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Abstract. In recent years, alkali activated concrete technology has gained grow-
ing attention due to its potential advantages compared to Portland cement (PC)
based concrete, in terms of environmental and economical contribution. Ground
granulated blast furnace slag (GGBFS), which is used as a common precursor to
produce alkali activated materials (AAMs) is becoming less available compared
to the past due to its high consumption. Therefore, the use of alternative precur-
sors such as copper slag (CS) to produce AAMs can be considered as a potential
solution. In the present study, the effect of the SiO»/NayO ratio on the fresh and
mechanical properties of slag based alkali activated mortar mixtures incorporating
of 50% CS as partial replacement of GGBFS has been studied. A total of three
AAM mortar mixtures were produced using three different SiO>/NayO ratios of
1.0, 1.3 and 1.6, respectively. The flow spread and fresh density of the AAM mix-
tures were comparable to that of PC based reference mixtures. The flow spread
behaviour of the AAMs mixtures was improved slightly (14%) by increasing the
molar ratio up to 1.3. Compressive and flexural tensile strength values of within
the range 81-86 MPa and 7.8-8.5 MPa, respectively are obtained after 28 days.
The strength properties of the mixtures increased and then decreased by increasing
the SiO,/Nay O ratio from 1.0 to 1.3 and 1.3 to 1.6, respectively. For the studied
binary mixtures and ranges of SiO,/NayO ratios, the Si02/NajO ratio of 1.3 can
be considered as an optimum value in terms of strengths properties.

Keywords: Alkali Activated Mortar - Ground Granulated Blast Furnace Slag -
Copper Slag - Si0,2/NayO Ratio - Flow Spread - Strength Development

1 Introduction

The growth of industrial activities has led to a large production of waste materials or by-
products which have negative impacts on the environment. Many of these by-products are
of mineral nature and can be potentially resourced and treated into secondary raw material
for the manufacturing of construction materials. During the past decades, producing
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more sustainable construction materials by using these waste materials or by-products
has gained interest [1], especially for concrete construction which is considered one of
the main causes of air pollution, responsible for 5-7% of global CO; emissions due to
the use of Portland cement (PC) [2]. Alkali activated materials (AAMSs) that are known
as Portland clinker- free cement systems can be considered as a potential path to reduce
the CO, emissions caused by Portland clinker production, as a result of using mineral by-
products as an alternative binder [3—5]. The binder in alkali activated systems is formed
by activating an aluminosilicate source such as ground granulated blast furnace slag
(GGBFS), fly ash, metakaolin and copper slag (CS) with an alkali activated solution [6—
10]. For the past decades, GGBFS and fly ash have been considered the most commonly
used precursors for producing AAMs [11, 12]. With respect to the high demand for
GGBEFS and Fly ash in recent years as solid precursors and supplementary Cementitious
materials (SCMs) in alkali activated and PC based materials, respectively, looking for
other sources of slags seems to be an urgent action due to less availability of GGBSF and
fly ash in the future. The global production of CS known as a metallurgical by-product
of copper manufacturing has been reported to be about 46.2 million tons in 2018 [11],
making it a potential source alternative to GGBFS. Though, CS has been used as SCM
in a wide range of applications in recent years [9, 13], there is limited use of it in alkali
activated technology. The use of sodium silicate for the activation of CS has been reported
to be more effective in terms of strength development compared to sodium hydroxide
[11]. Curing AAMs produced with CS as a solid precursor at higher temperatures is also
noted to improve the reaction rate of the mixtures [9, 14]. Considering the limited use
of CS in alkali activated technology, the current study aims to investigate the potential
use of processed and milled CS obtained from local copper production in Belgium as
a solid precursor in binary blend alkali activated slag mixtures. The focus was further
given to the influence of the Si0,/NayO ratio. In the present study, the influence of three
different SiO,/Na, O ratios (1.0, 1.3 and 1.6) on the fresh (mini-slump and fresh density)
and mechanical (compressive and flexural tensile strengths) properties of binary blend
AAMs are reported.

2 Materials and Methods

2.1 GGBFS, CS and PC Characterisation

The GGBFS and CS powders used to produce the AAMs are type eco2cem (Ecocem)
and Koranel 419 (Aurubis), respectively. CEM 1-52.5 N (Holcim) has been used for
producing the PC based reference mixture. The chemical composition of solid precursors
and PC determined by X-ray fluorescence (XRF) are summarized in Table 1. The CS
composition is characterised by low CaO content and high Fe,O3 content compared
to GGBFS. The particle size distribution (determined by laser diffraction method) and
physical properties (density and median fineness particles d50) of the solid precursors
and PC are shown in Fig. 1 and Table 2, respectively. The particle size distribution of the
PC and GGBEFS are very similar. The CS consists of a slightly broader range of particle
sizes compared to GGBFS and PC.
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Table 1. Chemical composition of precursors (mass% as oxide).

Presursor: GGBFS CS CEM 1
SiOy 31.10 29.50 18.30
CaO 40.90 2.60 63.80
Al,O3 13.70 9.85 5.10
Fe, O3 0.40 45.40 4.70
MgO 9.16 1.05 1.20
SO3 2.31 0.85 3.30
K>O 0.68 0.19 -
MnO 0.31 0.65 -
Na,O - 3.66 0.63
Crp O3 - 1.36 -
ZnO - 3.32 -
Others 1.44 1.57 -
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Fig. 1. Particle size distribution of the solid precursors and Portland cement.

Table 2. Physical properties of the solid precursors and Portland cement.

Properties GGBFS CS CEM 1

Density (g/cm’) | 2.89 345 [3.16
dsq (jum) 8.00 10.00 | 8.50
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2.2 Activator Solution

Sodium hydroxide pellets (Sigma—Aldrich, purity > 98%) and sodium silicate supplied
at 45 wt. % concentration and a molar ratio Si02/NayO (Ms) of 2.0 (type CRYSTAL
0112, PQ corporation), were used for activating the solid precursors. The modulus (Ms)
of the sodium silicate was adjusted by adding a certain amount of sodium hydroxide to
reach a modified sodium silicate solution with a molar ratio of 1.0, 1.3 and 1.6.

2.3 Specimen Preparation

To produce the AAMs, firstly, the solid precursors (GGBFS and CS) and standard
CEN sand (Normesand, Germany) were dry mixed for 60 s in a Hobart mixer (2 1)
to homogenise. Then the activator solution made of sodium hydroxide, sodium silicate
and water prepared 24 h prior mixing, was added and mixed for 60 s at low speed
(140 rpm), then for 90 s at high speed (285 rpm) with the solid precursors and sand to
achieve a homogeneous mixture. The binder content of the AAMs mixtures is defined as
the sum of the solid precursors and dry parts of the activator solution in this study. The
water/binder (w/b) and NayO/binder (Nap O/b) ratios of the mixtures was kept constant
at 0.34 and 4.5% by mass of binder, respectively. A total of three AAMs with three
different molar ratios (1, 1.3 and 1.6) were produced. A PC based reference mixture was
produced along with the AAMSs mixtures for comparison reasons. Similar procedure of
preparation was followed to make the PC mixtures. The mix proportions are shown in
Table 3. Note that the mix proportions of the mortar mixture were determined using
the absolute volume method, in which the differences in the density of the concrete
components are taken into account (Table 4).

Table 3. Mix proportion of AAMs and PC reference mortar mixtures (kg/m3)

Mixture Raw materails! (2) Alkaline solution Sand (g)
G C P Ms w/b NayO/b

AAM-1.0 262 262 - 1.0 0.34 4.5 1640

AAM-1.3 262 262 - 1.3 0.34 4.5 1620

AAM-1.6 262 262 - 1.6 0.34 4.5 1620

CEM I - - 530 - 0.42 - 1603

] represents GGBFS, C represents CS and P represents PC

2.4 Testing Program

Fresh Properties. The fresh properties of the mixtures in terms of mini-slump (flow
spread) and fresh density were determined as follows. The flow speared of the fresh
mixtures was determined by the mini slump test in accordance with EN 1015-3 [15],
about five minutes (t = 0) after mixing. To this end, a truncated cone with a height of



446 S. Ghorbani et al.

Table 4. Flow spread and fresh density mortar mixtures measured at t = 0

Mixture Fresh properties
Flow spread (mm) Fresh density
(kg/m?)
AAM-1.0 140 2270
AAM-1.3 160 2305
AAM-1.6 165 2265
CEM I 160 2100

60 mm and an internal diameter of 100 mm at the bottom and 70 mm at the top was used.
The flow spread value was taken as the mean of the flow spread diameter measured in
two perpendicular directions. The fresh density of the fresh mixtures just after mixing
were also determined in accordance with EN 1015-6 [16].

Mechanical Properties. The mechanical properties of the mortar mixtures were deter-
mined in terms compressive and flexural tensile strengths on the specimens with dimen-
sions 40 mm x 40 mm x 160 mm, according to EN 1015-11 [17], at 1, 7, and 28 days.
Specimens were kept sealed in a curing chamber (20 £ 1 °C; RH = 95%) until the day of
testing. The compressive and flexural tensile strengths for each curing age are reported as
the mean value of six (compressive) and three (flexural tensile) measurements performed
on the mortar specimens.

3 Results and Discussion

3.1 Fresh Properties

The fresh properties of the AAMs and PC based reference mixtures in terms of flow
spread and fresh density is given in Table 3. The flow spread of the AAMs increased
about 14% by increasing the molar ratio from 1.0 to 1.3, while increasing it to 1.6 did
not significantly influence the flow spread values. This observation is in line with the
results reported in the literature [18-20], that increasing the molar ratio caused a delay
in the structural formation of the fresh AAMs mixtures at early age, leading to better
workability properties. The AAMs mixtures (except for AAM-1.0) showed similar flow
spread values compared to that of PC based reference mixture, indicating that comparable
flow speared values to PC mixture can be obtained using the AAMs mixtures developed
in this study. The fresh density of the AAMSs remained fairly constant in the range of
2260 to 2300 kg/m3, regardless of the used molar ratio, which may basically attributed
to the same mixture compositions of the AAMs mixtures (Table 3). The AAMs showed
higher fresh density compared to the PC based reference mixture (about 2100 kg/m3),
which can be potentially associated to the higher density of the GGBFS and CS particles
(Table 2), compared to particles of PC.
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3.2 Mechanical Properties

The mechanical properties of the AAMs and PC based reference mixtures in terms of
compressive and flexural tensile strengths after 1, 7 and 28 days are presented in Fig. 2.
The AAMs mixtures displayed a 1 day compressive strength of more than 7.5 MPa,
and a 28 days strength between 81-86 MPa, respectively, highlighting that high strength
properties can be obtained using the alkali activated systems considered in this study.
The AAMs mixtures with molar ratios of 1.0, 1.3 and 1.6 shows a lower 1 day com-
pressive strength of about 71%, 50% and 41% compared to the reference PC based
mixture, however, as the curing age continues the strength development of the AAMs
takes place with a higher rate, resulting in a higher strength values of the mixtures com-
pared to the PC mixture at later ages. The 28 days compressive strength of the AAMs
mixtures improved about 35%, 39% and 32% using the molar ratios of 1.0, 1.3 and
1.6, respectively, compared to PC reference mixture. Similar trends can be seen in the
flexural tensile strength property of the mixtures. The AAMs mixtures shows an lower
and higher flexural tensile strength (average) of about 60% and 11% after 1 and 28 days,
respectively compared to the PC reference mixture.

Similar to previous studies [21-23], the strength results (Fig. 2) show that the mechan-
ical properties of the AAMs is to some extend depending on the chosen molar ratio of the
alkali activator solution. The strength properties of the AAMs mixtures increased as the
molar ratio increases from 1.0 to 1.3, however, it begins to drop down as the molar ratio
exceeded 1.3, highlighting that the molar ratio of 1.3 can be considered as an optimum
for the AAMs mixtures in this study. Similar trends have been observed in other types
of AAMs, which the strength properties of AAMs first increased an then decreased by
increasing the molar ratio [21-23]. To understand the occurrence of this observation
the following reasonings can be considered. Firstly, increasing the molar ratio of the
activator solution results in a denser microstructure of the hardened binder due to the
formation of more reaction products with Si-O-Si bonds, resulting in higher reaction
degree and consequently higher strength properties of the hardened structure [23]. On
the other hand, increasing the molar ratio beyond an optimum value may avoid further
dissolution of the reaction products potentially due to the formation of Si layer on the
precursor particles surface [23, 24]. Note that the optimum value in terms of molar ratio
is not the same for different types of AAMs [23], therefore, the reported optimum value
of 1.3 is only valid for the AAMs mixtures developed in this study. The compressive
strength of the AAMs mixtures reduced about 17.0% and 5.0% after 1 and 28 days by
increasing the molar ratio from 1.3 to 1.6. This equals to 8.5% and 8.0% in terms of
flexural tensile strength. Finally, it can be concluded that using 50% CS, regardless of
the chosen molar ratio still gives high strength properties.
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Fig. 2. Mechanical properties of the mortar mixtures: (a) compressive strength and (b) flexural
tensile strength (the error bars are based on six compressive strength and three flexural tensile
strength measurements performed on the mortar specimens, respectively)

4 Conclusions

In the present study, the influence of three different SiO,/Na;O ratios on the fresh and
mechanical properties of a binary blend alkali activated of CS and GGBFS has been
investigated and the following conclusions can be reported:

1. The AAMs mixtures displayed almost similar fresh properties to that of PC based
refence mixture in terms of flow spread and fresh density. Increasing the molar ratio up
to 1.3 improved the flow spread value about 14%, while its influence for higher molar
ratios (1.6) was negligible. The fresh density of all the AAMs mixtures remained
almost constant and slightly higher than that of PC based reference mixture.
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The AAMs mixtures with molar ratios of 1.0, 1.3 and 1.6 displayed a higher 28 days
compressive strength of 35%, 39% and 32% compared to PC based reference mixture,
respectively. This improvement is about 12%, 15% and 6%, in terms of flexural tensile
strength, respectively.

. Increasing the molar ratio up to 1.3 positively influenced the strength properties of

the AAMs mixtures, while exceeding the 1.3 value negatively affected the strength
properties of the AAMs mixtures. It can be concluded that the molar ratio of 1.3 is
an optimum value in terms of strength properties for the AAMs mixtures developed
in this study.
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