting tensile strength, and modulus of elasticity. At each test-
ing age for compressive strength and splitting tensile strength, the
average of three concrete specimens were used to represent the
mechanical properties of the concretes. The acceptable ranges of
the tested results (three specimens) were within 7.8% as specified
by ASTM C-39/C-39M-01 (ASTM 2001b).

Results and Discussion

Fresh Concrete and Slump Loss of Concrete

Table 4 lists the amounts of water mixed into the concrete to
maintain an initial slump of 50-100 mm in fresh concrete. Re-
cycled aggregate concretes required more mixing water than
NAC, and the quantity of mixing water increased with increased
RFA. For example, the AF, BF, and CF concretes required 214.5,
235.5, and 256.5 kg/m? amount of mixing water, respectively,
while NAC required 191.0 kg/m>. This was due to the water
absorption by the recycled aggregates, which is about 12—13
times greater than NAC. Similar results were also reported else-
where (Tangchirapat et al. 2008; Katz 2004).

When the slump of fresh concrete was maintained between 50
and 100 mm, recycled aggregate concrete containing high fine-
ness of fly ash required the same amount of mixing water as
recycled aggregate concrete without fly ash. Fly ash is spherical,
and when used in concrete typically increases slump or reduces
the required mixing water. Because of its high fineness (and thus
increased surface area) and irregular shape, ground fly ash tends
not to yield significantly better workability when used in recycled
aggregate concrete. However, results indicated that the initial
slump of fresh concretes containing recycled aggregates and fly
ash increased slightly with increased fly ash replacement. For
example, CF, CF20, CF35, and CF50 concretes had initial slumps
of 50, 60, 70, and 80 mm, respectively. The slightly greater initial
slump of fresh concrete containing greater fly ash replacement
could have been caused by greater quantities of fly ash replace-
ment containing a greater volume of paste (ground fly ash had a
much lower specific gravity than Portland cement type I), leading
to reduced aggregate particle interference and enhanced concrete
workability. In addition, perhaps not all of the fly ash particles
were ground and sufficient spherical particles exist to help lubri-
cate the mixture.

Fig. 2 presents slump loss for NAC and the recycled aggregate
concretes. The initial slump value for NAC was 60 mm, which
decreased to zero at 105 min after mixing. Loss of slump was
faster in recycled aggregate concretes than in the control concrete,
particularly in the sample in which river sand was replaced with
RFA. For example, the slumps of AF, BF, and CF concretes de-
creased to zero at 90, 75, and 60 min after mixing, respectively.
This might have been caused by water absorption by the fine
recycled aggregate, which quickly reduced the amount of water in
the mixture.

Incorporating 20% high fineness of fly ash into recycled ag-
gregate concrete resulted in a time for the initial slump to loss to
zero about 15 min quicker than that of the recycled aggregate
concrete without fly ash. This faster slump loss might have been
due to the fineness of the fly ash, which provided more surface
area to react with water. However, the slump loss of recycled
aggregate concretes decreased when the high fineness of fly ash
was replaced Portland cement at 35 and 50% by weight of the
binder. For example, AF, AF20, AF35, and AF50 concretes had
slump loss to zero value at 90, 75. 105, and 120 min, respectively.
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Fig. 2. Slump loss of concretes containing recycled aggregates: (a)
concrete containing 100% RCA and 0% RFA (100% river sand); (b)
concrete containing 100% RCA and 50% RFA; and (c) concrete con-
taining 100% RCA and 100% RFA

The least slump loss occurred in the mix of concrete made from
100% RCA and river sand, and 50% high fineness of fly ash. This
might have been attributable to two factors: first, the use of fly ash
in concrete typically increases the concrete setting time, and sec-
ond, the cement content in the concrete mixture decreases due to
the replacement of fly ash (Kiattikomol et al. 2001). In addition,
the slump loss for AF35 concrete was the same as for NAC, while
slump loss was slower for AF50 concrete. This result suggests
that incorporating high fineness of fly ash could reduce the slump
loss of recycled aggregate concrete. This result was similar to
Ravina (1984) who found that fly ash can reduce slump loss when
it is partially used to replace cement.

Compressive Strength

Fig. 3 presents the compressive strengths of recycled aggregate
concretes. At 28 days, NAC had a compressive strength of 47.0
MPa; after the same period, AF, BF, and CF concretes containing
recycled aggregate had respective compressive strengths of 44.1,
41.3, and 35.9 MPa (94, 88, and 76% of NAC). Therefore, use of
100% RCA reduced the compressive strength of concrete by
about 6% compared to NAC. In addition, increased replacement
with RFA corresponded with a reduced compressive strength of
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Fig. 5. Relationship between the modulus of elasticity and square
root of the compressive strength of recycled aggregate concretes

gregate concrete ranged from 8.9 to 12.1%. Sri Ravindrarajah and
Tam (1985) reported that the splitting tensile strength of recycled
aggregate concrete made with RCA and natural sand did differ
significantly from that of NAC. In this study, however, incorpo-
rating high fineness of fly ash did not alter the splitting tensile
strength of recycled aggregate concrete samples.

Modulus of Elasticity

Fig. 5 presents the modulus of elasticity values for recycled ag-
gregate concretes based on 100X 200-mm cylindrical concrete
samples. At 28 days, modulus of elasticity values ranged from
24.9 to 32.4 GPa, with compressive strengths from 35.8 to 49.7
MPa; the corresponding values for NAC were 34.9 GPa and 47.0
MPa. These results indicate that incorporating recycled aggregate
into concrete decreases the modulus of elasticity values, particu-
larly when both RCA and RFA are used. For example, at 28 days,
AF, BF, and CF samples had modulus of elasticity values of 31.0,
29.8, and 26.7 GPa, respectively. Concretes made from 100%
RCA and river sand had a modulus of elasticity 11% lower than
that of NAC, and those made from 100% RCA and 100% RFA
had a modulus of elasticity 24% lower than that of NAC. Gerardu
and Hendriks (1985) obtained similar results, and reported that
recycled aggregate concrete made with RCA and natural sand
yielded a maximum modulus of elasticity 15% lower than that of
NAC.

Recycled aggregate concretes that contained high fineness of
fly ash had lower modulus of elasticity values than NAC, even
though some mixtures of recycled aggregate concretes had
equivalent or greater compressive strengths than NAC. For ex-
ample, AF35 concrete had a 32.4 GPa modulus of elasticity with
a corresponding compressive strength of 49.7 MPa, while NAC
had a 34.9 GPa modulus of elasticity and a 47.0 MPa compressive
strength. In concrete, the modulus of elasticity is usually related
to the strength of aggregates rather than the strength of cement
paste (Neville 1997). In addition, use of a pozzolanic material as
a cement replacement slightly decreases the aggregate content of
the concrete mixture compared to levels in NAC, resulting in a
decreased modulus of elasticity (Cetin and Carrasquillo 1998).
However, modulus of elasticity values of recycled aggregate con-
cretes (with and without high fineness of fly ash) was still related
to compressive strength, increasing with increased compressive
strength.

Fig. 5 presents the relationship between the modulus of elas-
ticity and square root of compressive strength compared to the

values suggested by ACI 318 (ACI Committee 2005a). Eq. (1) is
used to predict modulus of elasticity values of recycled aggregate
concretes. Results indicated that modulus of elasticity values of
recycled aggregate concrete (with and without high fineness of fly
ash) were about 5.9% lower than values predicted by ACI 318.
However, note that the modulus of elasticity and compressive
strength of all concrete specimens in this study were obtained
from cylinder samples 100’ mm in diameter and 200 mm in height

Eo=4.450\f. (1)

where Ec=modulus of elasticity (GPa) and f.=compressive
strength (MPa).

Conclusions

The results of this experiment yielded the following conclusions:

1. Use of high fineness of fly ash to replace Portland cement
type I in the amounts of 35 and 50% by weight of the binder
resulted in 15 to 30 min slower slump loss of concrete than
recycled aggregate concrete without fly ash. Moreover, the
slump loss of recycled aggregate concretes (AF and BF con-
crete groups) containing 35% high fineness of fly ash by
weight of the binder was equivalent to that of NAC.

2. Use of high fineness of fly ash in recycled aggregate concrete
yielded greater compressive strength than recycled aggregate
concrete without high fineness of fly ash. Concretes made
from 100% RCA and river sand had compressive strengths
equivalent to or greater than NAC at 28 days when Portland
cement was replaced by high fineness of fly ash at 20 to 35%
by weight of the binder. Additionally, concretes made from
100% RCA, 50% RFA, and 35% high fineness of fly ash as a
cement replacement had a greater compressive strength at 90
days than NAC.

3. Use of high fineness of fly ash did not affect the splitting
tensile strength of recycled aggregate concrete. Recycled ag-
gregate concrete had an average splitting tensile strength of
8.2% of its compressive strength, slightly lower than that of
NAC.

4. Modulus of elasticity of recycled aggregate concretes was
still related to its compressive strength, i.e., it increased with
the increase of compressive strength. Recycled aggregate
concretes with and without high fineness of fly ash had lower
modulus of elasticity values than NAC and were about 5.9%
lower than the value predicted by ACI 318 (ACI Committee
2005a).
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Fig. 3. Compressive strength of recycled aggregate concretes: (a)
concrete containing 100% RCA and 0% of RFA (100% river sand);
(b) concrete containing 100% RCA and 50% RFA; and (c) concrete
containing 100% RCA and 100% RFA

recycled aggregate concrete. Hansen and Narud (1983) and Topgu
and Guncan (1995) observed a similar relationship caused by the
large quantities of concretes containing RFA, which resulted in
lower compressive strength.

Fig. 3(a) presents the compressive strengths of concretes made
from 100% RCA, 100% river sand, and those containing high
fineness of fly ash. After 7 days, all recycled aggregate concretes
mixed with fly ash had a lower compressive strength than NAC.
However, at 28 days, the AF20 concrete had a compressive
strength of 48.3 MPa, greater than AF and NAC. At 28 days, the
AF35 concrete had the highest compressive strength of the AF
group: 49.7 MPa or 106% of NAC; this value tended to increase
as time passed. This finding indicates that incorporating high fine-
ness of fly ash increased the compressive strength of recycled
aggregate concrete. In addition, incorporating high fineness of fly
ash at 50% by weight of the binder to replace Portland cement
resulted in greater compressive strength than the AF concrete and
a slightly lower compressive strength than NAC. At 28 and 90
days, the AF50 concrete had a compressive strength of 44.4 and
51.5 MPa (94 and 98% of NAC), respectively.

When concretes contained 100% RCA and 50% RFA [see Fig.
3(b)], BF, BF20, BF35, and BF50 concretes had respective com-
pressive strengths of 41.3, 44.2, 45.0, and 41.4 MPa (88, 94, 96,
and 88% of NAC) at 28 days. At 90 days, the compressive
strength of the BF35 concrete increased to 54.4 MPa, or 104% of
NAC. The high fineness of fly ash probably contributed compres-
sive strength though a pozzolanic reaction as well as the packing
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Fig. 4. Relationship between percentage of splitting tensile strength
to compressive strength and the compressive strength of recycled
aggregate concretes

effect provided by the small particles of fly ash (Isaia et al. 2003;
Tangpagasit et al. 2005). When cement was replaced with 50%
high fineness of fly ash (BF50 concrete), its compressive strength
at 90 days was 48.3 MPa (92% of NAC), slightly lower than the
BF concrete (46.2 MPa).

Fig. 3(c) presents the relationships between compressive
strength and ages of concrete made from 100% RFA, 100% RCA,
and cement replaced by high fineness of fly ash at 20, 35, and
50% by weight of the binder. At 28 days, CF20, CF35, and CF50
samples had respective compressive weights of 37.2, 38.8, and
35.8 MPa (79, 83, and 76% of NAC), and at 90 days these values
had increased to 42.7, 45.6, and 41.2 MPa (81, 87, and 78% of
NAC), respectively. When 35% of cement was replaced by high
fineness of fly ash, this CF35 concrete had the highest compres-
sive strength in the CF group; compressive strength decreased
slightly when levels of high fineness of fly ash were increased to
replace 50% of the cement by weight of binder.

These findings on the compressive strengths of recycled aggre-
gate concrete indicated that high fineness of fly ash can be used to
increase the overall compressive strength of recycled aggregate
concretes. For concrete made from 100% RCA and river sand,
100% RCA, and 50% RFA, the best results occurred when high
fineness of fly ash was used to replace about 35% of the concrete
by weight of the binder. At 90 days, this mixture proportion ap-
pears to give recycled aggregate concrete a greater compressive
strength than that of NAC. In addition, concrete made from 100%
RCA and river sand, and containing high fineness of fly ash up to
50% by weight of the binder, can produce compressive strengths
as high as that of NAC.

Splitting Tensile Strength

Fig. 4 shows the relationships between the percentage of splitting
tensile strength to compressive strength and the compressive
strength of recycled aggregate concrete. Recycled aggregate con-
cretes with and without high fineness of fly ash had maximum and
minimum values (percentage of splitting tensile strength) of 8.4
and 8.0%, respectively (average 8.2%). According to Mindess
et al. (2003) the splitting test generally indicates that normal con-
crete (NAC) has a tensile strength about 8-14% of its compres-
sive strength (Mindess et al. 2003). The splitting tensile strength
of the NAC sample used in this study was 9.5% of its compres-
sive strength, so the recycled aggregate concretes did not have a
very different splitting tensile strength compared to concrete
made from normal aggregates. Sagoe-Crentsil et al. (2001) re-
ported that the tensile/compressive strength ratio of recycled ag-
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Inorganic polymer concretes (IPCs) were produced from rice husk-bark ash (RHBA) combined with fly ash
(FA) as a cementitious raw material. Six different mixtures were used to study the properties of IPC. Since
RHBA is rich in silica material, varying the ratio of FA to RHBA results in differing SiO,/Al,0; ratios. To keep
the Si0,/Al,03 ratio constant, the ratio of FA to RHBA was fixed at 80:20 by weight. High concentration
sodium hydroxide solution and sodium silicate solution were used as a liquid component of the concrete
mixture. The mixing and curing of these inorganic polymer concretes were performed under ambient con-
ditions. Compressive strength, modulus of elasticity, and water permeability of the IPCs were investigated
at specified intervals up to 90 days. The results showed that the compressive strength, modulus of elastic-
ity, and water permeability of IPCs depend on the mix proportions, especially the solution to ash (S/A) ratio
and the paste to aggregate (P/Agg) ratio. Moreover, the results showed that the water permeability and the

elastic modulus of IPCs were significantly related to their compressive strength.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Geopolymer is an inorganic material developed by Davidovits
[1], a French scientist. The materials containing both silica and alu-
mina can be used as a binder to produce geopolymer [2]. Various
alkali activators also play a major role in producing geopolymers
by dissolving silica and alumina from the raw material and forming
aluminosilicate structures [3]. Geopolymer has been used for vari-
ous works such as for sculpture, building, repairing, and restora-
tion [4,5]. Numerous research publications relating to
geopolymers have been released, with some reporting on chemical
composition aspects or reaction processes [6-8] while others pres-
ent results relating to mechanical properties and durability [9-12].
As already known, the compressive strength of an inorganic poly-
mer depends on both the ratio of Si/Al and the types of raw mate-
ria] used [10,13,14]. Fly ash (FA) has recently been used as a source
material to produce geopolymer because it has a suitable chemical
composition along with its favorable size and shape [13,1 S8

Fly ash is a by-product of coal power plants. In Thailand, the to-
tal output of fly ash from power plants is about 4.0 million tons
annually [13]. Reports in literature specify that fly ash is primarily
composed of SiOy, Al,03 and Fe,03 [13,16-19]. Since the quality of
fly ash depends on the type and the quality of coal along with the
performance of the power plant, it is sometimes difficult to control

* Corresponding author. Tel.: +66 2470 9131; fax: +66 2427 9063.
E-mail address: chai.jat@kmutt.ac.th (C. Jaturapitakkul).

0261-3069/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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its chemical composition. In order to achieve a suitable chemical
composition for the production of geopolymers, the preferred
method is to blend fly ash with another high silica material.

Rice husk-bark ash (RHBA) is a solid waste generated by bio-
mass power plants using rice husk and eucalyptus bark as fuel.
The power plant company providing RHBA for this research re-
ported that about 450 tons/day of RHBA are produced and dis-
carded. The major chemical constituent of RHBA is SiO, (about
75%) as reported from previous investigations [20,21]. Therefore,
blending FA and RHBA can adjust the ratio of Si/Al as required. It
seems that no publication about the use of RHBA as a raw material
in inorganic polymer concrete has been found based on our litera-
ture review. Moreover, only a few researchers have studied the ef-
fect of mix proportions on the properties of IPCs such as the effect
of paste content, aggregate content, and the water to binder ratio
(W/B) on the strength and durability of IPCs [22,23].

In this study, the effect of mix proportions on the properties of
IPCs was studied and compared to that of conventional concrete.
For conventional concrete, target compressive strength is the most
important parameter specified in the mixed design of concrete rec-
ommended by ACI 211 [24]. The design process begins with spec-
ifying of cement content and W/B ratios to serve the desired target
strength. This means that cement content and water content are
the most important ingredients for controlling the compressive
strength of the concrete. In other words, the paste content (com-
posed of cement and water) is the parameter that controls the
compressive strength of conventional Portland cement concrete.
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Rice husk-bark ash (RHBA) and fly ash (FA) were selected as the
cementitious raw material for this research. The design of mix pro-
portions follows the method of ACI 211 [24]. The ratio of FA to
RHBA was fixed at 80:20 by weight to avoid the effect of differing
Si/Al ratios. To relate conventional concrete with IPCs, the cement
and water content of conventional concrete can be compared to
the ash and solution content of IPCs, respectively. This research fo-
cuses on P/Agg ratio (paste content/aggregate content) and S/A ratio
(solution content/ash content) to study their effects on the com-
pressive strength, modulus of elasticity, and water permeability
of IPCs.

2. Materials

Fly ash was collected from the Mae Moh power plant in Thai-
land, in which lignite is used as a fuel. Rice husk-bark ash (RHBA)
was collected from a biomass power plant in the Chachoengsao
province of Thailand, in which a fluidized-bed system is in use. Bio-
mass combustion is performed at 800-900 °C for 5-10 s, thus gen-
erating RHBA with high uniformity. Fly ash and RHBA were mixed
together in the ratio of 80:20 by weight and used as the cementi-
tious raw material to create inorganic polymer concrete mixtures.

Sodium silicate solution or water glass (WG) and sodium
hydroxide were used as the solution part of the mixture. Sodium
silicate solution was used without any modification, but the so-
dium hydroxide was diluted to a concentration of 14 M before use.

Table 1 shows the chemical composition of RHBA, FA, and so-
dium silicate solution. RHBA contains about 85% SiO, but only
0.16% Al;0s. Fly ash is composed of both SiO, and Al,05 at 36%
and 21%, respectively. In other words, the SiO,/Al,05 ratio of RHBA
is about 530 while that of fly ash is only 1.75. Thus, the ratio of FA
to RHBA has an influence on the SiO,/Al,05 ratio of inorganic poly-
mer concrete and also the amount and type of aluminosilicate
structures [10]. Sodium silicate solution contains about 15%
Na,0, 33% SiO; and the rest is water.

Table 1
Chemical composition of raw materials (by weight).

Materials Sio, Al,03 Fe,03 Ca0 SO3 Na,O LOI

RHBA? 84.75 0.16 = 278 0.6 - 3.72
FA® 36.02 20.58 15.91 18.75 224 - 0.07
WG* 33.28 - - - - 15.36 =

? Rice husk-bark ash.

° Fly ash,

¢ Water glass or sodium silicate solution having specific gravity of 1.598 at 20 °C
and density of 54.2 Baume'.

3. Experimental program

This experimental work focused on the effect of mix propor-
tions on the properties of IPCs while attempting to keep the effect
of chemical composition to a minimum. Therefore, the ratio of FA
to RHBA was fixed at 80:20 by weight and the ratio of sodium sil-
icate solution to sodium hydroxide solution was 2.5 by weight for
all mixtures.

3.1. Material preparation

As-received RHBA has rough surfaces and high porosity as
shown in Fig. 1a. Therefore, RHBA was ground using a ball mill in
order to obtain smaller particle sizes and fewer pores. This results
in a higher specific surface area and faster chemical reaction rate
[25]. The RHBA particle retained on a 45 pm sieve was 2.2% by
weight. Fig. 1b shows a SEM image of the ground RHBA indicating
that grinding reduced the particle size of the RHBA and destroyed
its voids.

As-received fly ash was used without any improvement because
it had a smooth surface, round shape and low porosity. From the
literatures [13,26], the fresh IPCs using raw FA as the binder had
higher workability than non-FA mixtures. However, the workabil-
ity of fresh IPC could not be compared to fresh concrete from Port-
land cement because the fresh IPC had a very high viscosity. Fly ash
and RHBA were dry-mixed together before adding the solution as
suggested by Teixeira-Pinto et al. [27]. The FA to RHBA ratio of
80:20 by weight was used for all mixtures and this material was
called “ash” in this research.

Sodium hydroxide (flake type, 98% pure) was diluted by tap
water to have a concentration of 14 M. The solution was left under
ambient conditions until the excess heat had completely dissipated
to avoid accelerating the setting of the IPCs.

The sodium silicate solution was used without preparation. It
was mixed with the sodium hydroxide solution and the mixed
solution was called “solution”. The ratio between the sodium sili-
cate solution and sodium hydroxide solution was 2.5 by weight
for all mixtures because this ratio demonstrated the best proper-
ties for fly ash-based geopolymer [22,28].

3.2. Mixing and curing

The FA and RHBA were incorporated at the ratios indicated in
Table 2. Because of the high viscosity of fresh inorganic polymeric
paste, the sequence of mixing was important to homogenize the
fresh IPCs. Coarse aggregate was added first to the concrete mixer

Fig. 1. Particle images of original and ground RHBA.
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Table 2
Mix proportions of inorganic polymer concrete mixtures (kg/m?3).

Sample FA  RHBA WG NaOH CAgg FAgg PAgg SA

P3-6 320 80 180 72 956 751 038 0.63
P3-7 280 70 181 72 990 778 034 0.72
P4-7 320 80 207 83 920 722 0.42 0.73
P4-8 320 80 233 93 884 694 0.46 0.82
P5-7 360 90 232 83 850 667 0.51 0.72
P6-7 400 100 265 106 746 617 0.64 0.74

followed by fine aggregate. The blended ash and mixed solution
were added gradually one by one and all of them were mixed to-
gether to obtain the uniform fresh mixture. The mixture was then
cast into @5 x 10 cm steel molds. A tamping rod and vibration ta-
ble were used to compact the fresh IPCs, which were then left in
room temperature for 24 h before de-molding. Hardened IPCs were
cured under ambient conditions without any further treatment.
The properties of the samples were then examined at specified
intervals.

The P/Agg ratio is the ratio between the paste content and the
aggregate content as shown in:

(ash content + solution content)

FiAss ratie- aggregate content (1)

where ash content is the amount of fly ash and RHBA (g), solution
content is the combination of sodium silicate solution and sodium
hydroxide solution (g) and aggregate content includes both the
coarse and fine aggregates. The S/A ratio is the weight ratio between
the solution content (S) and the ash content (A).

The symbols used in this investigation are defined by PX-Y
where P represents the “P/Agg ratio”, and X and Y are the round
off values for P/Agg ratio and S/A ratio, respectively. The values of
X of 3, 4, 5, and 6 specified the P/Agg ratios of 0.34 and 0.38; 0.42
and 0.46; 0.51; and 0.64, respectively. The values of Y of 6, 7, and
8 specified the S/A ratios of 0.63; 0.72, 0.73, and 0.74; and 0.82,
respectively.

3.3. Preparation of samples, testing, and calculation

Compressive strengths of the IPCs were examined at 8,7,14, 28,
60, and 90 days to observe the development of the compressive
strength. The elastic modulus of each sample was investigated at
7, 28, and 90 days. Water permeability was examined at 28 and
90 days.

To prepare the water permeability testing specimens, the top
and bottom of 85 x 10 cm samples from each mixture were re-
moved to avoid any effects caused by surface paste. Then the sam-
ples were cut at the middle in order to make the two pieces of
specimen having @5 x 4 cm and to be used as representative spec-
imens for each mixture, Non-shrinking epoxy resin was cast
around all specimens with a thickness of 25 mm to prevent water
leakage. These specimens were installed in housing cells to test
their water permeability coefficient. The water pressure in the sys-
tem (gauge pressure) was 0.2 MPa. The housing cell, water perme-
ability apparatus and testing method followed the procedure used
by Chusilp et al. [29] and Chindaprasirt et al. [30]. The water per-
meability coefficient was calculated using Darcy's law, as shown
in the equation below.

K __ple0

PpressureAarea

2)

« where K is the coefficient of water permeability of the specimen
(m/s), p is the density of water (kg/m?), L is the length of specimen
(m), g is the gravitational acceleration (m/s?), Q is the net flow rate

(m?/s), Aarea is the cross-sectional area of the specimen (m?) and
Ppressure is the water pressure [(kg m s~2)/(m?) or MPa].

4. Results and discussion
4.1. Compressive strength

Fig. 2 shows the compressive strength development of the IPCs
for various ages and different mix proportions. It is observed that
the compressive strength of all mixtures tend to decrease after
the age of 14 days or 28 days, depending on the mix proportions.
Moreover, the compressive strengths of the P4-8, P5-7, and P6-7
mixtures decreased obviously while the others decreased slightly.
It was observed that P4-8 has the highest S/A ratio while P6-7 has
the highest P/Agg ratio followed by P5-7. So, it could be said that S/
A ratio was the most important factor that controlled the rate of
reduction in compressive strength of IPCs while P/Agg ratio had
the less influence, however, in the same direction. In addition, both
S/A ratio and P/Agg ratio also controlled the compressive strength
of IPCs. The higher the S/A ratio, the lower the compressive
strength. On the other hand, for the same S/A ratio, the mixtures
containing higher P/Agg ratio produced lower compressive
strength than that with lower P/Agg ratio and could be observed
that P3-6 mixture which has P/Agg of 0.34 and S/A of 0.63 showed
the highest compressive strength.

Normally, the compressive strength of concrete should not de-
crease with time. If the compressive strength drops at a specific
age, it means that cracks were occurred from shrinkage due to
the continuing reaction. The reduction in compressive strength of
IPC depended on the rate of shrinking (or cracking), and this rate
was controlled by the P/Agg ratio and S/A ratio of the mixture.
Shrinkage might be occurred at later ages due to the lacking of
solution which is necessary for IPCs to produce strength. If it was
insufficient, shrinking will be started, then, resulted in cracks of
IPCs. Other researchers have also found strength reduction of geo-
polymers in their investigations and reported a similar assump-
tion. Zuhua et al. [31] reported that the use of high molarity
NaOH (such as 12 M) and a high liquid/solid ratio could accelerate
dissolution and hydrolysis but obstruct polycondensation. When
the samples were cured in the air, geopolymers showed consider-
able shrinkage. In addition, they also reported that non-evaporable
water was necessary to maintain the strength and volume stability
of the geopolymer. Lee and Deventer [11] concluded that the nat-
ure and the amount of dissolved water in the gels of geopolymers
could control their durability. Another assumption, by Pacheco-
Torgal et al. [22], was that excess sodium ions reacted with carbon
dioxide and formed sodium carbonate crystals that made the struc-
ture unstable. Duxon et al. [10] reported that compressive strength
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Fig. 2. Compressive strength development of IPCs and age.
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decreased with time when a SiO,/Al, 03 ratio of the mixture was
higher than 3.8. This phenomenon appeared occasionally and de-
pended on the mix proportions. However, some researchers have
found that the compressive strength of geopolymers continuously
increased during the testing period [9,32].

4.2. Modulus of elasticity

According to Table 3, the modulus of elasticity of IPCs decreased
from 7 days to 90 days but the compressive strengths in Fig. 2
showed different results. The compressive strength of IPCs at the
age of 28 days had the highest value compared to 7 days and
90 days, but the modulus of elasticity reached a maximum value
after 7 days. Normally, the elastic modulus of concrete relates to
its compressive strength as the simple equation (3),

E_CT

= 3)
where E is the modulus of elasticity (MPa), ¢ is the compressive
stress (MPa), and ¢ is the strain value (dimensionless). Naturally,

Table 3
Modulus of elasticity and water permeability of IPCs.

Sample Modulus of elasticity (MPa) Water permeability (m/s)

7 Days 28 Days 90 Days 28 Days 90 Days
P3-6 16922 14951 14397 1,03 x 10°10 - “572'% 10-19
P3-7 15250 12635 10432 243 x 10712 3,07 x 10-10
P4-7 12522 9882 7971 688 %107  445x107°
P4-8 10406 8120 5613 263 x107° 6.79 x 107°
P5-7 11412 9086 6972 6.13x10°"° ° 2,05 x 10-°
P6-7 15473 13686 10744 156 x'10°'° . 6.35x 10-1°

() Solution in a void at early age of
polymerization (less than 7 days)

i Occurring of cracks and” -
k shrinkage of polymeric product |
k due to insufficient of solution

TS el

(€) Solution has been completely used in the

polymerization process (over 28 days)

strain along the time of concrete-like materials would slightly de-
crease after hardened. This means that the elastic modulus of such
materials do not decrease even though the compressive strength is
stable. If not, then there are some unusual circumstances regarding
the strain behavior of those materials.

Fig. 3a-c illustrates the assumption on strain variation of IPCs
over time. To understand the varying in strain of IPCs, compressive
strength development rate and crack growths must be considered.
At early age, the compressive strength developed very fast as
shown in Fig. 2 while cracks did not originate or developed very
slowly as shown in Fig. 3a. At 28 days, for example, shown in
Fig. 3b, the compressive strength of IPCs developed at very low rate
but cracks grew very fast due to the solution consumption in the
polycondensation process. So, the modulus of elasticity of IPCs at
28 days was lower than the earlier age such as 7 days, even though
the compressive strength was slightly higher. The long-term re-
sults (90 days) show the lowest values for both modulus of elastic-
ity and compressive strength because the compressive strength
very slowly increased and cracks developed very fast due to insuf-
ficient solution as shown in Fig. 3c and d.

4.3. Water permeability

Table 3 shows that the water permeability coefficients for all
IPCs increase from 28 days to 90 days, which is opposite from their
compressive strength, as shown in Fig. 2. The mixture of P4-8
yields the highest water permeability value since it has the highest
S/A ratio and the lowest compressive strength. This suggested that
there is a relationship between the compressive strength and the
water permeability of IPCs and this relationship is inversely pro-

S ihd
(b) Solution in a void was used during
polymerization process (7 — 28 days)

(d) A picture of cracks on the surface of an

inorganic polymeric paste sample

Fig. 3. The occurring of cracks in IPCs illustrated from the assumption.
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portional. On the other hand, both the compressive strength and
water permeability of IPCs depend on the amount of pores and
cracks inside the microstructures. This result confirms that the
shrinkage of IPCs really occurs over the long term because all mix-
tures show the compressive strength decreases from the age of 28—
90 days while the water permeability coefficient increases during
the same period. Shrinkage was the cause of cracks and these
cracks increased the water permeability of the samples and re-
duced the compressive strength at a time. Fig. 3a-c show the
occurrence of cracks from the consumption of the solution during
the polymerization process. Fig. 3d shows a picture of a hardened
paste sample to represent the cracks on its surface. This picture
confirms that cracks in IPCs occur at the later age due to the shrink-
age of the inorganic polymeric paste.

4.4. Effect of P/Agg ratio and S/A ratio on compressive strength of IPCs

Fig. 4 shows the relationship between compressive strength and
P/Agg ratio of IPCs. The concrete containing a lower P/Agg ratio
tended to yield slightly higher compressive strength than the one
with a higher P/Agg ratio. Since the chemical composition of all
mixtures was similar, the difference in compressive strength be-
tween the mixtures was due to variations in the paste content of
the mixture. Segregation was found in hardened IPCs mixtures
with a high P/Agg ratio. Moreover, cracks were also observed in
the segregation specimen at the low aggregate zone. Generally,
paste is used to bind the aggregates together and the compressive
strength of IPCs develops with the hardening of the paste. How-
ever, it should be noted that too much paste results in a reduction
of compressive strength [33]. At the low aggregates zone of the
segregated specimen, cracks occur easily due to insufficient aggre-
gates. Pacheco-Torgal et al. [22] reported that the IPC mixtures
using higher aggregate content showed higher compressive
strength due to the dissolution of quartz and alumina in the pres-
ence of alkalis that enhanced the bonding between paste and
aggregates. This explains why cracks might occur more readily in
lower aggregate zones. Moreover, they found a reduction in com-
pressive strength after 14 days. They reported an assumption that
this phenomenon occurred due to shrinkage and cracks near the
aggregates.

Fig. 5 shows the relationship between the compressive strength
and the S/A ratio. It is obvious that lower S/A ratios give higher
compressive strengths for IPCs. Since water in conventional con-
crete and solution in IPCs are both liquid while cement and ash
are solid powder, the S/A ratio of IPCs could be used and compared
to the W/C ratio of conventional concrete. Since the W/|C ratio is the
major parameter that controls the compressive strength of conven-
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Fig. 5. Relationship between compressive strength and S/A ratio of IPCs.

tional concrete [34], then the S/A ratio can control the compressive
strength of IPCs with the same reason. Similar to conventional con-
crete, excess solution in an IPC mixture would produce a lot of
voids in the microstructure. Thus, higher solution content results
in more voids and lower compressive strength for IPCs. Consider-
ing Figs. 4 and 5, the S/A ratio has a greater influence on the com-
pressive strength of IPCs than the P/Agg ratio.

4.5. Relationship between compressive strength and modulus of
elasticity of IPCs

Fig. 6 shows the relationship between compressive strength and
modulus of elasticity of all the samples and every age in this inves-
tigation. The Young’s modulus of IPCs tends to increase linearly to
the square root of the compressive strength. The modulus of elas-
ticity of IPCs has a very high deviation because the elastic modulus
of IPCs depends not only on the compressive strength but also on
the strain, as described in the previous section. The linear relation-
ship between the square root of the compressive strength and the
modulus of elasticity, however, could be observed. The equation
predicting the modulus of elasticity from the known compressive
strength is shown in the following equation:

E=1687,/f! — 16078 (4)

where E and f! are in MPa.

The modulus of elasticity of conventional concrete is calculated
from the equation E = 4700+/f7, recommended by ACI 318-08 [35]
for normal weight concrete. Although IPC is not brittle like conven-
tional concrete, the compressive strength is high enough to be used
as a normal strength concrete. IPC has a low elastic modulus as
compared to conventional concrete, then investigation of creep

' 10 Conventional concrete

. recommended by ACI 318-08 {34]
80 - /
60 -

404

IPCs in the investigation . E= 16871, - 16,078

20

Modulus of clasticity (GP

<

Jh (el

Fig. 6. Relationship between modulus of elasticity and compressive strength of
1PCs.
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and fatigue are needed to prevent the long-term damage. Duxson
et al. [10] reported that the elastic modulus of an IPC depended
on the SiO,/Al,05 ratio. Sofi et al. [9] found that the elastic modulus
of IPC depended not only on SiO,/Al,05 ratio but also mix design
and curing method. However, both Duxson and Sofi found that
the elastic modulus of IPCs varied from 1000 to 55,000 MPa, which
covers the values of 6000-17,000 MPa found in this research.

4.6. Relationship between compressive strength and water
permeability of IPCs

Fig. 7 shows the relationship between compressive strength and
water permeability of conventional concretes and IPCs. The rela-
tionship between the water permeability and compressive
strength studied by Malhotra as shown in Fig. 7 were taken from
Hearn [36]. The water permeability of both concretes depends on
their compressive strengths. Both the conventional concrete and
IPC show that the higher the compressive strength of concrete,
the lower the water permeability. Also, for the same compressive
strength, the water permeability coefficient of conventional con-
crete is much lower than that of IPC. Consequently, after 28 days
and 90 days, which were the examination intervals for water per-
meability, the cracking of IPCs had already occurred. Therefore, the
water permeability of IPCs is very high compared to conventional
concrete.

Moreover, the difference in the water permeability coefficient
between IPC and conventional concrete is lower when the com-
pressive strengths of both concretes are higher. For example, the
water permeability coefficient of conventional concrete predicted
by equation in Fig. 7 is 536 x 107> m/s at the compressive
strength of 20 MPa while that of the IPCs is 1.28 x 10~° m/s. In
other words, the water permeability of IPCs in this investigation
was higher than that of conventional concrete obtained from Mal-
hotra [36] by about 2390 times. In case of higher compressive
strength, the difference in water permeability coefficient between
the two concretes is smaller. The water permeability of IPC was
294 times higher than the data obtained from Malhotra [36] when
the compressive strength was 30 MPa. The water permeability
coefficient tends to decrease continuously as the compressive
strength increases. A probable cause was that the lower compres-
sive strength of IPCs mixtures contained a higher S/A ratio. It re-
sulted in very sticky fresh polymeric paste which was more
difficult to cast than the higher compressive strength IPCs. Includ-
ing the occurrence of cracks and numerous of voids containing in
the low strength IPCs, the higher water permeability coefficient
was observed. However, the water permeability of conventional

Fig. 7. Relationship between water permeability coefficient and compressive
strength of conventional concrete and IPCs.

concrete reported by Malhotra [36] tended to be constant at the
high values of compressive strength. Hence, the difference in water
permeability coefficient between IPC and conventional concrete is
higher at the lower compressive strength and lower at the higher
compressive strength.

5. Conclusions

The S/A ratio is the major parameter controlling the compres-
sive strength, modulus of elasticity, and water permeability of IPCs.
P/Agg ratio also affects such properties of IPCs in the same direction
of S/A ratio, however, with less influence. Higher S/A ratios and
higher P/Agg ratios result in lower compressive strength and higher
water permeability. P3-6 produces the highest compressive
strength and also shows the best properties in modulus of elastic-
ity and water permeability. At the same compressive strength, the
water permeability coefficient of IPCs is much higher than that of
conventional concrete. The differences in water permeability be-
come smaller when the compressive strength is higher. In addition,
the compressive strength has an influence on the modulus of elas-
ticity of IPCs. The square root of compressive strength linearly af-
fects the elastic modulus of IPCs the same as Portland cement
concrete but the slope of the relation of IPCs is lower than that
of conventional concrete by about three times.
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Introduction

It is known that there are several causes for global warming including CO, from cement. Approximately 5% of

total CO, emission is released to atmosphere, with about 0.7-1.1 ton of CO, being emitted for every ton of

cement production. Carbon dioxide emission by cement industry 50% result from the calcination of limestone,

40% from combustion of fuel in the kiln, and 10% from transportation and manufacturing operati

et al. 2009). In order to reduce the amount of CO, emission, cement manufactures ce “help..by. improving

. S ??‘". .
production process. For concrete production, the reducing cement content in concrete by utilization of

generates steam for electricity and the extraction pro C

(POFA), which is about 5%, by weight, of solid \’x}as

fruit brunches was produced in 2005, resultmg@m hlgh amount of sohds Wi \ \«and biomass ash, which tends to

increase every year (Rangsan and Tltlda 2()07) This blomass as%r is n, > utilized, and most of it has to be

.deposited in landfills, creating enwro imental problems. Ho Ver, 'many researchers (Tay 1990, Hussin and

Awal 1996, Awal and Hussm 1997 Sukuntapree etal. ZODQ,F:and Sata et al. 2004) have found that POFA can be

used in the constructlon mdustry, spe01ﬁcally as a*suppiementary cementitious material in concrete. In 1990,

Tay (1990) mvesngated the use of ash denved from 01l-palm waste incineration in making blended cement; the

results shOWéd that replacmg 10- 50% ash by welght of cementitious material in blended cement had no

srgmﬁcant effect on segregatmn shnnkage vfwater absorption, density, or soundness of concrete. Within the 20-
50% replacement rate range the decrease in the compressive strength of concrete at various ages was almost
proportional tog;;&he, amoun£ of ash in the blended cement, with the exception of 10% replacement. A few years
later, Hussin and“' Kwal (>1996) studied the compressive strength of concrete containing POFA. The results
revealed that it was possible to replace at a level of 40% palm oil fuel ash without affecting compressive
strength. The maximum compressive strength gain occurred at a replacement level of 30% by weight of binder.
In addition, Awal and Hussin (1997) revealed that POFA has good potential for suppressing expansion due to
alkali-silica reactions.

In Thailand, Sukantapree et al. (2002) revealed that the compressive strength of mortar containing

Copyright 2010 by the American Society of Civil Engineers
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original POFA was low due to the large particle size and high porosity of palm oil fuel ash. However, mortar
containing ground palm oil fuel ash with particles retained on a 45-um sieve (No. 325) of 4.3% gave a
compressive strength higher than 100% of control mortar at the curing ages of 7 and 28 days. Furthermore, a

previous investigation (Sata et al. 2004) indicated that POFA with high fineness has a highly pozzolanic reaction

and can be used as a supplementary cementitious material for producing high strength concrete.

Materials

Thalland coarse and fine aggregates type F superplastlclzer and tap water.

Cement

Type 1 Portland bc"‘ément was used in this study. The physical properties and chemical composition are
summarized in Tables 1 and 2, respectively. The major oxides of Type I Portland cement were CaO (65.4%),
Si0; (20.9%), AL, O3 (4.8%), and Fe,04 (3.4%). SO; and LOI were 2.7%, and 1.0%, respectively. The specific

gravity of cement was 3.15, with a mean particle size (dsp) of 14.7 pm.

Copyright 2010 by the American Society of Civil Engineers
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Palm oil fuel ash (POFA)

The original POFA was collected from a mill in Surathanee province in the southern part of Thailand. Original
POFA was not suitable for use as a pozzolanic material in concrete due to large particle size and high porosity
(Sukantapree et al. 2002, and Tangchirapat et al. 2006). In addition, Vazquez et al. (2004) and Cordeiro et al.

(2008) also showed that pozzolanic activity and the filler effect of industrial ash depends on its pagti le size and

&

Chemical compositions analyzed by X-ray fluorescence:

and GPOFA are shown in Table 2. GPOFA is foﬁﬁ

Si0;, ALO; Fé

gao, SO,, and LOI
§

h value of LOI in GPOFA
ﬂ%ghming temperature is about 800-

ion. of POFA consists of SiO, AL,O;, Fe;0s,

b, 5.4%, 4.1%,2.2%;

differences in the operating s?steﬁls of the palm oil mills.are the major cause of differences in the chemical

composition of POFA. .

Aggregates

e

e 'l 3 . ' . . - ; . .
The éba ¢ aggregate used in this study was crushed limestone with a maximum size of 20 mm, specific gravity

of 2.7, ﬁneness modulus of 73 nd water absorption of 0.5%. The fine aggregate was local river sand, with a

fineness modulus of 26: spe?fiﬁ'é gravity of 2.6, and water absorption of 1.0%.
Mixture proportions and testing
Based on the high water requirement of POFA concrete (Sukantapree et al. 2002), mixture proportions were

approximated, followed by modification of trial mixes to obtain homogeneous and workable fresh concrete. All

concretes had the same binder content of 350 kg/m>; the ratio of fine-to-coarse aggregate was kept constant at

Copyright 2010 by the American Society of Civil Engineers
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45:55 by volume, and a superplasticizer was employed in order to maintain the slump of fresh concrete between
50 and 100 mm. The W/B ratios of the concrete were varied as 0.50, 0.55, and 0.60.

CT0.50, CT0.55, and CT0.60 were control concretes in which Type I Portland cement was used as a
binder with W/B ratios of 0.50, 0.55, and 0.60, respectively. For all W/B ratios, Type I Portland cement was

replaced by GPOFA at rates of 10, 20, and 30% by weight of binder. Concrete mixture p qnions are

concretes were determined at 3, 7, 14, 28, 60, and 90 days according to ASTM C39 (2001

GPOFA-0.50-10, GPOFA-0.50-20, and GPOFA O 50- 30) were p]aced in @450:mm cube with a lining insulator

of 50 mm on each side (concrete spemmen of 350x350x350 mm?>). %thergnocoup]e was embedded in the center

of the specimen. The temperature 'se Was measured m)medlatel r casting for a period of 168 hours. Figure

3 shows the testing for heat gsgolution ‘term of temperature glse of fresh concrete.

Results and discussion

Compressive strength
The coﬁ;pressive stgengthswoff ’of/’i'crietes in this study were the average values of three specimens and the

relationships bet he oxﬁiﬁ}essive strength of control concretes and the curing ages are shown in Fig. 4. For

all W/B ratios, th gompr‘essive strength of control concretes increased with curing age. At 28 days, the
compressive strengths of CT0.50, CT0.55, and CT0.60 concretes were 39.6, 36.5, and 32.0 MPa, respectively;
they increased to 49.4, 43.4, and 38.1 MPa, respectively, at 90 days. The compressive strength was also found to
decrease as the W/B ratio of concrete increased according to Abrams’s Law (Abrams 1918).

Fig. 5 shows the relationship between the compressive strength of GPOFA concretes at a W/B ratio of

0.50 and replacement of GPOFA. At early ages, the strength development of concretes containing GPOFA as a

Copyright 2010 by the American Society of Civil Engineers
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cement replacement of 10, 20, and 30% was lower than that of CT concrete. At 3 days, the compressive
strengths of GPOFA-0.50-10, GPOFA-0.50-20 and GPOFA-0.50-30 concretes were 29.3, 28.6, and 26.5 MPa,
or about 95, 93, and 86% of CT concrete, respectively. The compressive strength of GPOFA concretes, which
was over 75% of that of CT concrete, at early ages may be due to the packing effect of the small particle of

GPOFA (Tangpagasit et al. 2005). Afterward, the compressive strength tended to increase with ¢

compressive strengths of GPOFA-0.50-10, GPOFA-0.50-20, and GPOFA-0.50-30 concretes at.28 days were

&

by the very high fineness of the particles and the silicon dioxide (Si0,) content in GPOFA Wthh reacts with

calcium hydroxide (Ca(OH),) to produce an addition calcium silicate hydrated: C—S- %)&.@These characteristics

curing times, the modified mortar containing up ”‘by‘welght of g,round** SWI BA exhibited higher

mechanical strength and lower porosity than unmodlﬁed ‘mortar.

After 28 days of curing, 10 ¥, (“@POFA cement replacement resulted in higher compressive

strength than CT0.50 concrete; f nt rate of 10% ‘~: oduced the highest compressive strength. With

replacement of GPOFA at 30"/3;&;51 ight of binder, 'om:rete exhlblted compressive strength lower than the

control concrete at all testmg ag ¢ “th co presSwe strength of GPOFA-0.50-30 concrete at 90

days was 46.2 MPa or abo”‘ut 94% of«€TO0. 50 conw ete.'This is due in part to the low Type I Portland cement

content (70%) in 30% GPOFA replacement W

3 :hlch induces lower Ca(OH), from hydration reactions than 10 and

0% GPOF A rep]acement

»The relatlonshlp‘?betwee ompressive strength of GPOFA concretes at a W/B ratio of 0.55 and

GPOFA replacement level 1s shown in Fig. 6. At 3 and 7 days, GPOFA-0.55-10, GPOFA-0.55-20, and GPOFA-
0.55-30 concretes had compressive strengths lower than CT0.55 concrete. At later ages, GPOFA-0.55-10 and
GPOFA-0.55-20 had compressive strengths higher than CT0.55 concrete. For example, the compressive
strengths of GPOFA-0.55-10 and GPOFA-0.55-20 concretes at 28 days were 37.6 and 36.9 MPa, or about 103
and 101% of CT0.55 concrete (36.5 MPa), respectively. At 30% GPOFA cement replacement with a W/B ratio
of 0.55, the concrete exhibited lower compressive strength than that of CT0.55 concrete at all ages.

Fig. 7 shows the strength development and effect of GPOFA replacement on compressive strength of

Copyright 2010 by the American Society of Civil Engineers
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concretes with a W/B ratio of 0.60. The results tended to be in the same direction as concretes with W/B ratios
of 0.50 and 0.55. The compressive strength testing results of GPOFA concretes at W/B ratios of 0.50, 0.55 and
0.60 indicate that ground palm oil fuel ash with high fineness is a reactive pozzolanic material that can be used

in making concrete with compressive strength on the order of 87-105% of the control concrete. A replacement

rate of 10% resulted in the optimum compressive strength and yielded higher strength than all

after 14 days of curing.

Heat Evolution

The results of each concrete mix proportion of heat evolution in term of tétnger( ure rise of fresh concrete are
) A N

‘ak teﬁ%ﬁerature rise of 30.3°C about 12

h after casting. Concrete containing a high fineness of palm oil fuel ash 10% (GPOFA-0.50-10) had a peak

shown in Table 4. Control concrete (CT0.50) was observed to reach» a

temperature rise of 30.0°C at 14 h after casting. This tempe 'e 1§§rease was closeto that of CT0.50 concrete

(as seen in Fig. 8) and was due to the high Portiéii&j cement v\content of C;POF*A? 9 10 concrete (90%). The

peak temperature rises of GPOFA-0.50-20 ef' :27.3 and 24.3°C, respectively,

lower than those of CT0.50 and GPOF 0 10 concretes. GPOFA O 50-20 and GPOFA-0.50-30 concretes

showed reductions in temperatur& of 3 %and 6.0°C, or about 90 1 and 80 2% of CT0.50 concrete, respectively.

The reduced temperature rise: ‘of fresh concretes contalmng 20 and 30% GPOFA is due to the high replacement

of cement by GPOFA, Whmh reduces the amount of cement in concrete, causing a reduction of heat due to the

hydration prOCCSS»fRO_]a al. 1993) In addltlon the decrease of cement in concrete resulted in a prolonging of

the time to peak temperature The peak temperature rises for GPOFA-0.50-20 and GPOFA-0.50-30 concretes

bout 15 and 16 hours after castmg, respectively. In the above results, the temperature rise of fresh

concrete was found to dec,re as GPOFA content increased; the use of 30% GPOFA as a cement replacement

yielded the lowest peak” ature rise.

Table 5 sho’yys the compressive strength, normalized compressive strength, and peak temperature rise
of GPOFA concretes with a W/B ratio of 0.50. At 3 days, control concrete was found to have the highest
compressive strength. However, at 90 days, GPOFA-0.50-10 concrete exhibited the highest normalized
compressive strength at 102% of CT0.50 concrete and the peak temperature rise of fresh concrete was 30.0°C.

High rate cement replacement by GPOFA in concrete decreased compressive strength at early ages. However,

long-term strength tended to increase with curing age. For example, the normalized compressive strength of
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GPOFA-0.50-30 concrete at 3 days was 86%; this increased to 94% at 90 days. In addition, increase in
replacement of GPOFA in concrete mixture can reduce the temperature rise of fresh concrete. For this study, the

lowest peak temperature rise, 24.3°C, was observed in GPOFA-0.50-30 concrete.

Conclusions

The following conclusions can be drawn from the use of 10-30% of ground palm oil fuel ash with ggfl fineness

in concrete:

1. The strength development of GPOFA concretes with W/B ratios of 0.505:0.55, g{;é 0.60 tended to be in

.

the same direction. At early ages, concretes containing GPOFA as @ ceme nt replacement of 10, 20, and

30% had lower strength development than control congre ! hlfe at later age (>28 days), the

2.
3
(30%) should be cc n51dered
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Fig. 1. Particle size distribution of cement and ground palm oil fuel ash (GPOFA)

2(a) Type I Portland cement 2(b) Ground palm oil fuel ash (GPOFA)
Fig. 2. Scanning electron microscopy of materials
Fig. 3. Testing of heat evolution in term of temperature rise of fresh concrete

Fig. 4. Relationship between compressive strength of control concretes and curing age

Fig. 5. Comparison of compressive strength of concretes mixed with ground palm oil fuel 3sh y
(W/B = 0.50)

Fig. 6. Comparison of compressive strength of concretes mixed with ground palm oil fu%ff* h
(W/B =0.55)

Fig. 7. Comparison of compressive strength of concretes mixed with ground p me fuel ash
(W/B = 0.60) w |

Fig. 8. Temperature rise of fresh concretes containing GPOFA
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Table 1. Physical Properties of Type I Portland Cement and Ground Palm Oil Fuel Ash (GPOFA)

; Specific . 7 Mean particle
Materials gravity Retained on a No. 325 sieve size, ds (km)
Cement 3,18 N/A 14.7
GPOFA 2.50 1.2 9.2
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Table 2. Chemical Composition of Type I Portland Cement and Ground Palm Oil Fuel Ash (GPOFA)

Chemical composition (%) Type I Portland Cement GPOFA
Silicon dioxide (SiO,) 20.9 42.5
Aluminium oxide (Al,05) 4.8 0.9
Iron oxide (Fe,03) 34 2.4
Calcium oxide (CaO) 65.4 11.0
Magnesium oxide (MgO) 162 7
Potassium oxide (K,0) 0.4 7.0
Sodium oxide (Na,0) 0.2 0.4
Sulfur trioxide (SO3) 2%/ 2.2
Phosphorus pentoxide (P,0s) 0.0 Sl
Loss on ignition (LOI) 1.0 20.9
Si0, +AL O3 +Fe, 05 29.1 45.8

.
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Table 3. Concrete Mixture Proportions

Mix. Mix Proportion (kg/m’) Slump
No. spmbal OPC | GPOFA | F-Agg | C-Agg | Water | Super? | V/B| (mm)
1 CT0.50 350 - 808 1049 175.0 i 7/ 0.50 60
2 CT0.55 350 - 788 1023 192.5 0.7 0.55 70
3 CT0.60 350 - 768 997 210.0 - 0.60 95
4 GPOFA-0.50-10 315 35 804 1045 175.0 32 0.50 60
5 GPOFA-0.50-20 280 70 801 1041 175.0 4.2 0.50 70
6 GPOFA-0.50-30 245 105 798 1037 175.0 5:3 0.50 60
7 GPOFA-0.55-10 815 35 784 1019 192.5 1.4 0.55 70
8 GPOFA-0.55-20 280 70 781 1015 192.5 2.1 0.55 60
9 GPOFA-0.55-30 245 105 777 1011 192.5 2.8 0.55 70
10 GPOFA-0.60-10 315 35 764 993 210.0 - 0.60 85
11 GPOFA-0.60-20 280 70 761 989 210.0 - 0.60 75
12 GPOFA-0.60-30 245 105 757 984 210.0 - 0.60 70

Note: OPC = type I Portland cement; F-Agg = fine aggregate; C-Agg = coarse aggregate; and Super P = type F
superplasticizer.
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Table 4. Temperature Rise of Fresh Concretes

: Initial Max. Peak Reduce from i i Peak
Mix Peak )
No Concrete Temp. Temp. Temp. Control Tempesafure Time
(C) (§2) Rise (°C) O Rise (%) (Hours)
1 CTO0.50 30.7 61.0 30.3 - 100.0 12
2 | GPOFA-0.50-10 30.4 60.4 30.0 0.3 99.0 14
3 | GPOFA-0.50-20 304 ST 27.3 3.0 90.1 15
4 | GPOFA-0.50-30 30.6 54.9 24.3 6.0 80.2 16
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Table 5. Compressive Strength and Peak Temperature Rise of Fresh Concretes

Mix Clncreis Compressive Strength, MPa.-(Normalized Comp. Strength (%)) Pez}k T?mp.
No. 3-Day 7-Day 28-Day 90-Day Rise (°C)
1 CT0.50 30.8-(100) 34.0-(100) 39.6-(100) 49.4-(100) 30.3
2 GPOFA-0.50-10 29.3-(95) 33.3-(98) 40.0-(101) 50.5-(102) 30.0
3 GPOFA-0.50-20 28.6-(93) 32.6-(96) 39.6-(100) 50.1-(101) 279
4 GPOFA-0.50-30 26.5-(86) 30.6-(90) 36.8-(93) 46.2-(94) 24.3

Copyright 2010 by the American Society of Civil Engineers




15. Nattapong  Makaratat, Chai  Jaturapitakkul, = Thanapol
Laosamathikul. Effects of calcium carbide residue-fly ash
binder on mechanical properties of concrete, Journal of
Materials in Civil Engineering ASCE. (accepted) (IF 0.526).



Journal of Materials in Civil Engineering. Submitted July 21, 2009; accepted May 7, 2010;
posted ahead of print May 13, 2010. doi110.106 1/{ASCE)MT.1843-5533.0000127

1
Effects of Calcium Carbide Residue-Fly Ash Binder on Mechanical

Properties of Concrete

Nattapong Makaratat !, Chai Jaturapitakkul 2 and Thanapol Laosamathikul 2

Abstract

and fly ash, as a low CO, emission concrete binder. Calcium carbjde%e@%@e@ is a by-product

of an acetylene gas production process, and fly ash is a by—prodgct a thermal power plant.

G

Ground calcium carbide residue (CR) was mixed with ongmal ﬂfg ash (OF) or ground fly ash
-

(GF) at a ratio of 30:70 by weight and was used as a:ngder to cast con

L Y

i,

e without Portland

cement. The effects of fly ash finenesses and W to binder (W/B) ratios'of CR-OF and CR-

GF concretes on setting times, conﬁpressixfésstrength m?)d us;, vf elasticity, and Splitting

tensile strength were investiga ,The results mdlcated tha CR-OF and CR-GF mixtures
could not only be used as a new mder in concrete, bu could also help reduce environmental

problems associated mth Cy@z emlssmns Wlthout the use of Portland cement, CR-GF

concrete y161ded compreéswe strengths ‘of 28 4 and 33 5 MPa at 28 and 90 days, respectively.

In addition; Iow “W/B rati and thh ﬁneness of fly ash produced higher compressive

@
strength of- thé concrete.-‘*’[he hardened concretes produced from CR-OF and CR-GF mixtures

1e isﬂﬁilar to those of control samples made from normal Portland

had rﬁechanical RIOPS

cement concret.

Keywords: Calcium carbide residue; Concrete; Fly ash; Setting times; Modulus of elasticity;

Thailand
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Introduction

concrete. Due to rapid expansion in the construction indus
F

2.8 billion tons.

Climate change has become an.,mportant worldWIde problem due to increasing quantities of

greenhouse gases m the atmosphere namely ‘:carbon dioxide (CO,), methane (CH,), and

nitrous ox1de (NZO) (Marmo 2008) The clinker manufacturing process in the cement

;é‘ greenhouse effect, through the release of CO, gas into
the atmos;;here about09 tons of CO; is released during the production of every ton of
clinker (Mehta2009)ln 2610, the production of cement will release as much as 2.07 billion
tons of CO, in%o the etmosphere. To address this issue, cement manufacturers have tried to
reduce Portland cement consumption by using supplementary cementitious materials, such as
fly ash and natural pozzolan in producing cement binder (Gartner 2004; Damtoft et al. 2008).
In addition, many studies have investigated the properties of concrete, which consumed less

cement by incorporating large amount of fly ash or natural pozzolan (Jiang et al. 1999;
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Malhotra et al. 2000; Uzal et al. 2007). These studies also showed that the concrete
containing large amount of pozzolans yielded good mechanical properties and high
durability. However, reducing the problem of climate change will require not only cement

manufacturers, but also concrete producers and researchers to focus on these environmental

issues.

factories, and the r351due has aecumulated over tlmeW‘From 2002-2007, an acetylene gas

factory produced ap roxnnately 1,000 to /m@nth or about 12,000 tons/year of calcium

carbide re31due and very little‘of thls residue has been used. Thus, most of the residue has

been sent t landﬁlls causmg many. environmental problems such as dust and high alkalinity

of the dlsposal area (see Flg 1). Krammart et al. (1996) found that calcium carbide residue

and fly ash mlxtur can produce a pozzolanic reaction, resulting in products similar to those
obtained from th‘eqcement hydration process. They found that the optimal ratio of calcium
carbide residue and fly ash mixture to achieve the highest compressive strength of mortar was
30:70 by weight. At 90 days, mortar made from a calcium carbide residue-fly ash mixture

had a compressive strength of 20.9 MPa.
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Fly ash obtained from the pulverized coal process is widely used as a pozzolan in many
countries and also in Thailand (Kiattikomol et al. 2001; Jaturapitakkul et al. 2004). However,
the thermal power plant that produces fly ash is located in the northern part of Thailand, far

from Bangkok, where most construction sites are located. This shows that the major

2

constraint for the unused pulverized coal fly ash is the transportation cost. Thus, fl ed bed

i
T

fly ash produced in the central part of Thailand, near Bangkok, was used‘in t}ns stiidy. The

coal was burned at temperatures of 800 — 900 °C to generate ﬂui(g;ed bed ﬂyash This

power plant can produce approximately 500 tons/days of fly ash th;’? fly ash has been
rarely used due to its large particle and high porosity. Therefore, the y ash is disposed of in

landfills every day, creating environment problems such as'dust and \%roundwater pollution

(Sinthaworn and Nimityongskul 2009). Sata ‘et al. ( O

from fluidized bed combustion can be u : :*‘I‘)értially replacé;inbrﬂand cement 40% by

weight of binder to make high-stregg%’th&‘concfete, prodqgipg co pressive strengths ranging

from 85.0 to 91.4 MPa at 28 day

This research focuses-on tiseof a new binder material, consisting of a mixture of two kinds of

waste, calcium’ carbide residugg.»,@nd?:ﬂy } h, “for casting concrete. The effects of fly ash

fineness and water to binder (W/B) rgﬁos on the setting times, compressive strength, modulus
i . :, .

of elasticity, and spliﬂiné:"tg sile strength of calcium carbide residue-fly ash concretes were

investigated. The present paper should encourage concrete researchers and users to utilize the
mixture of the two wastes as a new binder material as alternate to Portland cement in

concrete.
Experimental Program

Materials

Copyright 2010 by the American Society of Civil Engineers
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The materials used in this research were ground calcium carbide residue (CR), original fly
ash (fly ash as received from the power plant, OF), ground fly ash (GF), river sand, crushed
limestone, water, and naphthalene formaldehyde superplasticizer (Type A&F) conforming to
ASTM C 494 (2001d). The particle morphologies and the particle size distributions of

materials are shown in Figs. 2 and 3, respectively. Table 1 shows the physical pr%ﬁgﬂies of

CR, OF and GF. Table 2 shows the chemical compositions of each matefia}»/,’&gte ni ‘

X-Ray Fluorescence analysis.

ific gravity of 2.61 was used as a

Local river sand with a fineness modulus of 3.20 and a spe
fine aggregate. Crushed limestone was used as a coarse aggregate; it had a maximum size of

19 mm, a fineness modulus of 6.90, and a specific grav'ity"of 2.73. The i;s}ater absorptions of

fine and coarse aggregates were 0.69% an&t()t.élﬁ%? féké‘spectivelg_.ﬁ l *

Calcium carbide residue was collected from a dlsposal area (see Fig. 1). Because this calcium

carbide residue had a hlgh water content (approxnnately 52%), it was sun-dried for

approximately 3 - 4 daxs to reduce the mmsture content to approximately 2 - 4%. Next, it was

ground by ball mlll untﬂ less than 3% of part1c1es by weight were retained on a 45-pum sieve
(CR) After grmdlng, CR had an 1rregular shape (see Fig. 2(a)) and a specific gravity of 2.41,

hlgher than those reported in prev1ous research by Jaturapitakkul and Roongreung (2003) and
Krammart and Tangtelmsmkul (2004) of 2.21 and 2.26, respectively. The mean particle size
(dso) of CR was 4. 4 um and 2.3% of CR particles by weight were retained on a 45-pih sieve.

The major chemical composition of CR was 56.5% CaO, with a high degree of loss on
ignition (LOI): 36.1%. This LOI was particularly high because it was measured at
temperatures of 950 — 1000 °C, whereas material mainly consisting of Ca(OH), decomposes
into CaO and H,O (gas) at approximately 550 °C (Jaturapitakkul and Roongreung 2003).

This high LOI value is similar to that reported by Krammart and Tangtermsirikul (2004):
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specific gravities of 2.34 and 2.39, respectively, suggest'gwg fhat when the fly ash was ground,

the specific gravity increased. This is consistent lts of Paya ef al (1995) Cheerarot

and Jaturapitakkul (2004), and Jaturapitakf{fﬁ al (2004) and fc other pozzolans namely
palm oil fuel ash (Tangchirapat et al.f*f (

The mean particle sizes (dso) of OF and GF were 289 and 5.4 pum, and 48.6 and 2.3% of OF

and GF particles by welght we€ etained on a 45—‘;1m sieve, respectively. These results

showed that the grmdmg process 1ncreased not onIy the fineness of the material, but also the
specific grav1ty whlch was hkely caused by ‘the crushing of porous particles into smaller

sizes with Iowen por051ty

The oﬁ;ginal and ”g'rqun% fly ashes were tested for chemical composition. The oxide content
(Si10,, FeZO3,ljj;;;i A1203) of OF and GF was 74 and 71.7%, respectively higher than the
minimum requirel;lent of 70.0% specified by ASTM C 618 (2001¢) for fly ash Class F. In
addition, the CaO, SOs, and LOI values of OF were 17.2, 2.6, and 0.3% while GF were 21.9,

4.1, and 5.2%, respectively. Therefore, both original and ground fly ashes used in this study

can be classified as Class F fly ash, according to ASTM C 618 (2001¢). This is consistent
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with previous result of Jaturapitakkul et al. (2004) who reported that the grinding process did

not have much effect on the chemical composition of fly ash.

Mix Proportions and Test Specimens

Six mixture proportions of concrete were assessed to evaluate the effects of fly a&‘s‘hi\i;ﬁneness
and W/B ratios on properties of CR-fly ash concretes as shown in Table 3. ForCR>OF and
CR-GF concretes, a ratio by weight of 30:70 (CR:OF or CR:GF)»;\y@;‘s{@ ;lged e;é‘”‘al binder

because this ratio was shown to yield the highest compressives§ ngth '((Kramman et al.

1996). A normal strength concrete (NC30), in which 300 kg/m of P iifland cement was used
as a binder with a target compressive strength at 28%ay of 30 MPa was prepared for
comparison purposes. Fresh concrete properties{; suchas ﬁ?superplasticiz(‘e‘r requirements and
setting times were measured. The amouﬁ:‘t)‘ifdf S;;Bef*pla\sticizenf,{eqqgre{i to maintain the same

degree of slump (50 and 100 mm) was measured in all con x@ﬁi"x’fures according to ASTM

crete were determined using

Cylindrical concretcﬁ’specimen%gl;()O mmm diameter and 200 mm in height) were cast and
tested to évalugtéylthe mechanical properties of the hardened concrete. The compressive
strenéth was determined at ‘*7, 28, 60, 90, and 180 days; the modulus of elasticity was determined

at 28 and 90 days; and thgjsplitting tensile strength was determined at 28, 60, and 90 days.
Results and Discussion

Requirement of Superplasticizer
Table 3 shows the superplasticizer requirements to maintain a slump of fresh concrete

between 50 - 100 mm. It was found that 0.450F, 0.530F, and 0.650F concretes required
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superplasticizer of 18.0, 10.3, and 3.0 kg/m’, respectively. This is due to the fact that OF had

large particles with high porosity, which increased the water requirement of the concrete
mixture. As a result the superplasticizer dosage in the mixture needed to be increased to
maintain the same slump of concrete. 0.45GF, 0.53GF, and 0.65GF concretes required 9.0,

6.6, and 0.8 kg/m’ of superplasticizer to maintain the slump of fresh concreteg’%ﬁg'thin the

controlled range, respectively. This demonstrated that a concrete mixture \i%ith“grouﬁd fly ash

(GF) needed less superplasticizer than a concrete mixture with ungrqgnci’ or original fly ash

(OF) to achieve the same slump of concrete. This result supports“the ‘finding of Sata et al.

(2007), who reported that grinding fly ash from a fluidized \i;ed“p‘c’)wer plant into smaller

particles, helped the fly ash to reduce its porosity aéd\‘th@“ﬁiction\between binder and

aggregates, resulting in improved workability of f;éél}. concrete.

Setting Times of Concrete

Table 4 shows the results from the evaiuatlon of concrete settlng times of all mixtures. The

results indicated that the 1mtlal and final settmg tlmes were much longer for CR-OF and CR-

GF concretes than for normal concrete NCBO The NC30 concrete had an initial setting time

of4h:10 mm and ’a’ﬁnal settmg time of 6 h 4 30 min. The initial setting times of 0.650F,
0. 53OF and 0 450F concretes. were 26 h: 10 min, 18 h : 20 min, and 14 h : 10 min, and the
final settlng times were 50 h 48 h, and 47 h : 5 min, respectively. Since the CR-OF mixtures
did not have the hydranon reaction from Portland cement, the long delay in setting times of
CR-OF concrete; Wés expected. 0.650F concrete had the longest setting times because it
contained more frée water present in mixture than 0.530F and 0.450F concretes (Andrade et

al. 2009).

After the fly ash was ground into high fineness, the initial and final setting times were shorter

in CR-GF concretes than in CR-OF concretes. The initial setting times of 0.65GF, 0.53GF,
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and 0.45GF concretes were 15 h : 10 min, 13 h : 50 min, and 11 h : 40 min, and the final

setting times were 33 h : 5 min, 32 h : 5 min, and 29 h : 40 min, respectively. Although
0.45GF concrete had the shortest setting times, its initial and final setting times were still

about 2.8 and 4.5 times longer than those of normal concrete (NC30). This finding suggests

that the use of CR-OF or CR-GF mixtures as a binder in concretes considerablyfr increases

both initial and final setting times. This results from the fact that the reaction{;bé{%yeeg CR and

fly ash is a pozzolanic reaction which is much slower than the hydratio *f}egtidzﬁfl of Portland

cement (Safwan and Mohamed Nagib 1994). Therefore, one . ‘application where

longer setting times may be desirable is in mass concrete, However, if the long delay in

setting times of the CR-OF and CR-GF concretes is an issue;;

¢

aCl, or Portland cement may
: i i. A fji .
be used as an admixture to accelerate the setting times as well as the early compressive

strength of the concrete.

Compressive Strength of Concrete
At each testing date, the average compresswe strength of three concrete specimens was

measured and the resuits are tabulated in Table 5. The results showed that the compressive

strengths of CR- OF ‘and CR-GEs concretes ranged from 6.1 to 28.4 MPa at 28 days and
mcreased to 7 9 to 34.5 MPa at 180 day; depending on the W/B ratio and the fineness of fly
ash, Whlle normal concrete NC3O had compressive strengths of 23.5, 31.9, 36.2, 37.1, and
38.9 MPa at 7, 28; 60,,,, ,QO;and 180 days, respectively. The compressive strength of CR-OF
concretes inc;feaeed ;With curing age. For example, 0.650F and 0.530F concretes had
compressive strengths of 4.4 and 6.3 MPa at 7 days and 6.1 and 16.4 MPa at 28 days,
respectively. At the later ages of 60, 90 and 180 days, 0.650F and 0.530F concretes had
compressive strengths of 6.5, 7.0, 7.9 and 18.0, 19.9, and 20.5 MPa, respectively. These

results indicated that most of the compressive strength of CR-OF concretes developed within

28 days and then increased moderately afterwards.
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CR-GF concretes developed compressive strength in a way similar to CR-OF concretes, but
their compressive strengths were higher than those of CR-OF concretes when the same W/B
ratio was used. At 7 days, 0.65GF and 0.53GF concretes had compressive strengths of 8.2

and 10.0 MPa, which increased to 10.2 and 18.2 MPa at 28 days, respectively. After 28 days,

the compressive strengths of CR-GF concretes increased gradually. At 60 and {180 days,
0.65GF and 0.53GF concretes had compressive strengths of 13.3, 25.7 and 139, 26.9 'MPa,

respectively. The result is consistent with Portland cement concrete conta mg y ash since it

indicated that the compressive strength of concrete could be 1mprgved Ve gnndmg the fly ash

0.450F concrete had coni%ressiiie strengths of 8.4;719.0, 234, 24.7, and 25.5 MPa,

respectively. These. Values were thher than those of other CR-OF concretes at higher W/B
ratios (0.53 or 0 65) ThlS result conﬁlms the reported results for plain concretes using
Portland cement asa blnder (Beshr et al 2003; Behnood and Ziari 2008; Khatib 2008), which
1nd1cated that the 1ncreased W/é ratios increased the porosity in concrete, resulting in
lowering concrete strength;' It was also noted that at 7 days, 0.450F concrete had compressive
strength of 84 MP‘é‘:about 2 times greater than that of 0.650F concrete (4.4 MPa), and the

compressive strength of 0.450F concrete increased to about 3 times and 3.5 times that of

0.650F concrete at 28 and 90 days, respectively.

The highest compressive strength was observed in 0.45GF concrete which had compressive

strengths of 10.7 and 28.4 MPa at 7 and 28 days, respectively. At 90 days, this concrete had a
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compressive strength of 33.5 MPa (about 2.5 times greater than that of 0.65GF concrete, 13.5
MPa), and then it gradually increased to 34.5 MPa at 180 days or about 24 MPa gain from its

compressive strength at 7 days, although the mixture did not contain any Portland cement.

Modulus of Elasticity of Concrete

respectlvely

Fig. 6 shows the

{\ddulus" of elasticity values predicted by ACI 318 (2005) and the data

obtained from thls expenment Most experimental data revealed that elastic modulus values
of CR-OF and CR-GF concretes were higher than those predicted by ACI 318 (2005),
probably because the specimens used in this experiment (cylinders sized 100 x 200 mm) were
smaller than the standard specimen (cylinders sized 150 x 300 mm) (Rashid et al. 2002).
Moreover, differences in the coarse aggregates used in the concrete may also affect the elastic

modulus of concrete, as well as the compressive strength (Huo et al. 2001; Beshr et al. 2003).
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Splitting Tensile Strength of Concrete
Table 6 shows the splitting tensile strengths of concretes and the ratios of splitting tensile
strength to compressive strength. The splitting tensile strengths of CR-OF and CR-GF

concretes tended to increase with increased compressive strength. This reveals that the

splitting tensile strength is related to its compressive strength (Swamy 1990; Abdgﬁeder and

The use of ground fly ash in CR-GF coneretes ean‘ increase: the sphttmg tensﬂe strength as

well as the compressive strength of concrete O 65GF, 0. atﬁd’ 0.45GF had the splitting

tensile strengths of 1.62, 2. 45 3 43 an 2 08 2.94, 4 08 MPa, at 28 and 90 days, respectively.

The splitting tensile strengths of CR OF and CR; concretes ranged from 11% to 16% of

their compressive strengths Wthh were close to the. splitting tensile strength ratios of normal
concrete NC30 (1 1% to 14%) This result supports previous researches, which indicated that
the sphttlng tensﬂe strength of plam concrete is about 10% of its compressive strength

(Yaz101 2008 Slddlque et al 2009).

Conclusions

Based on the experimental results, the following conclusions can be drawn:
1. The use of ground fly ash (GF) could reduce the amount of superplasticizer required in
the concrete mixture compared to the use of original fly ash (OF) when the same slump

of fresh concrete was maintained.
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2. Because the initial and final setting times of CR-OF and CR-GF concretes were much
longer than those of normal concrete, CR-OF or CR-GF concretes should be considered
carefully for use in construction work.

3. The 0.45GF concrete had the highest compressive strength, 28.4 and 33.5 MPa at 28 and

9 ,;% . . ]
,;grﬂ@yn‘t’l cement and dis sal éf calcium carbide residue and fly ash.
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Table 1

Physical properties of ground calcium carbide residue (CR), original fly ash (OF), and ground fly
ash (GF).

Ground CaC; residue Original fly ash ~ Ground fly ash

Physical properties (CR) (OF) (GF)
Specific gravity 2.41 2.34 439
Retained on a 45-um 2.3 48.6 2.3
sieve (%)
Mean particle size, ds 4.4 28.9 5.4
(micron)
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Table 2

Chemical compositions of ground calcium carbide residue (CR), original fly ash (OF), and
ground fly ash (GF).

Chemical composition (%) CR OF GF
SiO, 43 37.3 47.8
Fey 05 0.9 15.3 6.2
AL O; 0.4 21.4 T
CaO 56.5 17.2 218
MgO 1.7 3.1 18
SO; 0.06 2.6 4.1
Loss on ignition 36.1 0.3 S
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Table 3

Concrete mixture proportions.

Mixture proportions ( kg/m?) Slump
n - W/B
FE Cement CR OF GF Water Sand C{;’arse Suges (mm)
2g. B,

0.650F - 90 210 - 194 770 985 3.0 0.65 90
0.65GF - 90 - 210 195 780 1000 0.8 0.65 55
0.530F - 112.5 262.5 - 194 750 960 103 0.53 70
0.53GF - 1125 - 262.5 195 750 960 6.6 0.53 65
0.450F - 135 315 - 194 700 895 18.0 0.45 60
0.45GF - 135 - 315 198 710 910 9.0 0.45 65
NC30 300 - - - 195 825 1055 - 0.65 70

Notes: CR: ground calcium carbide residue; OF: original fly ash; GF: ground fly ash. The
numbers 0.65, 0.53, and 0.45 in front of OF and GF indicate the water to binder (W/B) ratio

of the concrete mixture. For example, 0.45GF means concrete containing ground calcium

carbide residue and ground fly ash mixture with a W/B ratio of 0.45. NC30 is a normal

concrete using Portland cement as a binder.
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Table 4
Setting times of CR-OF, CR-GF, and normal concretes.

Initial setting times Final setting times

Concretes ; ’

h:min h:min
0.650F 26:10 50:00
0.65GF 15:10 33:05
0.530F 18:20 48:00
0.53GF 13:50 32:05
0.450F 14:10 47:05
0.45GF 11:40 29:40
NC30 4:10 6:30
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Table 5

Compressive strength and elastic modulus of concretes.

Compressive strength Elastic modulus

Concretes (MPa) (GPa)
7days 28 days 60days 90days 180 days 28days 90 days

0.650F 4.4 6.1 6.5 7.0 1.9 ¥ *
0.65GF 8.2 10.2 133 18.5 138 18.6 219
0.530F 6.3 16.4 18.0 19.9 20.5 2L 235
0.53GF 10.0 18.2 25.7 26.5 26.9 22.6 28.7
0.450F 8.4 19.0 23.4 24.7 25.3 2.1 293
0.45GF 10.7 28.4 31.7 34.5 34.5 271 33.6
NC30 233 31.9 362 37.1 38.9 29.4 36.9

* Note: The compressive strengths of 0.650F concrete at 28 and 90 days were too low to

obtain the elastic modulus of concrete.
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Table 6
Splitting tensile strength of concretes.
Splitting tensile strength Ratio of splitting tensile strength to
Concretes (MPa) compressive strength
(%)
28 days 60 days 90 days 28 days 60 days 90 days
0.650F » 1.03 1.14 i 16 16
0.65GF 1.62 1.83 2.08 16 14 15
0.530F 1.89 2.45 253 12 14 13
0.53GF 2.45 2.80 2.94 13 11 11
0.450F 2.33 2.64 3.10 12 11 13
0.45GF 3.43 3.79 4.08 12 12 12
NC30 3.54 4.43 5.06 11 12 14

* Note: The splitting tensile strength of 0.650F concrete at 28 days was too low to measure.
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Fig. 1. Disposal area of calcium carbide residue.
Fig. 2. Scanning electron microscope images of CR, OF, and GF.

(a) Ground calcium carbide residue (CR).

(b) Original fly ash (OF).
(c) Ground fly ash (GF).

Fig. 3. Particle size distributions of materials.
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- Compressive strength (ksc) — Normalized Compressive Strength (%)

Concretes

7 days 28 days 60 days 90 days
FM 227-38 379-54 430-58 512-63
FMS5 307-52 475-68 536-72 ' 568-70
FM10 385-65 558-80 571-77 618-76
FM15 427-72 607-87 615-83 645-80
FM20 456-77 678-97 693-94 727-89
NC70 590-100 696-100 738-100 809-100
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Initial Max. Peak Reduce Reduce Peak time
Concretes  Temp. Temp. Temp. fromNC70 =~ Temp.  after casting

(°C) CC), (°C) (°C) (%) (Hours)
FM 29 40 11 31 26 16
FM5 29 43 14 28 33 22
FM10 29 44 i 27 33 20
FM15 29 46 17 - 25 40 18
FM20 29 47 18 24 43 18
NC70 29 71 42 pa—— 100 18.
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Coefficient of water permeability

Concretes W/B at 90 days, Kx10™ (m/sec) K/Knero
FM 0.25 2.53 2.78
FMS5 0.25 2908 251
FM10 0.25 0.94 1.03
FM15 0.25 0.89 0.98
FM20 0.25 0.85 0.93

NC70 0.25 0.91 1.00
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