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Abstract

Mercury intrusion porosimetry study was carried out on samples of ordinary Portland cement mortars made with mineral additives
such as fly ash, granulated blast furnace slag, phosphorous furnace slag, limestone, and lime sludge. The total porosity and compressive
strength of all the blended cement mortar samples were determined at 7, 28, and 90 days of hydration. The porosity and mean pore diameter
were found to increase with the addition of fly ash and slags, although the total pore volume was almost the same. The strength was found
to decrease with the increase in porosity, but the extent of decrease in strength was more closely related to slags and fly ash addition than
to limestone and lime sludge. Acceleration of the strength development of ordinary Portland cement was also observed with limestone

and lime sludge addition. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that strengths of Portland cement paste
depend on porosity, pores size distribution, and pore shape
[1-3]. Mineral additions such as fly ash, slags, and lime-
stone influence the pore size and pore size distribution and,
accordingly, the strength [4-10]. In this communication the
effect of fly ash, granulated blast furnace slag, granulated
phosphorous furnace slag, limestone, and lime sludge on the
compressive strength and porosity of Portland cement has
been studied and an attempt has been made to correlate com-
pressive strength with porosity and pore size distribution.

2. Materials and experimental procedures
2.1. Materials

Ordinary Portland cement (OPC) and five other minera
additives, namely fly ash, granulated blast furnace dag,
granulated phosphorous furnace slag, powdered limestone,
and lime sludge, were collected from different sources. After
examining their chemical and physical properties (Table 1),
additives were ground to the workable fineness in the labo-
ratory ball mill and mixed with OPC in 10% quantity on
weight replacement basis. Samples were named as. OPC,
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control sample without additives; FA, OPC with fly ash;
BFS, OPC with blast furnace slag; PFS, OPC with phospho-
rous furnace dag; LS, OPC with limestone; and SL, OPC
with lime sludge.

2.2. Measurement of compressive strength and porosity

Compressive strength tests were conducted for al the
samples with and without mineral additives according to IS
4031-1988 part VI [11]. For porosity measurement, arepre-
sentative mortar sample of 10-mm size was obtained from
each broken specimen from the compressive strength test.
The sample was treated with acetone several times to re-
move the capillary water and then was subjected to vacuum
drying in a vacuum desiccator for 2 h. After that they were
preserved in vacuum desiccator until the porosity measure-
ments were conducted with AMNICO mercury porosimeter
as described el sewhere [7].

3. Results and discussion
3.1. Porosity and strength of mortar

It was observed that addition of fly ash and other addi-
tives in OPC increased the total porosity of mortar (Fig. 1).
There was a decrease in the porosity of al the samples with
the advancement of hydration period, due to the gradual fill-
ing of large pores by the hydration products of cementitious
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Table1
Chemical and physical properties of OPC and mineral additives
Contents OPC GGBFS GGPFS Fly ash Limestone Lime sludge
LOI 2.67 —-0.83 0.24 3.50 375 38.17
SO, 21.14 32.06 41.29 59.64 10.91 8.45
Ca0 61.20 32.05 48.55 1.98 48.0 45.45
MgO 2.67 10.05 1.92 0.85 0.79 320
Fe,0; 3.92 3.47 0.25 4.38 0.65 0.87
Al,O; 4.80 18.03 3.82 27.0 1.25 2.02
SO, 208 - - - 0.20 0.10
Na,0 0.20 0.7 0.65 0.23 0.08 0.68
K,O 0.80 0.85 1.05 1.28 0.04 0.80
Cl 0.008 0.014 0.005 0.01 0.005 0.015
P05 0.32 0.17 1.08 0.45 traces 0.90
TiO, 0.10 0.73 0.05 traces 0.05 0.12
Mn,Oq 0.07 0.67 0.12 traces traces 0.02
IR 3.06 0.96 1.26 90.41 11.38 12.50
Free CaO 050 - - — — —
Sulphide - 0.75 0.09 - - -
Mineral X-ray amorphous, X-ray amorphous, Quartz and mullite predominant Cdlcite, quartz, Calcite, dolomite,

composition alittle FeSand small % of crystalline phases, magnetite, hematite in muscovite quartz, muscovite

crystallinematerial  phases aso present, which  small amount. Some X-ray
is present. are not identifiable amorphous material is also present.

CsS 44.65
C,S 26.92
CA 6.09
C,AF 11.93
Glass content 93 9 32 - -
Density 3.14 294 297 225 261 2.70
Fineness

(cm?/gm) 3044 3850 4000 3650 4550 4650

Abbreviations: GGBFS, ground granulated blast furnace slag; GGPFS, ground granulated phosphorous furnace slag; LOI, loss of ignition at 1000°C; IR,

insoluble residue.

materials [1,12-14]. The total porosity of al the samples
with additives increased at the respective period of hydra
tion, but the extent of increase was variable; there was a
greater increase for samples mixed with fly ash and slags
and comparatively less for samples mixed with limestone
and lime sludge. The strength was aso found to decrease
with the increase in porosity (Fig. 1), and the decrease was
greater with dlag and fly ash addition and less with lime-
stone and lime sludge.
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Fig. 1. Strength and porosity of OPC mortar with mineral additives.

To appreciate the nature of pores and its distribution,
volumes of mercury intrusion (cc/g) in a specified range of
pores are plotted against the pore range, obtained from the
semilog curve of pressure (psi) and mercury intrusion vol-
ume (cc/g). These histograms have been plotted for each
mortar sample, keeping in mind the progress of hydration
with mineral additives (Fig. 2). A co-relation between pore
volume of a particular range of pores and their relation
with the mortar strength at a particular age has also been
identified.

3.2. OPC mortar

The histogram (Fig. 2) of volume and pore diameter
shows that at the age of 7 days of hydration, there was a
larger penetration of mercury in the pore range of 1,000 to
2,000 A, corresponding to the mean pore diameter of 1,500
A. The volume of small pores was minimum, but pores of
greater than 5,000 A were abundant at this stage of hydra-
tion. As the hydration advanced, the larger pores were con-
verted into smaller ones by the gradual filling of pores with
cement hydrate materials such as ettringite, Portlandite, fine
crystalline C-S-H, and others. The histogram of mortar sam-
ples at 28 days shows a shift of larger pores in the pore
range of 500 to 1,000 A, with mean pore diameter of 750 A.
The volume of smaller pores below 200 A also increased
due to the conversion of each single large pore into many
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Fig. 2. Pore size distribution of OPC mortar with mineral additives.

smaller pores by the fine crystalline network of CSH (Fig. 3).

There was a reduction in the total volume of pores at this

stage. At the age of 90 days there was a further shifting of

mean pore diameter in the pore range of 200 to 500 A (mean

pore diameter 350 A) due to the deposition of more hy-
drated products in the larger capillaries. The total pore vol-
ume as well as large size pores of greater than 5,000 A di-
ameter also reduced considerably.
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Fig. 3. Pore volume and compressive strength.

3.3. OPC with fly ash

At the age of 7 days (Figs. 1 and 2) the porosity of ce-
ment mortar mixed with fly ash was found to be dightly
higher than that of OPC, and the pore size distribution
shifted toward larger pores. There was a larger penetration
of mercury in the pore range of 2,000 to 5,000 A that corre-
sponds to the mean pore diameter of 3,500 A and was
higher than that of the control OPC mortar. This was proba
bly because of voids around fly ash particles and pores in-
side; this was also responsible for the increase in the num-
ber of pores greater than 5,000 A.

The porosity and pore size distribution of cement with
added fly ash was greater than that of cement without fly
ash at the age of 28 days. The mean pore diameter shifted
toward the lower range of pores, 1,000 to 2,000 A, with the
mean pore diameter of 1,500 A. There was a reduction in
the total pore volume but still it was greater than that of the
control sample, which indicates that the pores were not
filled with hydrated products as a result of pozzolanic reac-
tion. However, at 90 days and later, due to the formation of
more pozzolanic reaction products, the interspace was grad-
ualy filled up and porosity approached near values of con-
trol OPC mortar, which was also indicated by increased
pore volume of <200 A. There was greater penetration of
mercury in the pore range of 500 to 1,000 A, corresponding
to the mean pore diameter of 750 A, dlightly higher than that
of control OPC mortar.

3.4. OPC with slags

From Fig. 2 it isobserved that at the age of 7 daystherewas
a greater penetration of mercury in the pore range of 2,000 to
5,000 A, with mean pore diameter of 3,500 A. Theincreasein
mean pore diameter and the volume of pores >2,000 A was
due to the slower rate of hydration of slag particles, filling
the wide pores at a slower rate. At the age of 28 and 90 days
the mean pore diameter shifted to 1,500 and 750 A, respec-
tively, with the corresponding decrease in total pore vol-
ume, approaching equivalence to that of OPC. It isalso evi-
dent that the trend of pore size distribution was similar to
that of sampleswith fly ash added, due to the delayed hydra-
tion and slower rate of filling of larger pores (Figs. 1 and 2).

3.5. OPC with limestone and lime sludge

At the age of 7 days, a larger penetration of mercury oc-
curred in the pore range of 1,000 to 2,000 A, with the mean
pore diameter of 1,500 A, which shifted to 750 A at the age
of 28 days and shifted further to 350 A at the age of 90 days
(Fig. 2). The overall histogram of pore range and volume at
the ages of 7 and 28 daysis very similar to that of OPC due
to the increase in the rate of hydration. It can be observed
from the Fig. 3 that the volume of pores <200 A was
greater at 7 and 28 days compared to other samples that in-
dicated rapid conversion of larger pores into smaller pores
due to the formation of hydration products.

3.6. Srength and porosity relationship

The strength of cement mortar or paste is more heavily
influenced by the volume and number of large size pores
and mean pore diameter than by smaller pores. As seen in
Fig. 2, the pore size distribution of OPC mortar with fly ash
and dlags shifted toward the larger size pores, with an in-
crease in mean pore diameter at all stages of hydration up to
90 days, causing a decrease in strength.

The strength of the mortar at 7 days seems to be influ-
enced by the volume of pores >2,000 A as observed from
Fig. 4. The greater the volume of pores above 2,000 A, the
lower the compressive strength at 7 days. Fly ash and slags
showed a decrease in strength at early age because of the
presence of a large number of such pores, whereas the
strength of samples with lime sludge and lime stone did not
seem to be heavily influenced because of their pore volume,
comparable with that of OPC mortar sample. The strength at
28 days seems to be related to the pores of >1,000 A. With
the advancement of hydration, the volume of large pores de-
creased and the volume of smaller pores (<200 A) in-
creased (Fig. 3). OPC with addition of fly ash and dags
showed higher pore volume at >1,000 A with lower
strength, whereas samples with lime sludge and limestone
were little affected (Figs. 2 and 4). At the age of 90 daysthe
strength seems to be more heavily influenced by the pores
of >500 A. The pore volume >500 A was still higher in all
the fly ash and slag samples, whereas in samples with lime
sludge and limestone, it was comparatively less, indicated
by the strength results also (Fig. 4).

4, Conclusion

1. The addition of mineral additives in OPC increased
the total porosity of mortar during the early hydration
period.

2. The strength decreased with the increase in porosity.

3. Inthe presence of fly ash and slags the strength seems
to be affected by pores >2,000 A in diameter at the
age of 7 days, whereas 28- and 90-day strength de-
pended on pores of >1,000 and 500 A, respectively.

4. The total volume of pores <200 A in diameter at the
age of 90 days of hydration increased in all the sam-
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Fig. 4. Pore volume of <200 A in different samples.

ples, indicating improvement in the hydration and ul-
timately the strength properties of cement with min-
eral additives.

5. Porosity and mean pore diameter did not seem to be
affected by the addition of limestone and lime sludge
in OPC.
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