
The influence of slag properties, mix parameters and curing temperature
on hydration and strength development of slag/cement blends

Abdelkader Bougara a,⇑, Cyril Lynsdale b, Neil B. Milestone c

a Laboratory of Structures, Geotechnics and Risks, University Hassiba Benbouali of Chlef, Algeria
bDepartment of Civil and Structural Engineering, University of Sheffield, UK
cMilestone and Associates Ltd, New Zealand

h i g h l i g h t s

� Grinding slag finer than 310 m2/kg has small effect on the strength/hydration relationship for a slag cement paste at 40 �C.
� Strength development was shown to be dependent on both hydration and w/b ratio in the slag cement blends studied.
� Blending with a reactive slag extends the hydration time, resulting in a gradual increase in strength.
� Slag effect factor shows how the presence of slag in the blend affects the growth of bound water and strength with time.
� A statistical model has been developed to show the effect of the parameters studied on the strength-hydration relationship.
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a b s t r a c t

Slag and other cement replacement materials provide an important route to low carbon footprint con-
crete construction. These materials are often by-products from other industries, and as such, their quality
varies depending on source and processing. This paper examines the influence of a range of parameters
on the reactivity of slag and its contribution to strength development to aid in its efficient and sustainable
processing and use in construction. The investigation covers a wide range of factors including: chemical
and physical properties of slag, mix composition and curing temperature. Two types of slag differing in
their physical and chemical properties are investigated. The test parameters include the level of cement
replacement (30, 50 and 70% by mass), the fineness of slag (250, 310, 410 and 500 m2/kg), the water/bin-
der ratio (0.35, 0.4 and 0.45) and the curing temperature (20 �C, 40 �C and 60 �C). Thermogravimetry was
used to determine the degree of hydration at various ages, by measuring the chemically bound water.
Slag hydration is thermally activated and for the temperatures studied, 40 �C curing seems to provide
the greatest benefit in terms of strength and hydration. The extent to which these benefits are achieved
depends on slag reactivity, and for similar slag fineness and glass count, this reactivity is due to the chem-
ical composition of the slag. It was found that there is no significant increase in strength or bound water
gained from grinding the slag finer than 310 m2/kg for slag cured at 40 �C, a temperature in the range for
site cast and precast concretes. A statistical model was established demonstrating that compressive
strength of paste is influenced by water/binder ratio, bound water, slag replacement level and curing
temperature.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Cement production gives rise to the emission of CO2 gas, which
has a detrimental impact on the environment as it is believed to
play a role in accelerating global warming. The use of ground
granulated blast-furnace slag is one possible strategy to limit the

environmental impact of Portland cement in construction. As slag
is a by-product material rather than a manufactured product, its
chemical composition can differ between different sources; differ-
ences in processing can also affect its physical properties, e.g.
particle size. In turn, these along with a whole range of other factors
involving mix design, ambient temperature and site practice, affect
its reactivity and development of concrete properties with time.

Thermogravimetry has been frequently used to monitor the
hydration of cement systems by measuring the chemically bound
water, also referred to as non-evaporable water. This water is

https://doi.org/10.1016/j.conbuildmat.2018.07.166
0950-0618/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: aekbougara@hotmail.com (A. Bougara), c.lynsdale@sheffield.

ac.uk (C. Lynsdale), neil.milestone@gmail.com (N.B. Milestone).

Construction and Building Materials 187 (2018) 339–347

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2018.07.166&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2018.07.166
mailto:aekbougara@hotmail.com
mailto:c.lynsdale@sheffield.ac.uk
mailto:c.lynsdale@sheffield.ac.uk
mailto:neil.milestone@gmail.com
https://doi.org/10.1016/j.conbuildmat.2018.07.166
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


regarded as chemically incorporated into the structure of hydra-
tion products that are responsible for the strength of the hardened
product and cannot be removed without damaging their structure.
Bound water is used to study the degree of hydration in several
works. In 1969, Taplin [1], used bound water to establish that
the compressive strength is proportional to the degree of hydration
for a given water-cement ratio and that the volume of hydration
products needed for a given strength increases with an increase
in water-cement ratio. Mikhail et al. [2] also found that the ulti-
mate degree of hydration is greater for pastes mixed with high
water-binder ratio than those mixed with low water binder ratio
and suggested that this is related to the porosity of the system.
The reactions of the different phases in the cement paste and their
hydration products and the presence of voids (empty or filled with
water) in the system make up the microstructure of concrete,
which in turn dictates its performance during its lifetime.

It is well known that slag concrete systems, particularly those
with high slag contents, take longer to develop their strength. This
is essentially due to the dilution of the more reactive ingredient,
Portland cement. Slag is said to undergo both a pozzolanic reaction
and a latent hydraulic reaction [3,4]. However, Kocaba [5] con-
cluded that the slag reaction was mainly due to the latter as he
found little evidence of any pozzolanic reaction in his work using
five different experimental methods, reporting no significant
decrease in calcium hydroxide content with slag hydration time.

Escalante et al. [6] studied the reactivity of slag in blended
cements hydrated in different conditions by means of a selective
dissolution method. They found that the slag reactivity was
increased by both higher hydration temperatures and water/solid
ratio. Beushausen et al. [7] carried out an investigation on the per-
formance of fresh and hardened concretes made with different
types of slag at three different replacement levels and three differ-
ent water/binder ratios. They observed that the reduction in the
strength resulting from the presence of slag was more significant
at lower water/binder ratios; a consideration for the design of high
strength concrete. They also found that the reduction in the early
strength of concrete was independent of slag type, but, not so for
the long-term strength. Castellano et al. [8] found that the particle
size of slag influenced the mechanical strength and the degree of
hydration. They concluded that with an increase in the amount
of slag particles smaller than 10 mm, the strength and the bound
water content increased at early ages while the time to achieve
half-age hydration (defined as the time needed to achieve 50%
hydration) for a given fineness and mineralogy of Portland clinker
decreased. In a recent study, Ogirigbo and Black [9] showed that
the influence of slag chemical composition on the reactivity of slag
cements is more significant at higher temperatures.

From the results above, it can be seen that a large number of
parameters influence the development of the microstructure and
properties of slag blended concrete. For efficient and sustainable
use of such material in construction, it is important to evaluate the
extent/significance of the impact of each of the above parameters
on reactivity/hydration and development of mechanical strength.
This forms the focus of this paper, which reports the findings of a
study examining the above parameters and their influence on the
hydration-compressive strength relationship. A good understanding
of the impact of these parameters enables the establishment of reli-
able relationships that canbeused, such as Feret’smodel [10], topre-
dict the evolution of the overall behaviour of concrete in structures.

2. Experimental

2.1. Materials

A UK Portland cement (CEMI 52.5N), with a specific surface area of 420 m2/kg
was used for all pastes, and two types of granulated blast-furnace slag from differ-
ent origins were employed; slag S1 was provided by the El-Hadjar steel factory

(Algeria) and slag S2 was supplied by the Appleby Group UK. The latter was ground
in a ball mill to a specific surface area of 500 m2/kg and slag S1 was ground to four
specific surface areas as illustrated in Fig. 1. This investigation was carried out using
cement paste systems. The chemical composition of the CEMI and the two slags
used is presented in Table 1.

2.2. Curing regime

Pastes were cast in 20 mm cube moulds with varying water/binder (w/b) ratios.
The mixed samples were covered with wet hessian for 24 h and then de-moulded
and cured in a water bath kept at the different temperatures shown in Table 2,
for the required ages.

2.3. Paste mixture proportioning

A set of paste samples were prepared using CEMI cement and slag as given in
Table 2. The main variables considered in this investigation were the type of slag,
S1 and S2 with low and high hydraulic activity respectively (as established in ref
[11]), the percentage of slag as a cement replacement, the curing temperature,
the fineness of slag S1 and the water/binder ratio. It is to be noted that the values
of the w/b ratios investigated are those commonly used in practice such as for
bridge decks and concrete pavement slabs [12].

3. Experimental procedure

For compressive strength determination, four cubes were tested
at each of the following ages 1, 7, 28 and 90 days using a Houns-
field compression machine with a capacity of 100 kN. Fragments
were taken from the crushed cubes for thermogravimetry. These
fragments were submerged for 24 h in acetone before drying in a
desiccator using a rotary vacuum pump, to arrest hydration and
prevent carbonation. This has been shown to provide the least
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Fig. 1. Particle size distribution for all materials.

Table 1
Chemical composition and characteristics of the materials used.

Chemical composition: % CEMI 52.5N Slag S1 Slag S2

SiO2 22.81 38.20 35.80
Al2O3 7.68 7.96 13.19
Fe2O3 3.09 4.68 0.86
Mn3O4 0.07 2.04 0.69
MgO 1.14 3.82 8.55
CaO 58.13 42.18 39.72
Na2O 0.32 0.20 0.28
K2O 0.71 0.65 0.41
TiO2 0.35 0.33 0.63
BaO 0.13 0.78 0.09
LOI 5.37 �1.06 �0.30
SO3 / 0.47 0.56
Specific gravity 3.14 2.87 2.91
Hydraulic index [11]
(CaO + MgO + Al2O3)/SiO2 / 1.41 1.72
Glass content / 97.9% 100%
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