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In order to shorten the setting time and to fasten the strength development of lime pozzolan cements, different methods includ-
ing calcinations, acid treatment, prolonged grinding, elevated temperature of curing and addition of chemical activators have
been tried to improve the pozzolanic reactivity of natural pozzolan. In this work, the effects of some chemical activators and
set accelerators on set and strength behaviours of a lime-natural pozzolan cement containing 70% natural pozzolan of the
type pumice and 30% hydrated lime (by mass) have been investigated. Results obtained show that addition of alkaline com-
pounds and Portland cement clinker can improve the set and strength behaviours of lime-natural pozzolan cements. Sodium
sulfate is the most effective chemical activator for lime-natural pozzolan cements compared to Na,CO;, NaOH, CaCl,-2H,0,
and ordinary Portland cement-clinker. The most effective set accelerator for the studied lime-natural pozzolan cement how-
ever is sodium hydroxide compared to Na,SO,, Na,CO;, NaCl, CaCly2H,O and ordinary Portland cement-clinker. Addition of
6 wt.% Na,SO, could noticeably increase 90-day compressive strength and presence of 4% NaOH as a set accelerator could

effectively decrease both initial and final setting times.

INTRODUCTION

Lime-natural pozzolan cements were widely used
for all kinds of construction as the earliest important
building materials. The invention of lime and lime-nat-
ural pozzolan cements backs to the Neolithic period
(7000 BC). They were widely used in the masonry con-
struction of aqueducts, arch bridges, retaining walls and
buildings during Roman times. The use of lime-natural
pozzolan cements however has not been continued dur-
ing the history of inorganic binders due to their impor-
tant disadvantages including long setting time along
with low early-age strength. In practice, it is important
for cement to reach satisfactory strength within a short
period of time. On the other hand, lime-natural pozzolan
cements have a number of advantages including low
cost and more importantly long-term engineering prop-
erties such as very low heat evolution, decreased per-
meability and increased chemical resistance.

The invention of Portland cement in the 19" centu-
ry resulted in a drastic reduction in use of lime-natural
pozzolan cement because of the faster setting time and
higher early-age strength of Portland cements. In the
past 50 years, the shortage of Portland cements and the
environmental side-effects of its production process
have caused a growing interest in the demand of lime-
natural pozzolan cements.

In order to have lime-natural pozzolan cements
with shorter setting time and faster strength develop-
ment, different methods have been tried to improve the
pozzolanic reactivity of natural pozzolan, which include

calcinations [1-4], acid treatment [5-7], prolonged
grinding [8-10], elevated temperature of curing
[11, 12] and addition of chemical activators [13-17].
However, some methods are too expensive to be used
practically, and some do not show a significant efficien-
cy [18].

In previous studies, it has been found that addition
of some chemicals to lime-natural pozzolan cements
can significantly increase the pozzolanic reaction rate
resulting in shorter setting times, faster strength gain
and higher ultimate strengths [15-17].

A previous study [19] has indicated that the pres-
ence of 4% CaCl,-2H,0 increased the apparent activa-
tion of lime-pozzolan cement greatly. According to a
comparison based on strength development and cost,
Shi C. [20] has shown that addition of Na,SO, or CacCl,
is much more effective than prolonged grinding of nat-
ural pozzolans or elevated-temperature curing of lime-
pozzolan pastes. In an experimental work [16], it is con-
cluded that addition of 4% Na,SO, increased both the
early and later strength of lime-pozzolan cement pastes
from 23 to 65°C. Addition of 4% CaCl, -2H,0 lowered
the early strength but increased the later strength at
23°C, and increased both the early and later strengths
from 35 to 65°C [16 ].

In this work, we have studied the effect of some
chemicals including a number of set accelerators and
some chemical activators of Portland cements on set
and early-age strength behaviours of lime-natural poz-
zolan cement consisting of 70% by weight natural poz-
zolan of the type pumice and 30% hydrated lime.
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EXPERIMENTAL
Raw Materials

Natural pozzolan, used in this work, was pumice
obtained from Taftan Mountain, located at the south east
of Iran. The obtained pozzolan was firstly characterized
for its chemical and mineralogical compositions and
also its pozzolanic activity. The results of chemical
analysis determined according to ASTM standard C311
[21] and the value of specific surface area determined
by Blain air-permeability apparatus are shown in
table 1. As seen, this natural pozzolan is a relatively
highly siliceous and according to ASTM standard C618
[22], chemically it could be considered as a relatively
good natural pozzolan. Figure 1 shows the X-ray dif-
fraction pattern of Taftan pozzolan. The crystalline min-
eral phases present in Taftan pozzolan therefore include
Anorthite, Hornblende and Quartz.

The pozzolanic activity of Taftan pozzolan was also
evaluated by determining its strength activity index
with Portland cement at 7 and 28 days (ASTM C311).
The results obtained, i.e. 83.2 and 86.8 percent of con-
trol respectively for 7 and 28 days, show a relatively
good pozzolanic activity in accordance with ASTM
standard C618.

Knowing that particle size distribution of pozzolan
powder could effectively affect both wet and dry prop-
erties of the lime-natural pozzolan cement, the pozzolan
was ground in an industrial closed mill to obtain a rela-
tively highly fine powder with a suitable particle size
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Figure 1. X-ray diffraction pattern of Taftan pozzolan.

distribution. The particle size distribution of the poz-
zolan powder was determined by a laser particle size
analyzer. The RRSB curves of particle size distribution
for pozzolan powder presented in figure 2, shows a rel-
atively suitable ground powder. The uniformity factor
and the mean particle size are 0.95 and 22.63 pm
respectively.

A commercial hydrated lime of relatively high puri-
ty was also prepared. Chemical composition and Blaine
fineness of the hydrated lime were determined in accor-
dance with ASTM Standard C25 [23] and C204 [24].
The Suitability of the hydrated lime was evaluated in
accordance with ASTM Standard C821 [25]. Table 2
shows the chemical and physical specification of the
hydrated lime and the corresponding requirements of
ASTM standard.

Many chemical admixtures can be used to activate
lime-natural pozzolan cements. The previous results
indicated that the addition of alkaline compounds can
significantly increase the strength of lime-natural poz-
zolan cements [15-17]. Some substances, however, are

Table 2. Chemical and physical specification of the hydrated
lime and the corresponding requirements of ASTM standard
C821.

Hydrated ASTM
Specification Lime c821
Ca(OH), 98.20 % -
Mg(OH), 1.32 % -
Impurities 0.48 % -
Chmical Factor 74.31 50 min
Blaine Fineness (m*/kg) 1368 1000 min
Pozzolanic Receptivity Index 102.21 100 min
100 > 25
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Figure 2. RRSB-curve of particle size distribution of ground
Taftan pozzolan.

Table 1. Chemical composition and Blaine fineness of the ground Taftan pumice-type pozzolan.

Oxide SiO, AlO, Fe,O, CaO MgO SO, K,O Na,O Cl LOI  Moisture Blaine (m*kg)
wt.% 61.57 18.00 493 6.69 2.63 0.10 1.95 1.65 0.04 2.15 0.51 309
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too expensive to be practically used. Based on the infor-
mation in the literature and economic analysis, six rela-
tively inexpensive chemicals including Na,SO,,
Na,COs;, NaOH, NaCl, CaCl, -2H,0, and ordinary Port-
land cement-clinker was chosen. They were added at
three different dosages of 2, 4 and 6 wt.% by dissolving
them into the mixing water, except ordinary Portland
cement-clinker which was thoroughly mixed with dry
binder. Table 3 shows the chemical composition of the
ordinary Portland cement-clinker used.

Preparation of Specimens

Mixtures of ground pozzolan and hydrated lime at
given proportions were homogenized using a domestic
grinder of the type SANA SCG-3001 (180W) and grind-
ing each system separately for a few minutes (1 to 2).
Water-to-dry binder ratios were determined for an
approximately the same workability in all the pastes
using a flow table. Water-to-dry binder ratios of differ-
ent systems are given in table 4. After enough mixing,
the pastes were cast into specimens of 2x2x2 c¢m in size,
and the moulds were placed into a bath of more than
95% relative humidity. The moulds were opened when
the specimens were strong enough and the specimens
were then stored in the humid bath for further curing.

Test Procedure

Attempts were made to measure the compressive
strength of the specimens at different ages. However,
the results obtained were not reliable because most of
the specimens seemed to be quite sound and without
any crack after the test. Such a different behaviour com-
pared to specimens made from Portland cement is due
to difference in the brittleness of the two materials. Har-
dened paste of Portland cement is brittle whereas that of
lime-natural pozzolan mixture is to some extent elastic.
To overcome such a difficulty, the specimens were first-
ly dried for 12 hours at 50°C for making them brittle,
and then tested for their compressive strength at the des-
ignated testing ages. It was considered that such a dry-
ing stage could result in an increase in compressive

strengths both due to acceleration of pozzolanic reac-
tion and enhancement of Van der Waals forces in the
microstructure of the hardened pastes. A comparison
between the results of compressive strengths obtained
with and without drying however confirmed a maxi-
mum difference of nearly 7% which could be taken into
account.

For each system, three specimens were used for
determining compressive strength. The average of the
three results was reported as the compressive strength
of the system. Initial and final setting times of all the
systems were measured using Vicat needle in accor-
dance with ASTM standard C191-82 [26]. X-ray dif-
fraction (XRD, Philips Expert System, CuK,-radiation
and Ni-filter) and scanning electron microscopy (SEM,
Philips XL30) were the principle laboratory techniques
used to study the systems. For studying with SEM, a
number of specimens were cut into halves to expose
internal regions. Suitable halves were then impregnated
with epoxy resin, polished and coated with carbon.

RESULTS AND DISCUSSION

Determination of the proper
lime-natural pozzolan proportion

For determining the proper proportion of the lime-
natural pozzolan, a number of differently proportioned
dry binders were designed, prepared, and tested for their
50- and 90-day compressive strengths. The results
obtained for 50- and 90-day compressive strengths are
shown in table 5. As seen, the system consisting of 70%
pozzolan and 30% hydrated lime (by weight) exhibits
the highest 50- and 90-day compressive strengths, i.e.
7.25 and 10.03 MPa respectively. This optimum propor-
tion of lime-natural pozzolan showing the best strength
behaviour was chosen for the rest of the work.

Chemical Activation and Set Acceleration
Figures 3 and 4 show the effects of chemical

admixtures on 50- and 90-day compressive strengths of
the studied lime-natural pozzolan cement respectively.

Table 3. Chemical composition of ordinary Portland cement clinker.

Oxide SiO, AlLO, Fe,O, CaO MgO SO, K,O Na,O Cl LOI Free-CaO
wt.% 21.88 5.56 3.81 64.73 2.30 0.21 0.42 0.19 - 0.18 0.85
Table 4. Water-to-dry binder ratio for lime-natural pozzolan cements.

Lime-pozzolan proportion (wt.%) 10-90 20-80 30-70 40-60 50-50 60-40
Water-to-dry binder ratio (%) 43 43 44 44 45 45
Ceramics — Silikaty 50 (4) 193-199 (2006) 195
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The 90-day compressive strength of the system without
any chemical admixture was 10.03 MPa. As seen, all the
chemical admixtures used behave as activators and
could more or less improve the strength behaviour of
the lime-natural pozzolan cement. The higher the
dosage of the activator, the higher the 50- and 90-day
compressive strengths. The introduction of 6 wt.%
Na,SO, however noticeably improves the strength of
lime-natural pozzolan cement. It has increased the

90-day compressive strength of the lime-natural poz-
zolan cement up to 19.83 MPa, i.e. nearly twice. The
effect of Na,SO, was also studied by other researchers
[14-16] and they claimed that addition of 4% Na,SO,
can significantly improve the early strength of this
cement.

The effects of the same chemical admixtures on the
set behaviour of the lime-natural pozzolan cement were
also studied. Figures 5 and 6 show initial and final set-

Table 5. 50- and 90-day compressive strengths of the plain lime-natural pozzolan cements at different proportions.

Lime-natural pozzolan proportion (wt.%) 10-90 20-80 30-70 40-60 50-50 60-40
50-day Compressive Strength (MPa) 5.15 6.64 7.25 6.67 6.42 5.96
90-day Compressive Strength (MPa) 7.15 9.20 10.03 9.13 8.85 8.23
16 25
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Figure 3. 50-day Compressive Strength of the studied lime-nat-
ural pozzolan cement with chemical activators at different
dosages.

6 wt.% NaOH I 11
4 wt.% NaOH I 11
2 wt.% NaOH I 12
6 wt.% Na,CO, I 16
4 wt.% Na,CO, I 17
2 wt.% Na,CO, I 19
6 wt.% Portland cement clinker I 19
4 wt.% Portland cement clinker I 19
2 wt.% Portland cement clinker I 2 1
6 wt.% NaCl I © 3
4 wt.% NaCl I 23
2 wt.% NaCl I 2?2
6 wt.% Na,SO, I 24
4 wt.% Na,SO, I 23
2 wt.% Na,SO, I 23
6 wt.% CaCl,2H,0 I 36
4 wt.% CaCl,-2H,0 I 37
2 wt.% CaCl,-2H,0 I 3O
no admixture GG 37

Figure 5. Initial setting time of the studied lime-natural poz-
zolan cement without and with chemical admixture (h).

—*— Portland cement clinker =~ —®— Na,CO3
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5 T T
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Figure 4. 90-day Compressive Strength of the studied lime-nat-
ural pozzolan cement with chemical activators at different
dosages.

6 wt.% CaCl, I 56
4 wt.% CaCl, I 56
2 wt.% CaCl, I 57
6 wt.% NaCl| I 4 3
4 wt.% NaCl I 4 3
2 wt.% NaCl . /2
6 Wt.% Na,SO, I 43
4 wt.% Na,SO, I /3
2 wt.% Na,SO, I 42
6 wt.% Portland cement clinker I /2
4 wt.% Portland cement clinker I 42
2 wt.% Portland cement clinker I /4
6 wt.% Na,CO, I 23
4 Wt.% Na,CO, N— 24
2 wt.% Na,CO, I 27
6 wt.% NaOH I 20
4 wt.% NaOH I 20
2 wt.% NaOH I 21
no admixture G 54

Figure 6. Final setting time of the studied lime-natural pozzolan
cement without and with chemical admixture (h).
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ting times of the studied lime-natural pozzolan cement
without and with chemical admixtures at different
dosages of 2, 4, and 6 % by weight respectively. The ini-
tial and final setting times of the lime-natural pozzolan
cement without chemical admixture were 37 and 54
hours respectively at an atmosphere of more than 95%
relative humidity and at 25°C. As seen, all the used
chemical admixtures are effective and can more or less
decrease both initial and final setting times, except cal-
cium chloride. Sodium hydroxide however is the most
effective set accelerator. Addition of 4% NaOH can
decrease the initial and final setting times of the lime-
natural pozzolan cement to 11 and 20 hours respective-
ly at an atmosphere of more than 95 % relative humidi-
ty and at 25°C.

X-Ray Diffractometry

Taftan pozzolan, 50-day hardened paste of lime-
natural pozzolan cement, and 50-day hardened paste of
lime-natural pozzolan cement containing 6 wt.%
Na,SO, were studied with X-ray diffractometry tech-
nique to identify their crystalline mineral phases. The
X-ray diffraction patterns of the hardened paste of lime-
natural pozzolan cement, and hardened paste of lime-
natural pozzolan cement containing 6 wt.% Na,SO, are
presented in figures 7 and 8. The crystalline mineral
phases identified are as follows;

1-Taftan pozzolan:
Anorthite with empirical formula;
Nay.05CagosAl) 958150505
Hornblende with empirical formula;
CazMg4A10.75Fe3+o.25(Si7AlOzz)(OH)z
Quartz; Si0O,

2-Hardened paste of lime-natural pozzolan cement:
Portlandite with empirical formula;
Ca (OH),
Actinolite with empirical formula;
Ca,Mg;Si;0,(OH),Fe*,
Anorthite

3-Hardened paste of lime-natural pozzolan cement con-
taining 6 wt.% Na,SO,:
Albite with empirical formula;
Nag9sCagosAl;05S12.9505
Portlandite
Actinolite

According to the results obtained both hardened
pastes of lime-natural pozzolan cement without and
with chemical admixture have the same crystalline min-
eral phases except the two phases Anorthite and Albite.

These two phases belong to the feldspar group of min-
erals and posses almost the same properties, so that such
a difference in the crystalline phases of the two cement
systems is less probable to be responsible for the differ-
ence observed in their strength behaviours. Knowing
that the compressive behaviour of the lime-natural poz-
zolan material is mainly due to formation of gel-like
C-S—-H type hydrates, the compressive strength
improvement with addition of 6 wt.% Na,SO, therefore
is due to higher contents of amorphous C—S—-H gels
and/or less probably different amorphous binding phas-
es not detectable by X-ray diffractometry. The results
obtained by TG-DTA laboratory technique and the
effects of Na,SO, on the kinetics of the pozzolanic reac-
tion of the studied lime-natural pozzolan material will
be presented and discussed in a future publication.

Scanning Electron Microscopy

Morphology of the microstructures of the two 50-
day hardened pastes without any chemical admixture
and with 6 wt.% Na,SO, was studied with scanning

p P = Portlandite
1 A = Anorthite
| Ac = Actinolite

P

hh ]

W
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— 20(°)

— counts

Figure 7. X-ray diffraction pattern of the 50-day hardened paste
of lime-natural pozzolan cement without any chemical admix-
ture.

| A
1000 P P = Portlandite
1 A = Anorthite
" 800 - Ac = Actinolite
= Ac
2
o
o
T N
W Ac
30 40 50 60

— 26(°)

Figure 8. X-ray diffraction pattern of the 50-day hardened paste
of lime-natural pozzolan cement containing 6 wt.% Na,SO,.
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electron microscope. Figures 9 and 10 show SEM-ima-
ges taken from the microstructure of the two hardened
pastes without any chemical admixture and with 6 wt.%
Na,SO, respectively. Observations by SEM revealed
that the microstructure of the two hardened pastes were
quite similar. They consisted of mostly amorphous
phases along with few microcrystalline phases observ-
able only at relatively high magnifications. EDAX
analysis using ZAF-correction clearly confirmed the
presence of relatively large Portlandite crystals accumu-
lated around small voids in both hardened pastes. Figure
10 shows a number of relatively large Portlandite crys-
tals precipitated around a small void in the microstruc-
ture of the 50-day hardened paste of lime-natural poz-
zolan cement with 6 wt.% Na,SO,.

. AccV Spot Magn Det WD ——————= 20 um
~ 230KV 40 1000x+ SE 11.1 Fracture Surfacel
- T >p.

Figure 9. SEM-image of the microstructure of 50-day hardened
paste of lime-natural pozzolan cement without any chemical
admixture.

Det WD I——ﬁﬁ-l 10 pm
SE 111 23 J

Figure 10. SEM-image of the microstructure of 50-day hard-
ened paste of lime-natural pozzolan cement containing 6 wt.%
NaZSO4.

CONCLUSION

1. Addition of alkaline compounds and Portland cement
clinker can improve the set and strength behaviours of
lime-natural pozzolan cements.

2.Sodium sulfate is the most effective chemical activa-
tor for the studied lime-natural pozzolan cement com-
pared to Na,CO;, NaOH, CaCl, -2H,0 and ordinary
Portland cement clinker.

3. Addition of 6 wt.% Na,SO, to the studied lime-natu-
ral pozzolan cement consisting of 70 % pumice-type
pozzolan and 30% hydrated lime can increase the
90-day compressive strength more than twice.

4.Sodium hydroxide is the most effective set accelera-
tor for the studied lime-natural pozzolan cement com-
pared to Na,SO,, Na,CO,, NaCl, CaCl, -2H,0 and
ordinary Portland cement-clinker.

5.Addition of 4% NaOH to the studied lime-natural
pozzolan cement consisting of 70 % pumice-type poz-
zolan and 30 % hydrated lime can significantly
decrease both initial and final setting times.
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CHEMICKA AKTIVACE A URYCHLENI TUHNUTI
PRIRODNIHO VAPENCO-PUCOLANOVEHO CEMENTU

ALI ALLAHVERDI, JALEH GHORBANI

College of Chemical Engineering
Iran University of Science and Technology
Narmak 16846, Tehran, Iran

Pro zkraceni doby tuhnuti a urychleni tvrdnuti vapenco-
pucolanovych cementti byly odzkouSeny rizné metody véetné
kalcinace, osetfeni kyselinami, prodlouzené brouseni, zvySeni
teploty tuhnuti a pfidani chemickych aktivatort, které mély
piispét k zlepSeni pucoldnové reaktivity ptirodniho pucolanu.
V této praci jsou vySetfovany ucinky nékterych chemickych
aktivatorti a urychlovaci tuhnuti a také je zde zjistovano
pevnostni chovani ptirodniho vapenco-pucolanového cemen-
tu obsahujiciho 70% pfirodniho pucoldnu typu pemza a 30%
hasené¢ véapno (hmotove). Ziskané vysledky ukazuji, ze
piidani zéasaditych slozek a slinku portlandského cementu
muze zlepsit tuhnuti a pevnostni parametry ptirodnich vapen-
copucolanovych cementl. NejefektivnéjsSim chemickym
aktivatorem pro piirodni vapenco-pucoldnové cementy je
siran sodny ve srovnani s Na,CO;, NaOH, CaCl, -2H,O a
obycejnym slinkem portlandského cementu. Nejucinnéj$im
urychlova¢em tuhnuti studovaného ptirodniho vapenco-
pucolanového cementu je vSak hydroxid sodny ve srovnani
s Na,SO,, Na,CO;, NaCl, CaCl, -2H,O a obycejnym slinkem
portlandského cementu. Pfidani 6 % hmotnostnich Na,SO,
muize vyrazng zvysit 90denni pevnost v tlaku a ptitomnost 4%
NaOH jako urychlovade muze ucinné zvysit pocateéni a
kone¢né Casy tuhnuti.
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