EFFECT OF RICE HUSK ASH AND PALM OIL FUEL
ASH ON MICROSTRUCTURE AND CHLORIDE

PENETRATION OF BLENDED CEMENT PASTES

Wunchock Kroehong

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy of Engineering in Civil Engineering
Suranaree University of Technology

Academic Year 2012



v v d o W v =
Naﬁuﬂﬂlﬂ1!!ﬂﬁﬂllﬂ$!ﬂ1ﬂ1@31141“1—!(5]91?15\1%751\1?‘aﬂ1ﬂ!!ﬁ$ﬂ15!!ﬂﬁﬂ“ﬁ3~l

¢ N d d
ﬂﬂ@ﬂiﬂﬂl@ﬂ“ﬂ!ﬂlﬂﬂ!ﬂﬁﬂﬂﬁu

LY A d
1!181'3141‘]“’1 INIDNINH

a

a a d 1 2 (Y =Y a U
Ingntnusiiuaiunisvesmsanmmunangasiiyaininssumansaudiadia
T1U131IAINIINE
wriIngamnalulaggsun’

Unisanu 2555



EFFECT OF RICE HUSK ASH AND PALM OIL FUEL ASH ON
MICROSTRUCTURE AND CHLORIDE PENETRATION

OF BLENDED CEMENT PASTES

Suranaree University of Technology has approved this thesis submitted in

partial fulfillment of the requirements for the Degree of Doctor of Philosophy

Thesis Examining Committee

(Prof. Dr. Suksun Horpibulsuk)

Chairperson

(Asst. Prof. Dr. Theerawat Sinsiri)
Member (Thesis Advisor)

(Prof. Dr. Chai Jaturapitakkul)

Member

(Assoc. Prof. Dr. Sittichai Seangatith)
Member

(Dr. Nattapong Damrongwiriyanupap)
Member

(Prof. Dr. Sukit Limpijumnong) (Assoc. Prof. Fit. Lt. Dr. Kontom Chamniprasart)
Vice Rector for Academic Affairs Dean of Institute of Engineering



Sulwn ndoney : naveudunavuazidnhduiniuge Insearegananaznsunsn
Funas l3AvVeIFMUANAANTY (EFFECT OF RICE HUSK ASH AND PALM OIL
FUEL ASH ON MICROSTRUCTURE AND CHLORIDE PENETRATION OF
BLENDED CEMENT PASTES) 1015 6911/3n11 - A¥omans1913d a5 ianl auds,

244 v,

P

4 a a 4 o dy A = Y Yy o o o 1
@]Qﬂﬁgﬁﬁﬂ"ﬂ@ﬂ?ﬂﬂ"luwu‘ﬁﬂﬂﬂu WeAnYINavedtnnavtazioaniitueae

€

= s ~ 7 % o 9 v s ¥ o
NﬂﬁﬂTﬂLLﬁgﬂTﬁLWﬁﬂcﬁﬂﬂa@"liﬂﬂlﬂﬂmmuﬂw\lﬁ@ Iﬂf]l!"lm']llﬂﬁll Lm‘ﬂmmumu Lag

a

e

Tasaa
v 3 = a A Y a o ~ 7
nieudiuualdinnuaziden 2 vua AvvuiaeynialndiReanuyuFmuanazauia
< ' = o = ' < ' ' ~ ° ~ o o o
pumMaannNYuFwua msanyintseondu 2 aau daud DihyduFmuddesanaua
= Ay v A v s ¥ o A v 3 o !
Uszani 1uunundradinaunsomid1duindunsonsoniii ludasiaru
y T
$ovaz 10 20 30 uag 40 lagimiinuesigqilszaIu auguensIdIuiIAeTaglszau
1 %) (%] 1 o % % ?)} o 4 (%3
MY 0.35 NNEATIAIUHAN NadeuMaen mIgydorimindelasuanuiounazns
~ o s ' = Y v ¢ ¥ o ~ ~ o o
N32910YUIAV09 INTRURIHIUANaAnTY d2ud 2 Taanhamhiumunyusmudloda
o ~ [ 1 Y 3o’ @ [ =
sauadszanil 1 lusasiaiuiosas 10 20 30 uaz 40 lasiminvesiagilszaiu Tasll
LY [ %’ 1 [ d’ 1 @ o A 4 4 [ =
sanauihaedgalszaruasiuminy 0.35 idmuamdaanay luuyluaisazareTydey
P < v A M a s 2 P
aan lsatdudu 3% (Hunal 90 71 mnvuii lnagoumsuanae lsdnaviua aao'lsd
a 9 4 Y =< 4 a 4 =
oase Inssaigamaveundaneldnmsunsnduuesnas 154 Lagins1zdmsuningunae

lsavoanad lagldsunsy W luiediwudvesdied s luaisazats I@ounae lsarudu

I o
3% 1311781 90 U

T oA o v w s A

pamsnageuludiui 1 Mmawaveunadiiosnnlynion lawsdulinianasniuns

o o w s A

v Y 1
aﬂawmgu%mm ﬂ1€N@WU6\1L‘WZ‘W]L“LJENﬁ]Tﬂﬂﬁélﬂﬁlﬁ"llﬂx‘]’ﬂialﬂiﬂﬁﬂTLWilﬁugnﬂJﬂ15lmuﬁ

[

1A 9 I~
varz lumadunaziia

]

A 49! o v o S A Aaan =\
NUVUUDINTY ﬂTaﬂ@ﬂﬂl@ﬂLWﬁ@]Lu@ﬂﬂWﬂﬂgﬂiﬂ”lﬂ'ﬁ]‘ﬁfi“ﬁﬁ”ll!ll

= 2
NUIMVUUAZATUDIYNTT

=l.

a2 s % o
LW?J%U@TNQ?TN@%L%ﬂﬂ"’l]@ﬂlﬁﬁl!ﬂaULLﬂ%!{]}"I']J"Iﬂ?JLlTll‘Ll@ﬂiJﬂTiLWlu
' ¢ 2 a [ a s Y v s 3 o
VUUDIUNTA UDNIINU ﬂ?illﬂuﬂﬂ.ucﬁlﬂl‘!ﬁ‘VIL‘H?J']%ET?Jﬂlﬂﬂlﬂu!ﬂﬁﬂllﬁ$L01ﬂ1ﬁuu1uu1u
JA 9 3 o (% = ¥ o A Yo 9 A
InganaIvyas 30 IﬂﬂuWﬁuﬂT@ﬁﬁﬁﬂﬂi%ﬁWU ﬂ']ﬁ’gi}l}LﬁElu']WUﬂLiJ@ulﬂi'iJﬂ'JUJi@H n
a = 4 d‘ [ d‘ aan =\
gUNHN 30-450 DIAUFALHY ) VDIUWTH L‘Llﬂ\ii]”Iﬂﬂ"lﬁﬂﬂ@nlmgluﬂﬂfl]”lﬂﬂ&]ﬂifnﬂﬂgﬁjgﬁﬂﬂlu y
' Y L Y Y
ﬂ”ll‘Wll%l!@'ﬂ?Ji’ﬂﬂﬂ"ﬁ‘UﬂJ ﬂ’ﬂllﬂ3&%8&@“1]9\191;!5]"Iﬂllagi?’]ﬁ\lﬂ”ﬁl!ﬂu‘ﬁﬁlnﬂeﬁu Ll'f)ﬂﬁ]"lﬂﬁ"llu"lﬂ
v A <

a a { 4 { J aol 1
Twsmﬂqmmzwmiwsqmﬁﬂmmmﬁmmuﬁﬁ”amﬁ’mﬂauuamﬁ’wﬂmuumummmaﬂﬂ'n

= 4 4
FHUAUNTAAIUAN



%’wdlw th

' A oA s 3 Y s
Naﬂ”li‘ﬂﬂﬁﬂll(luﬁ?u‘ﬂ 2 WUMN GBL?JH@]LWEW]W'ﬁllm”lﬂ1ﬂuu1ﬂuuﬂ1ﬁuﬂ§$ﬁﬂﬁﬂ1i

v ]
o 1

1 4 [ 9 9 Ia = 4 =
LL‘WSﬂi%%?ﬂﬁlj@\‘]ﬂa’ﬂlliﬂuaxigﬂUﬂ’JﬁJL“UiJEUu“U?Nﬂa@lISﬂﬂﬁiz@"lﬂ’ﬂ%mum‘l/!ﬁ@ﬂi%

2

~ s P P A 4 v o ' Vo a £
Yusuddesauaualsziani 1uenanl anuduiussznineadulszdansns
1 o a [} [} [} d A A 3
UNINFZ18VR9AAD IsalazvuIa InsaIngaldnyasANuF U IFudunazsiuIuau
A = Aa A X ] s ¥ o ] A
vinalnsdnga aANvazveatazmsununimivvuveasithauiniudwalvinae lsasase
[ Y] a £ 1 I'd 9y 9 o %‘ o ~ = o
pazAmdulszd@nsnsuninizarevesnae lsaanas M3 lmdhamhduumuiydudmua
¢ g { ' . . do 1 4 I
Hosauaualsziani 1 wuTeea (Peak) vod Friedel's salt Tumaddinnauudimaanly
~ P 2 = 2 9y v s ¥ o da - d’
Yusmudilosauauaisznni 1 venvniimslyanhdmihniunianuazideatazunuy
Bt a { 3 ° . ' ' < A
Yudmua ludSuiuniusiilieen (Peak) vos Friedel's salt anas od19 lsnatunsii

A a Y ¢ Y e o qU S o @ ¥ A X
ﬂTﬁLL‘VIuﬂﬂu“ﬁmuﬂﬂﬂﬂlﬂWﬂmNuWNu‘ﬂﬂ‘ﬂﬂﬁ!ﬂ“ﬂﬂﬂﬂaf]lliﬂ‘ﬂNﬂ1uﬂ1Elﬂ1WLW11“1m

a a A A v K
191391 2720531 1o DYUDFOUNANEN

= = A A I
ﬂﬂ]jﬁﬂy] 2555 anlfJﬁJﬂ"]fﬂﬂ"ﬁnﬁfJ‘ﬂlﬁﬂrH”l




WUNCHOCK KROEHONG : EFFECT OF RICE HUSK ASH AND
PALM OIL FUEL ASH ON MICROSTRUCTURE AND CHLORIDE
PENETRATION OF BLENDED CEMENT PASTES. THESIS ADVISOR :

ASST. PROF. THEERAWAT SINSIRI, Ph.D., 244 PP.

RICE HUSK ASH/PALM OIL FUEL ASH/MICROSTRUCTURE/CHLORIDE

PENETRATION/FINITE ELEMENT ANALYSIS

This thesis aims to study the effect of rice husk ash and palm oil fuel ash on
the microstructure and chloride penetration of blended cement pastes. Rice husk ash
(RHA), palm oil fuel ash (POFA) and river sand (RS) were ground to obtain two
finenesses: one was the same size as the cement and the other was smaller than the
cement. The study is divided into two parts. In part 1, Type | Portland cement (OPC)
was replaced by RHA or POFA or RS at 0%, 10%, 20%, 30% and 40% by weight of
binder. A water to binder ratio (W/B) of 0.35 was used for all paste mixes. The
compressive strength, thermogravimetric analysis and pore size distribution of the
blended cement pastes were investigated. In part 2, POFA was used to replace
ordinary Portland cement at 0%, 10%, 20%, 30% and 40% by weight of binder.
A constant water to binder ratio (W/B) of 0.35 was used. The pastes were immersed
in 3 % solution for 90 days. After that the total chloride content, free chloride
content, microstructure chloride penetration and the chloride penetration of pastes
using the finite element program were examined at 90 days immersion in 3% NacCl
solution.

The results in part 1 showed that compressive strengths of the pastes due to the

hydration reaction decreased with decreasing cement content. The compressive



strengths of the pastes due to the filler effect increased with increasing RS
replacement. The compressive strengths of the pastes due to the pozzolanic reaction
were nonlinear and increased with increasing fineness of RHA and POFA, cement
replacement rate and age of the paste. In addition, the optimum replacement level of
RHA and POFA in pastes was 30% by weight of binder. The mass loss (at 30°C-
450°C) of the pastes due to the filler effect and the pozzolanic reaction increased with
increasing curing time, particle fineness and cement replacement rate as resulted in an
increase compressive strength. Moreover, the critical pore size and average pore
diameter of the pastes containing RHA and POFA were lower than those of the OPC
paste.

The results in part 2 indicated that POFA pastes had a lower chloride diffusion
coefficient and concentration profile of free chloride than that of the OPC paste. In
addition, relationship between the chloride diffusion coefficient and critical pore
diameters is linearly correlated and increases with increasing critical pore diameters.
The increasing fineness and replacement of POFA resulted in the decrease of free
chloride and of the chloride diffusion coefficient. POFA pastes had a lower peak
intensity of Friedel's salt than that of the OPC paste. In addition, the increase in
POFA replacement and POFA fineness decreased the peak intensity of Friedel's salt
in paste. However, increasing the replacement of cement by palm oil fuel ash resulted

in an increasing physically bound chloride.
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CHAPTER I

INTRODUCTION

1.1 Statement of problem

Long-term durability of reinforced concrete structures in marine environments
and from de-icing salts are problems mainly because of sulfate attack and the
corrosion of the steel under chloride attack. The chloride-induced corrosion of
embedded reinforcement is one of the most severe durability problems for concrete
structures in a marine environment. Initially, steel embedded in concrete has a thin
passive film on its surface that prevents the steel from further corroding. Chloride-
induced corrosion begins when the concentration of chloride at the steel bars reaches
a threshold value that destroys the protective film layer. This degradation mechanism
leads to a series of structural problems, such as a reduction in the cross-sectional area
of the reinforcement, cracking, delamination of the concrete cover, and weakening of
the steel concrete bond, thereby reducing the load carrying capacity of the reinforced
concrete structure (Bastidas-Arteaga et al., 2011; Marsavina et al., 2009; Martin-Perez
et al., 2000). To solve this problem, many supplementary cement materials (SCMs)
have been suggested; for example, fly ash, ground granulated blast furnace slag, silica
fume, and metakaolin have been found to be beneficial in resisting the ingress of
chloride irons into concrete. This resistance is caused by the microstructure

densification imparted by the pozzolanic reaction or secondary reaction from these



materials. In addition, concrete containing pozzolan has a lower average pore size and
critical pore size than that of control concrete (Li and Ding, 2003).

Numerous studies have utilized by-product materials such as fly ash, rice husk
ash, palm oil fuel ash, and bagasse ash as pozzolans to reduce the cement content in
mixtures. Rice husk ash (RHA) is a waste material from electricity generation power
plants. In Thailand, the annual production of RHA has been approximated at 1.6
million tons (Wansom et al., 2010). Several researchers have shown that the main
chemical composition of rice husk is silicon dioxide (SiO;) and has the highest
amorphous silica content when the rice husk ash is burnt between 500-700°C
(de Sensale et al., 2008; Nair et al., 2008). Thus, RHA is a pozzolanic material and
can be used as a SCM, replacing Portland cement Type | by up to 30% by weight of
binder (Chatveera and Lertwattanaruk, 2009; Ganesan et al., 2008). Rukzon et al.
(2009) have found that rice husk ash with high fineness improves the compressive
strength and reduces the porosity of concrete. Studies have also shown that the use of
RHA as a partial replacement for Type | Portland cement improves the water
permeability (Givi et al., 2010) and chloride penetration (Chindaprasirt et al., 2008b)
of concrete.

POFA is a by-product from biomass thermal power plants where palm oil
residues are burned to generate electricity. More than 100,000 tons of POFA are
produced every year in Thailand (Chindaprasirt et al., 2007). POFA is rarely utilized,
and disposing of this waste may lead to future environmental problems. Many
researchers have studied the use of POFA as a partial replacement of cement in
concrete. The main chemical constituent of POFA is silicon dioxide (Chindaprasirt et

al., 2008a; Tangchirapat et al., 2007). Tangchirapat et al. (2007) found that ground



POFA is a good pozzolanic material and can be used to replace Portland cement by up
to 30% by binder weight of binder. Sata et al. (2004) showed that POFA with a high
fineness exhibits an excellent pozzolanic reaction and can be used as a supplementary
material to produce high-strength concrete. In addition, the use of POFA can improve
concrete strength and water permeability (Chindaprasirt et al., 2007). Furthermore, the
partial replacement of OPC with POFA assists in the sulfate (Tangchirapat et al.,

2009) and chloride (Chindaprasirt et al., 2008a) penetration resistance of concrete.

Cyr et al. (2006) reported that the effect of mineral admixtures on compressive
strength is comprised of three factors. First, the strength is proportional to the amount
of cement in the mixture, an effect known as the dilution effect. Second, the fineness
and amount of the powder also affect the strength by contributing to the nucleation
and packing effects. The nucleation effect accelerates the hydration process and
makes the paste more homogeneous. The packing effect is a suitable arrangement of
small particles that fill the voids of the paste and increases the compressive strength.
Finally, a pozzolanic reaction occurs between Ca(OH), and the SiO, and Al,O3; from
pozzolanic materials, producing calcium silicate hydrate C-S-H (Goldman and
Bentur, 1993; Gopalan, 1993; Isaia et al., 2003; Kiattikomol et al., 2000). Many
researchers have studied this pozzolanic reaction using ASTM C618, strength activity
index ASTM C311, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and
chemical titration. Tangpagasit et al. (2005) have examined the use of river sand (as
an inert material) as a replacement for Portland cement type | to evaluate the packing
effect and pozzolanic reaction of fly ash in mortar. They found that river sand is an

inert material and the packing effect is not dependent on the age of the mortar but



rather on the particle size, while the pozzolanic reaction depends on the fineness and
age of the mortar.

Previous studies have already reported the influence of RHA and POFA
finenesses on compressive strength and observed that the ash with median particle
larger than OPC (~15 pm) can be used to replace OPC at 10% while smaller size than
OPC can be replaced at 20% to 30% by weight of binder (Ganesan et al., 2008;
Tangchirapat and Jaturapitakkul, 2010). However, separation influences of hydration
reaction, filler effect and pozzolanic reaction on compressive strength and
microstructure of blended cement pastes have not been well defined. In addition, a
few researches presented chloride penetration of the blended cement pastes. If a by-
product material from biomass plants can be used as a cement replacement in
concrete, it will help to reduce energy due to reducing the production of cement

clinker and reduce the volume of waste disposed in landfills.



1.2 Objectives

The objectives of this study are:

1.2.1 To investigate the effect of biomass ashes with different finenesses on
the compressive strength, hydrate phase, and pore size distribution of
blended cement paste

1.2.2 To establish an empirical model to predict the percentage compressive
strength of paste due to the hydration reaction, filler effect, and
pozzolanic reaction of blended cement paste

1.2.3 To investigate the chloride penetration profile and microstructure of
blended cement paste containing POFA with different finenesses under
chloride penetration

1.2.4 To investigate free chloride penetration by comparing the experimental
chloride concentration with the numerical concentration obtained using

finite element analysis



1.3 Scope of study

The materials used in this study consisted of Type | and V Portland cements
(OPC), rice husk ash (RHA), palm oil fuel (POFA), and inert material (RS). The
RHA, POFA and RS were ground to two different sizes. For the first fineness, RHA,
POFA, and RS were ground using a grinding machine to have the same particle size
as that of OPC. For the second fineness, RHA, POFA, and RS were ground to have a
finer particle size than that of cement. Ground RHA, POFA, and RS were used to
partially replace Type | Portland cement by 0%, 10%, 20%, 30% and 40% by weight
of binder. A water-to-binder (W/B) ratio of 0.35 was used for all mixtures.

The specimens were tested for compressive strength after 7, 28, 60 and 90 days
to establish an empirical model to predict the compressive strength of the paste as a
result of the hydration reaction, filler effect, and the pozzolanic reaction of the RHA
and POFA. In addition, the blended cement pastes containing 20% and 40% of RHA,
POFA, and RS were tested by thermogravimetric analysis, and their pore size
distributions were measured. Furthermore, pastes containing 10%, 20%, 30% and
40% of POFA were used to obtain chloride penetration profiles. Finally, a numerical
model was established and used to estimate the free chloride penetration, and the
experimental chloride concentration was compared with the numerical chloride

concentration obtained using the FEM program ABAQUS.



1.4 Outline of the thesis

This thesis composed of five chapters. The first chapter presented the
introduction of the study, the statement of problem, the objective, and the scope of the
study. The theoretical background and literature review is shown in Chapter 2.
Chapter 3 introduces the experimental program and all parameter that used in this
study. In Chapter 4, results of the study are determined and discussed. Finally, the

conclusions and suggestions from this study are presented in Chapter 5.
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CHAPTER 11

THEORETICAL BACKGROUND AND

LITERATURE REVIEW

This chapter provides the theoretical background and literature review of
pozzolanic materials, the effect of mineral admixtures on compressive strength, the
pore structure of hardened cement paste, the corrosion of steel in concrete, chloride
ion penetration of concrete, the modeling of chloride ingress into cement paste, and

use of biomass ash as a supplementary cementitious material.

2.1 Pozzolanic materials

A pozzolan is defined by ASTM C125 as a siliceous and aluminous material that,
in itself, possesses little or no cementitious value but, in finely divided form and in the
presence of moisture, will chemically react with calcium hydroxide at ordinary
temperatures to form compounds possessing cementitious properties.

As seen in Tables 2.1 and 2.2, depending on their chemical compositions and
physical properties, pozzolanic materials can be classified into three classes,
according to ASTM C 618 (2001): Class N, Class F and Class C. Pozzolanic
materials have been widely used as cement replacements in concrete because they
have the advantages of cost reduction, heat reduction in concrete, increased durability,
a decrease in concrete drying shrinkage, and a reduction in the amount of cement

used.



Table 2.1 Chemical requirement for pozzolan by ASTM C 618
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Class
Chemical requirement
N F C
SiO; + Al;O3 + Fey03 >70.0 | >70.0 50
Sulfur trioxide (SO3), max % 4.0 5.0 5.0
Moisture content, max % 3.0 3.0 3.0
Loss on ignition (LOI), max % 10.0 6.0 6.0
Table 2.2 Physical requirement for pozzolan by ASTM C 618
Class
Chemical requirement
N F C
Fineness:
Amount retained when wet sieved on 45 um (No 325), max, % | 34 | 34 | 34
Strength activity index
- At 7 days, min, percent of control 5175 |75
- At 28 days, min, percent of control 75 | 75 | 75
Water requirement, max, percent of control 115 | 105 | 105
Soundness:
- Autoclave expansion or contraction, max, % 0811081 08
Strength activity index
- Density, max variation from average, % S S S
- Percentage retained on 45 um (No 325), max 5 5 5
variation percentage point from average
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2.2 Study of biomass ash in concrete

Biomass ash is a by-product obtained from biomass power plants. Many
researchers have studied the use of biomass ashes such as rice husk ash, bagasse ash,
and palm oil ash as constituents in concrete (Chusilp et al., 2009; Rukzon and
Chindaprasirt, 2008; Sata et al., 2004).The result indicated that biomass ashes with
high fineness are excellent pozzolanic material and can be used as a cement
replacement in concrete.

2.2.1 Rice husk ask

Rice husk ash (RHA) is a by-product of electricity generation in biomass
power plants. It can be estimated that 1,000 kg of rice grain produces approximately
200 kg of rice husk, of which 20%, or 40 kg, becomes RHA (Mehta, 1977). Mehta
(1977) reported that RHA is a highly reactive pozzolan and consists of a high amount
of amorphous SiO, that could contribute to a higher compressive strength than a
Portland cement control. In Thailand, the annual production of RHA has been
approximated at 1.6 million (Wansom et al., 2010). Several researchers have shown
that the main chemical composition of rice husk is SiO,, which has the highest
amount of amorphous silica burnt between 500-700°C (de Sensale et al., 2008; Nair et
al., 2008).

Zhang and Malhotra (1996) found that due to the highly pozzolanic
nature of RHA, it could be used as a supplementary cementing material to produce
high-performance concrete. These results agree with Ismail and Waliuddin (1996)
who reported that the compressive strength increased by more than 80 MPa as
compared to high strength concrete when replacing 10% of the Portland cement with

RHA.
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Ganesan et al. (2008) studied the optimal level of replacement for
strength and permeability properties of concrete. The results indicated that the
compressive strength and splitting tensile strength of concrete with 30% RHA were
higher than that of the control concrete. In addition, concretes containing up to 35%
RHA had a lower coefficient of water absorption than that of the control concrete.
This result is due to the pozzolanic reaction and pore refinement resulting from the
finer particles of RHA in the concrete. Chindaprasirt et al. (2008) studied the
resistance to chloride penetration of blended Portland cement mortar containing rice
husk ash. The 100 mm diameter x 50 mm height epoxy-coated specimens was
conditioned, and at the age of 28 days, rapid chloride penetration testing (RCPT) was
conducted in accordance with the method described in ASTM C1202. Further, the
specimens were immersed in a 3% NaCl solution and kept immersed for 30 days.
Chloride penetration depths were tested using a 0.1 M AgNOs solution in accordance
with RTA T263. They found that RHA can be used as a pozzolan material to replace
part of the Portland cement to produce a mortar with high strength and good
resistance to chloride penetration.

Chatveera and Lertwattanaruk (2011) studied the durability of concrete
containing rice husk ash. They concluded that black rice husk ash can be classified as
a pozzolanic material of type N. The autogenous shrinkage of the concrete with
BRHA is lower than that of OPC concrete and decreases with an increasing
percentage of replacement (from 20% to 40%) of BRHA. In addition, the BRHA
provides a positive effect on weight loss for concrete exposed to hydrochloric and

sulfuric acid attack.
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2.2.2 Palm oil fuel ash

Palm oil fuel ash has been found to have a low pozzolanic reaction rate,
and 10% POFA can be used as a cement replacement in concrete (Awal and Hussin,
1997; Tay, 1990). The large particle and porous structure results in a very low rate of
the pozzolanic reaction. Later, Sata et al. (2004) investigated the utilization of POFA
in high-strength concrete. They found that high-strength concrete can be produced by
using ground POFA to replace Type | Portland cement by up to 30% by weight of
binder. At 28 days, the compressive strength of concretes containing 10%, 20% and
30% POFA were 81.3, 85.9 and 79.8 MPa, respectively. Concrete containing 20%
POFA had the highest strength. This is slightly higher than that of concrete containing
5% condensed silica fume and was 92-94% of the strength of 10% condensed silica
fume concrete. In addition, Sata et al. (2007) found that the use of POFA to partially
replace Type | Portland cement has no significant effect on the splitting tensile
strength and modulus of elasticity as compared with the properties of the control
concrete or silica fume concrete. This result suggests that POFA can be used to
substitute Portland cement to produce high-strength concrete without altering the
mechanical properties of concrete.

Tangchirapat et al. (2007) studied the use of waste ash from the palm oil
industry in concrete. Type | Portland cement was replaced by POFA at 10%, 20%,
30% and 40% by weight of binder. They found that the compressive strength of the
concrete containing the original size POFA with median particle size, dsy, of 183.0
pm was lower than that of the control concrete. This result can be explained by POFA
having large particles with high porosity, which reduces the compressive strength.

The replacement of Type | Portland cement by 10% POFA with dso of 15.9 pm and
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20% POFA with dsp of 7.4 um at 90 days resulted in a higher compressive strength
than that of the control concrete. The high fineness of the POFA, which led to a larger
pozzolanic reaction and resulted in small particles that could fill in the voids of the
concrete mixture, led to an increase in the compressive strength of the concrete. The
results are similar to the findings of other researchers (Chindaprasirt et al., 2005;
Chindaprasirt et al., 2007b; Isaia et al., 2003). In addition, when concrete is immersed
in a 5% magnesium sulfate solution for 364 days, the concrete mixed with 30% POFA
of high fineness (dsg of 7.4 pm) had the same expansion level as that of the control
Type V concrete. This result suggests that the optimum replacement level of Type |
Portland cement by high fineness POFA is 30%.

Chindaprasirt et al. (2007a) investigated the permeability of concrete
containing POFA. They found that the compressive strength of concrete containing
20% ground POFA was higher than that of the control concrete and decreases with an
increase in the replacement percentage. In addition, the 20% and 40% POFA
concretes had lower permeability than the control concrete, and the permeability was
dependent on the cement replacement ratio and the age of concretes. Later,
Tangchirapat and Jaturapitakkul (2010) studied the effect of POFA fineness on
permeability and the drying shrinkage of concrete. It was found that the use of 10-
30% of high fineness POFA (with a median particle size smaller than OPC) as a
cement replacement in concrete reduces the water permeability and drying shrinkage
of concrete. This result is due to the pozzolanic reaction and packing effect of small
particles, which produced concrete with a denser matrix (Mehta, 1985). where the

pore structure was transformed from coarser to finer pores (Li and Ding, 2003).
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Chindaprasirt et al. (2008) studied the resistance to chloride penetration of
blended cement mortar containing POFA. Rapid chloride penetration testing (RCPT),
rapid migration testing (RMT), and chloride penetration depth testing was conducted
after 30 days of immersion in a 3% NaCl solution of mortar. The results indicated that
POFA can be used to improve the resistance to chloride penetration and that it is more
effective than fly ash. Afterwards, Chindaprasirt et al. (2011) found that a 30%
replacement level of POFA produces high-strength and high-workability concrete
with good resistance to both chloride penetration and corrosion.

Sata et al. (2010) studied the compressive strength and heat evolution of
concrete containing POFA. The temperature rise of fresh concrete decreased as the
ground POFA content increased. This result can be explained by a reduction in the
amount of cement in concrete, causing a reduction of heat due to hydration.
Moreover, concrete containing 30% of ground POFA had the smallest temperature
rise. This result agreed with the findings of (Chusilp et al., 2009), who found that the
maximum temperature rise for concrete containing ground bagasse ash was lower
than for the control concrete.

Currently, the amount of RHA and POFA produced from biomass power
plants increases annually, while its reuse remains negligible. It is expected that the use
of these ashes in concrete will improve the strength and durability of concrete while
reducing the amount of RHA and POFA being disposed as waste in landfills and

leading to environmental problems.
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2.3 Effect of mineral admixture on compressive strengths

When pozzolan materials such as fly ash silica fume or agro-waste ash are used
to partially replace cement, the compressive strength of the cement paste or mortar is
attributed to three factors: the hydration reaction, the filler effect, and the pozzolanic

reaction as shown in Figure 2.1.

Effects of mineral admixture on compressive
strength of mortar

Hydration reaction Filler effect Pozzolanic reaction

tNucleation effect
Packing effect

Figure 2.1 Schematic representation of the effects of mineral admixture on

compressive strength of mortar (Cyr et al., 2006)

2.3.1 Hydration reaction
The hydration reaction is the reaction between Portland cement and water.
The chemical reactions of pure cement compounds have been described by (Mindress

and Young 1981) as follows:

2(3Ca0.Si0,) + 6H,0 — 3Ca0.25i0,.3H,0 +3Ca(OH), (2.1)

2(2Ca0.5i0,) + 4H,0 — 3Ca0.2Si0,.3H,0 + 2Ca(OH), (2.2)
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The hydration of tricalcium silicate (3Ca0.SiO;) and dicalcium silicate
(2Ca0.Si0y) produces calcium silicate hydrates (C-S—H) and calcium hydroxide
Ca(OH),. C-S-H is the main product of Portland cement hydration; its presence
increases with increasing curing time and results in an increase in the compressive
strength.

2.3.2 Filler effect

The filler effect is the proper arrangement of small particles to fill voids
and contributes to an increase in compressive strength without any chemical reaction
(Chindaprasirt et al., 2011; Jaturapitakkul et al., 2011; Tangpagasit et al., 2005).
These results are due to nucleation and the packing effect. When Portland cement was
partially replaced by the small particle sized ash, there was a dispersion of cement
particles. Thus, they are able to accelerate the hydration production and make the
paste more homogeneous. The packing effect is exhibited as small particles that fill
the voids of the paste, allowing for denser packing within the material particles and
the matrix phase (Cyr et al., 2006; lIsaia et al., 2003; Sata et al., 2010).

Jaturapitakkul et al. (2011) studied the filler effect of different particles
on the compressive strength of mortar. Type | Portland cement was partially replaced
by ground river sand, which is a non-reactive material (Kiattikomol et al., 2000). The
results showed that the compressive strengths of the mortars containing inert material
are almost constant and independent of the age of the mortar. In addition, the
compressive strength of mortars containing inert material with smaller particle OPC is

2.7-5.8% of the control mortar.
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2.3.3 Pozzolanic reaction

A pozzolanic reaction is the reaction of Ca(OH), with the SiO, and
Al,O3; from pozzolanic materials, which produces an increase in calcium silicate
hydrate C-S-H (Goldman and Bentur, 1993; Gopalan,1993; Isaia et al., 2003;
Kiattikomol et al., 2000)

Billong et al. (2011) studied the pozzolanic reaction of paste containing
metakaolin. They found that amorphous silica reacted with Ca(OH), to form calcium
silicate hydrates. The reaction can be illustrated by Equations (2.3) and (2.4).
According to the chemistry of cement conventions, C=CaO, S=SiO,, A=Al,03; and
H=H,0. In addition, the DTA/TG thermogram of blended cement paste containing
metakaolin is shown in Figure 2.2. The DTA curve of C-S-H and C,ASHg was
recorded at 120°C and at 170-200 °C, respectively. Similar results have also been
reported by others (Barbhuiya et al., 2009; Nochaiya et al., 2009 ). These researchers
reported that the DTG curve of C-S-H, C,ASHg, and Ca(OH), was detected at

105-110 °C, 155-183 °C and 448-475 °C, respectively.

AS, +6CH +9H — C,AH,, + 2CSH (2.3)

AS, +6CH +9H — C,ASH, + CSH (2.4)
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Figure 2.2 DTA-TG thermogram of blended cement paste containing metakaolin;

a=CSH, b=C,ASHg, C=C,AH13, and d=C3AH; (Billong et al., 2011)

Poon et al. (2001) studied the rate of the pozzolanic reaction of
metakaolin in cement paste. They found that the Ca(OH), content in OPC paste
indicates the degree of hydration of the cement, while the Ca(OH), consumption in
blended cement paste is related to the degree of the pozzolanic reaction. In addition,
metakaolin had higher reactivity than fly ash due to the high surface area of
metakaolin. The results are similar to the study by (Chindaprasirt et al., 2007b), who
found that the blended cement paste containing classified fly ash showed a lower
Ca(OH), than that with the original fly ash. This is due to the high fineness, which
had more surface area to provide the silica and alumina compound with higher
pozzolanic activity than the original fly ash. Thus, blended cement paste becomes
more homogenous and results in denser paste. These results confirm that finer
pozzolans created a greater pozzolanic reaction and allowed the small particles to fill

in voids in the mortar mixture, thereby increasing the compressive strength (Isaia et
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al., 2003). The factors contributing to good pozzolanic reaction of pozzolan materials
are a low unburnt carbon content and a high amorphous SiO, content.

From the literature review, many researchers have reported that pozzolan
materials are used to partially replace cement and that the compressive strength of
cement paste or mortar is attributed to three factors: the hydration reaction, the filler
effect, and the pozzolanic reaction. However, the influence of each of these three
factors on the compressive strength of blended cement pastes has not yet been well

defined.

2.4 Pore structure of hardened cement pastes

The pore structure (e.g. total porosity, pore size distribution, average pore and
critical pore of the pore system) is the most important characteristic used in
determining the performance of hardened cement pastes and affects strength,
permeability, diffusivity, shrinkage and creep (Halamickova et al., 1995; Ye et al.,
2006). A classification of pores in cement paste is given in Table 2.3.

2.4.1 Classification of pores in hardened cement pastes

Hardened cement paste is a porous material. The porosity and pore
structure are very important in determining permeability and durability. The pore
system in cement-based materials consists of two types of pores (Chindaprasirt et al.,
2007b; Mindress and Young, 1981): (a) gel pores with a diameter of less than 10 nm
that affect shrinkage and fatigue and (b) capillary pores that are divided into large
capillary pores with diameters between 50-10,000 nm, which affect the compressive
strength and permeability, and medium capillary pores with diameters between 10-50

nm, which influence the compressive strength, permeability, and shrinkage.
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Table 2.3 Classification of pores in hydrated cement pastes (Chindaprasirt et al.,
2007b; Mindress and Young, 1981)

Pore category

Diameter

Description

Affected

Capillary pore

50 nm to 10,000 nm

Large capillary

Strength, Permeability

Strength, Permeability

(internal layer)

10 nm to 50 nm Medium _
capillary Shrinkage
2.51t0 10 nm Small capillaries | Shrinkage to 50% RH
Gel pore 0.5t0 2.5 nm Micropore Shrinkage, creep
i Shrinkage, cree
<050 nm Micropores g p

2.4.2 Factors influencing the pore structure of pastes

2.4.2.1 Water-to-cement ratio

The dependence of the engineering properties of concrete and

other cement composites on the water-to-cement ratio (W/C) is very well known.

Previous research found that compressive strength, durability and the quality of other

engineering properties are increased when W/C is decreased (Sear et al., 1996). Cook

and Hover (1999) investigated the effect of W/C on the porosity of cement paste.

Samples with W/C values of 0.35, 0.40, 0.50 and 0.60 were prepared and then tested

by mercury intrusion porosimetry (MIP). The total porosity of paste was measured to

range from 16 to 56%, increasing with W/C. The threshold pore width of the cement

pastes also increased with W/C, as observed in Figure 2.3, where the threshold pore

width ranged from 2 um to 20 nm.
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Figure 2.3 Effect of W/C on the threshold pore width

of cement pastes (Cook and Hover, 1999)

Zivica (2009) studied the effects of very low W/C values and
reported that at a W/C value of 0.4, there was a parabolic dependence of compressive
strength on the median pore size, as illustrated in Figure 2.4. However, at lower W/C
values, a linear relationship was observed. This phenomenon is most likely a
consequence of two factors that led to the decrease in W/C values: less hydration
product is necessary to fill the pore space in the hardened cement pastes, and principal

changes in the pore structure and matrix occur with a decrease in W/C.
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Figure 2.4 Relationship between median pore size and compressive strength of the

hardened cement pastes (Zivica, 2009)

2.4.2.2 Curing time

It is well known that curing concrete increases compressive
strength and that increasing compressive strength produces lower total porosity.
Cui and Cahyadi (2001) studied the permeability and pore structure of OPC pastes.
OPC pastes were tested at W/C values of 0.30 and 0.40. They were cured under moist
conditions for 7, 35 and 210 days, and the total porosity and critical pore diameters of
the pastes were found to decrease with increasing curing time. This decrease is a
result of calcium silicate hydrate growing into the pore space of the hardened cement
paste. Two peaks are present in the log differential intrusion volume as a function of
pore diameter plot shown in Figure 2.5. The first peak represents the capillary pore
with  a diameter larger than 0.1um, and the second peak represents the gel pores

with a diameter less than 0.01um.
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Figure 2.5 Relationship between pore median size and curing time of the

hardened cement pastes (Cui and Cahyadi, 2001)

2.4.2.3 Compressive strength
The strength of concrete is influenced by the volume of all of
the voids in the concrete: entrapped air, capillary pores, and gel pores. Many
researchers have reported on the relationship between compressive strength and

porosity, as shown in Table 2.4. Where o is compressive strength at porosity p, o, is

compressive strength at zero porosity and p, x is porosity.
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Table 2.4 Empirical models relating the porosity and compressive strength of

cement based materials

Equation Equation fitted Mathematic law Derivation by
Hasselmann o=77-206p Linear (Hasselman, 1964)
Ryshkewitch o =144exp(8.6p) Exponential (Ryshkevitch, 1953)

: 0.385 . . .
Schiller aleZIn( ) ] Logarithmic (Schiller, 1971)
Balshin o =0, (1_ p)n Power (Balshin, 1949)
Poon o =-505.6x+192.47 Linear (Poon et al., 1997)
Poon o =303.34(1— x)%%4® Power (Poon et al., 1997)

2.4.2.4 Temperature

Fall and Samb (2006) studied the influence of curing

temperature on the porosity of hardened cement paste. The curing temperatures

studied were 0°C, 20°C, 25°C, 35°C and 50°C. They found that cement paste curing

temperature of 50°C produced the lowest total porosity. This result can be attributed

to the fact that the higher curing temperature accelerates the cement hydration

process. Thus, cement paste cured at higher temperatures will have more cement

hydration products and a finer porosity than cement paste cured at lower

temperatures. The effect of curing temperature on the pore size distribution of cement

paste at 7 days is illustrated in Figure 2.6.
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Figure 2.6 Effect of curing temperature on the pore size distribution of

cement paste at 7 days (Fall and Samb 2006)

2.4.2.5 Supplementary cementitious materials

Frias and Cabrera (2000) studied the influence of metakaolin
on pore size distribution. OPC was partially replaced with 0%, 10%, 15%, 20% and
25% metakaolin by weight of binder. The water-to-binder (W/B) ratio was constant at
0.55 for all mixtures. The cement pastes containing metakaolin were observed to have
a lower average pore diameter than that of the OPC paste. In addition, the average
pore diameters of the blended cement pastes containing metakaolin decreased from 40
to 14.5 nm for curing times between 1 and 56 days, as observed in Figure 2.7. For
longer curing times, the average pore diameter was almost constant. This decrease in
pore diameter is due to the reaction of metakaolin with Ca(OH),, which consequently

leads to pore size refinement.
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Figure 2.7 Average pore diameters of blended cement pastes

containing metakaolin (Frias and Cabrera, 2000)

Chindaprasirt et al. (2005) studied the effect of fineness on the
compressive strength and pore size of blended cement paste. They found that the pore
size distribution and the average pore diameter of blended cement paste containing fly
ash decreased with an increase in fly ash content and fineness. In addition, the gel
porosity of blended cement pastes containing classified fly ash was higher than those
of the original fly ash and OPC pastes. Later, Chindaprasirt et al. (2007b) found that
a higher fineness of fly ash plays an important role in the compressive strength and
pore size of the blended cement paste. This effect results from small particles filling
the voids of the paste and thus allowing for denser packing between the particles of

the material and the matrix phase.
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Rukzon et al. (2009) found that rice husk ash with high fineness
had lower porosity than of the OPC mortar because the better filler effect dispersion
caused an increase in the pozzolanic reaction. In addition, previous research has
shown that the pore structure of blended cement paste containing pozzolan materials

transformed from coarser to finer pores (Li and Ding, 2003).

2.5 Marine environment

The damage sustained by reinforced concrete in marine environments depends
on exposure conditions. The four different exposure zones in marine environment are
shown in Figure 2.8. Chalee et al. (2007) performed an analysis of a seawater site in
Chonburi, Thailand and found that the ambient temperature ranges from 25°C to
35°C, the pH of the seawater ranges from 7.9 to 8.2, and the chloride and sulfate
composition in the seawater ranges from 16,000 to 18,000 ppm and from 2200 to

2600 ppm, respectively.

Atmospheric zone

Splash zone

Tidal zone

Submerged zone Seawater

Figure 2.8 Exposure classifications in a marine environment (Bertolini et al., 2004)
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2.5.1 Submerged zone
The submerged zone represents the portion of the structure that is
submersed continuously under sea water. The rate of corrosion due to chloride is
lower in this zone than in the tidal zone and is dependent on the availability of
oxygen. The damage to reinforced concrete submerged in this zone is mainly caused
by sulfate.
2.5.2 Tidal zone
Reinforced concrete in the tidal zone is subjected to a wetting and drying
cycle and undergoes a combination of abrasion and erosion due to the temperature,
moisture, salt and oxygen.
2.5.3 Splash zone
The splash zone is part of the structure that is subject to cyclic wetting and
drying by seawater. The transport of chloride ions into reinforcement concrete in this
zone is facilitated by a combination of moisture, salt and oxygen. The damage to the
concrete is mainly caused by the chloride.
2.5.4 Atmospheric zone
The atmospheric zone is the part of the structure that is above the splash
zone and far from the sea water. The damage to concrete in this zone is mainly caused

by chloride and is similar to the damage caused in the splash zone.
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2.6 Corrosion of steel in concrete

The chloride-induced corrosion of embedded reinforcement is one of the major
deterioration problems for reinforced concrete worldwide. It is well known that the
reinforcing steel in concrete is protected from corrosion by a passive film. This effect,
however, can be inhibited by the destruction of the passive film by aggressive ions.
When chloride irons enter the concrete, the protective passive layer of the steel
surface can be destroyed. The passive layer breaks down, resulting in the appearance
of an area of rust on the steel surface. An increased volume of rust affects the internal
tensile stress in the concrete covering when this stress exceeds the tensile strength of
the concrete. The concrete covering is damaged by cracking, delamination, and
spalling. This problem may cause structural damage because of the reduction of the
bond between the steel and concrete and the decrease in cross-sectional area
(Broomfield, 1996). The reactions are depicted in Figure 2.9.

The corrosion will start at the ferrous iron anode:
Fe — Fe’ +2e (2.5)

The two electrons (2e7)created in the anodic reaction must be consumed

elsewhere on the steel surface to preserve electrical neutrality. Therefore, a cathodic
reaction involving water and oxygen will take place to consume the electrons and

result in the hydroxyl ions shown in Equation. (2.6).

2¢ +%oz fHO o 2(OH)" 2.6)



34

The ferrous ions (Fe®") will combine with the hydroxyl ions (OH ~) to form
ferrous hydroxide, as in Equation. (2.7), which then becomes ferric hydroxide

(Fe(OH),) by consuming water and oxygen, which decomposes into hydrated ferric

oxide (rust) and water.

Fe** +20H~ — Fe(OH), (Ferrous hydroxide) (2.7)
4Fe(OH),+0,+2H,0 — 4Fe(OH), (Ferric hydroxide) (2.8)
2Fe(OH), — FeO,H,0+2H,0 (Hydrated ferric oxide) (2.9)

Fe’* reacts with chloride ions to become ferric chloride (FeCl,)and then

consumes water to become rust as shown in Equations (2.10) and (2.11)

Fe?* +2CI- —> FeCl, (2.10)

FeCl, +2H,0 —> Fe(OH),+2HClI (2.11)
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Fe* 1 20H  —» Fe(OH)
Fe —» Fe +2e

Figure 2.9 Corrosion reactions on steel (Broomfield, 1996)

2.7 Chloride ion penetration of concrete

Chloride in concrete can originate from two main sources: as internal chloride in
the chlorides added to the mixed concrete (such as from the contamination of
aggregates or the use of sea water or other saline contaminated water) or as external
chloride by entering into the concrete post hardening (where the chloride is found in

the marine environment or deicing salts).
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2.7.1 Chloride in concrete
Chloride in concrete structures in two forms: as bound chloride and as
free chloride, as depicted in Figure 2.10. Many researchers have found that the total

chloride concentration is the sum of this bound and free chloride, as shown in

Equation (2.12).

C. =C,+C (2.12)
T b f

where C; is the total chloride, C, is the bound chloride and C, is the free chloride

Total chloride

Bound chloride Free chloride

Chemically bound chloride

Physically bound chloride

Figure 2.10 Diagram type of chloride in concrete
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2.7.1.1 Bound chloride
The transport rate of chloride originating from the bound chloride
in hydrated cement paste into concrete is very significant and is dependent on the
chemical and physical reaction mechanisms.

(1) Chemically bound chloride is chloride that reacts with
tricalcium aluminate (CsA) to form calcium chloroaluminate (Friedel’s salt), and the
mechanism by which this occurs is shown in Equation (2.13). The photomicrograph
of Friedel’s salt in Figure 2.11 illustrates its morphology as being a hexagonal slice of

approximately 2-3 um in size (Luo et al., 2003).

CaCl, +3Ca0.Al,0, +10H,0 — 3Ca0.Al,0,.CaCl,.10H,0 (2.13)

Figure 2.11 Photomicrograph of Friedel’s salt, 1= Friedel’s salt (Luo et al., 2003)
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(2) Physically bound chloride forms from the adsorption of
chloride onto the surface of C-S-H, C-A-H, ettringite, and monosulfate.
2.7.1.2 Free chloride
Free chloride is dissolved in the concrete solution and can move
according to the concentration gradient. It is this form of chloride that is responsible
for initiating the process of corrosion.
2.7.1.3 Relationship between bound chloride and free chloride
Chloride reacts chemically with tricalcium aluminate (C3A) or
its hydration to form calcium chloro-aluminate, 3CaO.Al,03.CaCl,.10H,0,
commonly known as Friedel’s salt. The chloride can be physically adsorbed on the
surface of hydration or during a pozzolanic reaction. However, many researchers have
represented the relationship between bound chloride and free chloride as follows.

Linear isotherm:

C, =/C, (2.14)
Freundlich isotherm:

C,=aC,” (2.15)

Langmuir isotherm:

aC,
C, =
1+ BC,

(2.16)
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where C, is the bound chloride, C, is the free chloride and y,« 8 are the constants

determined by experiments.
2.7.2 Factors affecting chloride resistance
Chloride transport in concrete is largely dependent on the characteristics
of the cement paste including the cement composition, the type of chloride, the curing
condition, the temperature, the exposure condition, and the supplementary
cementitious materials used.
2.7.2.1 Cement composition
Arya et al. (1990) studied the effect of OPC and sulfate-
resistant Portland cement (SRPC) using a 20 g/L NaCl solution. They found that the
SRPC had lower chloride binding than of the OPC. There was also a lower amount of
CsA in the SRPC. Zibara (2001) found that C3A plays the most significant role in the
chloride binding capacity of cement. The chloride binding of C3A was good in the
high concentration range (1.0-3.0 M), while it was not as good at the low
concentration range of 0.1 M. In addition, the chloride binding capacity of C,AF is
one third of that of C3A. It was also previously reported that OPC performs better than
SRPC in terms of chloride binding, chloride diffusivity, and reinforcement corrosion

(Page et al., 1981; Rasheeduzzafar et al., 1990).
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Glass and Buenfeld (2000) studied the effect of C;A on
chloride binding. OPC containing 2%, 8% and 14% C3A and having a W/C ratio of
0.45 was used, as shown in Figure 2.12. The results indicated that the predicted
maximum bound chloride contents for the 2%, 8% and 14% C3A cements are 0.97%,
1.32% and 1.67% chloride ion by weight of cement. Chloride binding increases
significantly as the C3A content increases as a result of the reaction between the
chloride ions and C3A that forms Friedel’s salt.

Ramachandran (1971) studied the effect of C3S and C,S on
chloride binding and found that higher contents of C3S and C,S affect the physical
binding of chloride, which results from the adsorption of the chloride ions to the
C-S-H.

The SO3; content of cement also affects the chloride binding.
SO; has a negative influence on the chloride binding capacity, especially at low
chloride concentrations (0.1 M), because the sulfates react with C;A and C,AF to

form ettringite or monosulphate (Zibara, 2001).
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Figure 2.12 Predicted binding data together with the fitted Langmuir adsorption

isotherm for a 0.45 W/C ratio (Glass and Buenfeld, 2000)

Oh and Jang (2007) investigated the effect of cement type on
chloride. It was found that the diffusion coefficient of type I cement mixtures is lower
than that of type V cement mixtures because of the different chloride binding effects
of various types of cement. The C3A content affects the binding capacity, and the C3A
content of type | cement is higher than that of type V cement. In addition,
Sumranwanich and Tangtermsirikul (2004) found that type Il cement paste had
a higher fixed chloride content than Type | cement paste because type 11l cement had

a higher fineness, and, thus, more hydration products were produced.
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2.7.2.2 Type of chloride

Tritthart (1989) studied the effect of sodium chloride (NaCl),
calcium chloride (CaCl,), magnesium chloride (MgCl,) and hydrogen chloride (HCI)
on chloride binding in cement paste (W/C =0.6) after 3 months of curing when the
total chloride addition was 1% CI of the cement weight. The results indicated that the
use of CaCl, led to more bound chloride than NaCl, MgCl, and HCI. Similarly,
Delagrave et al. (1997) showed that the chloride binding was much higher when
calcium was the cation rather than sodium. Neville (1995) also pointed out in his
review that calcium chloride leads to more chloride binding than sodium chloride in
cement paste.

2.7.2.3 Water-to-cement ratio

Liu and Winslow (1995) studied the effect of W/C on chloride
permeability. W/C values of 0.32, 0.40, 0.50 and 0.60 were used, and the chloride
permeability was determined in accordance with AASHTO Test T277-83. The results
indicated that chloride permeability depends on W/C and curing time. A similar
conclusion was also reported by (Sumranwanich and Tangtermsirikul, 2004) who
found that W/C increases with total chloride content, while the fixed chloride content
is decreased because chloride can be more easily enter into concrete. Pastes with low
WI/C were also found to be denser. In addition, Moon et al. (2006) investigated the
W/B ratio on chloride diffusivity in concrete. The experimental results showed that
the average pore diameter increases with the W/B ratio and relates proportionally to

the chloride diffusivity of the concrete.
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Chalee et al. (2007) studied the effect of the W/C ratio on
covering the depth of fly ash concrete in marine environment. The W/C ratio of fly
ash concrete was varied at 0.45, 0.55 and 0.65. They found that the cement concrete
had a higher rate of chloride penetration than that of fly ash concrete. A decrease in
the W/C ratio could reduce the covering depth required for the initial corrosion of the
steel bar. Later, Chalee and Jaturapitakkul (2009) found that a decrease in the W/C

ratio resulted in a decrease in the chloride diffusion coefficient (D, ) because the W/C

ratio influences the water permeability of cement concrete.
2.7.2.4 Pore structure

The pore structure of cement affects important transport
properties. Cement-based materials contain air voids, capillary pores and gel pores.
Many researchers have studied the effect of the average pore diameter and critical
pore diameter on chloride diffusivity. Halamickova et al. (1995) found that the
coefficient of chloride ion diffusion varied linearly with critical pore radius and
depended on the W/C ratio as shown in Figure 2.13. The diffusion coefficient of paste

is expressed as the following:

D, =(-4.3x10 %) +(6.5x10 ** ) Cr (2.17)

where D, is the diffusion coefficient (m?/s) and Cr is critical pore radius of the paste
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Figure 2.13 Relationship between the diffusion coefficients of chloride ions and

the critical pore radius of the paste (Halamickova et al., 1995).

Yang et al. (2006) performed a linear regression analysis and
found that the diffusion coefficient obtained from a ponding test increases with an
increase in continuous pore or critical pore radius. Capillary porosity and critical pore
diameter or continuous pore diameter are the most important characteristics of the
pore structure in relation to the diffusion coefficient of chloride ions in concrete. This

relationship is shown in Figure 2.14.

D, = (0.0496d, —2.8534) x10"* (2.18)

where D, is the diffusion coefficient (m?/s) and d. is critical pore diameter of the

paste
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2.7.2.5 Curing time

Curing methods and duration are important for controlling
concrete quality, including, in particular, the strength and durability of the concrete.
Sumranwanich and Tangtermsirikul (2004) investigated chloride binding in OPC.
Specimens were cast into 50 mm diameter and 10 mm thick. The cement pastes were
cured for 1, 7 and 28 days. At the end of water curing, they were exposed to salt water
containing 3.0% chloride ions for 28, 56 and 91 days. The results indicated that
cement pastes with the same exposure to a shorter curing time had higher total
chloride and free chloride levels than those exposed to longer curing times. This result
is because the pastes cured for less time had bigger pore diameters that subsequently
affected the chloride penetration into the paste. Pastes immersed for longer times in

saltwater contained a higher total chloride and fixed chloride content.
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2.7.2.6 Temperature

Al-Khaja (1997) investigated the effect of exposure
temperature on chloride ingress into concrete. Concrete samples were cured in water
at 22+2°C for 28 days. At the age of 29 days, specimens were immersed in 3% NacCl,
and the temperature was maintained at 20 and 45°C. The results showed that the
exposure temperature increased the chloride content, which is the main factor
affecting the chloride ingress into concrete. Nguyen et al. (2009) studied the effect of
environmental temperature on the chloride diffusion of mortars. Cylinder samples 100
mm in diameter and 200 mm in height were prepared. After curing in water at 20£1°C
and 90% relative humidity, the chloride diffusion coefficient and penetration depths
of chloride of the specimens were measured from the NT build 443 at temperatures of
5°C, 21°C and 35°C. It was found that the chloride diffusion coefficient increased
with temperature. In addition, the impact of temperature on chloride transport led to
an increase in the chloride penetration depths.

2.7.2.7 Exposure condition
Liam et al. (1992) studied the diffusion coefficient (D.) and

surface chloride (Cs) content of a 24 year-old reinforced concrete jetty structure in
amarine environment. They found that the amount of chloride content in the splash
zone near sea-level is more than that in the tidal zone, which may be due to the
wet/dry cycle. Water absorption may lead to very rapid penetration of chloride.
However, Ann et al. (2009) showed that the amount of chloride in the tidal zone is
greater than that in the splash zone. In addition, Song et al. (2008) investigated the
chloride transport of concrete from different sea areas in the UK, Japan and

Venezuela. The research indicated that concrete structures exposed to a tropical
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environment were more sensitive to chloride attack because the tropical climate
affected the chloride ion transport into concrete. This result is due to the high relative
humidity, temperature and chloride concentration, all of which facilitate the transport
of chloride ions into concrete. Furthermore, studies on the effect of the distance from
sea on chloride content revealed which found that structures located on the coast close
to the sea are important to chloride (Mustafa and Yusof, 1994).
2.7.2.8 Supplementary cementitious materials

Kayyali and Qasrawi (1992) investigated the chloride binding
capacity of blended cement paste containing fly ash. 30% of the Type | Portland
cement was replaced by Type F fly ash, and NaCl was dissolved in the mixed water
prior to the start of mixing. The experimental results showed that the dehydration of
calcium chloroaluminate hydrate (Friedel’s salt) was observed at temperatures
ranging from 335°C to 350°C. In addition, the DTA peak indicated that the area of
formation of Friedel’s salt is larger in the fly ash cement paste than in the paste
without fly ash.

Arya and Xu (1995) studied the chloride binding of
cementitious materials. Type | Portland cement was partially replaced by 35%
pulverized fuel ash (PFA), 35% ground granulated furnace slag (GGBS), and 10%
silica fume (SF). NaCl was dissolved in water at 1% by weight of cement. Specimens
were cured at 3, 7, 14, 28 and 90 days. The amount of chloride binding occurred in

the following order: GGBS > PFA > OPC > SF.
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Sumranwanich and Tangtermsirikul (2004) studied the effect of
the type of fly ash on chloride content. They found that cement paste using Type C fly
ash (with high CaO content) had a lower total chloride penetration profile than that
using Type F fly ash (with low CaO content) because high CaO fly ash has denser and
smaller pores than low CaO fly ash.

Chalee et al. (2010) studied the use of fly ash concrete in
a marine environment for long-term design life analysis and found that increasing the
amount of concrete containing fly ash reduced the chloride penetration, chloride
penetration coefficient and steel corrosion in the concrete. In addition, after 7 years
exposure to sea water, no corrosion of the embedded steel bar at a 50 mm concrete
cover depth was observed for concrete containing 25-50% of fly ash and having
a W/B ratio of 0.65. Later, Cheewaket et al. (2010) observed that increasing the fly
ash replacement of cement in concrete resulted in an increase in its chloride binding
capacity. These results confirm that the use of fly ash in concrete enhances its
resistance to chloride penetration. This resistance results from the chloride binding of
concrete depending on the two main mechanisms of physical adsorption and chemical
reaction (Luo et al., 2003). In addition, the pozzolanic reaction occurs because of the
SiO; and Al,O3 contained in the fly ash, which react with Ca(OH), and thus increase
the compressive strength while refining the pore structure in the blended cement

paste; these results are in agreement with (Li and Ding, 2003).
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2.8 Modeling of chloride ingress into cement paste

Numerical studies have focused on developing an algorithm to estimate
chloride penetration depth. Truc et al. (2000) presented a numerical model based on
the finite difference method and the Nernst-Planck equation for the simulation of the
transport of CI, K*, Na" and OH" through saturated concrete during a migration test.
Martin-Perez et al. (2001) studied an algorithm based on Fick’s second law for the
numerical modeling transport of chloride through concrete. Many researchers have
implemented finite element programs, such as ABAQUS, ANSYS and COSMOS
thermal software (Chen and Mahadevan, 2008; Lin et al., 2010; Marsavina et al.,
2009). Guzman et al., (2011) determined that the free chloride numerical results are in
close agreement with experimental results. This proposed model results is shown in

Figure 2.15.
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Figure 2.15 Proposed model results (Guzman et al., 2011)
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2.8.1 Governing equation
The ionic flux through a saturated porous medium is described by Fick’s
first law. Chloride ions from an exposed surface moves into the cement matrix due to

the concentration gradient. The movement is expressed as follows:

J,=-D,VC, (2.19)

where J_is the chloride flux, D, is the diffusion coefficient (m?/s), andC, is the free

chloride concentration (g/g). The mass balance equation for chloride ions can be

expressed using Fick’s second law as follows:

Cr _ vy, (2.20)
o

Substituting Equation (2.19) into Equation (2.20), the following equation is obtained:

©: _yve, @21
oc, o, oC

=—(D 2.22
ot ax( ¢ ax) (222)
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The total chloride amount is shown in Equation (2.23). The chloride
binding capacity of the paste is slope of a binding isotherm. The binding isotherm
relates the free and bound chloride concentrations at equilibrium and is characteristic

of each cementitious system as in the following:

C, =C, +C, (2.23)

Isotherm, chloride binding capacity can be expressed as:

ac,
°C =a (2.24)
T
0°C
P 2.25)

Substituting 0C; = l(SCf , We have
a

(2.26)

where C; is the concentration of total chloride (g/g), C, is the concentration of free

chloride (9/9), D, is the chloride diffusion coefficient (m?/s), t is exposure time,

and x is the depth of paste measured from the surface (m).
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2.8.2 Finite element analysis
Numerical simulations were performed using the governing equation,

Equation (2.26). The free chloride concentration (C,) is expressed by the shape

function [N_] and nodal free chloride concentration{cf}. The shape function

connects the properties in an element with the properties in a node.
C, (x.y.z.t)=[N.(xv.2) {c, (t)} (2.27)

where [NC] is element shape functions forC, . The element shape function derivative

matrix can be expressed as Equations (2.28) and (2.29), respectively.

[NJ=[N, N, .. N,] (2.28)
N, N, N
[B]{ax N % 6)(} (2.29)

The value of {Cf } is obtained as follows:

{eih=[cn cip o cfn]T (2.30)
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Substituting Equation (2.27) into Equation (2.26) and applying the

Galerkin method, the following equation is obtained:

iG] {a([N(x, yétz)]{cf ClIR o, o?(IN(x ayx,zz)]{cf (t)})} V=0 231

\

The finite element of transient mass diffusion can be obtained as follows:
o1c, (t
[C]{;T()} +[Ke, )= 1Q} (2.32)

[C].[K].[D]and {Q}of Equation (2.32) are expressed by the following

equations, respectively:

[K]:j[B]T[D][B]dv (2.33)

[C]=J[NT [N]av (2.34)
D, 0

[D]=| . o (2.35)
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Q)= f[N]c,ds (2.36)

where f is the boundary flux, and c, is the free chloride concentration of exposure

surface condition. Numerical simulation based on a finite element method is a
good alternative for modeling the chloride penetration into concrete using a diffusion

coefficient and transient analysis.

2.9 Summary of the literature review

A brief summary of the literature review is presented. This summary comprises
five topics.
2.9.1 Study of biomass ash in concrete
In general, there is a consensus that biomass ash is an excellent
pozzolanic material suitable for use in concrete when it is of high fineness. In
particular, blended mortar or paste containing pozzolan materials with high fineness
has a lower average pore diameter and critical pore size than OPC paste. These
properties result from the reaction of biomass ash with Ca(OH),, which increases
compressive strength and pore refinement. This effect is an important factor for

permeability and chloride iron diffusion.
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2.9.2 Effect of mineral admixture on compressive strength
Pozzolan materials are used as a partial replacement for Portland cement
in concrete. From the literature, it is well known that the compressive strength of
mortar or concrete is attributed to three factors: the hydration level, the act of small
particles filling the voids of pastes and thereby dispersing cement particles, and the
reaction between the siliceous and aluminous material from pozzolanic materials and
calcium hydroxide.
2.9.3 Pore structure of hardened cement paste
Pores that are present in cement paste or in concrete can be divided into
gel pores and capillary pores, which increase and decrease according to the hydration
reaction. The structure of cement paste relies significantly on the water-to-cement
ratio, curing time, compressive strength, temperature, and supplementary cementitious
materials. The pore structure (e.g., the total porosity, the average pore diameter, and
the critical pore size of the paste) is one factor that influences the properties of cement
materials, such as their strength, permeability and durability. However, most research
has reported that the total porosity, average pore diameter and critical pore diameter
of blended cement paste containing pozzolan materials were lower than the values for

OPC paste.
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2.9.4 Chloride ion penetration of concrete

Chloride attack is one of the major threats to the durability of reinforced
concrete structures in a marine environment, where it is subjected to de-icing salts.
The penetration of chloride depassivates steel and initiates the corrosion of the
reinforcement bar. The penetration rate of chloride depends on the diffusion
coefficient and high-performance concrete should have a low permeability. Chloride
binding affects the transport rate of chloride into concrete. Previous research has
suggested that the use of fly ash in concrete resulted in higher chloride binding than
for control concrete.

2.9.5 Modeling of chloride ingress into cement paste
The finite element method is a tool to solve problems in engineering, such
as stress analysis, bulking, heat transfer, and fluid flow. The simulation of chloride
penetration through concrete is based on Fick’s second law. Many researchers
implement finite element programs such as ABAQUS, ANSYS and COSMOS
thermal software. The results found that the free chloride numerical results are in
close agreement with experimental results.

The literature review shows that by-products from biomass power plants
such as RHA and POFA can be used as cement replacements. Thus, this research aims
to study the effect of RHA and POFA of different finenesses on the compressive
strength and microstructure of the blended cement paste. To test for durability, a study
of the chloride penetration of the blended cement paste will also be conducted. The
benefits of this research are that it may help to lead to a reduction of both cement

usage and the volume of by-product waste disposed in landfills.
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2.10 Research framework

From the literature review, many researchers have reported that pozzolan
materials are used to partially replace cement and that the compressive strength of
cement paste or mortar is attributed to three factors: the hydration reaction, the filler
effect, and the pozzolanic reaction. In addition, previous research has shown that the
pore structure of blended cement paste containing pozzolan materials transformed
from coarser to finer pores. Thus, the use of pozzolan materials can improve concrete
strength, and chloride penetration resistance of concrete. Type | Portland cement
(OPC) was replaced by RHA or POFA or RS at 0%, 10%, 20%, 30% and 40% by
weight of binder. The compressive strength, thermogravimetric analysis and pore size
distribution of the blended cement pastes were investigated. POFA was used to
replace ordinary Portland cement at 0%, 10%, 20%, 30% and 40% by weight of
binder. The pastes were immersed in 3 % solution for 90 days. After that the total
chloride content, free chloride content and microstructure chloride penetration were

examined at 90 days immersion in 3% NaCl solution.
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CHAPTER 111

EXPERIMENTAL PROGRAM

This chapter explains the details of the experimental program. The study is
divided into two parts. The first part showed mixed proportions of paste and a method
for determining the component of the compressive strength of paste that results from
the hydration reaction, the filler effect, and the pozzolanic reaction. The
microstructure of the blended cement paste was studied using thermal gravimetry
analysis (TGA) and mercury intrusion porosimeter (MIP). Part 2 examined the
chloride penetration into blended cement paste and consists of tests to determine the
total chloride content, the free chloride content In addition, the microstructure of

pastes, and numerical finite element methods was also performed.
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3.1 Materials

3.1.1 Cement

Ordinary Portland cement type | (OPC) and sulfate resistance Portland

cement Type V (SRPC) were used in this study.
3.1.2 Biomass ash

Two types of biomass ash were used in this study: rice husk ash (RHA)
and palm oil fuel ash (POFA).

RHA is a by-product material from electricity generation biomass power
plants. In this study, RHA was collected from power plants in the Roiet Province of
Thailand.

POFA is a by-product from biomass thermal power plants where oil
palm residues are burned to generate electricity. In this study, POFA from a power
plant in the Chumphon Province of Thailand was used.

3.1.3 Inert material

The inert material used was ground river sand (RS)
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3.2 Method of study

Original RHA, original POFA and RS are ground to two different sizes as
shown in Figure 3.1. The median particle size of the materials are proposed to be of
the same size as that of cement and as the filler between the particle sizes of cement,
which was calculated using Equations (3.1) and (3.2), respectively. An overview of
the experimental procedure is shown in Figure 3.2.

As shown in Figure 3.1(a), if the median particle size of the material is the same

as that of OPC (~15 um), the material does not act as a filler.
d=D=15um (3.1)

If the median particle size of the material is smaller than cement and acts as
a filler between the particles of cement as shown in Figure 3.1(b), then the median
size of the filler material can be calculated as shown in Equation 3. 2, (Lu and Likos,

2004).

D/2

d=c0s30 ———
D/2+d/2

=0.15D = 0.15(15) = 2.25um (3.2)



(a) Median particle size equal to (b) Minimum median particle size

that of OPC for filler

Figure 3.1 Illustration of material with different particles size in OPC paste
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Test program

Effect of biomass ash fineness on compressive strength

and microstructure of blended cement paste

Chloride penetration into blended cement paste

\ RHA, POFA and RS

| | POFA

Grinding 2 different finenesses same as cement and

smaller size than cement

Grinding 2 different finenesses same as cement and

smaller size than cement

| | | |

| | |
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| | | |

| | |

XRF, XRD, SEM, Specific gravity, Blaine fineness

XRF, XRD, SEM, Specific gravity, Blaine fineness

Replacement level of Portland cement at 10, 20, 30, and
40% by weight and W/B ratio of 0.35

Replacement level of Portland cement Type I at 10,
20, 30, and 40% by weight and W/B ratio of 0.35 by

submerging in NaCl 3%
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Figure 3.2 Experimental program
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3.2.1 Mixture proportions of pastes
In Part 1, ground RHA, POFA, and RS were used to partially
replace Type | Portland cement at 0%, 10%, 20%, 30% and 40% by binder weight as
shown in Table 3.1. The normal consistency of paste OPC was 25.5% while those of
RHA and POFA were higher than that paste OPC and increased with increasing
particle fineness and cement replacement rate. This is due to the particles of ashes
having high porosity, and thus absorbing more water, resulting in higher water

consumption.

Table 3.1 Mixture proportions of pastes in part 1

Mixture proportions (%) Normal
Symbol ' 5pcTcrs [CRHA|CPOFA [FRS |FRHA|FPOFA| W/B | Consistency (%)

OPC 00| - | - - -\ - = l0.35 255
10CRS 9 | 10 | - L - = l0.35 257
20CRS 80 | 20 | - | o~ = 035 25.8
30CRS 70 | 30 | - - /R = 035 25.9
40CRS 60 | 40 | - - Z [\ ~ 035 26.1
10CRHA | 90 | - | 10 - T\ = l0.35 275
20CRHA | 80 | - | 20 - | I gl = l0.35 28.1
30CRHA | 70 | - | 30 - N = l0.35 29.7
40CRHA | 60 | - | 40 3 napes = 035 315
10CPOFA | 90 | - | - 0 | - | - ~ 035 26.7
20CPOFA | 80 | - | - 20 | - | - ~ 035 276
30CPOFA | 70 | - | - 30 | - | - ~ |o03s 28.3
40CPOFA | 60 | - | - 20 | - | - ~ |o03s 295
10FRS 9 | - | - - 10 | - = l0.35 26.1
20FRS 80 | - | - - 20| - ~ 035 26.4
30FRS 70| - | - 30| - ~ 035 26.8
40FRS 60 | - | - a0 | - = 035 272
10FRHA | 90 | - | - - ~ | 10 = l0.35 32.8
20FRHA | 80 | - | - - ~ | 20 ~ |o03s 335
30FRHA | 70 | - | - - ~ | 20 ~ |o03s 35.6
40FRHA | 60 | - | - - ~ | 40 ~ 035 37.8
10FPOFA | 90 | - | - ] I 10 |035 31.8
20FPOFA | 80 | - | - ] I 20 035 335
30FPOFA | 70 | - | - - A 30 |0.35 35.1
40FPOFA | 60 | - | - - N 40 035 36.5
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In Part 2, Type | Portland cement was partially replaced by POFA at
0%, 10%, 20%, 30% and 40% by binder weight as shown in Table 3.2. Two sets of

pastes with a water-to-binder (W/B) ratio of 0.35 were prepared.

Table 3.2 Mixture proportions of pastes in part 2

Mixture proportions (%)

Symbol oPC SRPC | CPOFA | FPOFA wiB
OPC 100 - - - 0.35
SRPC - 100 - - 0.35
10CPOFA 90 10 - 0.35
20CPOFA 80 20 ] 0.35
30CPOFA 70 30 ) 0.35
40CPOFA 60 - 40 - 0.35
10FPOFA 90 - - 10 0.35
20FPOFA 80 - - 20 0.35
30FPOFA 70 [ \ 30 0.35
40FPOFA 60 o \ 40 0.35

3.2.2 List of abbreviations

Paste symbol {10, 20, 30, 40} {C, F} {OPC, SRPC, POFA, RHA,RS}

where: OPC = Ordinary Portland cement type |
SRPC = Sulfate resistance Portland cement type V
POFA = Ground palm oil fuel ash
RHA = Ground rice husk ash
RS = River sand
C = Coarse

Fine

Tn
I
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3.3 Test program

3.3.1 Determination of properties of materials

(1) The specific gravity of the RHA, POFA, RS, OPC and SRPC was
measured according to ASTM C188.

(2) The fineness of the RHA, POFA, RS, OPC and SRPC was measured
according to ASTM C204 2001.

(3) The chemical composition of the RHA, POFA, RS, OPC and SRPC
was measured using X-ray fluorescence.

(4) The amorphous structure of the RHA, POFA, and RS was
determined using quantitative XRD analysis with Bruker’s TOPAS software. The
XRD scans were performed for 26 between 10°and 65° using with an increment of
0.02°/step and a scan speed of 0.5 sec/step.

(5) Particle size analysis of the RHA, POFA, RS, OPC and SRPC was
conducted using laser particle size analysis.

3.3.2 Determination of compressive strength

Cube specimens of size 50 x 50 x 50 mm were prepared in accordance
with ASTM C109 except that no sand was used in the mixture and were tested to
determine the compressive strength at the ages of 7, 28, 60 and 90 days. An average
of five samples was taken for each compressive strength value reported.

3.3.2.1 Evaluation of the percentage compressive strength of paste
due to the hydration reaction

The percentage compressive strength of a paste due to the hydration

reaction ( P, ) is the ratio between the compressive strength of the paste containing
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inert material with the same particle size of cement and the compressive
strength of the OPC paste. The percentage compressive strength of a paste due to the

hydration reaction is calculated by the following equation:

[ 03

opc

where B, is the percentage compressive strength of the paste due to the hydration

reaction (%), Cic is the compressive strength of the paste containing inert material with
the same particle size of cement (MPa) and Copc is the compressive strength of OPC
paste (MPa).
3.3.2.2 Evaluation of the percentage compressive strength of paste
due to the filler effect

The percentage compressive strength of paste due to the filler

effect (P.) is the difference in the percentage compressive strength between the paste

with inert material with high fineness and the paste with inert material with the same
particle size as the cement. The percentage compressive strength of paste due to the

filler effect is calculated by the following equation:

PF = (I:;f(p,t) - Pic(p,t)) (3-4)
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where (P-) is the percentage compressive strength of the paste due to the filler effect
(%), P (o is the percentage compressive strength of the paste containing inert

material with high fineness compared with OPC paste (%) and P is the

ic,(p,t)
percentage compressive strength of the paste containing inert material with the same

particle size as the cement compared with OPC paste (%). B, ,,and P have the

ic,(p.t)
same replacement (p) and the same age (t).

3.3.2.3 Evaluation of the percentage compressive strength of paste
due to the pozzolanic reaction

The percentage compressive strength of paste due to the

pozzolanic reaction (B, ) is the difference in the percentage compressive strength

between the RHA or POFA paste and the inert material paste. The percentage
compressive strengths of paste due to the pozzolanic reaction were calculated by the

following equation:

Poze = (Roosy = Picosy) (3.5)

where B,, , is the percentage compressive strength of the paste due to the pozzolanic

reaction (%), R, is the percentage compressive strength of the paste containing

(p.sit)

RHA or POFA compared with OPC paste (%) and P is the percentage

i,(p,s.t)
compressive strength of the paste containing inert material compared with OPC paste

(%), R, (psnand P have the same replacement (p), fineness (s) and age (t).

(psit i,(p,sit)
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3.3.3 Microstructure of the blended cement paste
3.3.3.1 Thermal analysis

Thermal analysis is a widely used method for determining the
presence of hydration products such as ettringite, calcium silicate hydrate (C-S-H),
calcium aluminum silicate hydrate (CoASHs), calcium aluminate hydrate (C4AH;3),
calcium hydroxide (Ca(OH),) and calcium carbonate (CaCO3) (Bai et al., 2003).
Thermogravimetric analysis was carried out using Netzsch STA 409 C/CD
equipment. The sample was heated from room temperature to 1000°C at a heating rate
of 10°C/min under a nitrogen atmosphere. The thermogravimetric (TG) signal was
used to calculate the weight loss during heating and to estimate the content of
Ca(OH), and carbonated phases. The Ca(OH), content was calculated from the weight
loss between 450 and 580°C (El-Jazairi and IlIston, 1977). Furthermore, the derivative
thermogravimetric (DTG) data of the weight loss can be used to further determine
each phase (Chaipanich and Nochaiya, 2010)

3.3.3.2 Determination of the porosity of the pastes

The measurement of the distribution of pore diameters in the
hardened cement pastes, determined by mercury intrusion porosimetry (MIP), was
conducted at a pressure capacity of 228 MPa. After curing, all cube specimens were
split from the middle portion of the hardened blended cement paste and 3-6 mm
pieces weighing between 1 and 1.5 g were used. To stop the hydration reaction, the
samples were submerged directly into liquid nitrogen for 5 min and were then
evacuated at a pressure of 0.5 Pa at -40°C for 48 h. This method has been used

previously to stop the hydration reaction of cement paste (Galle, 2001; Konecny and
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Nagvi, 1993). The pressure was determined by the Washburn equation (Washburm,

1921), and the pore diameters were calculated by the Washburn equation as follows:

_ —4ycosd
P

d (3.6)

where d is the pore diameter (um), v is the surface tension of the mercury (dynes/cm),

0 is the contact angle (degree) and P is the applied pressure (MPa).

3.3.4 Chloride penetration into blended cement paste
Specimens (100 mm diameter and 200 mm in height) were prepared in
accordance with ASTM C39 except that no sand was used in the mixture. The cast
specimens were removed from the mold. Afterwards, they were cured in saturated
lime water at 23+2°C. After curing to the age of 27 days, they were cut into 60 mm
pieces. The lateral and bottom surfaces of the cylinders were coated with epoxy. The
samples were immersed in 3% NaCl solution for 90 days as shown in Figure 3.3, after

that the chloride penetration into blended cement paste was measured.
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(b) Specimen pastes immersed in 3% NaCl solution for 90 days

Figure 3.3 Immersion of paste specimen in 3% NacCl solution

3.3.4.1 Total chloride content
After 90 days of the chloride exposure period, the specimen
was dry-cut from the top surface, which was 10 mm thick as shown in Figure 3.4. The
paste was ground into a powder sample that could pass through a No. 20 sieve. Nitric
acid was mixed into the 10 g powder sample in a beaker, and the mixture was heated
on a hot plate for 3 minutes. After removal of the beaker from the hot plate and
filtering the solution, the filtrate was used to analyze the total chloride content using

auto-titration equipment according to ASTM C1152.
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Figure 3.4 Paste specimens coring and cutting for chloride test

3.3.4.2 Free chloride content
The method to determine the free chloride content is similar to
that used for the total chloride content. 10 g of powder samples and distilled water
were mixed in a beaker. The mixture was heated on the hot plate for 5 minutes, and
then the sample was left to stand for 24 h before filtering the solution. The filtrate was
used to analyze the free chloride content using auto titration equipment according to
ASTM C1218.
3.3.5 Microstructure of the blended cement paste chloride penetration
After 90 days of the chloride exposure period, the specimen was dry-cut
from the top surface, which was 10 mm thick. The paste was ground to a powder
sample that could pass through a No. 200 sieve. The amount of Friedel’s salt was
determined using semi-quantitative XRD. The XRD scans were performed for 26

between 10°and 25° using an increment of 0.02°/step and a scan speed of 0.5 sec/step.
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3.3.6 Numerical simulation of the blended cement paste under chloride
penetration

Finite element analysis was used to numerically solve the chloride

diffusion equation using Fick’s second law Equation (3.7). The numerical simulation

by the FEM program, ABAQUS thermal software, was used to study the chloride

penetration in the blended cement paste. The governing equation used in ABAQUS

was Equation (3.8).

oC
0 _Ofp, (3.7)
ot ox OX
or _ o, oT
——=—{k,— |+ 3.8
L ax(Xaij (3:8)

where T is the temperature, t is time, pis the density, C.is the specific heat, k, is
the thermal conductivities in global x direction, respectively, and Q represents the
heat generation rate. Equation (3.7) is similar to Equation (3.8) if p=1 and Q is 0.

Thus, for the simulation of chloride penetration, the temperature T is replaced by the

total chloride concentrationC, while the thermal conductivity k,is replaced by the

diffusion coefficient D, and the specific heat is replaced by the chloride binding

e
capacity <
T
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3.3.6.1 Geometric model
The geometric model used in the present study is shown in
Figure 3.5. It is a paste of 100 mm width and 60 mm height. The cement paste is
exposed to 3% NaCl and 100% relative humidity (RH) on the top surface and inside
specimen. The other boundaries are assumed to be insulated. The element is an
isoparametric element for the finite element model

RH=100%
3% NaCl Solution

149908900

Cement paste

Insulated
RH=100% Insulated 60 mm

Insulated
100 mm

Figure 3.5 Paste sample used for the numerical model

3.3.6.2 Material parameter
(1) Chloride diffusion coefficient
The chloride ion transport in the paste can be modeled by

Fick’s second law in the following form for one-dimension (Crank, 1975):

oC o%c
o e (39)
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Considering the constant diffusion coefficient, an analytical

solution of Equation (3.9) is given by:

X
C(xt)=C, {1—erf (2@]} (3.10)

where C(x,t)is the total chloride concentration (% by weight of binder) at depth x

and exposure time t

t is time (second)
X is distance from paste surface
D, isdiffusion coefficient (m?/s) at exposure time t

erf is error function
The apparent chloride diffusion coefficient D, is calculated from

the concentration profile of the specimen tested by curve-fitting of Equation (3.10).
(2) Chloride binding capacity
The total chloride is the sum of the free and bound
chloride as shown in Equation (3.11). The chloride binding capacity describes the
ratio between the change of free chloride content and the total chloride content. The
chloride binding relation is best defined by isotherm described by Equation (3.12).
Thus, the derivative of Equation (3.12) can be rewritten as Equation (3.13), where

«a is the slope of the line.
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C, =C, +C, (3.11)
oC

Loqg (3.12)
oC;

where C, is the total chloride, C, is the bound chloride and C, is the free chloride and

«a is the constants determined by experiments

Chloride penetration into blended cement paste containing
POFA was determined by the experimental value while numerical simulation is used
to solve the diffusion depth using Fick’s second law and the finite element method
program. The numerical simulation studies the calculation of the amount of free

chloride, in order to verify the experimental results.
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CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, the results are presented and discussed of two 2 parts of
experimental. In part I, influence of the hydration reaction, filler effect and pozzolanic
reaction on compressive strength, hydrate phase and pore size distribution are
discussed. In part II, chloride penetration and microstructure of cement paste

containing POFA with different finenesses under chloride penetration are reported.

4.1 Physical properties of materials

The SEM photographs of the materials are shown in Figure 4.1. It was found
that the ground RHA and POFA consisted of irregular and crushed particles. A similar
conclusion was also reported by the other researcher (Chindaprasirt et al., 2008). The
physical properties of the materials are presented in Table 4.1. The first group of
materials (CRHA, CPOFA and CRS) had particle sizes equal to that of cement. The
specific gravities of CRHA, CPOFA and CRS were 2.29, 2.36 and 2.59, respectively.
The Blaine fineness values of CRHA, CPOFA and CRS were 7,600, 6,700 and 3,900
cm’/g, respectively. For the small particle group (FRHA, FPOFA and FRS), the
specific gravities and Blaine finenesses of FRHA, FPOFA and FRS were 2.31, 2.48,

2.61 and 18,000, 14,900 and 6,300 cm*/g, respectively. The particle size distributions
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of the materials are shown in Figure 4.2. The median particle sizes of CRHA, CFOFA
and CRS were close to the particle size of the cement, while those of FRHA, FPOFA

and FRS were smaller than that of the cement.

10 pm
20 KV x1.000 39 mm

.
10 pm 10 pm
x1.000 39 | x1.000 39 mm

(c) Ground coarse palm oil fuel ash (CPOFA) (d) Ground fine palm oil fuel ash

(FPOFA)

Figure 4.1 Scanning electron micrographs of the materials
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10 um 10 pm
20KV x1.000 39 mm x1.000 39 mm

(e) Ground coarse river sand (CRS) (f) Ground fine river sand (FRS)

Figure 4.1 Scanning electron micrographs of the materials (continued)



Table 4.1 Physical properties of the materials

Sample Specific Median particle Blaine fineness
gravity size, dsp (um) (cm?/g)
OPC 3.14 14.6 3,600
CRHA 2.29 14.8 7,600
CPOFA 2.36 15.6 6,700
CRS 2.59 15.9 3,900
FRHA 2.31 1.9 18,100
FPOFA 248 2.1 14,900
FRS 2.61 2.2 6,300
100 T LI} llll‘ T A
Ssof 7
o - ]
g L i
g W1 —e— OPC
- —A— CRHA
5 40 [ —&— CPOFA
= L —— CRS
E_L —A— FRHA
O 20 —O— FPOFA
I~ —— FRS
L Lll IIII L L Ll_l IIII L L Lll IIII
%.1 1 10 100 1000

Particle Size (micron)

Figure 4.2 Particle size distributions of the materials
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4.2 Chemical and mineralogical analysis

The chemical compositions of the materials are shown in Table 4.2. SiO, is the
major chemical component of CRHA, FRHA, CPOFA and FPOFA and is 88.8%,
87.8%, 54.0% and 55.7%, respectively. LOI and SO; are within the limits of 10.0%
and 4%, respectively. The total amounts of SiO,, Al,O; and Fe,O; in CRHA and
FRHA were 91.1% and 89.2%, respectively, which are higher than the 70% for Class
N pozzolan specified by ASTM C618. However, the total amounts of SiO2, Al>O; and
Fe,05; of CPOFA and FPOFA were 56.9% and 58.6%, respectively, both of which are
less than 70%. A similar finding was also reported by other researchers (Awal and
Hussin, 1997). They found that POFA had a total SiO», Al>O; and Fe>Os content less
than 70%. In the case of insoluble material river sand (RS), the main chemical
component of CRS and FRS was also SiO, and was 92.0% and 91.2%, respectively.
In addition, the X-ray diffraction patterns of the materials are shown in Figure 4.3.
The percentage of amorphous material was determined by the quantitative XRD
analysis based on the Rietveld method, which was calculated using Bruker’s TOPAS.
The amorphous contents of CRHA, FRHA, CPOFA and FPOFA were 70.1%, 69.6%,
70.2% and 67.2% (by mass), respectively. The percentages of crystalline CRS and
FRS were 100% (by mass). The results confirm that river sand is an inert material,

which is similar to the results of previous research (Tangpagasit et al., 2005).



Table 4.2 Chemical compositions of the materials
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Chemical compositions by |OPC | SRPC |CRHA[FRHA | CPOFA | FPOFA | CRS | FRS
weight (%)

Silicon dioxide (Si0;,) 208 21.5 88.8 | 87.8 | 54.0 55.7 92.0 | 91.2
Aluminum oxide (ALLO5) 4.7 | 35 0.6 0.5 0.9 0.9 1.6 1.8
Iron oxide (Fe,05) 34 | 45 1.7 0.9 2.0 2.0 0.6 0.2
Calcium oxide (CaQ) 65.3] 60.2 1.1 1.2 12.9 12.5 0.9 0.7
Magnesium oxide (MgO) - 1.2 0.6 0.6 4.9 5.1 0.1 0.1
Sodium oxide (Na,O) 0.1 0.1 0.2 0.2 1.0 1.0 0.1 0.1
Potassium oxide (K-O) 04 [ 03 2.0 2.2 13.5 11.9 22 23
Sulfur trioxide (SOs) 27 23 0.1 0.1 4.0 2.9 - -
Loss on ignition (LOI) 0.9 1€ 3.6 3.2 3.7 4.7 2.1 1.8
Si0; + ALO; + Fea O3 - - 91.1 | 89.2 | 56.9 58.6 | 942 | 93.2
Quantitative XRD
Rietveld method
Amorphous (%) - - 70.1 | 69.0 70.2 67.2 - -
Crystalline (%) - - 299 | 304 | 298 32.8 | 100.0 | 100.0
Quartz - - 593 | 56.2 | 65.0 73.0 | 100.0 ] 100.0
Cristobalite - - 40.7 | 43.8 35.0 27.0 - -
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Figure 4.3 X-ray diffraction patterns of the materials
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Part 1

4.3 Compressive strength

Table 4.3 shows the compressive strengths at 7, 28, 60 and 90 days for the OPC
paste, which were 53.0, 75.0, 84.6 and 99.1 MPa, respectively. At 7 days, the
compressive strengths of pastes containing 10%-40% of CRHA with the same particle
size as cement were lower than that of the OPC paste because of the low cement
content, which resulted in a significant reduction in the normalized strength (Megat
Johari et al., 2011; Tangchirapat and Jaturapitakkul, 2010). Additionally, the
compressive strengths of the I0OCRHA and 20CRHA pastes at 28 days were 76.5 and
74.2 MPa or about 102% and 98.9% of that of the OPC paste, respectively, while
those of the 30CRHA and 40CRHA pastes at 28 and 90 days were 70.5, 64.7 and
100.0, 92.1 MPa or about 94%, 86.3% and 100.9%, 92.9% of that of the OPC paste,
respectively. In the case of pastes containing FRHA (small particle size of RHA), the
compressive strengths of the 10FRHA, 20FRHA and 30FRHA pastes were 55.9, 52.9
and 50.3 MPa or 105.5%, 99.8% and 94.9% of that of the OPC paste at 7 days and
increased to 81.7, 78.7 and 74.9 MPa or 108.9%, 104.9% and 99.9% of that of the
OPC paste at 28 days, respectively.

For the group mixed with ground palm oil fuel ash, the pastes containing 10-
40% CPOFA had compressive strengths that were lower than that of OPC paste at 7
days. The 28 days compressive strengths were 74.8, 72.0, 66.7 and 61.5 MPa with a
normalized strength of 99.7%, 96.0%, 88.9% and 82.0% for the 10CPOFA,
20CPOFA, 30CPOFA and 40CPOFA pastes, respectively. At 90 days, they increased
to 104.5, 102.0, 97.1 and 88.1 MPa with a normalized strength of 105.4%, 102.9%,

98.0% and 88.9% of the OPC paste, respectively. For the pastes with a small particle
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size, the compressive strengths of the 10FPOFA and 20FPOFA pastes at 28 and 90
days were 79.3, 77.3 and 111.3, 109.6 MPa or about 105.7%, 103.1% and 112.3%,
110.6% of the strength of the OPC paste, respectively. Moreover, at 30% and 40%
FPOFA, the compressive strengths at 90 days were 104.0 and 94.1 MPa or about
104.9% and 95.0% of that of the OPC paste, respectively.

The compressive strength of blended cement paste at 7-28 days increased with
age but decreased with an increase in the replacement of ash. The increased
compressive strength of blended cement paste can be explained by three factors: the
hydration reaction, the filler effect and the pozzolanic reaction. The hydration reaction
is the strength proportionate to the amount of cement in the mix. The filler effect has
two causes, the nucleation effect and packing effect, which depend significantly on
the fineness of material. The nucleation effect arises when the small particles are
dispersed in the blended cement paste and enhance the cement hydrate while the
packing effect occurs when small particles fill the voids of the paste (Cyr et al., 2006;
Gopalan, 1993; Montgomery et al., 1981; Rukzon and Chindaprasirt, 2012).
Therefore, the blended cement paste containing biomass ash with high fineness was
more homogeneous and denser, which increased the compressive strength of the
paste. Finally, the pozzolanic reaction occurs because of the Si0, and Al,O; contained
in the biomass ash, which react with Ca(OH), and produce an additional calcium

silicate hydrate (C-S-H).



Table 4.3 Compressive strengths of the pastes

o7

Symbol Compressive strength (MPa) Normalized compressive strength (%)
7 days |28 days |60 days [90 days | 7 days |28 days | 60 days | 90 days
OPC 53.0 75.0 84.6 99.1 100.0 | 100.0 100.0 100.0
10CRHA 52.4 76.5 88.5 107.6 98.9 102.0 104.6 108.6
20CRHA 49.8 74.2 88.3 106.0 94.0 98.9 104.4 107.0
30CRHA 46.5 70.5 83.7 100.0 87.7 94.0 98.9 100.9
40CRHA 42.4 64.7 774 92.1 80.0 86.3 91.5 929
10FRHA 35.9 81.7 94.7 116.2 105.5 108.9 125 1123
20FRHA 50 T8 93.1 1132 99.8 104.9 110.0 114.2
30FRHA 50.3 74.9 89.6 107.9 94.9 99.9 105.9 108.9
40FRHA 44.5 66.9 79.5 96.1 84.0 89.2 94.0 97.0
10CPOFA 51.3 74.8 86.3 1045 ] 96.8 99:7 101.6 1054
20CPOFA 48.3 72.0 84.6 102.0 | 91.1 96.0 99.6 102.9
30CPOFA 44.5 66.7 78.6 97.1 84.0 88.9 829 98.0
40CPOFA 41.0 61.5 72.8 88.1 77.4 82.0 85.7 88.9
10FPOFA 33.7 798 93:3 rl11.3 101.3 105.7 109.9 112.3
20FPOFA 51.9 793 iy 109.6 97.9 103.1 108.6 110.6
30FPOFA 48.3 72.8 86.3 104.0 91.1 96.9 101.6 104.9
40FPOFA 44.0 66.5 78.6 94.1 3.0 88.7 92.6 95.0
10CRS 48.3 68.2 77.2 90.1 91.1 90.9 91.3 90.9
20CRS 42.9 60.8 67.9 78.6 80.9 81.1 80.3 7l
30CRS 36.9 93l 60.8 70.2 69.6 70.8 719 70.8
40CRS 31.5 45.6 51.5 59.6 59.4 60.8 60.9 60.1
10FRS 49.9 69.9 79.1 92.8 94.2 93.2 93.5 93.6
20FRS 45.0 63.4 70.8 82.1 84.9 84.5 83.7 82.8
30FRS 39.1 56.5 64.1 74.5 73.8 T5.3 758 75.2
40FRS 342 49.2 554 63.9 64.5 65.6 65.5 64.5
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Comparing the RHA and POFA blended cement pastes in terms of the same
replacement and same fineness, the normalized strengths of RHA pastes were slightly
higher than those of POFA pastes because RHA contains more SiO; than POFA. The
results indicated that RHA was more reactive than POFA, and the results agree with
Tangpagasit et al., (2005). In addition, the results suggest that the replacement of
cement type I by RHA and POFA up to 30% by weight of binder does not impair the
compressive strength of pastes. The results are nearly identical to the results obtained
by other researchers (Ganesan et al., 2008; Jaturapitakkul et al., 2011a), who reported
that the optimum replacement level of Portland cement Type I by RHA or POFA is

30% by weight of binder.



99

4.4 Assessing the effect of biomass ashes with different finenesses on

the compressive strength of blended cement paste

4.4.1 Influence of cement content on the percentage compressive strength
of paste
The percentage compressive strength of ground river sand paste with age

(P,) is shown in Figure 4.4. For pastes containing CRS with the same particle size as

that of cement, the percentage compressive strengths of CRS pastes at any age were
almost constant. The same trend was also reported by Jaturapitakkul et al., (201 1a);
Tangpagasit et al., (2005). In contrast, the relationship between the percentage
compressive strengths of pastes due to the hydration reaction and the percentage
replacement of CRS paste is shown in Figure 4.5. The percentage compressive
strength decreased linearly with replacement of CRS. The results suggest that the
percentage compressive strength of pastes containing inert material with the same
particle size as cement does not depend on age but rather depends on the cement

content.
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Figure 4.4 Relationship between the percentage compressive strength of ground

river sand paste and age
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The empirical equations can be expressed for the percentage compressive

strength of paste due to the hydration reaction in terms of (R) as follows:

P, =100.4—0.996(R) @.1)

where P, is percentage compressive strength due to the hydration reaction of paste

(%) and R is the replacement of Portland cement by 10%-40% an inert material. The
correlation value of 0.997 indicates a strong linear relationship between the
percentage compressive strength and the percentage replacement of CRS.

When the data of Tangpagasit et al. (2005) and Jaturapitakkul et al. (2011) are
plotted in Figure 4.5 and compared with percentage compressive strength due to the
hydration reaction of paste. The data of Tangpagasit et al. (2005) and Jaturapitakkul et
al. (2011) are very close to the trend line of percentage replacement of CRS paste, and
it can be used to predict the value percentage compressive strength due to the

hydration reaction of paste.
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4.4.2 Influence of the filler effect on the percentage compressive strength

of paste

The relationship between the percentage compressive strength of ground
river sand with different finenesses of paste and age are shown in Figure 4.4. The
pastes with particles smaller than OPC had a higher percentage compressive strength
than the pastes with large particle size and had an almost constant value
(Jaturapitakkul et al., 201la; Tangpagasit et al., 2005). Figure 4.6 shows the
percentage compressive strengths of ground river sand with different finenesses of
paste and replacements with river sand. The percentage compressive strength of paste
due to the filler effect tended to increase with the amount of cement replacement and
was approximately 2.2-5.1% of the strength of the OPC paste. This is due to the small
particles dispersed into the blended cement paste and accelerated the hydration
reaction. In addition, the packing effect occurred as the small particles filled the voids
of the paste (Cyr et al., 2006; Gopalan, 1993; Lee et al., 2012; Montgomery et al.,
1981). Therefore, the paste was more homogeneous and denser, which resulted in the
increased compressive strength of the paste. These results suggest that a particle size
smaller than OPC has very important role in increasing the compressive strength by
the filler effect (Chindaprasirt et al., 2005). The results of the filler effect for pastes
agrees closely with the result obtained by Jaturapitakkul et al., (2011b), who reported
that the difference in the percentage compressive strengths between mortar containing
the same particle sizes of inert material and small sizes of inert material was up to

5.8% of the strength of the mortar.
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Figure 4.6 Relationships between the percentage compressive strength of paste due

effect and the replacement of river sand (CRS and FRS)

The empirical equation to predict the percentage of the compressive strength

of the paste due to the filler effect in terms of replacement (R) is proposed as follows:

P, =1.542Ln(R)~1.002

(4.2)

where P, is the percentage compressive strength of the paste due to the filler effect

(%) and R is the replacement of Portland cement by inert material (%). It was found

that P is represented by a logarithmic equation and has good correlation. The

empirical equation also suggest that the percentage compressive strength of the paste

due to the filler effect of the blended cement paste increased with an increase in the

replacement of inert material.
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4.4.3 Influence of the pozzolanic reaction on the percentage compressive
strength of pastes
Figures 4.7 and 4.8 show the percentage compressive strength of paste
due to the pozzolanic reaction of RHA and POFA, respectively. The pozzolanic
reaction increased with age and with the replacement of RHA or POFA. In addition,
the high fineness of RHA or POFA was more efficient for the pozzolanic reaction
than the coarse fineness because the high fineness of the ash provided a large surface
area to contribute silica and alumina compounds for the pozzolanic reaction (Cordeiro
et al., 2011; Cordeiro et al., 2008). These compounds reacted with Ca(OH), from the
hydrated cement and produced an increase in calcium silicate hydrate. In addition, the
percentage compressive strength due to the pozzolanic reaction of higher replacement
paste increased more than that of the lower replacement paste. The blended cement
paste containing a high replacement of the ash showed a decrease of Ca(OH), content
compared with the low replacement paste (Kroehong et al., 2011). In addition, the
reduction of Ca(OH), affected the increase of the calcium silicate hydrate from the

pozzolanic reaction (Aly et al., 2012).
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Comparing the percentage compressive strength of paste due to the
pozzolanic reaction in Figures 4.7 and 4.8, the RHA pastes had a higher percentage
compressive strength of paste due to the pozzolanic reaction than the POFA pastes.
The maximum percentage compressive strength due to the pozzolanic reaction of
RHA and POFA pastes were 33.7% and 30.5% that of the OPC paste, respectively,
because RHA has a higher SiO», content than POFA. The results confirmed that the
percentage compressive strength of paste due to the pozzolanic reaction increased
with age, fineness, and the replacement rate of the ash.

Figures 4.7 and 4.8 show that the percentage compressive strength due to the
pozzolanic reaction is explicitly nonlinear and is best fit with nonlinear isotherms,
which are shown in the same figure. Thus, the equation to predict the percentage

compressive strength of paste due to the pozzolanic reaction is:

— i
Pry, = aR (4.3)
where P,, , is the percentage compressive strength of the paste due to the pozzolanic

reaction at a specified age (¢= 7, 28, 60 and 90 days), Ris the rice husk ash or palm
oil fuel ash replacement (%) and o and P are the pozzolanic constants. The pozzolanic

constants for the isotherm fitted from experimental results of the pastes are presented

in Table 4.4.



Table 4.4 Best fit of the pozzolanic constants for the isotherms
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Binder Type Days Pozzolanic constants Correlation
a B
CRHA 7 1.479 0.723 0.993
28 2.728 0.617 0.988
60 3.593 0.595 0.948
90 6.633 0.445 0.943
FRHA 7 4.098 0.444 0.895
28 7.667 0.321 0.923
60 R0 0.341 0.865
90 13.940 0.247 0.837
CPOFA 7 0.792 0.856 0.993
98 2.273 0.611 0.991
60 2.703 0.611 0.939
90 4.798 0.502 0.949
FPOFA 7 1.462 0.709 0.972
28 4.590 0.449 0.974
60 7.513 0.363 0.884
90 8.551 0.361 0.899
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4.4.4 Generating an empirical equation for the prediction of the
percentage compressive strength of the blended cement paste
4.4.4.1 Role of the blended cement paste containing biomass ash
on the percentage of compressive strength
The percentage compressive strength of the blended cement paste
containing biomass ash with the same particle size as cement is related to the

hydration reaction and pozzolanic reaction as follows:

Fe.=Py+ Py, (4.4)

Equation (4.5) can be rewritten as follows:

P., =100.4-0.996(R)+aR" (4.5)

where P. is the total percentage compressive strength of the paste at a

specified age (#=7, 28, 60 and 90 days), P, is the percentage compressive strength of

daliel

the paste due to the hydration reaction, P, , is the percentage compressive strength of

the paste due to the pozzolanic reaction at various curing times (=7, 28, 60 and 90
days), Ris the percentage replacement of RHA or POFA and o and [ are the
pozzolanic constants. The prediction using Equation (4.5) and experimental results are
shown in Figure 4.9. This equation is useful to predict the percentage compressive

strength of blended cement pastes containing RHA and POFA.
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Figure 4.9 Relationships between the percentage compressive strengths of blended

cement pastes containing CRHA and CPOFA with the same particle size

as that of OPC
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For the mixture of biomass ash with a particle size smaller than that of
OPC, the percentage compressive strength of paste is due to the hydration reaction,

filler effect and pozzolanic reaction as follows:

B =By +F +Fpy, (4.6)

Equation (4.6) can be rewritten as follows:

P.. =99.398-0.996(R) +1.542Ln(R) + aR” w)

where £, is the total percentage compressive strength of the paste at a specified age (
t=7, 28, 60 and 90 days), P,is the percentage compressive strength of the paste due
to the hydration reaction, P, is the percentage compressive strength of the paste due to

the filler effect, P,,,

is the percentage compressive strength of the paste due to the
pozzolanic reaction at a specified age (r=7, 28, 60 and 90 days), R is the percentage
replacement of RHA or POFA, and o and [ are the pozzolanic constants. The
percentage compressive strength of the pastes according to this equation was
compared with the actual test specimens, as shown in Figure 4.10. The equation
suggests that the percentage compressive strength of the paste due to the pozzolanic
reaction is higher than that due to the filler effect. Moreover, it is also useful to predict

the percentage compressive strength of pastes with the curing time and amounts of

replacement of RHA and POFA.
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The percentage compressive strengths of the blended cement mortar containing
RHA at 90 days from Bui et al. (2005), Ganesan et al. (2008) and Chindaprasirt
(2008) are plotted in Figure 4.10 (a) and compared with the trend line of the blended
cement paste, the value of the percentage compressive strength of blended cement
mortar are near the trend line of blended cement paste. The data of Tangchirawat et al.
(2009) and Sata et al. are plotted in Figure 4.10 (b), it is found that the percentage
compressive strengths of the blended cement mortar containing POFA at 90 days are
slightly lower than the trend line, while the data of blended cement mortar containing
40% of POFA from Chindaprasirt et al. (2008) are higher the trend line. Thus, it can

be used to predict the percentage compressive strengths of the blended cement paste.
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Figure 4.10 Relationships between the percentage compressive strengths of the

blended cement paste containing FRHA and FPOFA with particle sizes

smaller than that of OPC
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4.4.4.2 Verification

The measured percentage compressive strengths of the pastes
for W/B=0.35, R=10%-40%, and d= 7, 28, 60 and 90 days were compared with
the predicted results according to Equations (4.5) and (4.7), which are shown in
Figure 4.11. The measured and predicted values are reasonably close. The error from

prediction is satisfied with the mean absolute percent error, which is less than 2.4%.

;'S i Blended cement paste I
=y containing biomass ash
o 120 4
3 -
2 110k -
2t K
= 100 A -
g A -

90 |
gﬂ r e 7 days
5 80r v 28 days
g’_ 70 | o 60 days
g5t | 4 90 days
2 okl v 0
2 60 70 8 90 100 110 120 130

Measured percentage compressive strength (%)

Figure 4.11 Comparison between the predicted and experimental percentage
compressive strength of blended cement pastes containing biomass

ashes



114

4.5 Effect of biomass ash fineness on the hydrated phase of blended
cement paste

4.5.1 Hydrated phase of cement pastes containing rice husk ash and palm
oil fuel ash
Thermogravimetric analysis (TGA) results of the OPC paste and pastes
containing RHA and POFA are given in Figures 4.12, 4.13, 4.14 and 4.15. Three step
mass loss transitions were found. The first step shows the mass loss of dehydration
such as ettringite, C-S-H and C;ASHjg, which occurred at 105-450°C (Bai et al., 2003).
The second step mass loss of Ca(OH), was detected between 450-580°C (El-Jazairi
and Illston, 1977), and the third step at 580-1000°C showed the mass loss of calcium

carbonate (CaCOs) (El-Jazairi and Illston, 1977).
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Figure 4.12 TGA curve results of OPC paste and 20RHA pastes
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Figure 4.14 TGA curve results of OPC paste and 20POFA pastes
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Figure 4.19 DTG curve results of OPC paste and 40POFA pastes

The derivative thermogravimetric (DTG) results of the OPC, RHA and
POFA cement pastes are plotted in Figures 4.16, 4.17, 4.18 and 4.19. At 28 and 90
days, the DTG curves of all pastes showed similar phases, which are C-S-H, C;ASHg,
Ca(OH)2 and CaCOs detected at 126-134°C, 187-194°C, 484-520°C and 741-800°C,
respectively. Similar findings have also been reported by other researchers
(Chaipanich and Nochaiya, 2010; Nochaiva et al., 2010). The DTG curve peak for
Ca(OH), of the pastes containing rice husk ash and palm oil fuel ash decreased with
increasing replacement of the rice husk ash and palm oil fuel ash and also decreased
with curing time. The high fineness RHA and POFA were more effective for
decreasing the peak intensity of Ca(OH), than that with a large particle size because
the high fineness RHA and POFA have a large surface area to provide the silica and
alumina compounds for pozzolanic reaction. These compounds reacted and consumed
Ca(OH),. The Ca(OH), consumption was used as an indicator of the pozzolanic

reaction. The reduction of Ca(OH), in all RHA and POFA pastes became more subtle
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with age. The fineness of the RHA and POFA had an effect on the pozzolanic reaction
rate. The pastes containing high fineness RHA and POFA showed a higher pozzolanic
reaction rate than the pastes containing coarse RHA and POFA. The reduction of
Ca(OH), led to an increased peak intensity for the C-S-H and C;ASHg phases with
increasing curing time, which resulted in an increase in the compressive strength.
4.5.2 Ca(OH); content

The Ca(OH), contents of RHA and POFA pastes at different ages are
shown in Figures 4.20 and 4.21, respectively. The Ca(OH), contents of the OPC
paste at 7, 28, 60 and 90 days were 19.02%, 19.64%, 20.22% and 20.46%,
respectively. The increase in the Ca(OH), contents of the OPC paste was due to
hydration of the cement. The Ca(OH), contents of the pastes containing RHA and
POFA decreased with the pozzolanic reaction of RHA and POFA. The Ca(OH),
contents of 20CRHA, 20FRHA, 20CPOFA and 20FPOFA were between 14.34%-
15.57%, 13.33%-14.80%, 15.10%-15.82% and 13.93%-15.24% or reduced by
approximately 8%, 10%, 5% and 9% of that of the 20CRHA, 20FRHA, 20CPOFA
and 20FPOF A pastes at 7 days, respectively. The reduction of Ca(OH), in the blended
cement paste indicates its consumption by the pozzolanic reaction (Vedalakshmi et
al., 2003). In addition, the pastes containing high fineness of RHA and POFA showed
lower Ca(OH), contents than that of the coarse fineness of RHA and POFA due to the
high fineness of the particles and the silicon dioxide (SiO,) contents in the RHA and
POFA, which react with Ca(OH), by the pozzolanic reaction. With a replacement
ratio of 40% RHA and POFA, the Ca(OH), contents of the 40CRHA, 40FRHA,
40CPOFA and 40FPOFA pastes were between 8.83%-12.12%, 6.43%-11.46%,

9.24%-12.18% and 7.19%-11.75% or reduced by approximately 27%, 44%, 24% and
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39% as compared to the 40CRHA, 40FRHA, 40CPOFA and 40FPOFA pastes at 7
days, respectively. Moreover, the reduction of the Ca(OH), contents of high
replacement decreased more quickly than that of low replacement. These results
suggest that the higher fineness rice husk ash and palm oil fuel ash, which has a
higher surface area, produces a greater pozzolanic reaction. In addition, the Ca(OH),
contents of pastes containing RHA and POFA decrease with increasing RHA and

POFA content. These results agree with Chindaprasirt et al., (2007).
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Figure 4.20 Ca(OH), content of RHA paste
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4.6 Effect of biomass ashes fineness on the pore size distribution of

blended cement paste

4.6.1 Total porosity of the cement paste

The results for the total porosity of all pastes at different ages are
presented in Table 4.5. The total porosities of the OPC paste at 7, 28, 60 and 90 days
were 22.8%, 20.1%, 17.4% and 16.6%, respectively. The total porosities of the
20CRHA and 40CRHA pastes were 24.8%, 21.6%, 18.2%, 16.8% and 27.7%, 24.9%,
19.4%, 17.3% at 7, 28, 60 and 90 days, respectively, while the total porosities of the
20CPOFA and 40CPOFA pastes were 26.3%, 21.7%, 18.4%, 17.4% and 30.2%,
27.5%, 19.3%, 18.5% at 7, 28, 60 and 90 days, respectively, which were higher than
that of the OPC paste. The results indicate that the total porosity of the pastes
containing RHA and POFA with particle sizes that were the same as the cement was
higher than that of the OPC cement paste. For the paste containing FRHA and FPOFA

at 7 days, the total porosity of the paste containing 20% RHA and POFA were lower
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than that of the OPC paste at all ages. In addition, the total porosity of the 40FPOFA
paste at 60 days was 17.3%, which is slightly less than 17.4%, because the high
fineness palm oil fuel ash had a faster pozzolanic reaction. The small particles showed
a good filler effect in reducing the voids of the cement paste (Isaia et al., 2003). These
results suggest that the addition of fine particles of rice husk ash and palm oil fuel ash

makes the blended cement paste denser (Chindaprasirt et al., 2007).

Table 4.5 Total porosity of OPC paste and pastes containing RHA and POFA

Symbol Total porosity (%)
7 days 28 days 60 days 90 days
opPC 22.8 20.1 17.4 16.6
20CRHA 248 1.6 18.2 16.8
20CPOFA 26.3 21.7 18.4 17.4
40CRHA 27R 24.9 19.4 17.3
40CPOFA 30.2 27 19.3 18.5
20FRHA 2.9 19.1 15.8 13.2
20FPOFA 20.5 17.0 15.5 11.4
40FRHA 245 21.6 18.5 16.3
40FPOFA 2318 9.7 7.5 156
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4.6.2 Effect of rice husk ash and palm oil fuel ash fineness on the pore

size distribution of the pastes
The cumulative pore volumes of pastes containing 20% RHA and
POFA are shown in Figures 4.22 and 4.23, respectively. As shown in Figures 4.22
and 4.23, at 28 and 90 days, the cumulative pore volume of the 20FRHA and
20FPOFA paste were lower than that CRHA and CPOFA. The high fineness of
FRHA and FPOFA had a fast pozzolanic reaction and a greater filler effect in the
voids, thus reducing the porosity and increasing the density of the paste. For pastes
containing 40% RHA and POFA, as shown in Figures 4.24 and 4.25, the cumulative
pore volumes of the 40CRHA, 40FRHA, 40CPOFA and 40FPOFA pastes at 28 days
were higher than that of the OPC cement paste. However, at 90 days, the cumulative
pore volume of the 40FRHA and 40FPOFA pastes were lower than that of the OPC
paste due to the fact that the silicon dioxide (SiO») reacted with the calcium hydroxide
Ca(OH), and reduced the Ca(OH), content by the pozzolanic reaction. Thus, the pore
structure in the blended cement paste was refined; these results are in agreement with

Li and Ding (2003).
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The critical pore size is defined as the inflection point on the cumulative pore
volume and pore diameter plot or as the maximum of dv/d(logD). The critical pore
size is the most frequent continuous pores (Halamickova et al., 1995; Pipilikaki and
Beazi-Katsioti, 2009). For pastes containing 20% RHA and POFA at 28 days, as
shown in Figures 4.26 and 4.27, the critical pores sizes of the 20CRHA, 20FRHA,
20CPOFA and 20FPOFA pastes were 49.7 nm, 42.1 nm, 45.9 nm and 38.0 nm,
respectively, which were distributed as medium capillary pores. These values were
lower than that of the OPC paste (56.1 nm), which was specified to contain large
capillary pores. At 90 days, the critical pore sizes of the OPC, 20CRHA, 20FRHA,
20CPOFA and 20FPOFA pastes were 54.6 nm, 42.7 nm, 40.6 nm, 41.7 nm and 31.0
nm, respectively, due to the reaction of the rice husk ash or palm oil fuel ash with
Ca(OH),. Consequently, the pore structure was transformed from coarser pores to
finer pores (i and Ding, 2003). These results suggest that the paste containing RHA
and POFA had a lower critical pore size than the OPC cement paste.

For pastes at 40% RHA and POFA, the relationships between the differential
pore volume and pore diameter at 28 and 90 days are shown in Figures 4.28 and 4.29.
The critical pore sizes of the 40CRHA, 40FRHA, 40CPOFA and 40FPOF A pastes at
28 and 90 days were 42.7 nm, 36.3 nm, 42.1 nm, 41.8 nm and 36.4 nm, 25.5 nm,
respectively, which correspond to medium capillary pores. These values are smaller
than that of the OPC cement paste. These results indicate that the pastes with RHA
and POFA contained critical pore sizes smaller than the OPC paste.

The results suggest that the total porosity of the paste containing RHA and
POFA with the same particle size as cement was higher than that of the OPC cement

paste, but the paste containing RHA and POFA with smaller particle size of cement
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had a lower total porosity than the OPC paste. In addition, the total porosity increased
with an increase in the RHA and POFA replacement. Furthermore, the critical pore
size of the pastes with RHA and POFA were smaller than that of the OPC cement
paste due to the filler effect, pozzolanic reaction, dispersion effect and precipitation
effect (Chindaprasirt et al., 2005; Poon et al., 1997). The pore size structure of the
pastes changed from coarser pores to finer pores (Poon et al., 2001). Moreover, some
researchers (Ye et al., 2006) have reported that the critical pore radius is the most
important factor for permeability, and Halamickova et al., (1995) found that the

critical pore size affects water permeability and chloride ion diffusion.
4.6.3 Effect of rice husk ash and palm oil fuel ash fineness on the average

pore diameter of the cement paste

The results for the average pore diameter of pastes are shown in Figure
4.30. The average pore diameters of OPC paste at 7, 28, 60 and 90 days were 53.4
nm, 45.3 nm, 30.1 nm and 28.1 nm, respectively. For pastes containing CRHA and
CPOFA, the average pore diameters of the 20CRHA, 40CRHA, 20CPOFA and
40CPOFA pastes were lower than that of the OPC paste at all ages, while the total
porosity was higher than that of the OPC paste. For pastes containing FRHA and
FPOFA, the average pore diameters of the 20FRHA, 40FRHA, 20POFA and
40FPOF A pastes were lower than that of the OPC paste, and the total porosity of the
20FRHA and 20FPOFA paste were lower than that of the OPC paste at all ages due to
pore refinement and the reduction of calcium hydroxide in the paste (Poon et al.,
2001). These results indicate that the average pore diameter decreases with the use of
RHA or POFA and with an increase in the replacement level, which again confirms

that RHA and POFA with high fineness is more effective in reducing the average pore
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diameter as a result of the better dispersion, packing and pozzolanic reaction of the
finer RHA and POFA particles. Similar results have been reported by other

researchers (Chindaprasirt et al., 2005; Frias and Cabrera, 2000).
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Figure 4.30 Reclationship between average pore diameter and age

4.6.4 Relationships between the compressive strength and total porosity

of the pastes

Relationships between the compressive strength and total porosity of
the pastes containing RHA and POFA are shown in Figures 4.31 and 4.32,
respectively. The figures are divided into four regions. Region I shows pastes that
have both a compressive strength and total porosity higher than those of the OPC
paste. Region II presents the pastes of lower compressive strength but higher total
porosity in comparison to the OPC paste. Region IIl contains pastes that have both
lower compressive strength and lower total porosity than the OPC paste. Pastes in
region VI are the best pastes, which have a lower total porosity and a higher

compressive strength than the OPC paste. At 28 days, the 20CRHA, 40CRHA,
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40FRHA, 20CPOFA and 40CPOFA pastes were located in region II, while the
20FRHA and 20FPOFA paste were located in region IV and was designated as the
best paste because its higher fineness ash can lead to greater filler effects, thus
reducing the total porosity. Thus, the pastes containing POFA with high fineness
increased the pozzolanic reaction rate and refined the pore structure of the paste.

At 90 days, the pastes containing RHA and POFA with the same
particle size as cement were located in regions I and II. The 20FRHA and 20FPOFA
pastes had  a total porosity lower than that of the OPC paste, and the compressive
strength was higher than that of the OPC paste, making it the best paste. However, the
40FRHA and 40FPOFA pastes had both a lower compressive strength and a lower
total porosity than the OPC paste, which suggests that the high fineness RHA and
POFA had a greater pozzolanic reaction and that the small particles of FRHA and
FPOFA more efficiently filled the voids of the paste. Therefore, the 20FRHA and
20FPOFA pastes were more homogeneous and had a lower total porosity than the

OPC paste.
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4.7 Role of filler effect and pozzolanic reaction of biomass ashes on

hydrated phase of blended cement paste

4.7.1 Influence of ground river sand on hydrated phase
Figure 4.33 shows the TGA curves of OPC and RS pastes. The mass loss
transitions occurred in three steps. The first step was the mass loss from dehydration
of ettringite, C-S-H, C,ASHg and C4AH,5 at 30-450 °C (Bai et al. 2003). The second
step was the mass loss of Ca(OH), occurred at 450-580 °C (El-Jazairi and lllston

1977), and the third at 580-1000°C represented the mass loss of calcium carbonate
(CaCOs) (El-Jazairi and Illston 1977). The results showed that the mass loss at 30-
450°C of RS pastes increased with fineness and decreased with the replacement level.
It was likely that the addition of fine RS whose particles were finer than those of
Portland cement caused segmentation of large pores and increased nucleation sites for
precipitation of hydration products in cement paste similar to the addition of fine fly
ash (Mehta 1987). The result also showed that this mass loss increased with curing
time as a result of the increase in hydration reaction which caused an increase in
compressive strength (Kroechong et al. 2011).

Figure 4.34 shows the Ca(OH), content of OPC and RS pastes. The Ca(OH),
content of all pastes increased with curing time as a result of hydration of cement. In
addition, the Ca(OH), content of RS pastes was lower than that of OPC paste
especially at high replacement level due to the reduced reaction from the reduced
OPC content and the non-reactive RS. The Ca(OH), content of FRS pastes was lower
than those of pastes with the CRS due to the higher nucleation effect of fine particles

(Askarinejad et al. 2012; el-Bouny 1994: Metha 2007).
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4.7.2 Influence of pozzolanic reaction on hydrated phase

The results of Ca(OH), contents of pastes at 7, 28, 60 and 90 days are
shown in Table 4.6. Figures 4.35 and 4.36 showed the reductions of Ca(OH), content
of RHA and POFA pastes which were determined from the difference in Ca(OH),
content between RS pastes and RHA or POFA pastes with the same particle size,
replacement level and age. The results showed that the Ca(OH)» content of RS pastes
was higher than those of RHA and POFA pastes because the SiO, in RS was non-
reactive. For the coarse pozzolans, the Ca(OH), content of 20CRHA, 20CPOFA,
40CRHA and 40CPOFA pastes were reduced from the ages of 28 to 90 days from
15.57 to 14.34%, 15.82 to 15.10%, 12.12 to 8.83% and 12.28 to 9.24% or
approximately 22%,18%, 45% and 43% compared with RS pastes, respectively. The
reductions of Ca(OH). content in the RHA and POFA pastes indicated its
consumption by the pozzolanic reaction. In addition, the reduction of Ca(OH),
content for high replacement level was higher than that of low replacement level. For
fine pozzolans, the Ca(OH). contents of 20FRHA, 20FPOFA, 40FRHA and
40FPOFA pastes were also reduced from the ages of 28 to 90 days from 14.80 to
13.33%, 15.24 to 13.93%, 11.46 t0 6.43% and 11.75 to 7.19% or approximately 26%,
23%, 57% and 52% compared with RS pastes, respectively. The results confirmed
that the Ca(OH), contents of RHA and POFA pastes decreased with the increased of
curing time, fineness and replacement level (Barbhuiya et al. 2009; Chindaprasirt et

al. 2007; Poon et al. 2001).



Table 4.6 Ca(OH), content of pastes
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Symbol Ca(OH), (%)
7 days 28 days 60 days 90 days
20CRS 17.20 1791 18.16 18.37
20CRHA 1537 15.45 1537 14.34
20CPOFA 15.82 15.74 15.44 15.10
40CRS 15.28 1537 15.82 16.15
40CRHA 12.12 11.01 9.45 8.83
40CPOFA 12.28 11.30 9.65 9.24
20FRS 16.60 17.05 17.71 18.08
20FRHA 14.80 14.13 13.64 945
20FPOFA 15.24 14.87 14.42 1393
40FRS 14.75 14.67 14.83 15.00
40FRHA 11.46 9.09 7.68 6.43
40FPOFA 11.75 10.06 7.85 7.19




137

80 07 days
—_— i D y
S 70 | 23days
v - B 60 days
=
z 60 W90 days
.50
= L
£ a0
:(_‘3 5
830 |
L L
[=]

g 20 |
20 ﬂ
=] |
L
o0 T - r
20 CRHA 20CPOFA A0CRHA 40CPOFA

Figure 4.35 Reduction of Ca(OH); content of CRHA and CPOFA pastes

%0 07 days
< s O28days
: 70 : B60days
.'é 60 | W90 days
‘-15 -

25 F
= 5
2 40 F
=2 i
s

o 30 |
< -
£ 20}
‘_::) =
2 10 F
M -

0 . . .

20FRHA 20FPOFA 40FRHA 40FPOFA

Figure 4.36 Reduction of Ca(OH), content of FRHA and FPOFA pastes



100 T T | = 20CRS
L C-S-H+C,ASH 28 davs 20CPOFA
o5k GAH,; CH T |s---20cREA

)
(=

CaCO 4

138

T J T
C-S-H+CASH

28 days
TR 8§ days

CH

CaCO 4

— 40CRS
——40CPOFA
----40CRHA

‘
| ] ‘
‘ ' !
‘ : |
i i |
| ! !
1 o
. ‘ !
S 1 =90 i i
< ‘ 2 : ‘
2| N\ P ™\
kol : : 285 i 1
Eu r Ne. : I e ey 5 No i i
= 80~ [Toocrs ! ! La - 1 | =
7| [ocrora ! ! = N0 e b
o 20CRHA ; : 0CRIIA : 1 ]
75 y T ‘ I T \ T 75 . ‘ ‘ —t . ; -
A 1 I —
r C-S-HCASHy | L 90 days 2YCRS C-S-HHCASH, | | 90 days HICkS
95 L + CyAH 3 viom | k —— 20CPOFA . + CAH 5 1w days 1 oceora
- ! i ----20CRH 5 | A
S L ; | 20CRHA ! ! --- - 40CRHA
Zo0l ; Lo GaCOy i P taco;
= ' | : :
s - : ;
s : ! St
KT I | TETee==T >
E L Weight loss(%a)| 1 Vo e N
- Mo anee 30550 | | No. s | :
80 - [ 20CRs 11.99 i | = 80 40CRS i 1 -
| [OCPorA 13.39 ! ! i T0CPOFA ! !
J0CRHA 371 ! ! J0CRHA ' ‘ ]
75 . ; | | . ] . 75 N I 2 1 . e . L .
0 200 400 600 800 1000 200 400 600 800 1000
Temperature ("C) Temperature (“C)
(a) 20% replacement (b) 40% replacement
Figure 4.37 TGA curves results of CRS, CRHA and CPOFA pastes
]
100 T ; T ; T T 20FRS 100 T ‘ T T _;::‘E‘a X
b C-S-HICASH, 28 davs 20FPOFA 3 8 28 days [~ 40FPOF/
95 |- St CH 4 -= == 20FRHA 95 Htn cH --= - 40FRHA

CaCO 5

T
C-$-HHCASH,

i
]
i
i
|
i
i
t
|
= ‘L‘: .
|- | : ""; -
L No ! - No Weight loss( 'Y‘-A=} d ! T o
' e range 30450°C | | T
T ! A ] ] o 40FRS 9.64 i | -
| [EOFPOFA] ! ! ] 40FPOFA 12.18 { ! 1
20FRHA : . ) 40FRHA 13.08 i !
75 : T : — o T T T [ f T T T T
| |
b . v i i 20FRS ] ! ——40FRS
(I’”{.?“\:I( 245Hy o 190 days e i i 90 days i
05 AH, 5 Doen | —— 20FPOFA| 95 Coen | 40FPOFA
! w ----20FRHA 9 ' : —— <2DERH
e | | e i |
| L a0, = i |
3 y Py
goor L g ™
= r ! L - 1 |
e . : =
st ‘ i -4 =gs B ‘
(7] h | 3 : 1 e T
= Weight loss(%]}| = icht loss(%o)| 1 | G
3 No. <
= 2 range 30-45(F (| | ; 5 2k range 30-450" ¢ : 1 et T
80 = [ 20FRS 12.44 | | - 80 40FRS 998 | | T
| [RorPOrFA[ 1524 ; g CeeessRROg - FOFPOFA| 1352 ] :
20FRHA 15.43 i i 40FRHA 14.5% ! ) 1
75 L I il il L | 75 L 1 | I | 1 | L
0 200 400 600 800 1000 200 400 600 800 1000

Iempe

rature (‘C)

(a) 20% replacement

Temperature ('C)

(b) 40% replacement

Figure 4.38 TGA curves results of OPC, FRHA and FPOFA pastes



139

The thermogravimetric analysis (TGA) results for RS, RHA and POFA
pastes are shown in Figures 4.37 and 4.38. The first mass losses (at 30°C-450°C) of
RHA and POFA pastes were higher than those of RS pastes. For example, the mass
losses of 20CRHA, 20CPOFA, 40CRHA and 40CPOFA pastes at 28 days were
12.27%, 11.41%, 11.95% and 11.87%, respectively, while those of 20CRS and
40CRS pastes at 28 days were lower at 11.27% and 8.71%, respectively. At 90 days,
they increased to 13.71%, 13.39%, 13.36 % and 12.74% while those of 20CRS and
40CRS pastes were still lower at 11.99% and 9.77%, respectively. The first mass
losses of CRHA and CPOFA pastes were higher than those of RS pastes especially at
high replacement level, due to the pozzolanic reaction of RHA and POFA compared
with no pozzolanic reaction of RS. For pastes with fine ashes, the first mass loss of
FRHA and FPOFA pastes were similar to those of CRHA and CPOFA pastes, but the
first mass losses for the FRHA and FRHA pastes were higher than those of the CRHA
and CRHA pastes because FRHA and FPOFA had large surface areas, which
produced increased C-S-H, C;ASHg and C;AH 5. These results also indicated that the
first mass loss (at 30°C-450°C) increased with curing time, particle fineness and

cement replacement rate.
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4.7.3 Relationships between mass losses of C-S-H+C,;ASHg+C4AH;3 and
compressive strength

Figure 4.39 shows the relationships between mass losses of C-S-HHGASHg+C4AH 5 and
compressive strengths of FRHA and FPOFA pastes at 90 days. The mass losses of
C-S-H+C,ASHg+C4AH, ;3 were divided into three portions viz. cement hydration, filler
effect and pozzolanic reaction. The use of 20% RHA and POFA increased the mass
losses of C-S-H+C,ASHg+C4AH 3 and increased the compressive strength compared
with those of OPC paste at 90 days due to the filler effect and pozzolanic reaction of
both RHA and POFA. However, the mass losses of C-S-H+C,ASHg+C4AH 5 of 40%
RHA and POFA were slightly lower than that of OPC paste. The mass losses of C-S-
H+C>,ASHg+C4AH ;3 due to the pozzolanic reaction increased with increasing
replacement of RHA and POFA but the losses from cement hydration were reduced.
In addition, the weight losses of C-S-H+C,ASHg+C4AH, 5 due to the pozzolanic
reaction were higher than those due to the filler effect. At this range of displacement
level of 0-40%, the cement hydration was the major contributor to strength
development of the blended cement followed by the pozzolanic reaction and the filler

effect also contributed but to a much lesser extent.
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4.8 Role of filler effect and pozzolanic reaction of biomass ashes

on pore size distribution of blended cement paste

4.8.1 Influence of filler effect on total porosity

The results of total porosity of OPC and RS pastes are shown in Figure
4.40. The total porosities of pastes reduced with curing as expected. For example, the
total porosities of OPC pastes were 22.8%, 20.1%, 17.4% and 16.6% at ages of 3, 7,
28 and 90 days. The results showed that total porosities of RS pastes are higher than
that of OPC paste. In addition, the total porosities increased with the incorporation of
RS and increased with the replacement level. For example, the total porosity of
20CRS pastes at 28 days was 24.0% while that of 40CRS paste was higher at 28.5%

because of the reduction in cement content and the associated reduced C-S-H. The
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differences between total porosities of fine RS and coarse RS pastes at the same

replacement level and age was filler effect (AF,). The total porosity of paste

containing fine RS was lower than that of paste containing coarse RS because the
small particle size led to good dispersion and filler effect and reduced the voids
(Goldman and Bentur 1993; Isaia et al. 2003; Tangpagasit et al. 2005). The results
indicate the total porosity of the paste due to the filler effect increased with an

increase in the replacement of inert material.

35 E320CRS 35 E340CRS
C20FRS 304 C40FRS
L —-0PC N 8.7 AF, ——OPC
=2 | LA I/_\P" @ 25 [ 238 Z =7 229
= 4| = 216 & L gl | [ ] ]
= —0.1 202 B 208
'; 55 ""---..____0“- ) 2079 | % bis \""1»..._\ 196
e —
£ 15 £ 15
E g
2 1 =10
3
0 . - n L=
7 days 28 days 60 days 90 davi 7 days 28 days 60 days 90 days
(a) 20% replacement (b) 40% replacement

Figure 4.40 Total porosity of OPC and RS pastes
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4.8.2 Influence of pozzolanic reaction on total porosity

The results of total porosity of pastes are shown in Figures 4.41, 4.42, 4.43
and 4.44. For pastes with CRHA and CPOFA with the same particle as the cement as
shown in Figures 4.41 and 4.42, the total porosities of CRHA and CPOFA pastes
were higher than those of OPC paste at all ages but lower than those of RS pastes at
the same replacement and same curing time. However, at 90 days, the total porosities
of 20CRHA, 20CPOFA, 40CRHA pastes were 16.8%, 17.3%, 17.4% which is slightly
more than 16.6% of OPC paste because of the pozzolanic reaction of RHA and
POFA. The results are in agreement with Li and Ding (2003). For the case of pastes
with a small particle as shown in Figures 4.43 and 4.44, the total porosities of 20%
FRHA and 20FPOFA pastes were lower than those of OPC pastes and RS pastes at all
ages. In addition, total porosities of 40FRHA and 40FPOFA pastes at 90 days were
lower than that OPC paste, because the high fineness RHA and POFA had a faster
pozzolanic reaction. The differences between total porosities of RS pastes and RHA

or POFA pastes at the same replacement level and age were pozzolanic reaction (AP,

). The small particles showed a good filler effect in reducing the voids of the cement
paste. This again confirmed that the pozzolanic reaction of fine ashes was higher than
that of the coarse ashes with also increased filler effect of the fine ashes. The results
confirm that partial replacement of OPC with fine RHA and POFA at rate of 20% by

weight of binder had lower total porosity than that of OPC paste at all age.
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Figure 4.41 Total porosity of OPC, CRS and CRHA pastes

35

30

25

20

Totalporosity (%)

E=320CRS
C20CPOFA
169 563 ——0PC
240 AP,
21.7 214
154 174
7 days 28days 60 days 90days

(a) 20% replacement

Total porosity (%)

35

30

25

20

30.4 302

E340CRS
3 40CPOFA

Tdays

28 days 60 days 90days

(b) 40% replacement

Figure 4.42 Total porosity of the OPC, CRS and CPOFA pastes



145

33 E=120PRS 3 =2.0rRs
C20FRHA - C40FRHA
0T ——0PC 30 T
26.3
g :\S‘ 25 24.5
=~ =
g ; 55 196
z = 163
= & s
z E;
= e 10
5
0
7 days 28days 60 days 90 days Tdays 28days 60 days 90days
(a) 20% replacement (b) 40% replacement

Figure 4.43 Total porosity of the OPC, FRS and FRHA pastes

35 E320FRS 35 E40FRS
3 20FPOFA C40FPOFA
0T ——0PC 30 —0PC
& 5 25
i 2
z g 20
5 5
=N = 15
= =
z K]
= (2 10
=
0
7 days 28 days 60 days 90 days Tdays 28 days 60 days 90 days

Figure 4.44 Total porosity of the OPC, FRS and FPOFA pastes



146

4.8.3 The effect of the pozzolanic reaction on the pore size distribution

The average pore diameters of all pastes are shown in Figure 4.45. The
average pore diameters of the OPC paste at 7, 28, 60 and 90 days were 53.4 nm, 45.3
nm, 30.1 nm and 28.1 nm, respectively. For pastes with CRHA and CPOFA with the
same particle sizes as the cement, the 20% and 40% CRHA or CPOFA pastes had
average pore diameters lower than those of OPC paste at all ages, while the total
porosity was higher than that of the OPC paste. For pastes containing high fineness
RHA and POFA, the average pore diameters of the 20% and 40% of FRHA or
FPOFA pastes were lower than that of the OPC paste and the total porosity of
20FRHA and 20FPOFA paste was lower than that of the OPC paste at all ages. The
results suggest that the average pore diameter decreases with the use of RHA and
POFA and with an increase in the replacement level. In addition, the fine particles of
RHA and POFA are more effective in reducing the average pore diameter due to
dispersion, the filler effect and the increased pozzolanic reactions (Chindaprasirt et al.

2005; Frias and Cabrera 2000).



147

T T T ——0rC T T T —— OPC
L —8—20CRHA . L —8— 20FRHA
é‘- sok —»—40CRHA E 50k —v— 40FRHA
\_5 | —)(—".-_UL:.'POF.-\ E ——20FPOFA
= —+—40CPOFA S il —— 40FPOFA
E 40+ E 40}
5| -
30 1 230}
2 \\\* & r
s 20+ 1 520k \ —
z =z |
10 ! ! ! | 10 | ] ] |
0 20 40 60 80 100 0 20 40 60 80 100
Age (Days) Age (Days)
(a) CRHA and CPOFA pastes (b) FRHA and FPOFA pastes
Figure 4.45 Average pore diameters with curing time.
Part I1

4.9 Chloride penetration profile

4.9.1 Effect of cement type on the chloride penetration profile

Figure 4.46 shows the chloride penetration profile of Portland cement type
I and V cement pastes at 90 days after immersion in 3% NaCl solution. The results
showed that the OPC paste had lower chloride penetration than the SRPC paste. Since
OPC paste had a higher content of C;A than SRPC paste, and C;A plays the most
significant role in the chloride binding capacity. Similar results have been reported by
other researchers (Arya et al., 1990; Zibara, 2001). In addition, the porosity of OPC
paste is lower than that of SRPC paste because the reaction of SRPC with water is
slower than that of OPC (Sumranwanich and Tangtermsirikul, 2004b). These results
confirmed that OPC paste has a lower porosity than the SRPC paste, and the results

agree with previous research findings (Page et al., 1981; Rasheeduzzafar et al., 1990)
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Figure 4.46 Chloride penetration profile of Portland cement type I (OPC) and

V (SRPC) cement paste at 90 days immersion in 3% NaCl solution

4.9.2 Effect of palm oil fuel ash on the chloride penetration profile

Figure 4.47 shows the chloride penetration profile of Portland cement type |
and V cement pastes at 90 days immersion in 3% NaCl solution. The results showed
that both CPOFA and FPOFA pastes had lower chloride contents than the OPC paste.
In addition, the chloride content decreased with inereasing replacement with POFA.
This finding is due to physical adsorption on the surface of the hydration or
pozzolanic reaction product, such as C-S-H, C-A-H, ettringite and monosulfate (Luo
et al., 2003; Sumranwanich and Tangtermsirikul, 2004a). The effect of POFA
fineness shows that the chloride penetration of FPOFA paste was lower than that of
CPOFA paste. This is due to the paste with high fineness POFA having a lower total
porosity than the coarse POFA. These results agree with Chindaprasirt et al. (2005).
The results suggest that the use of POFA to partially replace type I Portland cement

could improve the resistance to chloride penetration.
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4.10 Chloride diffusion coefficient (D,)

4.10.1 Effect of cement type on the chloride diffusion coefficient

The chloride diffusion coefficient (D.) was evaluated based on the
general solution of Fick’s second law of diffusion as given in Equation (3.10). The
determination of D, can be evaluated by fitting the Fick’s second law on chloride
penetration profile of the specimen from experimental. Figure 4.48 shows the fitting
curve of the general solution of Fick’s second law of cement type on the chloride
diffusion coefficient of Portland cement type I and V cement paste at 90 days
immersion in 3% NaCl solution. After the chloride concentration at paste surface (C,)
was obtained, the regression analysis yielded the chloride diffusion coefficient (D.) at
90 days immersion in 3% NaCl solution. For the same procedure, the values of D, and
C, could be evaluated in the other paste mixtures. The chloride diffusion coefficients
of OPC and SRPC pastes were 15.9 x 107 and 19.4 x 10™"% m?/s, respectively. The
results show that the chloride diffusion coefficient of OPC paste was lower than that
of the SRPC paste. This finding is due to the SRPC having a lower content of C;A
than the OPC paste, resulting in lower chloride binding capacity. These results

indicate that OPC paste has a lower chloride diffusion coefficient than SRPC paste.
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Figure 4.48 Chloride diffusion coefficient of Portland cement type I (OPC) and

V (SRPC) cement paste at 90 days immersion in 3% NaCl solution

4.10.2 Effect of palm oil fuel ash on the chloride diffusion coefficient

The effects of palm oil fuel ash on the chloride diffusion coefficients of
blended cement pastes are shown in Figure 4.49. For coarse fineness palm oil fuel ash,
the chloride diffusion coefficients of 10CPOFA, 20CPOFA, 30CPOFA and
40CPOFA pastes were 13.8 x 1077, 11.6 x 1077, 9.7 x 10" and 7.1 x 10™% m?/s,
respectively, while that of OPC paste was 15.9 x 107"% m%/s. For the pastes with a
small particle size, the chloride diffusion coefficients of the 10FPOFA, 20FPOFA,
30FPOFA and 40FPOFA pastes were 11.1 x 102 8.1 x 10", 7.2 x 10" and 6.2 x
107" m*/s. The results showed that the use of POFA to replace Portland cement Type
I had a lower chloride diffusion coefficient than the OPC paste. In addition, the
chloride diffusion coefficients decreased with increasing fineness and an increase in
the replacement rate of ash. This relationship is due to the pozzolanic reaction in palm
oil fuel ash pastes. Thus, the pore structure in the blended cement pastes was refined.

The small particles fill the voids of the paste (Gopalan, 1993; Isaia et al., 2003; Mchta
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and Aietcin, 1990; Montgomery et al., 1981). Figure 4.50 shows the effect of palm oil
fuel ash fineness on the chloride diffusion coefficient of blended cement paste at 90
days immersion in 3% NaCl solution. The results confirm that the chloride diffusion
coefficients of blended cement paste containing POFA decreased with an increase in
POFA replacement and POFA fineness. These results suggest that the use of palm oil
fuel ash to replace Portland cement type I can provide a lower chloride diffusion
coefficient than OPC paste. In addition, increasing the POFA fineness and the POFA
replacement of cement resulted in a decrease of the chloride diffusion coefficient.

This result agrees with Chalee and Jaturapitakkul (2009).
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The chloride diffusion coefficients of blended cement paste containing
3% and 6% of silica fume from Jensen et al. (1999) are plotted in Figure 4.50 and
compared with the trended line of POFA paste. The data from Jensen et al. (1999)
lower than that the POFA paste. When the data of Moon et al. (2006) and Ampadu et
al. are also plotted, the chloride diffusion coefficients of blended cement paste
containing fly ash the data from Ampadu et al. (1999) are slightly lower than that of
the POFA paste, while the chloride diffusion coefficients of concrete containing
ground granulated blast furnace slag data from Moon et al. (2006) are near the trend
line of the POFA paste. The results confirm that the use of pozzolanic materials to
replace Portland cement type I can provide a lower chloride diffusion coefficient than

OPC paste.
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4.11 Microstructure of blended cement paste chloride penetration

4.11.1 X-ray diffraction analysis

Figure 4.51 shows the X-ray diffraction patterns of pastes at 90 days

immersion in 3% NaCl solution. The peak intensity at 2-theta of Friedel's salt and

Ca(OH), were 11.2" and 18.0, respectively. Generally, chloride binding in concrete

depends on chemically bound chloride and physically bound chloride.
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Chemically bound chloride is a reaction between chloride and
tricalcium aluminate (C5A) to form calcium chloroaluminate
3Ca0.Al,0;.CaCl>. 10H,0, which is called Friedel’s salt. The results showed that
POF A paste had a lower peak intensity of Friedel's salt than the OPC paste. Increased
of the POFA to replace type I Portland cement resulted in low C;A, leading to a low
peak intensity of Friedel's salt from chemically bound chloride. In addition, POFA
had a low Al,Os content of 0.9%. Previous research had reported that the amount of
chloride binding increases with the alumina content of the pozzolan material (Thomas
ctal., 2012). For  physically bound
chloride, the results showed that the peak intensity of Ca(OH), decreases with
increasing fineness of the POFA and POFA replacement of cement, resulting in the
increase of C-S-H, C-A-S-H and C-A-H. Thus, chloride can be physically adsorbed
by surface hydration and the pozzolanic reaction. These results are similar to previous
research (Luo et al., 2003; Sumranwanich and Tangtermsirikul, 2004a). These results
indicate that the increased use of palm oil fuel ash as a replacement for cement

resulted in an increase in physically bound chloride.
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4.11.2 Relationships between the chloride diffusion coefficient and

critical pore diameters of blended cement pastes

Figure 4.52 shows the relationship between the chloride diffusion
coefficient and the critical pore diameters of blended cement pastes. It can be seen
that the critical pore diameter increases proportionally with the chloride diffusion
coefficient. Previous research had reported that the relationship between the chloride
diffusion coefficient and critical pore diameters is linearly correlated and increases
with an increase in the critical pore diameter (Halamickova et al., 1995; Yang et al.,
2006). The equation to predict the chloride diffusion coefficient of blended cement

paste is proposed as:

D, =(0.525d, —13.74)x10""

(4.8)

where D_is the chloride diffusion coefficient (10" m* s7") and d_is

the critical pore diameter (nm). The correlation value of 0.83 indicates a strong linear
relationship between the chloride diffusion coefficient and critical pore diameter.
When the data of Halamickova et al. (1995) and Yang et al. (2006) are
plotted in Figure 4.52, the data from Halamickova et al. (1995) are higher than the
trend line because this study has lower W/B than the data from Halamickova et al.
(1995). The chloride diffusion coefficient and critical pore diameters of concrete the

data from Yang et al. (2000) are lower than the trend line.
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4.12 Concentration profile of free chloride

4.12.1 Experimental results

Figure 4.53 shows the concentration profile of free chloride of OPC
paste and SRPC paste at 90 days immersion in 3% NaCl solution. These results show
that the free chloride concentration of the OPC paste was lower than that of the SRPC
paste. This is because the SRPC has a lower C;A content than the OPC paste. In
addition, the SRPC paste had a higher chloride diffusion coefficient than the OPC
paste. From Figure 4.54, it can be observed that for POFA pastes, the concentration
profile of free chloride decreased with an increase in depth from the top surface.
Furthermore, the concentration profile of free chloride decreased with an increase in
the replacement and fineness of POFA. These results indicate that the use of palm oil

fuel ash to replace OPC can provide a desirable concentration profile of free chloride.
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4.12.2 Numerical results

The concentration profile of free chloride was determined using the
commercial finite element program ABAQUS. Figure 4.55 shows the finite element
model. The radial x-y plane of a half paste sample is 0.05 units in radius and 0.06
units in height. The paste sample is divided into 80 elements and 99 nodes by a 4-
node linear axisymmetric heat transfer quadrilateral. The top boundary is exposed to
3% NaCl solution or 0.4 g chloride/g binder, while the other boundaries are assumed
to be insulated. The material parameters and input data for the blended cement pastes
are shown in Table 4.7. The chloride diffusion coefficients and chloride
concentrations were determined from laboratory experimental results. The initial
conditions at the top surface of the blended cement paste were proposed by Sergi et al.
(1992).

Figure 4.56 shows the numerical results of OPC and SRPC pastes at 90
days immersion in 3% NaCl solution. The results showed that free chloride is highest
near the top of the paste and decreased with increasing depth through the paste. The
free chloride of the OPC paste was lower than that of the SRPC paste. Figures 4.57
and 4.58 show the numerical results of the POFA pastes at 90 days immersion in 3%
NaCl solution. It was found that the free chloride decreased with increasing fineness
and replacement rate of POFA. The fine particles of POFA reduced the total porosity
and average pore size (Chindaprasirt et al., 2005). Chloride ions were also blocked
from penetration into the pores of the paste by adsorption on the surface by hydration
and the pozzolanic reaction. These results suggest that increasing the POFA

replacement of cement and fineness resulted in a decrease of free chloride.
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Table 4.7 Material parameters and input data for blended cement pastes

Symbol Chloride diffusionChloride binding |Initial condition at top

coefficient (m™/s) capacity surface of blended cement
oPC 15.9x10°"2 0.697 0.4
SRPC 19.4x107"2 0.655 0.4
10CPOFA | 13.8x107" 0.697 0.4
20CPOFA | 11.6x107" 0.715 0.4
30CPOFA | 9.7x107" 0.725 0.4
40CPOFA | 7.1x107" 0.726 0.4
10FPOFA | 11.1x10™"2 0.730 0.4
20FPOFA | 8.1x107"7 0.732 0.4
30FPOFA | 7.2x107"° 0.763 0.4
40FPOFA | 6.2x107" 0.773 0.4
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Figure 4.56 Numerical results of OPC and SRPC pastes at 90 days
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4.12.3 Experimental and numerical results

Comparisons of numerical results are shown in Figures 4.59, 4.60 and
4.61. In this study, the paste is exposed to 3% NaCl solution and 100% relative
humidity on the top surface and inside specimen. The results show that the free
chloride agrees with numerical experimental and numerical results at any depth and at
any time. Thus, chloride ion penetration can be estimated accurately by experimental
testing of adapted paste as well as numerical analysis. Although the finite element
program precisely estimated the free chloride concentration at any depth and at any
time, this does not mean that the finite element program can be used in the chloride
ion penetration analysis of all cases. Because parameters in actual site have different
such ash effect of moisture, non-saturated, temperature, abrasion-erosion damage and

so on. It is difficult to develop finite element program applicable to all cases.
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immersion in 3% NaCl solution
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 PART | Effect of biomass ashes fineness on compressive strength

and microstructure of blended cement paste

5.1.1.1 The amorphous content of RHA and POFA was approximately
67-70%. Blended cement paste with high fineness RHA or POFA had a higher
compressive strength than that with coarse ashes. In addition, the use of RHA or
POFA with particle sizes smaller than those of OPC to replace Portland cement Type
| at the rate of 10-30% by weight of binder resulted in good compressive strengthfrom
filler effect and pozzolanic reaction.

5.1.1.2 The percentage compressive strength of the pastes due to the
hydration reaction decreased with decreasing cement content. The percentage
compressive strength of pastes due to the filler effect increased with increasing inert
matter material replacement. The percentage compressive strength of paste due to the
pozzolanic reaction increased with increasing fineness of pozzolans, cement
replacement and age of paste.

5.1.1.3 The Ca(OH), contents of blended cement pastes containing
RHA or POFA were lower than those of the OPC paste and decreased with increasing
in the replacement and fineness of the ashes. Moreover, the reduction of Ca(OH),
affected the increased peak intensity of the C-S-H, C,ASHg and C,AH;3 phases with

increasing curing time, which resulted in an increase in the compressive strength.
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5.1.1.4 The reduction of the Ca(OH), content in the RHA or POFA
pastes were due to the pozzolanic reaction and caused the pore size structure of the
paste to change from coarser pores to finer pores. Thus, the critical pore size and
average pore diameter of the paste containing RHA and POFA were lower than those
of the OPC paste.

5.1.1.5 The mass loss (at 30°C-450°C) of RS pastes increased with
fineness and decrease with the replacement level. In addition, it was likely that the
addition of fine RS whose particles were finer than those of Portland cement caused
segmentation of large pores and increased nucleation sites for precipitation of
hydration products in cement paste as resulted in an increase compressive strength
was due to the filler effect. In contrast, the Ca(OH), content in the fine RS pastes was
lower than that of the coarse RS pastes.

5.1.1.6 The differences between mass loss (at 30°C-450°C) of RS and
RHA or POFA pastes at same fineness, curing time and replacement rate were due to
the pozzolanic reaction which increased with particle fineness and cement
replacement rate. In addition, the weight losses (at 30°C-450°C) due to the pozzolanic

reaction were higher than those due to the filler effect.



177

5.1.2 PART I I Chloride penetration into blended cement paste

5.1.2.1 The OPC paste had a lower chloride penetration than the SRPC
paste. The use of palm oil fuel ash results in a lower chloride diffusion coefficient and
concentration profile of free chloride than the OPC paste. In addition, the chloride
diffusion coefficient is linearly correlated and increases with an increase in the critical
pore diameter.

5.1.2.2 The increase of fineness and replacement of cement with palm
oil fuel ash resulted in the decrease of free chloride and the chloride diffusion
coefficient.

5.1.2.3 The use of palm oil fuel ash to replace Portland cement type I
had a lower peak intensity of Friedel's salt in paste than that of the OPC paste. In
addition, the peak intensity of Friedel's salt in paste decreased with increasing
replacement of POFA. However, increasing the replacement of cement by palm oil
fuel ash resulted in an increasing physically bound chloride.

5.1.2.4 1t is found that the numerical results obtained using the finite
element method agrees with experimental results. Thus, the finite element solution
can produce an accurate analysis of the concentration profile of free chloride in pastes

at any depth and at any time.
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5.2 Recommendations for future work

5.2.1 The study should attempted to find microstructure of paste, mortar and
concrete under deterioration conditions such as sulfate attack, acid attack,
carbonation, sea water attack etc.

5.2.2 In this study, the particle size of ground rice husk ash and palm oil fuel

ash was in the micro scale. Next study, it is suggested to use particle at nano scale.



APPENDIX A
COMPRESSIVE STRENGTH OF OPC, RS, RHA AND

POFA PASTES



Table A.1 Compressive strength of OPC and 10CRS pastes

180

Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.10 5.10 13,501 52.91
2 5.05 5.10 13,323 52.73
7 3 5.10 5.00 14,011 56.01 53.0
4 5.05 5.10 12,703 50.28
B 5.10 5.10 15,737 61.68
1 5.00 5.10 18,893 75.53
2 5.15 5.10 18,249 70.83
28 3 5.10 | 5.15 | 20,285 78.73 75.0
4 5.05 5.05 18,649 74.54
R 5.10 5.10 19,207 75.27
1 5.00 5.10 21,886 87.49
OPC 2 5.15 5.10 21,673 84.11
60 3 510 | 515 | 19,904 77.25 84.6
4 5.05 5.10 24,984 98.89
3 5.10 5.10 22,893 89.72
1 5.00 5.10 28,271 113.01
2 5.05 5.10 25,739 101.87
) 3 510 | 5.15 | 23,304 90.44 99.1
4 5.00 5.05 25,459 102.78
5 5.15 5.10 26,113 101.35
1 5.10 5.10 12443 48.77
2 5.05 5.10 11,630 46.03
7 3 5.00 5.15 14,858 58.82 48.3
4 5.15 5.05 12,139 47.58
5 5.15 5.10 13,135 50.98
1 5.10 5.05 18,187 71.98
2 5.10 5.15 16,794 65.18
28 3 5.00 5.10 20,439 81.71 68.2
4 5.15 5.10 17,320 67.22
5 5.00 5.05 16,937 68.38
1 5.10 5.10 20,052 78.59
10CRS 2 5.10 5.10 19,585 76.76
60 3 5.00 5.10 20,236 80.89 77.2
4 5.10 5.15 19,253 74.72
5 5.10 5.10 19,165 75.11
1 5.15 5.10 20,101 78.01
2 5.10 5.10 23,510 92.14
90 3 5.10 5.05 22,106 87.49 90.1
4 5.05 5.10 21,883 86.61
B 5.15 5.05 25,054 98.20

[T = Data are not applicable




Table A.2 Compressive strength of 20CRS and 30CRS pastes

181

Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.15 5.10 9,958 38.65
2 5.00 5.10 11,456 45.80
7 3 510 | 5.5 | 11,652 45.22 429
4 5.10 5.05 10,876 43.05
B 5.10 5.10 10,659 41.77
1 5.05 5.10 14,823 58.67
2 5.05 5.10 18,430 72.94
28 3 5.10 | 5.10 | 15629 61.25 60.8
4 5.10 5.10 15,154 59.39
R 5.10 5.15 16,502 64.05
1 5.10 5.15 17,485 67.86
20CRS 2 5.10 5.15 17,503 67.93
60 3 5.05 | 510 | 20,139 79.71 67.9
4 5.10 5.15 18,243 70.80
R 5.15 5.10 16,793 65.18
1 5.15 5.05 18,847 73.87
2 5.05 5.10 19,306 76.41
90 3 5.05 | 510 | 21,044 83.29 78.6
4 5.10 5.10 23,759 93.11
5 5.05 5.05 20,234 80.88
1 5.10 5.10 8,863 34.74
2 5.05 5.05 11,045 44.15
7 3 5.10 5.10 9,542 37.40 36.9
4 5.10 5.10 8,953 35.09
5 5.00 5.10 10,128 40.49
1 5.15 5.05 12,743 49.95
2 5.10 5.10 13,398 52.51
28 3 5.10 5.05 14,743 58.35 53.1
4 5.00 5.05 13,324 53.79
5 5.10 5.05 14,178 56.12
1 5.10 5.10 14,163 55.51
S0CRS 2 5.10 5.10 15,639 61.29
60 3 5.00 5.10 14,954 59.78 60.8
4 5.10 5.15 16,340 63.42
5 5.15 5.10 16,453 63.86
1 5.15 5.10 20,367 79.05
2 5.05 5.00 17,702 71.46
90 3 5.10 5.10 19,129 74.97 70.2
4 5.00 5.05 18,004 72.68
B 5.10 5.10 16,734 65.58

[ 1= Data are not applicable




Table A.3 Compressive strength of 40CRS and 10FRS pastes
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Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.10 5.10 9,459 37.07
2 5.05 5.05 8,301 33.18
7 3 5.00 5.15 7,930 31.39 31.5
4 5.10 5.05 8,073 31.95
B 5.15 5.10 7,608 29.53
1 5.10 5.05 12,483 49.41
2 5.10 5.15 11,183 43.40
28 3 5.00 5.10 12,119 48.45 45.6
4 5.15 5.10 10,596 41.12
R 5.00 5.05 13,574 54.80
1 5.10 5.10 12,530 49.11
40CRS 2 5.05 5.05 15,634 62.49
60 3 5.05 5.10 14,020 55.49 51.5
4 5.10 5.05 13,343 52.81
R 5.10 5.05 12,305 48.70
1 5.15 5.10 14,398 55.88
2 5.10 5.10 15,230 59.69
90 3 5.05 5.10 17,854 70.67 59.6
4 5.05 5.15 16,130 63.22
5 5.10 5.10 15,201 59.57
1 5.10 5.10 11,930 46.76
2 5.05 5.10 13,050 51.65
7 3 5.15 5.05 12,397 48.59 499
4 5.00 5.15 13,794 55.61
5 5.10 5.10 12,203 47.83
1 5.00 5.10 16,940 67.72
2 5.10 5.00 20,294 81.13
28 3 5.10 5.00 16,605 66.38 69.9
4 5.15 5.05 19,080 74.78
5 5.00 5.10 17,694 70.73
1 5.10 5.15 18,955 73.57
10FRS 2 5.10 5.10 19,749 77.40
60 3 5.10 5.10 20,285 79.50 79.1
4 5.05 5.00 23,485 94.81
5 5.15 5.05 21,902 85.85
1 5.10 5.10 25,140 98.53
2 5.10 5.10 24,038 94.21
90 3 5.05 5.15 23,183 90.87 92.8
4 5.05 | 5.100 22,649 89.64
B 5.1 5.15 23,407 90.84

[ 1= Data are not applicable




Table A.4 Compressive strength of 20FRS and 30FRS pastes

183

Mix Age | Sample| Crosssection | Ultimate Compressive Average
(day) Width | Height | Load Strength Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.15 5.10 10,843 42.50
2 5.00 5.05 11,194 43.44
7 3 5.10 5.10 14,379 58.05 45.0
4 5.10 5.10 12,363 49.42
B 5.10 5.05 11,425 44.78
1 5.10 5.05 14,929 57.94
2 5.05 5.05 16,222 65.49
28 3 5.05 5.10 17,210 67.45 63.4
4 5.10 5.15 18,604 72.91
3 5.10 5.10 15,820 62.61
1 5.10 5.10 16,934 67.02
20FRS 2 5.10 5.10 17,448 69.74
60 3 5.05 5.05 18,335 72.57 70.8
4 5.05 5.10 19,058 73.97
3 5.00 5.10 21,658 84.88
1 5.15 5.10 19,380 75.95
2 5.00 5.05 20,497 80.33
90 3 5.10 5.10 21,048 84.13 82.1
4 5.10 5.10 22,384 88.59
5 5.10 5.05 20,409 81.59
1 5.00 5.10 9,707 38.80
2 5.00 5.05 12,283 49.59
7 3 5.10 5.10 10,593 41.52 39.1
4 5.00 5.15 9,747 38.59
5 5.10 5.10 9,610 37.66
1 5.10 5.05 13,740 54.38
2 5.10 5.05 14,353 56.81
28 3 5.15 5.00 15,594 61.73 56.5
4 5.00 5.05 17,824 71.96
5 5.05 5.10 13,403 53.05
1 5.10 5.10 19,338 75.79
30FRS 2 5.10 5.15 16,154 62.70
60 3 5.10 5.10 17,208 67.44 64.1
4 5.05 5.00 15,430 62.29
5 5.15 5.05 16,318 63.96
1 5.15 5.10 21,408 83.09
2 5.05 5.10 17,805 70.47
90 3 5.05 5.05 20,194 80.72 74.5
4 5.00 5.10 18,068 72.23
B 5.00 5.15 16,390 64.88

[ 1 = Data are not applicable




Table A.5 Compressive strength of 40FRS and 10CRHA pastes
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Mix Age | Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength Compressive
(cm)| (cm) (Kg) (MPa) Strength (MPa)
1 5.05 5.15 8,643 33.88
2 5.10 5.10 9,120 35.74
7 3 5.10 5.05 8,006 31.69 34.2
4 5.10 5.10 8,203 32.15
B 5.00 5.10 9,226 37.60
1 5.00 5.10 12,493 49.94
2 5.10 5.10 15,190 59.53
28 3 5.10 5.15 12,448 48.31 49.2
4 5.10 5.05 11,430 45.24
3 5.10 5.05 13,507 53.46
1 5.10 5.05 13,490 53.39
40FRS 2 5.10 5.10 10,394 40.74
60 3 5.05 5.10 13,484 53.37 55.4
4 5.00 5.10 15,180 60.68
3 5.05 5.10 13,643 54.00
1 5.05 5.10 14,909 59.01
2 5.05 5.05 16,165 64.61
90 3 5.05 5.10 17,443 69.04 63.9
4 5.10 5.00 15,769 63.04
5 5.10 5.15 12,482 48.44
1 5.00 5.10 14,246 56.95
2 5.10 5.10 12,379 48.52
7 3 5.05 5.10 13,135 51.99 52.4
4 5.10 5.05 13,490 53.39
5 5.15 5.00 12,938 51.22
1 5.10 5.05 19,149 75.79
2 5.10 5.15 20,030 77.74
28 3 5.05 5.05 23,539 94.09 76.5
4 5.10 5.10 18,129 71.05
5 5.00 5.05 20,129 81.26
1 5.10 5.10 20,984 82.24
10CRHA 2 5.10 5.05 22,393 88.63
60 3 5.10 5.05 23,185 91.76 88.5
4 5.10 5.15 24,417 94.76
5 5.10 5.05 21,503 85.11
1 5.10 5.05 27,193 107.63
2 5.10 5.00 25,564 102.19
90 3 5.05 5.00 28,635 115.60 107.6
4 5.10 5.05 23,468 92.88
B 5.10 5.10 26,792 105.00

[ = Data are not applicable




Table A.6 Compressive strength of 20CRHA and 30CRHA pastes
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Mix Age | Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength Compressive
(cm)| (cm) (Kg) (MPa)  [Strength (MPa)
1 5.10 5.10 12,451 48.80
2 5.10 5.00 10,128 40.49
7 3 5.05 5.05 11,917 47.63 49.8
4 5.00 5.05 13,484 54.44
B 5.00 5.15 12,164 48.15
1 5.10 5.10 15,474 60.64
2 5.05 5.10 17,602 69.67
28 3 5.05 5.10 18,075 71.54 74.2
4 5.10 5.05 20,240 80.11
3 5.00 5.00 18,483 75.36
1 5.10 5.10 20,971 82.19
20CRHA 2 5.10 5.10 21,963 86.08
60 3 5.05 5.05 24,104 96.35 88.3
4 5.10 5.10 22,870 89.63
3 5.10 5.05 22,064 87.33
1 5.10 5.10 20,214 79.22
2 5.10 5.05 26,683 105.61
90 3 5.10 5.05 25,359 100.37 106.0
4 5.10 5.05 27,107 107.29
5 5.05 5.10 28,026 110.93
1 5.05 5.00 10,973 44.30
2 5.00 5.05 12,410 50.10
7 3 5.10 5.10 11,326 44.39 46.5
4 5.10 5.15 11,302 43.86
5 5.10 5.00 12,517 50.04
1 5.10 5.10 20,184 79.10
2 5.05 5.10 17,060 67.52
28 3 5.10 5.05 19,103 75.61 70.5
4 5.10 5.05 18,030 71.36
5 5.10 5.05 17,068 67.55
1 5.10 5.10 21,874 85.73
S0CRHA 2 5.10 5.10 22,864 89.61
60 3 5.15 5.10 18,643 72.36 83.7
4 5.10 5.05 20,578 81.45
5 5.05 5.10 19,753 78.18
1 5.10 5.10 25,820 101.19
2 5.10 5.10 24,341 95.40
90 3 5.10 5.05 24,628 97.48 100.0
4 5.05 5.05 21,964 87.79
B 5.00 5.00 26,010 106.06

[ 1 = Data are not applicable




Table A.7 Compressive strength of 40CRHA and 10FRHA pastes
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Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.00 5.10 10,513 42.03
2 5.10 5.15 11,238 43.62
7 3 5.10 5.10 10,473 41.05 42.4
4 5.10 5.10 10,938 42.87
B 5.00 5.00 8,086 32.97
1 5.05 5.10 15,289 60.51
2 5.10 5.05 17,011 67.33
28 3 5.05 5.05 16,243 64.93 64.7
4 5.05 5.10 15,624 61.84
R 5.05 5.05 17,240 68.91
1 5.05 5.10 19,162 75.84
40CRHA 2 5.10 5.10 20,213 79.22
60 3 5.10 5.15 19,253 74.72 77.4
4 5.10 5.10 21,140 82.85
R 5.10 5.05 18,843 74.58
1 5.10 5.10 24,012 94.11
2 5.10 5.10 22,533 88.31
90 3 5.05 5.05 23,340 93.29 92.1
4 5.15 5.15 20,193 77.61
5 5.15 5.15 24,138 92.77
1 5.10 5.10 11,382 44.61
2 5.10 5.15 15,121 58.69
7 3 5.05 5.10 13,821 54.70 55.9
4 5.05 5.05 14,002 55.97
5 5.05 5.10 13,744 54.40
1 5.10 5.10 21,073 82.59
2 5.10 5.15 20,363 79.03
28 3 5.05 5.10 21,160 83.75 81.7
4 5.10 5.10 19,411 76.07
5 5.10 5.05 22,036 87.22
1 5.10 5.10 20,374 79.85
10FRHA 2 5.10 5.05 24,392 96.54
60 3 5.00 5.10 23,742 94.91 94.7
4 5.15 5.10 25,041 97.19
5 5.10 5.05 22,780 90.16
1 5.05 5.10 25,672 101.61
2 5.15 5.10 28,329 109.95
90 3 5.10 5.05 30,124 119.23 116.2
4 5.10 5.10 29,120 114.13
5 5.05 5.10 30,727 121.62

[ 1= Data are not applicable




Table A.8 Compressive strength of 20FRHA and 30FRHA pastes
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Mix Age | Sample| Crosssection | Ultimate Compressive Average
(day) Width | Height | Load Strength Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.05 5.00 13,430 54.22
2 5.10 5.10 12,517 49.06
7 3 5.10 5.10 10,349 40.56 52.9
4 5.05 5.10 13,120 51.93
B 5.10 5.05 14,262 56.45
1 5.10 5.05 20,029 79.27
2 5.05 5.10 19,529 77.29
28 3 5.05 5.10 18,929 74.92 78.7
4 5.10 5.00 21,294 85.12
3 5.05 5.10 19,390 76.74
1 5.10 5.10 18,905 74.09
20FRHA 2 5.10 5.10 22,591 88.54
60 3 5.00 5.05 22,390 90.39 93.1
4 5.10 5.05 23,578 93.32
3 5.00 5.10 25,093 100.31
1 5.10 5.05 26,555 105.10
2 5.05 5.05 28,148 112.51
90 3 5.05 5.10 30,470 120.60 113.2
4 5.10 5.10 29,228 114.55
5 5.00 5.10 24,604 98.36
1 5.10 5.05 12,558 49.70
2 5.05 5.05 11,913 47.62
7 3 5.00 5.05 12,029 48.56 50.3
4 5.05 5.15 13,293 52.10
5 5.10 5.15 13,835 53.69
1 5.10 5.15 19,123 74.22
2 5.10 5.05 18,415 72.89
28 3 5.10 5.10 19,239 75.40 74.9
4 5.15 5.10 20,810 80.77
5 5.10 5.10 18,230 71.45
1 5.10 5.10 22,683 88.90
SOFRHA 2 5.00 5.10 23,032 92.07
60 3 5.00 5.05 22,860 92.29 89.6
4 5.05 5.05 19,329 77.26
5 5.05 5.10 22,038 87.23
1 5.15 5.10 28,118 109.13
2 5.10 5.10 27,029 105.93
90 3 5.05 5.05 26,919 107.60 107.9
4 5.10 5.10 26,612 104.30
B 5.10 5.15 29,043 112.72

[ 1= Data are not applicable




Table A.9 Compressive strength of 40FRHA and 10CPOFA pastes

188

Mix Age | Sample| Crosssection | Ultimate Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa) | Strength (MPa)
1 5.05 5.10 10,894 43.12
2 5.05 5.15 13,270 52.01
7 3 5.10 5.15 10,948 42.49 44.5
4 5.10 5.10 11,274 44.18
B 5.10 5.05 12,143 48.06
1 5.10 5.10 16,929 66.35
2 5.10 5.05 15,994 63.30
28 3 5.15 5.10 16,705 64.83 66.9
4 5.05 5.10 17,282 68.40
3 5.00 5.05 17,732 71.59
1 5.00 5.00 17,430 69.00
40FRHA 2 5.05 5.00 19,273 77.81
60 3 5.05 5.00 20,143 81.32 79.5
4 5.00 5.05 18,874 76.20
3 5.05 5.05 21,132 84.47
1 5.10 5.00 23,228 92.85
2 5.10 5.05 23,838 94.35
90 3 5.00 5.10 24,373 97.43 96.1
4 5.05 5.05 23,410 93.57
5 5.00 5.10 25,634 102.47
1 5.10 5.05 14,102 55.81
2 5.10 5.05 13,118 51.92
7 3 5.05 5.05 12,563 50.22 51.3
4 5.05 5.10 10,127 40.08
5 5.10 5.10 12,039 47.18
1 5.05 5.15 19,447 76.22
2 5.10 5.15 18,903 73.36
28 3 5.10 5.10 17,984 70.48 74.8
4 5.15 5.10 20,670 80.22
5 5.15 5.10 18,994 73.72
1 5.15 5.10 22,532 87.45
10CPOFA 2 5.10 5.05 18,547 73.41
60 3 5.15 5.10 21,473 83.34 86.3
4 5.10 5.05 23,189 91.78
5 5.05 5.10 20,854 82.54
1 5.05 5.10 26,254 103.91
2 5.10 5.05 26,164 103.56
90 3 5.10 5.15 25,579 99.27 104.5
4 5.10 5.10 27,187 106.55
B 5.10 5.15 28,180 109.37

[ ] = Dataare not applicable
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Table A.10 Compressive strength of 20CPOFA and 30CPOFA pastes

Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa)  Strength (MPa)
1 5.10 5.10 11,868 46.51
2 5.00 5.10 12,686 50.71
7 3 5.10 5.05 12,136 48.03 48.3
4 5.00 5.00 11,943 48.70
B 5.10 5.10 15,094 59.16
1 5.10 5.10 19,026 74.57
2 5.10 5.10 17,337 67.95
28 3 5.10 5.05 18,173 71.93 72.0
4 5.10 5.10 19,303 75.65
R 5.05 5.05 17,540 70.11
1 5.10 5.05 20,858 82.55
20CPOFA 2 5.10 5.05 21,949 86.87
60 3 5.00 5.10 20,743 82.92 84.6
4 5.05 5.00 22,784 91.98
3 5.10 5.10 21,332 83.60
1 5.10 5.10 27,032 105.94
2 5.10 5.10 25,538 100.09
90 3 5.05 5.05 26,030 104.05 102.0
4 5.05 5.05 29,663 118.57
5 5.10 5.00 24,514 98.00
1 5.10 5.00 13,453 53.78
2 5.05 5.05 11,079 44.28
7 3 5.10 5.00 10,763 43.03 44.5
4 5.00 5.05 10,853 43.81
5 5.10 5.00 11,754 46.99
1 5.10 5.10 16,594 65.03
2 5.00 5.00 17,043 69.49
28 3 5.05 5.00 16,539 66.77 66.7
4 5.10 5.05 16,307 64.54
5 5.05 5.10 17,093 67.65
1 5.10 5.10 21,002 82.31
S0CPOFA 2 5.10 5.10 19,174 75.15
60 3 5.05 5.10 20,284 80.28 78.6
4 5.05 5.05 17,520 70.03
5 5.10 5.00 19,184 76.69
1 5.10 5.15 26,439 102.61
2 5.10 5.05 24,184 95.72
90 3 5.10 5.10 25,163 98.62 97.1
4 5.05 5.10 24,280 96.10
B 5.10 5.15 23,808 92.40

[ ] = Dataare not applicable
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Table A.11 Compressive strength of 40CPOFA and 10FPOFA pastes

Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa)  Strength (MPa)
1 5.05 5.00 9,936 40.11
2 5.10 5.01 10,553 42.10
7 3 5.05 5.00 10,394 41.96 41.0
4 5.10 5.01 10,497 41.88
B 5.10 5.10 9,939 38.95
1 5.10 5.10 13,940 54.63
2 5.10 5.00 14,986 59.91
28 3 5.10 5.05 14,812 58.63 61.5
4 5.05 5.05 15,683 62.69
3 5.05 5.10 16,398 64.90
1 5.10 5.10 19,439 76.18
40CPOFA 2 5.00 5.10 17,239 68.91
60 3 5.05 5.10 21,546 85.28 72.8
4 5.10 5.10 17,439 68.35
R 5.10 5.05 19,694 77.95
1 5.10 5.10 21,505 84.28
2 5.10 5.10 23,098 90.52
90 3 5.10 5.05 22,195 87.85 88.1
4 5.05 5.05 24,196 96.71
5 5.15 5.10 20,895 81.10
1 5.05 5.10 14209 56.24
2 5.10 5.10 11263 44.14
7 3 5.10 5.00 13165 52.63 53.7
4 5.05 5.10 12909 51.09
5 5.05 5.10 13804 54.64
1 5.10 5.15 19,857 77.07
2 5.00 5.10 21,540 86.11
28 3 5.10 5.00 18,873 75.45 79.3
4 5.05 5.05 19,553 78.16
5 5.05 5.10 20,280 80.27
1 5.10 5.15 23,260 90.27
10FPOFA 2 5.10 5.10 23,690 92.84
60 3 5.10 5.10 20,289 79.52 03.3
4 5.05 5.00 24,108 97.33
5 5.00 5.10 23,189 92.70
1 5.10 5.10 30,028 117.68
2 5.10 5.10 28,103 110.14
90 3 5.05 5.10 27,194 107.63 111.3
4 5.10 5.05 28,390 112.37
B 5.10 5.05 27,426 108.55

[ ] = Dataare not applicable
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Table A.12 Compressive strength of 20FPOFA and 30FPOFA pastes

Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa)  Strength (MPa)
1 5.10 5.10 14,004 54.88
2 5.10 5.10 13,184 51.67
7 3 5.00 5.05 12,733 51.40 51.9
4 5.05 5.00 16,548 66.81
B 5.15 5.10 12,807 49.71
1 5.10 5.10 21,076 82.60
2 5.15 5.05 18,182 71.26
28 3 5.10 5.05 19,263 76.24 77.3
4 5.10 5.10 20,184 79.10
R 5.10 5.10 16,596 65.04
1 5.10 5.05 24,389 96.53
20FPOFA 2 5.10 5.15 26,530 102.97
60 3 5.10 5.10 24,143 94.62 92.2
4 5.10 5.15 23,120 89.73
3 5.10 5.15 22,687 88.05
1 5.05 5.10 29,259 115.81
2 5.10 5.00 27,650 110.53
90 3 5.05 5.10 28,460 112.64 109.6
4 5.10 5.05 26,045 103.08
5 5.05 5.10 26,793 106.05
1 5.10 5.15 12,185 47.29
2 5.05 5.10 11,139 50.82
7 3 5.10 5.10 13,297 52.11 48.3
4 5.05 5.05 13,120 52.44
5 5.15 5.10 11,650 45.21
1 5.10 5.00 19,082 76.28
2 5.10 5.05 18,287 72.38
28 3 5.10 5.05 23,630 93.53 72.8
4 5.15 5.10 17,608 68.34
5 5.05 5.10 18,794 74.39
1 5.10 5.15 23,220 90.12
SOFPOFA 2 5.00 5.10 21,185 84.69
60 3 5.10 5.05 22,353 88.47 86.3
4 5.05 5.10 20,476 81.04
5 5.05 5.10 22,032 87.20
1 5.05 5.00 27,350 110.41
2 5.10 5.10 26,587 104.20
90 3 5.10 5.05 25,310 100.18 104.0
4 5.10 5.05 22,940 90.80
B 5.15 5.10 26,107 101.32

[__1= Data are not applicable



Table A.13 Compressive strength of 40FPOFA paste
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Mix Age |Sample| Crosssection | Ultimate |Compressive Average
(day) Width | Height | Load Strength | Compressive
(cm)| (cm) (Kg) (MPa)  [Strength (MPa)
1 5.05 5.05 11,189 44,72
2 5.05 5.10 9,485 37.54
7 3 5.10 5.10 11,276 44.19 44.0
4 5.10 5.05 10,295 40.75
5 5.05 5.10 11,743 46.48
1 5.10 5.10 17,583 68.91
2 5.00 5.10 16,387 65.51
28 3 5.05 5.15 16,494 64.65 66.5
4 5.10 5.15 20,174 78.30
5 5.10 5.10 17,039 66.78
40FPOFA 1 5.10 5.15 20,426 79.28
2 5.05 5.10 21,043 83.29
60 3 5.10 5.10 19,678 77.12 78.6
4 5.10 5.00 17,390 69.52
5 5.10 5.15 19,235 74.65
1 5.10 5.10 24,564 96.27
2 5.05 5.10 23,408 92.65
90 3 5.10 5.10 25,195 98.74 94.1
4 5.10 5.15 22,397 86.92
5 5.05 5.10 24,276 96.08

[ 1= Data are not applicable



APPENDIX B
TOTAL CHLORIDE OF OPC, SRPC AND

POFA PASTES



Table B.1 Total chloride of OPC, SRPC and POFA pastes
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Mix Distance from pastes Total chloride
surface (m) ( % by weight of binder)

0.005 0.470

0.015 0.195

OPC 0.025 0.088
0.035 0.035

0.045 0.024

0.005 0.496

0.015 0.252

SRPC 0.025 0.127
0.035 0.035

0.045 0.022

0.005 0.463

0.015 0.204

10CPOEFA 0.025 0.063
0.035 0.048

0.045 0.010

0.005 0.425

0.015 0.168

20CPOFA 0.025 0.042
0.035 0.032

0.045 0.008

0.005 0.398

0.015 0.138

30CPOFA 0.025 0.038
0.035 0.031

0.045 0.004

0.005 0.379

0.015 0.092

40CPOFA 0.025 0.024
0.035 0.011

0.045 0.005
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Table B.2 Total chloride of OPC, SRPC and POFA pastes

Mix Distance from blended Total chloride
surface (m) ( % by weight of binder)
0.005 0.459
0.015 0.167
10FPOFA 0.025 0.035
0.035 0.018
0.045 0.008
0.005 0.384
0.015 0.103
20FPOFA 0.025 0.029
0.035 0.012
0.045 0.004
0.005 0.354
0.015 0.094
30FPOFA 0.025 0.025
0.035 0.010
0.045 0.002
0.005 0.339
0.015 0.092
40FPOFA 0.025 0.013
0.035 0.009
0.045 0.003




APPENDIX C
FREE CHLORIDE OF OPC, SRPC AND

POFA PASTES



Table C.1 Free chloride of OPC, SRPC and POFA pastes

197

Mix Distance from blended Total chloride
surface (m) ( % by weight of binder)

0.005 0.348

0.015 0.139

OPC 0.025 0.053
0.035 0.015

0.045 0.003

0.005 0.346

0.015 0.172

SRPC 0.025 0.092
0.035 0.025

0.045 0.007

0.005 0.374

0.015 0.121

10CPOFA 0.025 0.034
0.035 0.023

0.045 0.001

0.005 0.325

0.015 0.125

20CPOFA 0.025 0.025
0.035 0.015

0.045 0.002

0.005 0.298

0.015 0.112

30CPOFA 0.025 0.015
0.035 0.012

0.045 0.001

0.005 0.275

0.015 0.076

40CPOFA 0.025 0.012
0.035 0.004

0.045 0.001




Table C.2 Free chloride of OPC, SRPC and POFA pastes
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Mix Distance from blended Total chloride
surface (m) ( % by weight of binder)
0.005 0.328
0.015 0.118
10FPOFA 0.025 0.015
0.035 0.008
0.045 0.001
0.005 0.305
0.015 0.080
20FPOFA 0.025 0.007
0.035 0.003
0.045 0.001
0.005 0.279
0.015 0.072
30FPOFA 0.025 0.007
0.035 0.003
0.045 0.001
0.005 0.261
0.015 0.067
40FPOFA 0.025 0.007
0.035 0.004
0.045 0.001




APPENDIX D
CHLORIDE BINDING CAPACITY OF OPC, SRPC AND

POFA PASTES
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Example Chloride binding capacity of OPC paste
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(9)

AN S 10
C, (1+0.141°%) (10)
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Table D.1 Chloride binding capacity of OPC, SRPC and POFA pastes

Mix Chloride binding
capacity

OPC 0.697
SRPC 0.655
10CPOFA 0.691
20CPOFA 0.733
30CPOFA 0.732
40CPOFA 0.749
10FPOFA 0.709
20FPOFA 0.731
30FPOFA 0.748
40FPOFA 0.762




APPENDIX E

MODELING OF CHLORIDE INGRESS INTO

CEMENT PASTE



E.1 Finite element analysis

RH=100%
3% NaCl Solution

180008008 ¢

Cement paste

Insulated
RH=100% Insulated 60 mm

Insulated
100 mm

Element types : DCA X4 4-node linear axisymmetric heat transfer quadrilateral

face 3 3
face 4 face 2
z
1 face 1 2
r 4 - node element

Element 4 node

Degree of freedom : 8
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Conventions

Coordinate 1 is r, coordinate 2 is z, At #=0 the r-direction corresponds to the

global x-direction and the z- direction corresponds to the global y-direction. This

is important when data must be given in global directions. Coordinate 1 must be
greater than or equal to zero.

Degree of freedom 1 is u,, degree of freedom 2 is u,, Generalized axisymmetric

elements with twist have an additional degree of freedom, 5, corresponding to the
twist angle ¢ (in radians).

Abaqus does not automatically apply any boundary conditions to nodes located
along the symmetry axis. You must apply radial or symmetry boundary conditions
on these nodes if desired.

In certain situations in Abaqus/Standard it may become necessary to apply radial
boundary conditions on node that are located on the symmetry axis to obtain
convergence in nonlinear problems. Therefore, the application of radial boundary
conditions on node on the symmetry axis is recommended for nonlinear problems.
Point load and moments, concentrated (nodal) fluxes, electrical currents, and
seepage should be given as the value integrated around the circumference (that is,

the total value on the ring).
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E.2 Comparison of results for different numbers of elements
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E. 3 Abaqus /CAE Chloride penetration ingress into blended cement paste

1. Start Abaqus CAE V6.10-1 and choose to create a new model database

25 Abacuuu/CAR 6.10-1 [Viewport

[® fle Model Viewpent View Pan Shape Fastwe Took Plugine Hep W

DA+ <N E A (R 2w |G Dl selaR] (& (7 () "
Ldtstzaid 1 2 3 4 & mBENES NAlR
Model | Reults Module: Far * Modek Modell v Part it

I S Medel Databinie E| > ] Gy
- 48 Madels 1)
Model-1
By Parts
B Materials
B Sections
 Prefiies
i Assembly
S0 Stepn (1)
O Field Dutpus Requests
By History Output Requests




2. Inthe model tree double click on the “Part” node (or right

or right click on “parts” and select Create)

a. Select “ Axisymmetric”
b. Select “ Deformable”

c. Select “ Shell”

d. Select“ Approximate size = 0.05”

e. Click “ Continue”
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Create the geometry shown below
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5. Click add dimension

a. New dimension = 0.06

b. New dimension = 0.05
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c. Click select the entity to dimension

d. Sketch the section for the planar shell “Done”
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6.

Double click onthe “Materials” node in the model tree
a. Click onthe “General” tab — Density=1
b. Click onthe “Thermal” tab — Conductivity =15.9x10™*?

c. Click onthe “Thermal” tab — Specific heat=0.697

d. Click “OK”
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Double click onthe “Sections” node in the model tree
a. Select “Solid” for the category and “Homogeneous” for the type
b. Click “Continue...”

c. Click “OK”
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d. Click “ Assign section”
e. Click on the geometry

f. Click “ Done “
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8. Click on the “Instances part”

9.

a. Select “Dependent” for the instance type

b. Click “OK”
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Click on the “Steps”
a. Click on the “Heat transfer”

b. Click “Continue...”
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c. Set the reponse to “Transient”

d. Click onthe “Basic” tab — Time period=7776000
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e. Click onthe “Incrementation” tab
— Maximum number of increments=10000000
— Increment size/ initial =1/minimum=21/maximum=1000
— Max. allowable temperature change per increment =0.01

— Max. allowable emissivity change per increment =0.1
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10. Click onthe “Load”

a.

b.

Select on the “ Temperature ”
Click * Continue ”
Pick top geometry

Click “Done”
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e. Set the magnitude 0.4

f. Click “Ok”
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11. Click onthe “Create predefine field ”
a. Select step “ Initial”
b. Select category “Other”
c. Type for select step “Temperature”

d. Click “Continue”
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12. In the toolbox area click onthe “Mesh”
a. Click on the “ Seed part”
b. Set the approximate global size to 0.05

c. Click “OK”
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13. Click on the “ Assign element type ”
a. Select family “Heat transfer”

b. Select geometric order “Linear”
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c. Click “OK”
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15. In the toolbox area click on the “Job”
a. Click on the “ Create job ”
b. Click “Continue...”
c. Give thejob adescription and accept all default parameters

d. Click “OK”
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b. Select “Monitor”
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18. The menu bar click on the “Results Field Output”
a. Select “NT11 Nodal free chloride at nodes”

b. Click “OK
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19. To determine the free chloride values, from the menu bar click Tools —Query

a. Click on the “ Node ”

b. Click on the “ Probe values ”

o

. Click on the “ Probe nodes ”

d. Check the boxes labeled “ Node ID ” and “NT11”

@D

f. When done click “ Cancel ”

. In the viewport mouse over the node of interest
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20. In the menu bar click on Viewport —Viewport Annotations Options
a. Uncheck the “Show compass option”
b. The locations of viewport items can be specified on the corresponding t
ab in the Viewport Annotations Options

c. Click “OK”
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ash, with median particle sizes of 156 and 2.1 pm, respectively, were used o replace ordinary Portland
cement (OPC) at 0%, 20% and 40% by binder weight. A water to binder (W B) ratio of 0.35 was used For all
blended cement pastes. The amorphous ground palm oil fuel ash was characterized by the Rietveld
method. The compressive strength, thermogravimetric analysis and pore size distribution of the blended
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1. Introduction

The Portland cement clinker process results in the emission of
CO,. Every ton of Portland cement produces around 850 kg of
CO, emitted to the atmosphere, thus causing greenhouse effects
| 1]. Therefore, it is necessary to reduce the production of Port land
cement clinker. To solve this problem, the partial replacement of
ordinary Portland cement with pozzolanic materials has been pro-
posed. Pozzolanic materials, such as fly ash, rice husk ash, palm oil
fuel ash and baggage ash, are used as mineral admixtures toreduce
the cement content in the mixtures. These materials have been re-
ported to increase the durability of paste, mortar and concrete [2-
4.

Palm oil fuel ash (POFA} is a by-product from biomass thermal
power plants where oil palm residues are burned to generate elec-
tricity. More than approximately 100,000 tons of palm oil fuel ash
are produced every yvear in Thailand |5). Palm oil fuel ash is rarely
utilized, and it may add to future environmental problems. Many
researchers have studied the use of POFA as a partial replacement
of cement in concrete, The main chemical constituent of palm oil
fuel ash is silicon dioxide [4,6). Tangchirapat et al. [4] found that
ground palm oil fuel ash is a good pozzolanic material and can
be used to replace Portland cement up to 30% by binder weight.
Sata et al. [7] also showed that POFA with high fineness has an
excellent pozzolanic reaction and can be used as a supplementary
material to produce high strength concrete, In addition, the utiliza=
tion of POFA can improve concrete strength and water permeabil-
ity [5]. Furthermore, the partial replacement of OPC with POFA
assists in the sulfate resistance [8] and chloride resistance of con-
crete |2|.

Silicon dioxide (5i02) and aluminum trioxide {Al:03) contents
in pozzolanic material react with calcium hydroxide (Ca{OH).) to
produce CSH, C.ASHy and CyAH, 5. Most researchers have studied
Cal0OH}); in cement paste containing pozzolanic material by ther-
mogravimetry (TG) The Cal0OH), content is reduced with
increasing replacement of pozzolanic material and fineness [9).
Barbhuiya et al. [10] found that the reduction of the Ca[OH),
content indicates consumption in the pozzolanic reaction. In
addition, the use of pozzelanic material to partially replace ce-
ment reduces the Ca{OH}, content in concrete, which could im-
prove the sulfate resistance of the concrete. Furthermore,
Chaipanich and Mochiya [11] used differential thermal analysis
(DTG) to determine the hydration products invelved and ex-
plained the increase in the compressive strength of paste. They
showed that blended cement paste containing fly ash and silica
fume reduces the amount of Ca{OH); content while the mass
loss of ettringite, C<S-H and C2ASHy increases when the curing
time is increased.

The porosity and pore structure are very important for perme-
ability and durability. The pore system in cement-based materials
consists of two types of pores [9,12]: (a) gel pores with a diameter
less than 10 nm that affect shrinkage and fatigue and (b) capillary
pores that are divided into large capillary pores with diameters be-
tween 50 and 10,000 nm, which affect the compressive strength
and permeability, and medium capillary pores with diameters be-
tween 10 and 50 nm, which influence the compressive strength,
permeability and shrinkage. Khatib and Wild [13| studied cement
pastes containing metakaolin at 5%, 10% and 15% and found that
the pore size of a cement paste depends on refinement of the pore

structure. In addition, Chindraprasirt et al. [14] used fly ash to
replace Portland cement and showed that the cement paste con-
taining fly ash had a smaller average pore diameter than that of
control cement paste. In addition, Halamickova et al. [15] studied
water permeability and chloride ion diffusion in Portland cement
martar and showed that they are influenced by the critical pore
size.

Many researchers have already reported on the influence of
palm oil fuel on the physical properties of mortar and concrete,
including compressive strength, sulfate resistance and chloride
resistance. However, the pore size distribution and microstructure
of blended cement pastes containing palm oil fuel ash with differ-
entfinenesses have not been well established. An understanding of
the influence of the fineness of palm oil fuel ash on the pore size
distribution and microstructure of cement paste could lead to an
increase in the use of palm oil fuel ash in concrete and could be
preductive for the environment by reducing the volume of waste
disposed of in landfills. Thus, the objective of this research was
to study the effect of palm oil fuel ash fineness on the microstruc-
ture of blended cement paste. The chemical properties and amor-
phous structure of ground palm cil fuel ash were determined.
The effects of ground palm oil fuel ash with two different fineness-
&5 on the compressive strength, calcium hydroxide and pore size
distribution of blended cement pastes were investigated.

2. Experimental detalls
2.1. Materiak

Type | Portland cement was wsed in this study. Palm ol fuel ash (POFA) from a
thermal power plant in Thailand was used as a pozzolan The POFA was sieved
through a Mo, 16 sieve to remove large particles and incompletely com busted mate-
rials |16,17] The POFA was ground to two different sizes. The first fineness was
ground to have the same as that of OPC with grinding machine. The second fineness
wias ground b at trition mill for 60 min at 1000 ipm wsing 2 mm diameter steel ball
| 18.19]. The abbreviations G1 and G2 were used to identify the ground POFAas hav-
ing the same particle size cement and the smaller particle size, respectively

SEM photos of POFA with different finenesses are shown in Fig. 1. GIPOFA and
G2POFA consist of irregular and crished shaped particles. Asimilar observation has
also been reported by other esearchers J4) The physical properties of OPC and
POFA are givenin Table 1. The specific gravity of OPC was 3.1 4, and those of G1POFA
and GZPOFA were 236 and 248, respectively. The Blaine fineness valses of OPC
G1POFA and G2 7O FA were 3600, 6700 and 14,900 cm”fg. respectively. The specific
gravity and specific surface area of POFA increased with increasing grinding time
|8.2021 ] The median paricle sizes of OPC. G1POFA and G2POFA were 146, 156
and 2.2 um, respactively. Fig. 2 shows a comparison of the particle size distributions
of type | Fortland cement and POFA The two group of POFA particle size are similar
tothe particle size of the cement and smaller, respectivaly.

2.2 Mix proparton and curing

Type | Portland cement was partially replaced by POFA (G1POFA or GZPOFA) at
the rate of O 207, and 40 by binder weight. The water to binder (W /E) ratio was
constant at 0035 for all mixtures. The cast specimens were covered with plastic to
prewent water loss. After casting for 24 h, the specimens were removed from the
mald Thereafter. they were cured in saturated lime water at a temperature of
23+ 2°C_ The mix preportions of cement paste and blended pastes containing PO FA
are given in Table 2.

2.3. Campressive strength

Cube specimens of 50 = 50 = 50 mm were used for compressive strength tests
of the pastes. The strengths were determined at 7. 28, 60 and 90 days accomding to
ASTMC 1089 [22] The compressive strength of the pastes at each age was the aver-
age value of five samples.
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Flg 1. Scanning electron micnscopy of palm ofl fusl ash (a) ground palm odl fuel
ash (GIPOFAL (b) ground palm ol fsel ash (C2PORA).

Table 1
Physical prope riies of OFC and POFA.

Sample  Specific Median particle size. d., Blaine fineness
gravity { prm ) (em )

orc 3.14 14.6 3600

GI1POFA 236 156 6700

GIPOFA 248 21 14.900

2.4, X-ray diffraction { XRD)

The XKD scans were performed for 20 between 10° and 657, with an increment
of 002 degjstep and a scan speed of 05 s/step. The amorphous structure in the
palm oil fuel ash was determined by quantitative XKD analysis using Brukers TO-
PAS software.

2.5, Thermal analysits

Thermal analysk is a widely used method for determining hydration products
swch as ettringite, calcium silicate hydrate (C-5-H) calclum aluminum silicate hy-
drate (C,ASH, | calclum aluminate hydrate (C,AH L calcium hydmxide {Caf OH),)
and calcium carbonate (CaC0y) (23] Thermogravimetric analysis was carried out
using Metzsch STA 4040 C(CD aquipmeant. The sample was heated from room tempar-
ature to 1000 °C at a heating ate of 10°C/min under a nitregen atmosphere. The
thermegravimetric { TG) signal was used to calculate the weight loss during heating
and to estimat e the content of Ca{0H ), and carbenated phases. The Ca(OH ), content
was calculated from the welght loss between 450 and 580 °C [24]. Furthermore, the
derivative thermogravimetric (DTG) data of the weight loss can be wsed to further
determine each phase [25]
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Hg 2 Particle size distribution of OFC and POFA
Table 2
Mix proportions of cement paste and pastes cont aining POFA.
Mix No. Symbaol ore GLPOFA GIPOFA WiE
1 orc Tiey = - 035
2 20G1POFA 80 0 = 035
3 ADG1POFA &0 40 035
A 20G2POFA 80 = 20 035
5 ADG2POFA &0 = 40 035

26, Determination af the porasity of the pastes

The measurement of the distribution of pore diameters inthe hardenad cement
pastes, determined by mencury intrusion poresimetry (MIPL was conducted at a
pressure ¢ apacity of 228 MPa. After curing the samples were obtained by carefully
breaking the cube spacimens with a chisel. The representative samples of 3-& mm
pleces weighing batween 1 and 1.5 g were taken from the middle of the specimen.
To stop the hydmtion reaction, the samples were suhmerged directly into lquid
nitregen for 5 min and were then evacuated at a pressure of 0.5 Pa at —40 °C for
A8 I This method has been used previously to stop the hydration maction of ce-
ment paste [2627]. The pressure is determined by the Washbum equation | 28]
A constant contact angle of 140° and a constant surface tension of mencury of
AR0 dynes/cm were used for the pore size calculation.

3. Results and discussion
3.1. Properties of OPC and POFA

The chemical composition of the POFA is given in Table 3. The
main chemical component of the POFA was silicon dioxide (Si0.),
which accounted for 54.0% and 55.7% for G1POFA and G2POFA,
respectively. The losses on ignition (LOL) for G1 POFA and G2POFA
were 37% and 4.7% respectively. The sums of Si0z, Al:0y and
Fez04 for G1 POFA and GZPOFA were 569% and 58 6%, respectively.
Awal and Hussin [29] reported that POFA might be grouped be-
tween Class C and Class F pozzolan as specified by ASTM C 618
[30] and the sum of Si0,, ALO; and Fe, 0, content of palm oil fuel
ash used in their study was 59.7%, which was close to the finding in
this research. However, the LOl was 18.0%, which is much higher
than that in this study. The burning efficiency and the material
source are the major causes of differences in the chemical compo-
sition of palm oil fuel ash [7.31].

The X-ray diffraction {(XRD) patterns of G1POFA and G2ZPOFA are
shown in Fig. 3. It was found that the major phase was s-quartz
(5i0,), and the minor phase was cristobalite (510} A similar result
was reported by Chandara et al. [16]. Quantitative XRD analysis
based on the Rietveld method was carried out using Bruker's TO-
PAS. The percentages of amorphous G1POFA and C2ZPOFA were
70.2% and 67.2% {by mass), respectively. Moreover, the proportions
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af quarz snd erstabalive were 652 and 35% and 73% and 27% (by
mass) for G 1POFA and GIPOFA, respectively. These resulls suggest
that the smorphous content of the palm oi fuel xsh was appraci-
mately 67-70%

3.2 Cosmpresshve atrength

The compréssive strength and normalived strength af pasies
containing MOFA compared 1o OPC padte [cement paste ) are shown
inTable 4 A1 7 days the compressive strength of the pastes con-
taining palm oil fuel ash was less than that of OPC paste_ For the
paste containing POFA with the same paricle siZe a8 cement al
28 days, the compressive strengths of e 20GIPOFA  and
A0GIPOFA pastes wene 720 and 615 MPa ar about 6% and 823
of that of the OPC paste, respectively. They increased o 1020
andd 881 MPa or abaut 103% and 89% of that af the OPC paste,
respectively. a1 90days. The compressive strength of the
20C1POFA paste st 90days was slightly higher than that af the
OPC purite, and that af 406 1POFA was lower than that of the O
paite. Far pastes with the small particle size, the compressive
strengths of 20G2P0FA and A0G2POFA at 28 and 90 days wene
773 665 and 1096 941 MPa ar about 103, 89 and 11 1% 95%
of that of the OFC paste, respectively.
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The compressive strength af the blended cement paste in-
oexied with auring time bul decrexded with an increxse in the
replacement af POFA. When the POFA was ground 1o 4 rexionably
Nigh firensss, the rate of compressive strength gain af the blended
emenl paite wa dignificanly improved due to the hydration
rexction, nuckatin elfect, packing efleact and pozrolanic resction
The hydration resction occurs due to the chemical constitwents in
el and water, while the parrolsnic resction occurs due to the
vasction al CalOH), with 5i0, and ALO, from palm il fuel agh,
which produces an ineresie in calcium silicate hydrate, C-5-H
The porralanic reaction af ligh lneness POFA B fxster than that
al coarse POFA (83 1| The packing ellect is exhibited &4 the small
particdes fill the voids al the paste allvwing ko denser packing
within the material particles and the matrix phase |32.33| The
nucleation effect, ariving when the smaller particles are disperded
in the blended cement paste, sccelerates the reactions and Torms
A smalber cementing paste product |34,35) Thus, the paste contain-
ing MOFA with high fineneds was more homogenaous and dender,
which imprived the compressive strength af the paste These
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results are similar tothode of Chindapr xsiet et a1 |94 ] From these
requlig, it can be concluded that POFA swith ligh lnensss can be
udedl a3 & good parrolan in cement-hased materials and can be
usexl Ta replsce Partlind cement up 1o 208_In sddition. the com-
presiaive strength of 200 IMOFA a1 which GTPOFA has the same par-
licle sire ai cement is 96 and 103X of that of OPC paste o1 28 and
D days, respectively.

11, Thennogrvinersic analysis

33,1, Hydrated phase of cenent pastes cantaining palm odl fiel ash

Thermagrandmetric analyiis (TGA) results of the OPC paste and
paites containing MOFA are given in Figs. 4 and 5 nespectively.
Three step mass o rasilions were founed. The lirst slep shows
the mas los of dehydration such x enrngite, C-5-H and
CafSHy, which accurned af 105-450 °C [23]. The secand step mass
loss of Ca{0H), was detected between 450 and 530 °C | 24|, and the
third step ot 580 and 1000 °C showed the mass loss of calcium car-
bamate (Cal0y ) [24]-

The dertvative thermaogravimetric (DTG) results of the OFC
peaite anel 20P0FA cement pasite are plotted in Figs. §and 7, respec-
tively. AL 28 and 90 days, the DTG curves of ll pastes showed sim-
ilar phases, which are C-5-H, CoASHy, Ca0H ) and Cally detected
at 126-134°C, 188-194°C 488-520°C and 741-797 °C, fedpoe-
trvely. Similar findings have also been reported by ather résearch-
e 11361 The DTG curve peak far CalOH), al the pasies
containing pim ol fuel ssh decreased with increasing replace-
ment of the palm ail huelash and also decressed with curing time.
The high lineness palm adl Teel Bh was mane elledve lor decress-
ing the peak intensity of CAOH} than that with 4 large pantick

JRPOFA

200G PFA

Drermvarne wesghe <& 0

i X} Sk ikl Ak ([
T mi s
{a) Curing time 28 days

NG IOEA

Derivane weghs % 'C

i 2 A Al A L
Tiem perogiese A C

by Curing time W days

Fig. & DTG v neslns of OPC poste and 0F0FA pades

sizebecyusethe high fneness palmoil fuel 250 has 2 Lirge surbice
area o provide the silica and 2luming compounds Tar paeralsnic
reaction. These compounds reacted and consumed Ca/0H),. The
Cal0H )z comumpion was used a5 an indicator of the pazzolanic
reaction. The reduction of CaOH), in all palm odl Tuel ash pates
became mare subtle with age The lineness ol the palm odl Tuel
ash had an effect on the porzolinic resction rare. The paste con-
taining high lneness palm ail fuel aih shawed 3 higher poesolsne
resclion rate than the padle conlxining @arse palm od fuel =h
The reduction af Cx{0H), led ta an increxed pesk intendity lor
e C-5-H and CaASH phases with increxsing curing time. which
resuled in an increase in the compressive sirength.

3.2, CalDH Jx conkenl

The Ca{OH), contents of the pastes at different ages are shown
in Fig. 8. The CaiOH); contents of the OFC paste at 7, 28 60 and
a0 days were 1202%, 19.64%, 2022% and 20.46% respectively.
The increase in the Ca0H) contents of the OPC paste was due
1o hydration of the cement. The Ca0H); contents of the paites
cantaining POFA decrexied with the pazzalanic resction o FOFA.
The CaOH ) cantents of 2061 POFA and 20GIPOFA were helween
15.10-1582% snd 1393~ 1524% or reduced by approximately 5%
and 9% of that of the 206 1POFA and 20G2POFA pastes a7 days,
respectively. The redudtionol CaOH), in the blendad cement paste
indicates its consumption by the pazzdlanic resction |37]. In sddi-
tian, the pastes containing G2POFA showed lower Ca0H), con-
tents than that af the G1POFA due to the high fineness of the
particles and the silicondiaxide { S0 ) contents in The POFA, which
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rexcl with Ca)0H L by the pozsalanic rexction. With a replacement
ratia al 40% POFA, the Ca0H), contents of the 40G1POFA and
A0G2POFA pastes wene between 924-12.18% and 7.19-11.75% ar
reduced by approximately 24% and 39T » compared 1o the
A0G1 FOFA anel J0C2POFA pastes ot 7 days, respective . Monsover,
the reduction of the CadH)y contents of high replcement de-
crexed mare quickly than that of low replacement. These results
Suggest that the higher lneness palm oil Tuel ash, which has 2
higher surlice arex produces a grester pozpelmic resction In
addivian, the Cal OH ) contents af pasies mntxining POFA decne e
with increasing POFA content. These results sgree with |9

3.4 PFore sz distribution of the cemenl paske

34T Tatal parosity of the cerrent paste

The results lor the total porasity of sl pastes at different sges
are presented in Table 5. The tatal pormsities of the ORC paste at
7,28, 60 and 90 days were 2285 201E 17 4% aned 166%, respec-
Lively, wiile tee tolal poradities of tee 200 1POFA and 4061 POFA
pastes were 2635 2175 18435 174% and 3023 75K 193%
18,55 at 7. 28 60 and 90 days respectively, which were higher
Than that of the OPC paste. The results indicate that the total poros-
ity af the pastes containing POFA with particle sizes that were the
Same & the cement was higher than that of the OPC cement paste.
For the paste containing G2POFA o1 7 daya, the tolal parasity althe
padte containing 205 palm odl huel 25h was kawer than that of the
OPC paite at all ages. In addition, the total parosity of the
AM2POFA paste st Gl das was 1735 which & slightly keas than

15

—— (T - KWGIPOE, —— !ll..nlll:.HZAI

— ]

Cal(¥H L comtens (%)

5 L . L i L
it 2k E Al A 1 [E0
Age ( Duys)

{a) Replacement 20 %

- —8— (P —— QG POEY —S— 00 IROE I

n =4
—

Cai{H | oomsem (% |

u X - ik A L L
Age (Doys)
i) Replacement 40 %

Fig & Ca[O# ], cossens.

Takde 5
Towal pomairy of OFC posie and g sies Coscinig g pobs ol Bl b
Bl ma Symnbad Tool porociny (X)]
T dayg 28 days D darys a0 dirys
i T 128 il | 74 B
2 JOCEREA 1e3 L7 B34 4
k| AOCIRES 102 175 B3 B.5
4 ANCIFTE A 105 7.0 B.5 0.4
5 AOCIFOE A 133 123 w3 B.6

I7.4%, because the ligh lineness palm oil fuel ash had a fxster poz-
alanic reaction The small particks showed a good (iller ellect in
reducing the voids of the cement paite |32]. These resulls suggest
that the addition of lne particles of palm odl fuel ash makes the
Iended cement paste denser |9).

342, Blecrof palm odl fuel azh finenss an the pare siredisribution af
he pasies

Thoe cumul ative pore volumes of pastes containing 20% and 0%
POTA are shoven in Figs. 9 and 10 respectively. As shown in Fig. 9,
at 28 and 90 days, the cumulstive pase valume of the 20062 P0FA
padte i The lowest. The high kneness of GZPOFA had & st pozso-
Lanic rexction and & greater liller ellect in the vokls, thus reducing
the parasity and increasing the density al the paste. Far pastes con-
Laining A0E POFA, a3 shown in Fig. 10, the cumulstive pare val-
wires of the 40C1POFA and KICIPOFA padtes st 28 dans werne
leigher than that ol the OPC cement paste. However, st 90 daya
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A0POEA pasne,

the cummlative pore volume of the J0GIPOFA paite was lower
than that of the OPC paste due ta the Dot that the silicon diaxide
(5i0y,) rescted with the caleium hydasxide CajOH), and redued
the Cx0H}): eontent by the parzalini reaction. Thus, the pate
atructure in the bended cement paeté was refined: these results
afe in agreement with Li and Ding |38]

The critical pore dire i defined &5 the inflectian point on the
cutmilative pare volume and pore diameter plot of 28 the maki
muiim of dvidileag D) The critical pore size is the most requent con-
tinuous panes [15.39) For pastes containing 208 POFA ot 28 days,
&5 shown in Fig. 11, the critical pones sizes of the 2001 POFA and
20G2POFA pastes were 45.9nm and 38.0 nm, respectively, which
wene distributed & medium capillary pored These values wene
Jower than that of the OPC paste (56.1nm ) which was specified
1o contain large capillary pores. At 90 days, the critical pose sizes
af the OPC, 20G1POFA and 20G2POFA paites were 546 nm,
41.7 nm and 3100w, respectively. due to the reaction of the palm
il Tuel ash with Caj0H . Cansequently, the pare stiudure wis
tramlormed fram coarser pores to finer pores (38 These results
suggest that the paste containing POFA had a lower critical pore
qire than the OPC cement paste

For pasies a1 0% POFA, the relstionship berwean the dille ren-
tial pose valume and pore dismeter 5t 28 and 30 davs are shown in
Fig 12, The aitical pore sizes al the 4051POFA and KG2POFA
pates st 28 and 90 davs were 2.0 nm 418 nm and 368 am,
I50 mm, respectively, which correspand to medium capillary
peores. These values are smaller than that of the OPC cement paste.
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These resulls indicate that the paite with FOFA cont sined critical
pore dives smaller than the OPC paste.

The results suggest that the total poresity of the paite contain-
ing POFA with the same particle size a3 cement was higher than
that ol the OPC cement paste, but the paste containing high fne-
nes POFA had a lower total porsity than the OPC paste. In
additian, the talal pomsity incressed with an inaresxse in the POFA
replace ment. Furthermare, the critical pore size of the paste with
POFA wassimaller than that of the OPC cement paste due 1o the fil-
ler effect, porrolanic reaction, disperdion effect and precipitation
effect |1440]. The pore size structure aof the pastes changed from
coarser potes o flner pores |41 Moreover, some researchers
42| have reparted that the critical pore sadius i the most impar-
tant factar for perme ability, and Halamickavas et .| 15] found tha
the eritical pore site allects water permeability and chloride jon
dillugian

343, Plect of palm ol fud ash fineness on the average pore diameter
af the dement pasle

The tesults for the sversge pore dismeter of all pastes are
shown in Fig 13. The aversge pore diameters of OPC paste a1 7,
28, 60 and 90 days were 53.4nm, 453 nm 301 nm and 281 nm,
reqpectively. For pastes antaining GI1POFA which has the same
particle sizes 24 OPC. the sverage pore diameters af the 200 | FOFA
and 406 1 POFA padites were lower than that of the OPC paste ar all
ages, while the total parosity was higher than that of the OPC
paite. For pasted containing high lneness POFA the average pore
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diameters al the 20G2P0FA and 40G2P0FA pastes were lower Lhan
that of the OPC paste, and the fotal porosity of the AG2POTA pashe
W lanver Lhan that af the OPC paste o a1l xges due 1o pore reline-
ment and the reduction of calcium hydraxide in the paste [41.43)
These results indicate that the AETADE e diameter decreases
withithe use of POFA andwith an increxse in the replacement lkevel,
which again confirms that POFA with high neness is mare e flec-
Live in n‘.‘dl.l.{'.il'ls the Hverage pane diameter a8 & result al the berter
dispersion, packing and parrolsic resction of the fner POFA par-
nicked. Similar redults have been J?‘pﬂ'léd !ig' ather redearchers
1444

3.5 Relatianships herween the compresive sirength and tanal parasity
af the poites

Relationships between the compressive strength and total
porEily of the pxtes are shiwn in Fig 14 The ligures are di-
vided into kur regiond Region 1 shows pastes that have bath
& compressive strength and total porosity higher than thase of
rthe OPC paste. Region 0 presents the pastes of lower compres-
sive strength but higher total porosity in comparidon 1o the
OPC paste. Region 1 contains pastes that have bath lower com-
presive strength and lower total porosity than the OPC paste.
Paites in region V1 ane the best pasies, which have a lower Total
porosity and & higher compressive strength than the OPC paste.
Al 28 days, the 20G1POFA, A0G1IPOFA and 40GZPOFA pasies
were Jocated in region L while the 2052 POFA paite was locabed
in region V1 and wai designated 25 the best paste because its
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hagher fineness ash can lesd 1o greater liller ellects thas reduc-
ing the total porosity. Thus, the pastes containing POFA with
ligh lineness inrexsed the pozmolinic resction rate and relined
the pore structure af e paste.

AL90 days, the pastes containing POFA with the same paricle
Sipe % cement were ocatad in regions | and 1. The 2002P0FA
pasie had a votal porosity lower than that of the OFC paste, and
the campressive strength was higher than that of the OPC paste,
making it the best paste. However, the 40G2POFA paste had both
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a lenwer compressive strength and 3 lower total parosity than the
OPC parite, whichsuggests that the high fneness POFA had 2 great-
e pozzalanic reaction and that the small partides af G2ZPOFA mone
elficiently filled the voids af the pasve. Therelore, the 2062 POFA
Paste was more hamogeneoud and had & lawer to1al porasity than
the OFC paste.

Al Coancha s oas

Based an the resulls al thisstudy, the following conclusions can
b eranwn.

1. Fineness of palm oil fwel xh has the significant elfect an the
compressive strength af paste. Blended cement paste with high
lineness palm ail kel ash had & higher cmpressive strength
than that with doarse palm adl Tuel ash

2. The paste containing palm il fuel ash showed decreased
CHOH), comtents with incresses in the replicement and fine-
ness of the xsh Mareover, the redudtion of Cx0H) alfected
the inrexied peak intensity of the C-5-H and C,ASH, phise
with inereasiing cutiig time

3. The reduction af the CaOH), content in the POFA past e was due
1 the pozrolanic reaction and cauded the pore size structure of
the paste 1o change [ram coarser pores 1o lner pores. Thos, the
critical pore size and average pore dismeter of the paste con-
taining palm ail fuel xh were lower than those af the OPC
pate

4 The amarphous content of palm oil Tuel 2ih was approsdmately
G7-PE The use of palm ail fusl xh with high finenes 1o
replsce rype 1 Portland cement Mt arate of 208 resulted in good
compresive strength In sddition. the total porosity of the paste
wiad Jower than rhat af OPC paste.
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This stuely assesses the effect of biomass ashes with different finenesses on the compressive strength aof
blended cement paste. rice husk ash (RHAJ, palm ail fuel ash (POFA] and river sand (RS) were ground to
obtain two fnenesses: ane was the same size as the cement, and the other was smaller than the cement.
Type | Portland cement was replaced by RHA, POFA and RS at 0%, 105, 20%, 30% and 40% by weight of
binder. A water to binder ratio (W/B) of 0L35 was used for all blended cement paste mixes. The percent-

ﬁg‘ﬁﬁfah ages of amorphous materials and the compressive strength of the pastes due to the hydration reaction,
palm oil fuel ash filler effect and pozzolanic reaction were investigated. The results showed that ground rice husk ash
Amorphous and ground palm oil fuel ash were compased of amomphous silica material. The compressive strength
Hydration reaction ol the pastes due to the hydration reaction decreased with decreasing cement content. The compressive
Filler effact strength of the pastes due to the Rller e ffect increased with increasing cement replacement. The com pres-

sive strengths of the pastes due to the pozzolanic reaction were nonlinear and were fit with nonlinear
isotherms that increased with increasing fineness of RHA and POFA, cement replacement rate and age
afl the paste. In addition, the model that was proposed to predict the percentage compressive strength
al the blended cement pastes on the basis of the age of the paste and the percentage replacement with
biomass ash was in good agreement with the expedimental results, The optimum replacement level of
rice husk ash and palm oil fuel ash in pastes was 305 by weight of binder; this replacement percentage

Pozzelanic reaction

resulted in good compressive strengths.

& 2002 Elsevier Lul. All rights reserved.

1. Intreduction

In the manufacture of cement, the clinker production process
requires a great amount of energy and emits a large amount of car-
bon dioxide (CO,) into the atmosphere. According to the [ntergov-
ernmental Panel on Climate Change (IPCC), the production of
cement in 2005 accounted for approximately 7% of the CO, emis-
sions worldwide [1]. Global cement production will increase by
an average of 2.1% every year between 2005 and 2030, reaching
a level that is 1.7 times greater than that in 2005 because of the
growth of countries |2]. The increase in CO: emissions has led to
the greenhouse effect and an increase in the earth’s temperature.
The environmental impact of cement production must be reduced
by reducing the production of ordinary Portland cement. To reduce
the environmental problems, pozzolanic materials, such as fly ash,
silica fume and agro-waste ashes, are used as mineral ad mixtures
to reduce the production of cement, thus reducing the emission
of CO, and the use of energy. This solution has been reported to

* Corresponding author. Tel: +66 4422 4420; fax: +66 4422 4607
E-mail addres: sinsin@sutacth (T. Sinsin L

0261-3069/% - see front matter @ 2012 Elsevier Ltd All rights reserved.
hittp: fddoiorg'1 0.1016/j matdes 2012 06030

be environmentally friendly. In addition, the incorporation of min-
eral admixtures in concrete can also improve the mechanical prop-
erties and durability of the concrete [3-5).

Rice husk ash (RHA) is a by-product of electricity generation
biomass power plants. In Thailand, the annual production of RHA
has been approximated at 1.6 million tons |6). Several researchers
have shown that the main chemical composition of rice husk is sil-
icon dioxide (5i0), and the highest amount of amorphous silica
was achieved when rice husk ash was burned between 500 and
700 “C [7,8]. Thus, RHA is a porzolanic material and can be used
as a supplementary cementitious material to replace Type [ Port-
land cement by up to 30% [9,10]. Rukzon et al. [11] found that rice
hush ash with high fineness can improve the compressive strength
and produce a mortar with low porosity. For durability, the results
showed that the use of RHA to partially replace Type | Portland ce-
ment improves the concrete water permeability [ 12], chloride pen-
etration [10,13 ], and resistance to deterioration due to sulfate |3,4].

Palm oil fuel ash (POFA) is a by-product of palm oil factories,
where palm shells, empty fruit bunches and palm fiber are burnt
as fuel at temperatures of 800-900 “C. It has been estimated that
more than 100,000 tons of palm oil fuel ash are produced in
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Thailand every year [14]. Palmoil fuel ash is rarely utilized, and the
amount produced is i ncreasing annually. Previous researchers have
found that POFA is a pozzolanic material, and ground POFA with
high fineness can be used to replace Type | Portland cement at a
rate of up to 30% by weight of binder. Chindaprasirtet al. [13] indi-
cated that POFA improves the compressive strength and provides
good resistance tochloride penetration, Tangchirapat and Jaturapi-
takikul [15] showed that POFA with high fineness can reduce the
drying shrinkage and water permeabil ity of concrete.

Cyr et al. [16] reported that the effect of mineral admixtures on
the compressive strength involved three factors. First, the dilution
effect is the strength proportional to the amount of cement in the
mixture. Second, the physical effect is the strength that depends on
the fineness and the amount of powder, which lead to the nucle-
ation effect and filler effect. The nucleation effect accelerates the
hydration production and leads to a more homogeneous paste,
The filler effect is due to a suitable arrangement of small particles
that fill the voids of the paste and increase its compressive
strength, Third, the pozzolanic reaction occurs between Cal0H),
and the 5i0, and Al,Oy from pozzolanic materials, which produces
an increase in calcium silicate hydrate C-5-H [17-19]. However,
many researchers have studied the pozzolanic reaction, using, for
example, ASTM €618, strength activity index ASTM C311, X-ray
diffraction (XRD), thermogravimetric analysis (TGA) and chemical
titration. Moreover, Tangpagasit et al. [20] studied the use of river
sand as an inert material to replace Type [ Portland cement to eval-
uate the packing effect and pozzolanic reaction of fly ash in mortar.
They found that river sand is an inert material and that the packing
effect is not dependent on the age of the mortar but rather on the
particle size while the pozzolanic reaction depends on the fineness
and age of the mortar.

Previous studies have already reported the influence of the fine-
nesses of RHA and POFA on the compressive strength and observed
that ashes with a median particle size larger than OPC (~15 pm)
can be used to replace OPC at 10% |10] while smaller sizes than
OPC can be used at 20% to 30% by weight of binder [15]. However,
the separation of the influences of the hydration reaction, the filler
effect and the pozzolanic reaction on compressive strength of
blended cement pastes has not been well defined. If a by-product
material from biomass plants can be used as a cement replacement
in concrete, it will help reduce energy use by reducing the produc-
tion of cement clinker and reducing the volume of waste disposed
to landflls, Thus, the objective of this study is to quantify the effect
of the hydration reaction, the filler effect and the pozzolanic reac-
tion on compressive strength of paste. In addition, equation de-
rived from results determine from experimental testing was
derived to predict the compressive strength of a paste due to the
hydration reaction, filler effect, and pozzolanic reaction. The chem-
ical properties and percentages of amorphous materials were
investigated. The effects of ground rice husk ash and ground
palm oil fuel ash with two different finenesses, which influences
the hydration reaction, filler effect, and pozzolanic reaction,
on the compressive strength of blended cement pastes were
determined.

2. Experimental details
2.1. Marerials

The materials used in this study were Type [ Ordinary Portland
cement (OPC), rice husk ash (RHA), palm oil fuel ash (POFA), and
river sand. RHA and POFA were collected from thermal power
plants in Thailand, and the inert material used was ground river
sand (RS} The original RHA and POFA had large particles with
low pozzolanic properties [ 11,21 ). Thus, the original RHA and POFA

were sieved through a sieve No. 16 to remove the large particles
and any incompletely combusted material. The difference in com-
pressive strength between the pozzolan paste and inert material
paste can be determined as the compressive strength due to the
pozzolanic reaction |20 ]. Then, the RHA, POFA and RS were ground
to two different sizes. To eliminate the filler effect, RHA, POFA and
RS were ground to have the same particle size as OPC for the frst
fineness of materials (CRHA, CPOFA and CRS). For the second fine-
ness from the filler effect of materials { FRHA, FPOFA and FRS), the
materials were ground to have particles that could act as fillers be-
tween the particles of cement by an attrition mill for 60 min at
1000 rpm wsing 2 mm diameter steel balls.

As shown in Fig. 1a, if the median particle size of a material is
the same as that of OPC (~15 um), the filler should have the save
particle size as OPC.

d=D=15um (1]

If the median particle size of the material is smaller than that of
cementand acts as filler between the particles of cement, as shown
in Fig. 1{b), the median size of the material can be calculated with
Eq.(3)[22]:

d = cos30 (2]

D/2+dj2

d =0.150 = 0.15(15) = 225um (31

The SEM photographs of the materials are shown in Fig. 2. It
was found that the ground RHA and POFA consisted of irregular,
crushed particles. A similar conclusion was also reported by other
researchers |13). The physical properties of the materials are pre-
sented in Table 1. The first group of materials (CRHA, CPOFA and
CRS) had particle sizes equal to that of cement. The specific gravity
of CRHA, CPOFA and CRS was 2.29, 2.36 and 2.59, respectively. The
Blaine fineness values of CRHA, CPOFA and CRS were 7600, 6700
and 3900 cmflg, respectively. For the small particle group
(FRHA, FPOFA and FRS), the specific gravity and Blaine fineness of
FRHA, FPOFA and FRS were 2.31, 248, 2.61 and 18,000, 14,900
and 6300 cm®|g, respectively. The particle size distributions of
the materials are shown in Fig. 3. The median particle sizes of
CRHA, CFOFA and CRS were close to the particle size of the cement,
while those of FRHA, FPOFA and FRS were smaller than that of
cement.

22 Mix proportion

GCround RHA, POFA and RS were used to partially replace Type |
Portland cement at the rates of 0% 10%, 20%, 30% and 40% by
weight of binder. A water to binder (W/E) ratio of 0.35 was used
for all mixtures and is shown in Table 2. To ensure homogeneity,
the OPC, RHA, POFA and RS were first mixed together for 3 min
in the mixer, and then the water was added. Afterwards, the mix-
ture was mixed for another 2 min. After mixing, the cement pastes
were immediately cast into cube specimens of 50 = 50 = 50 mm.
The cast specimens were covered with plastic to prevent water
loss. After casting for 24 h, the specimens were removed from
the molds and cured in saturated lime water at a temperature of
23+2°C

23. Compressive strength

The cube specimens of 50 = 50 « 50 mm were prepared in
accordance with ASTM C109 |23 |. They were tested to determine
the compressive strength at the ages of 7, 28, 60 and 90 days. Each
compressive strength value reported is the average of five samples.
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(a) Median particle size equal o (b) Minimum median particle size
that of OPC
Fig. 1. Plan view illustration of the relationship betwaen the particles of cement.
() Ground coarse palm oil fuel ash
(CPOFA) (FPOFA)
(e} Ground coarse river sand (CRS)
Hg 2. Scanning electron micrographs of the materials.

Table1 2.3.1. Evaluation of the percentage compressive strength af paste due
Physical properties of the materials. to the hydration reaction

3 : : The percentage compressive strength of a paste due to the

5 m S pecifi Medi, article siz Elaine fi

EMHEIEN L), SpHNCERuey Ek :,n,‘;’ G AR hydration reaction (Py) is the ratio between the compressive

. strength of the paste containing inert material with the same par-

arc 314 146 3600 i f L

CRHA 130 1 J600 ticle size of cement and the compressive strength of the OPC paste.

CPOFA 236 156 700 The percentage compressive strength of a paste due to the hydra-

CRS 159 159 800 tion reaction is calculated by the following equation:

FRHA 231 19 18,100 G

FPOFA 248 21 14,900 (&

Fies 281 22 5300 Py= (qu) 100 (4]
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Fig. 3. Particle size distributions of the materials.

where Py is the percentage compressive strength of the paste due to
the hydration reaction (%), G is the compressive strength of the
paste containing inert material with the same particle size of ce-
ment (MPa) and G, is the compressive strength of OPC paste
(MPa).

2.3.2. Fvaluation of the percentage compressive strength of paste due
to the filler effect

The percentage compressive strength of paste due to the filler
effect (Pg) is the difference in the percentage compressive strength
between the paste with inert material with high fineness and the
paste with inert material with the same particle size as the cement.
The percentage compressive strength of paste due to the filler ef-
fect is calculated by the following equation:

Pr = (Pyipsy — Piipns) (5)

where Pris the percentage compressive strength of the paste due to
the filler effect (%), P, , is the percentage compressive strength of
the paste containing inert material with high fineness compared
with OPC paste (%) and Pigpy is the percentage compressive
strength of the paste containing inert material with the same parti-

cle size as the cement compared with OPC paste (%) P, and Py
have the same replacement (p} and the same age ().

2.3.3. Evaluation of the percentage compressive strength due to the
pozzolanic reaction

The percentage compressive strength of paste due to the pozzo-
lanic reaction (Ppg,) is the difference in the percentage compressive
strength between the RHA or POFA paste and the inert material
paste. The percentage compressive strengths of paste due to the
pozzolanic reaction were calculated by the following equation:

Pozr = (Pyjpsny — Pipsny) (6)

where Ppz, is the percentage compressive strength of the paste due
to the pozzolanic reaction (%), Pp;p s, is the percentage compressive
strength of the paste containing RHA or POA compared with OPC
paste (%) and Py is the percentage compressive strength of the
paste containing inert material compared with OPC paste (%) Py ps
and Py, have the same replacement (p), fineness (s) and age (t).

3. Results and discussion
3.1. Chemical and mineralogical analysis

The chemical compositions of the materials are shown in Table
3. §i0, is the major chemical component of CRHA, FRHA, CPOFA
and FPOFA and is 88.8%, 87.8%, 54.0% and 55.7%, respectively. LOI
and SO; are within the limits of 10.0% and 4%, respectively. The to-
tal amounts of 5i03, Al;03 and Fe;03 in CRHA and FRHA were 91.1%
and 89.2%, respectively, which are higher than the 70% for Class N
pozzolan specified by ASTM C 618 [24]. However, the total
amounts of Si0;, Al;0; and Fe;0: of CPOFA and FPOFA were
56.9% and 58.6%, respectively, both of which are less than 70%. A
similar finding was also reported by other researchers [25]. They
found that POFA had a total 5i0,, Al,05 and Fe, 05 content less than
70%. In the case of insoluble materal (river sand (RS)), the main
chemical component of CRS and FRS was also 5i0; and was 92.0%
and 91.2%, respectively. In addition, the X-ray diffraction patterns
of the materials are shown in Fig. 4. The percentage of amorphous
material was determined by the quantitative XRD analysis based

Table 2
Mixture proportions of the pastes.

Mix No Symbol opc CRS CRHA CPOFA FRS FRHA FPOFA WiB
1 OPC 100 - - - - - - 035
2 10CRS 80 10 - - - - - 035
3 20CRS 80 20 - E = - - 035
4 30CRS 70 30 - - - - - 035
5 40CRS 60 40 - - - - - 035
] 10CRHA 80 - 10 - - - - 035
7 20CRHA B0 - 20 - - - - 035
8 30CRHA 70 - 30 - - - - 035
9 40CRHA 60 - 40 - - - - 035

10 10CPOFA 80 - - o - - - 035

11 20CPOFA B0 - - 20 - - - 035

12 30CPOFA 70 - - 30 - - - 035

13 40CPOFA B0 - - 40 - - - 035

14 10FRS 80 - - - 10 - - 035

15 20FRS 80 - - - 20 - - 035

16 30FRS 70 - - - 30 - - 035

17 A0FRS &0 - - - 40 - - 035

18 10FRHA a0 - - - - 10 - 035

19 20FRHA B0 - - - - 20 - 035

20 30FRHA 70 - - - - 30 - 035

21 40FRHA 60 - - - - 40 - 035

22 10FPOFA 80 - - - - - 10 035

23 20FPOEA B0 - - - - - 20 035

24 30FPOFA 70 - - - - - 30 035

25 A0FPOFA &0 - - - - - 40 035
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Table 3

Chemical compositions of the materials.
Chemical composition (%) orc CRHA FRHA CPOFA FPOFA RS RS
Silicon dioxide (Si0y) 208 888 878 540 55.7 920 91z
Aluminum oxide (ALO,) 47 0.6 05 09 09 1.6 1B
[ron oxide (Fex04) 34 1.7 05 20 20 06 0.2
Calcium oxide (Ca0} 653 11 1.2 129 125 (L] 07
Magnesium oxide (MgO} - 0.6 06 45 5.1 o1 01
Sodium oxide (Nay0) [IA] 02 02 1.0 1.0 01 01
Potassium oxide (K0} 04 20 22 135 19 232 23
Sulfur trioxide (505} 27 0.1 o1 40 28 - -
Loss on ignition (LOI) 09 36 52 37 4.7 21 1B
Si0z + Alz04 + Fez0y = 911 89.2 569 586 942 932
Quantitarive XRD, Rierveld method
Amorphous (%) - 701 69.6 702 672 - -
Crystalline (%) - 299 304 298 328 100.0 100.0
Quartz - 59.3 56.2 B65.0 730 100.0 1000
Cristobalite - 40.7 438 350 270 - -

on the Rietveld method, which was calculated using Bruker's TO-
PAS. The amorphous contents of CRHA, FRHA, CPOFA and FPOFA
were 70.1%, 69.6%, 70.2% and 67.2% (by mass), respectively. The
percentages of crystalline CRS and FRS were 100% (by mass). The
results confirm that river sand is an inert material, which is similar
to the results of previous research [20].

3.2. Compressive strength

Table 4 shows the compressive strengths at 7, 28, 60 and
90days for the OPC paste, which were 53.0, 75.0, 84.6 and
99.1 MPa, respectively. At 7 days, the compressive strengths of
pastes containing 10-40% of CRHA with the same particle size as
cement were lower than that of the OPC paste because of the
low cement content, which resulted in a significant reduction in
the normalized strength [15,26). Additionally, the compressive
strengths of the 10CRHA and 20CRHA pastes at 28 days were
76.5 and 74.2 MPa or about 102% and 98.9% of that of the OPC
paste, respectively, while those of the 30CRHA and 40CRHA pastes
at 28 and 90 days were 70.5, 64.7 and 100.0, 921 MPa or about
94%, 86.3% and 100.9%, 92.9% of that of the OPC paste, respectively.
In the case of pastes containing FRHA (small particle size of RHA),
the compressive strengths of the 10FRHA, 20FRHA and 30FRHA
pastes were 55.9, 52.9 and 50.3 MPa or 105.5%, 99.8% and 94.9%
of that of the OPC paste at 7 days but increased to 81.7, 78.7 and
74.9 MPa or 108.9%, 104.9% and 99.9% of that of the OPC paste at
28 days, respectively,

For the group mixed with ground palm oil fuel ash, the pastes
containing 10-40% CPOFA had compressive strengths that were
lower than that of OPC paste at 7 days. The 28 days compressive
strengths were 74.8, 72.0, 66.7 and 61.5 MPa with a normalized
strength of 99.7%, 96.0%, 88.9% and 82.0% for the 10CPOFA, 20CPO-
FA, 30CPOFA and 40CPOFA pastes, respectively. At 90 days, they in-
creased to 1045, 102.0, 97.1 and 88.1 MPa with a normalized
strength of 105.4%, 102.9%, 98.0% and 88.9% of the OPC paste,
respectively. For the pastes with a small particle size, the compres-
sive strengths of the 10FPOFA and 20FPOFA pastes at 28 and
90 days were 79.3, 77.3 and 111.3, 109.6 MPa or about 105.7%,
103.1% and 112.3%, 110.6% of the strength of the OPC paste, respec-
tively. However, at 30% and 40% FPOFA, the compressive strengths
at 90 days were 104.0 and 94.1 MPa or about 104.9% and 95.0% of
that of the OPC paste, respectively.

The compressive strength of blended cement paste increased
with age but decreased with an increase in the replacement of
ash. The increased compressive strength of blended cement paste
can be explained by three factors: the hydration reaction, the filler
effect and the pozzolanic reaction. The hydration reaction is the

strength proportionate to the amount of cement in the mix. The fil-
ler effect has two causes, the nucleation effect and packing effect,
which depend significantly on the fineness of material. The nucle-
ation effect arises when the small particles are dispersed in the
blended cement paste and enhance the cement hydrate while the
packing effect occurs when small particles fill the voids of the paste
[16,18,27,28]. Therefore, the blended cement paste containing bio-
mass ash with high fineness was more homogeneous and denser,
which increased the compressive strength of the paste. Finally,
the pozzolanic reaction occurs because of the Si0, and Al,0; con-
tained in the biomass ash, which react with Ca[{OH); and produce
an additional calcium silicate hydrate {C-5-H).

Comparing the RHA and POFA blended cement pastes in terms
of the same replacement and same fineness, the normalized
strengths of RHA pastes were slightly higher than those of POFA
pastes because RHA contains more Si0z than POFA The results
indicated that RHA was more reactive than POFA, and the results
agree with [20]. In addition, the results suggest that the replace-
ment of cement type | by RHA and POFA up to 30% by weight of
binder does not impair the compressive strength of pastes. The re-
sults are nearly identical to the results obtained by other research-
ers [10,29], who reported that the optimum replacement level of
Portland cement Type | by RHA or POFA is 30% by weight of binder.

3.3. Influence of cement content on the percentage compressive
strength of paste

The percentage compressive strength of ground river sand paste
withage (Py) is shown in Fig. 5. For pastes containing CRS with the
same particle size as that of cement, the percentage compressive
strengths of CRS pastes at any age were almost constant. The same
trend was also reported by [20,29]. In contrast, the relationship be-
tween the percentage compressive strengths of pastes due to the
hydration reaction and the percentage replacement of CRS paste
is shown in Fig. 6. The percentage compressive strengths decreased
linearly with replacement of CRS. The results suggest that the per-
centage compressive strength of pastes containing inert material
with the same particle size as cement does not depend on age
but rather depends on the cement content.

The empirical equations can be expressed for the percentage
compressive strength of paste due to the hydration reaction in
terms of (R) as follows:

Py = 1004 —0.996(R) (7)

where Py is percentage compressive strength due to the hydration
reaction of paste (%) and R is the replacement of Portland cement
by an inert material (%). The correlation value of 0.997 indicates a
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Fig. 4. Xray diffraction patterns of the materials.

strong linear relationship between the percentage compressive
strength and the percentage replacement of CRS.

3.4. Influence of the filler effect on the percentage compressive strength
of paste

The relationship between the percentage compressive strength
of ground river sand with different finenesses of paste and age are

shown in Fig. 5. The pastes with particles smaller than OPC had a
higher percentage compressive strength than the pastes with large
particle size and had an almost constant value [20,29]. Fig. 7 shows
the percentage compressive strengths of ground river sand with
different finenesses of paste and replacements with river sand.
The percentage compressive strength of paste due to the filler ef-
fect tended to increase with the amount of cement replacement
and was approximately 2.2-5.1% of the strength of the OPC paste
because the small particles dispersed into the blended cement
paste and accelerated the hydration reaction. In addition, the pack-
ing effect occurred as the small particles filled the voids of the
paste [16,18,27,28]. Therefore, the paste was more homogeneous
and denser, which resulted in the increased compressive strength
of the paste. These results suggest that a particle size smaller than
OPC has very important role in increasing the compressive
strength because of the filler effect [30). The results of the filler ef-
fect for pastes agrees closely with the result obtained by Jaturapi-
takkul et al. [31], who reported that the difference in the
percentage compressive strengths between mortar containing the
same particle sizes of inert material and small sizes of inert mate-
rial was up to 5.8% of the strength of the mortar.

The empirical equation to predict the percentage of the com-
pressive strength of the paste due to the filler effect in terms of
replacement (R) is proposed as follows:

Pr — 1.542Ln(R) — 1.002 (8)

where Pris the percentage compressive strength of the paste due to
the filler effect (%) and R is the replacement of Portland cement by
inert material (%). It was found that P; is represented by a logarith-
micequation and has good correlation. The percentage compressive
strength of the paste due to the filler effect of the blended cement
paste increased with an increase in the replacement of inert
material.

3.5. Influence of the pozzolanic reaction on the percentage compressive
strength of pastes

Figs. 8 and 9 show the percentage compressive strength of paste
due to the pozzolanic reaction of RHA and POFA, respectively. The
pozzolanic reaction increased with age and with the replacement
of RHA or POFA. In addition, the high fineness of RHA or POFA
was more efficient for the pozzolanic reaction than the coarse fine-
ness because the high fineness of the ash provided a large surface
area to contribute silica and alumina compounds for the pozzolanic
reaction |32,33). These compounds reacted with Ca(OH); from the
hydrated cement and produced an increase in calcium silicate hy-
drate. In addition, the percentage compressive strength due to the
pozzolanic reaction of higher replacement paste increased more
than that of the lower replacement paste. The blended cement
paste containing a high replacement of the ash showed a decrease
of Ca{0OH); content compared with the low replacement paste [34).
In addition, the reduction of Ca(OH);, affected the increase of the
calcium silicate hydrate from the pozzolanic reaction [35].

Comparing the percentage compressive strength of paste due to
the pozzolanicreactionin Figs. 8 and 9, the RHA pastes had a high-
er percentage compressive strength of paste due to the pozzolanic
reaction than the POFA pastes. The maximum percentage compres-
sive strength due to the pozzolanic reaction of RHA and POFA
pastes were 33.7% and 30.5% that of the OPC paste, respectively,
because RHA has a higher Si0; content than POFA. The results con-
firmed that the percentage compressive strength of paste due to
the pozzolanic reaction increased with age, fineness, and the
replacement rate of the ash.

Figs. 8 and 9 show that the percentage compressive strength
due to the pozzolanic reaction is explicitly nonlinear and is best
fit with nonlinear isatherms, which are shown in the same figure.
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Table 4

Compressive strengths of the pastes.
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Symbol Compressive strength (MPa) Nermalized compressive strength (%)
7 days 28 days 60 days 90 days 7 days 28 days 60 days 90 days
OPC 530 750 B46 89.1 1000 100.0 1000 100.0
10CRHA 524 765 885 107 6 989 102.0 1046 108.6
20CRHA 498 742 BE3 106.0 940 989 1044 107.0
30CRHA 465 70.5 837 100.0 877 940 989 100.9
40CRHA 424 64.7 774 92.1 80.0 86.3 915 929
10FRHA 5589 BL7 947 116.2 1055 108.9 1118 117.3
20FRHA 5289 787 931 1132 993 1049 1100 1142
30FRHA 503 749 BO6 1079 949 999 1059 108.9
ADFRHA 445 665 795 86.1 840 89.2 40 970
10CPOFA 513 T48 863 1045 568 99.7 1016 105.4
20CPOFA 483 720 B46 1020 911 96.0 996 1029
30CPOFA 445 66.7 TBE 871 B840 8849 928 98.0
40CPOFA 410 615 728 88.1 774 820 857 889
10FPOFA 537 793 933 1mas 1013 105.7 1098 1123
20FPOFA 518 773 922 1096 979 103.1 1086 110.6
I0FPOFA 483 728 863 1040 911 969 1016 104.9
A0FPOFA 440 66.5 786 941 B30 887 926 95.0
10CRS 483 68.2 7i2 50.1 a11 920.9 913 90.9
20CRS 428 60.8 679 786 809 811 BD3 79.3
30CRS 369 53.1 B0B 702 (=157 70.8 719 70.8
40CRS 315 45.6 515 586 594 60.8 605 60.1
10FRS 499 69.9 79 928 942 932 935 93.6
20FRS 450 63.4 708 B82.1 849 B4.5 B37 828
30FRS 381 56.5 641 T45 738 753 758 75.2
A0FRS 342 49.2 554 639 645 65.6 B35 64.5
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Fig. 5. Relationship between the percentage compressive strength of ground river

sand paste and age.
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Thus, the equation to predict the percentage compressive strength
of paste due to the pozzolanic reaction is:

Prz; = R’
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2
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28 0| |p=1004-099(R) -
e .
g4 |r|= 0997
Sa e0f i

.
a 10 20 k1) 40 50
Percentage replacement of CRS (%)

Fig. 6. Relationship between the percentage com pressive strength of paste due to
the hydration reaction and the percentage replacement of CRS.

where Pz, is the percentage compressive strength of the paste due
to the pozzolanic reaction at a specified age (t=7, 28, 60 and
90 days) (%), R is the rice husk ash or palm oil fuel ash replacement
(%) and 2 and ## are the pozzolanic constants. The pozzolanic con-
stants for the isotherm fitted from experimental results of the
pastes are presented in Table 5.

3.6. Generating an empirical equation for the prediction of the
percentage compressive strength of the blended cement paste

3.6.1. Role of the blended cement paste containing biomass ash on the
percentuge of compressive strength

The percentage compressive strength of the blended cement
paste containing biomass ash with the same particle size as cement
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Table 5
Best fit of the pozzolanic constants for the isotherms.
Binder Type Days Pozzolanic constants Correlation
2 A
CRHA 7 1.479 0.723 0.993
28 2728 0.617 0.988
&0 3.593 0.595 0.948
80 6633 0.445 0.943
FRHA 7 4.098 0.444 0.895
28 7.667 0.321 0.923
&0 8817 0.341 0.865
90 13.940 0.247 0.837
CPOFA T 0792 0.856 0.993
28 2273 0.611 0.991
B0 2703 0611 0939
80 4.798 0.502 0.949
FPOFA & 1.462 0.709 0.972
28 4.580 0.445 0.974
B0 7.513 0.363 0.884
o0 8.551 0.361 0.899
is related to the hydration reaction and pozzolanic reaction as
follows:
Pcy = Py + Pz, (10)
Eq. (10) can be rewritten as follows:
Pey = 1004 — 099(R) + «R" (11)

where Pg; is the total percentage compressive strength of the paste
at a specified age (t = 7,28, 60 and 90 days) (%), Py is the percentage

compressive strength of the paste due to the hydration reaction (%),
Ppg; is the percentage compressive strength of the paste due to the
pozzolanic reaction at various curing times (t=7, 28, 60 and
90 days) (%), R is the percentage replacement of RHA or POFA and
o and § are the pozzolanic constants. The prediction using Eq.
(11) and experimental results are shown in Fig. 10. This equation
is useful to predict the percentage compressive strength of blended
cement pastes containing RHA and POFA.

For the mixture of biomass ash with a particle size smaller than
that of OPC, the percentage compressive strength of paste is due to
the hydration reaction, filler effect and pozzolanic reaction as
follows:

Pc; = Py+ Pp + Ppzy (12)
Eq. (12) can be rewritten as follows:
Pcy = 99.398 — 0.996(R) + 1.542Ln(R) + =R (13)

where P¢, is the total percentage compressive strength of the paste
at a specified age (t = 7,28, 60 and 90 days) (%), Py is the percentage
compressive strength of the paste due to the hydration reaction (%),
P is the percentage compressive strength of the paste due to the fil-
ler effect (%), Ppz; is the percentage compressive strength of the
paste due to the pozzolanic reaction at a specified age (t=7, 28,
60 and 90 days) (%), R is the percentage replacement of RHA or
POFA, and = and f are the pozzolanic constants. The percentage
compressive strength of the pastes according to this equation was
compared with the actual test specimens, as shown in Fig. 11. The
equation suggests that the percentage compressive strength of the
paste due to the pozzolanic reaction is higher than that due to the
filler effect. Moreover, it is also useful to predict the percentage
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Fig. 10. Relationships between the percentage compressive strengths of blended
cement pastes containing CRHA and CPOFA with the same particle size as that of
oprc

compressive strength of pastes with the curing time and amounts of
replacement of RHA and POFA.

3.6.2. Verification

The measured percentage compressive strengths of the pastes
for W{B =0.35, R = 10-40%,and d = 7, 28, 60 and 90 days were com-
pared with the predicted results according to Eqs. (11) and (13),
which are shown in Fig. 12. The measured and predicted values
are reasonably close. The error from prediction is satisfied with

the mean absolute percent error, (Elp'%'f.;;ﬂl * IOO'}.'), which is
less than 2.4%,

4. Conclusions

The results of this study provide the following conclusions.

1. The percentage compressive strength of the pastes due to the
hydration reaction decreased with decreasing cement con-
tent. In addition, the percentage compressive strength of
the paste due to the hydration reaction showed a linear
best-fit relationship.

2. Ground inert material with particle sizes smaller than that of
OPC was a very important factor affecting the percentage
compressive strength due to the filler effect. In addition, the
percentage compressive strength of pastes due to the filler
effect increased with increasing inert matter material
replacement. The percentage compressive strength of pastes
due to the filler effect can be predicted with a logarithmic
best-fit relationship.
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Fig. 12 Comparison between the predicted and experimental percentage com-
pressive strength in blended cement pastes containing biomass ash.

3. The percentage compressive strength of paste due to the poz-
zolanic reaction increased with increasing fineness of RHA or
POFA, cement replacement and age of paste. Moreover, it had
a greater effect than the filler effect. The percentage compres-
sive strength due to the pozzolanic reaction is explicitly
nonlinear.

4. The use of RHA or POFA with particle sizes smaller than those
of OPC to replace Portland cement Type | at the rate of 30% by
weight of binder resulted in good compressive strength from
filler effect and pozzlanic reaction. Moreover, the proposed
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empirical model can be used to predict the percentage
compressive strength of blended cement pastes in good
agreement with the experimental results,
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