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h i g h l i g h t s

� Effect of commercially available ultrafine slag as partial replacement to cement in high strength concrete was studied.
� Properties of hardened concrete namely compressive strength and durability characteristics was studied for commercially available ultra fine slag.
� It was inferred that concrete with commercially available ultra fine slag performs inferior to concrete with ground ultra fine slag.
� Concrete with 10% ultra fine slag was found to be optimum in terms of strength and durability characteristics. Cost analysis also justifies the same.
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a b s t r a c t

Ground granulated blast furnace slag (GGBFS) in the present research work was commercially available
ultra fine slag of size 5 lm meter was used which fills micro voids. This paper deals with compressive
strength, porosity and sorptivity characteristics of commercially available ultra fine slag based high
strength concrete (HSC) (with a characteristic compressive strength of 50 MPa). The results were com-
pared with similar characteristics of precursor slag and ultra fine slag obtained by grinding (Sharmila
and Dhinakaran, 2015). Ultra fine slag replaces cement with three different percentages viz 5, 10, and
15% to study the compressive strength, porosity and sorptivity. Performance of commercially available
ultra fine slag was found to be inferior than ground one and concrete with 10% ultra fine slag was found
to be optimum.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is one of the widely materials used in civil engineering
especially in the construction industry. Basheer et al. [1] has high-
lighted that penetration of either molecular or ionic species from
the existing conditions affects the service life and leads to deterio-
ration of concrete structures. Use of finer and ultra fine particles as
mineral admixtures could resist any attack due to chemicals. Many
researchers worked in the area of concrete in which ultra fine par-
ticles used as mineral admixtures to enhance physical, mechanical
and durability properties. Number of researchers have worked
using commercially available nano materials namely nano SiO2,
nano Al2O3, nano Fe2O3 and nano Zinc-iron oxide particles as
admixtures in concrete [2–8]. Her and Lim [9] investigated the
influence of rapidly chilled and air-cooled nano slag as mineral
admixture to micro silica on various properties of the mortar. They

found that improvement of fineness offered reduction in fluidity
and larger particles surrounded by smaller particles and hence
there was better gaining of strength.

Lim [10–12] investigated strength properties of slag powder on
high strength concrete and found that addition of nano slag mod-
ified the microstructure and improved the strength of concrete.
Karthikeyan and Dhinakaran [13] investigated the hardened prop-
erties of concrete with different percentages of ground micro silica
and compared their results with precursor silica. They found that
ground micro silica performed well and gained more compressive
strength than precursor micro silica. Vijayasarathy and Dhinakaran
[14] conducted detailed experimental investigations on GGBFS
based high performance concrete to study its compressive strength
and sorptivity characteristics. In addition, natural fine aggregate
was replaced with M-Sand with different proportion. They found
concrete with GGBFS and M-Sand yield better results than conven-
tional mix both in terms of compressive strength and sorptivity.
Sharmila and Dhinakaran [15] studied the effect of ground nano
slag on the performance of high strength concrete. Ground nano
slag of 0.37 lmmeter was used as substitute for cement with three
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different percentages viz 5, 10 and 15. The properties like compres-
sive strength at different ages of concrete, porosity, sorptivity and
resistance against chloride ion penetration were studied. They con-
cluded that ground nano slag with 10% gave optimal performance
in terms of strength and durability of high strength concrete. They
also added that lesser percentage of nano slag (5%) did not disperse
very effectively in the mass and was insufficient to gain strength.
Higher percentage (15%) of nano slag lead to aggregation of parti-
cles and formed larger size of particles. The formation of larger par-
ticles did not serve the purpose of modification of microstructure
in terms of densification. In contrast it makes concrete with more
voids due its increased size of agglomerated ultra fine particles and
finally lead to improper filling of voids. Hence there was a declina-
tion in the performance. From the literature available, it was
understood that research work on performance of concrete with
ultra fine slag was scanty. Hence this paper aims to study the
strength and durability characteristics of commercially available
ultra fine slag based high strength concrete. The results were com-
pared with concrete ground ultra fine slag in similar percentages
(authors earlier work).

2. Experimental investigations

2.1. Material properties

Cement used for the present work was Type 1 as per ASTM [16]. Readymade
Ultra Fine Slag (RUFS) was obtained from EnGro Corporation limited, Singapore
and was used as substitute to cement. Fine and coarse aggregate used was river
sand and broken stone. Specific gravities of cement, ultra fine slag, fine aggregate
and coarse aggregate were found to be 3.15, 2.90, 2.64 and 2.68 respectively. The
chemical composition of cement and RUFS was obtained by X-ray fluorescence
using an XRF spectrometer, which is given in Table 1.

2.2. Specimen details

The mix proportioning was done as per ACI method and the guidelines given in
ACI 211.1-91 [17] method for concrete with a characteristic compressive strength is
50 MPa. The mix proportion obtained is 1:1.04:2.13 (cement: fine aggregate: coarse
aggregate) with a w/b ratio of 0.33. High range water reducer was used as worka-
bility agent and due to which w/b ratio reduced from 0.36 to 0.33. Slump test was
used as measure of workability of concrete and was done as per the guidelines
given in ASTM C143 [18]. Following sequence of procedure was followed in prepar-
ing fresh concrete to cast specimens. Since high range water reducer was available
in liquid form, it was added with water first and stirred thoroughly for a while to
have uniform dispersion. Ultra fine slag was added with prepared water – high
range water reducer and thoroughly mixed for 4 min by means of high speed stirrer
to ensure proper dispersion of ultra fine slag particles. Then a dry mix of cement,
sand and broken stones were prepared. At last, prepared water with high range
water reducer and ultra fine slag mix was poured into the dry mix and mixed
further for a short duration of 2 min to get the desired workability. Specimens
for testing compressive strength were cast with size of specimens as

100 mm � 100 mm � 100 mm, cured for the designated periods and subsequently
tested as per the guidelines of BS 1881 [19]. Volume of permeable pores was
assessed by the method prescribed by ASTM C642 [20]. This test method was used
to determine density, percent absorption, and percent voids in hardened concrete.
As per this method, the volume of specimen shall be not less than 350 cm3. After
removing from the mould, the specimen was kept at a temperature of 110 �C for
24 h in hot air oven. Then it was kept at a temperature of 25 �C and mass was deter-
mined. Then it was immersed in water at 21 �C for 48 h and the mass was taken.
Then the specimen was boiled in tap water for 5 h and cooled for 14 h to a final tem-
perature of 25 �C. Finally specimen was suspended into water and the mass was
determined. Substituting the values of mass in different conditions in the formula,
the volume of voids and water absorption was determined.

The ability of resistance against capillary suction was determined as per ASTM
C1585 [21]. In this method, specimens of 100 mm diameter and 50 mm height
cylinders were prepared and were placed in the environmental chamber at a tem-
perature of 50 �C for 3 days. After the 3 days, it was placed inside a sealable con-
tainer. Then the specimen was kept at 23 �C for 15 days before the start of the
absorption procedure. All the surfaces were coated with epoxy resin except bottom
surface. Bottom surface was exposed to water. Then the mass of the specimen was
noted at different intervals of time. The details of the specimen cast for the present
work are given in Table 2.

3. Results and discussion

The results of compressive strength, porosity and sorptivity of
concrete made with commercially available ultra fine slag is dis-
cussed in the following paragraphs and the results are compared
with experimental results of similar combinations of ground ultra
fine slag15 to have an understanding about the performance of
both the materials. The notations used in the present work are
given below in Table 3.

3.1. Material characterization

The chemical compositions of cement, ground slag and ready-
made ultra fine slag were assessed by using XRF analyzer of model
Tiger 88. Table 1 shows the major and trace elements in solids
(expressed as oxides). Cao and Silica (SiO2) were the major con-
stituents in the ultra fine slag used in the present study and was
constituted 69.5 percentages. The other major elements were
Al2O3 and MgO with 15 and 9% respectively. All the other compo-
nents constituted only 6.5%. The average particle sizes of precursor

Table 1
Chemical composition of cement, GGBFS and RUFS.

Formula Concentration (%)

Cement GGBFS RUFS

CaO 68.05 34.85 37
SiO2 25.91 34.01 32.5
Al2O3 5.85 16.62 15
MgO 0.07 9.11 9.5
Fe2O3 0.12 1.71 0.7
SO3 – 1.55 0.2
TiO2 – 0.69 –
Na2O – 0.48 –
K2O – 0.46 –
MnO – 0.27 –
BaO – 0.10 –
P2O5 – 0.04 –
SrO – 0.04 –
Cl – 0.03 0.025
ZrO2 – 0.03 –
As2O3 – 37 ppm –

Table 2
Details specimen cast for strength and durability tests.

Age of
concrete
in days

Test Size in mm Type of
specimen

Number
of
specimens

7, 28, 56
and 90

Compression 100 � 100 � 100 Cube 84

Porosity 100 mm (dia) �
50 mm height

Cylinder 14

Sorptivity 100 mm (dia) �
50 mm height

Cylinder 14

Table 3
Designations of mix combination used in this research.

Sl.
No.

Material Designation % replacement
of cement

01 Concrete with normal slag GUFS0 0
02 Concrete with 5% ground slag GUFS5 5
03 Concrete with 10% ground slag GUFS10 10
04 Concrete with 15% ground slag GUFS15 15
05 Concrete with 5% readymade ultra

fine slag
RUFS5 5

06 Concrete with 10% readymade ultra
fine slag

RUFS10 10

07 Concrete with 15% readymade ultra
fine slag

RUFS15 15
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