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Abstract

Sustainable alternative constituents to cement are required to reduce its detrimental impact on the environment. This study
mainly focuses on the alternative materials to cement which are all derived as by-products from steel/iron and MgO manufacturing
industry. These alternative materials have been popularised in the last few years for their effective usage in the environmental
applications. Furnace steel slag, low grade MgO and pulverised fly ash are the materials proposed as cement replacement. The
results of this study will be used to demonstrate the characteristics of alternative materials by means of both physical and chemical.
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1. Introduction

The concept of sustainability has been growing in popularity since many years. In parallel to this popularity, the use of
sustainable construction materials mostly in construction industry and in many environmental applications has been preferred.
Cement is the most commonly used construction materials with very high carbon emissions. The production of cement causes large
amounts of carbon emissions to be released into the environment and involves an overuse of natural resources [1]. Therefore, more
environmental friendly alternatives to cement are being sought. This has incited the use of different types of additives and binders
as substitutes for cement.

An industrial by-product may be used in the cement manufacturing process in two different ways. One could be the use of the
by-product as the raw material feed to the kiln in the manufacture of PC in place of coal. Alternatively, by-products could be used
together with PC by mixing slag cements or PFA as pozzolans [2], [3]. Moreover, cement/fly ash, cement/soluble silicate and
lime/coal fly ash are the combinations that have been tried for the replacement of cement [4].

In this paper, alternative binding agents to cement are discussed in detail with the aim of achieving the most sustainable way
of producing cement or its substitutes with same or at least similar mechanical and chemical properties. Accordingly, LGMgO is
found to be an effective cement replacement material at different ratios. LGMgO has similar hydration characteristics as cement.
Strength development continues at longer curing ages and LGMgO is reactive enough when in contact with water to produce
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hydration reactions and products that are required for strength development. The compressive strength development of LGMgO is
not as good as cement however it is promising that these materials can replace cement in many other civil engineering and/or
environmental applications. The findings highlighted the environmental and economic potential of replacing cement and other
binding materials with LGMgO and steel slag. The replacement materials should also be as cost-effective as cement. The cost of
the binders may cause severe restrictions on what type and quantity of binder can be used. Hence, materials which are cheaper
than and as effective as cement should be selected. In this study, LGMgO, steel slag, hlime and PFA have been selected for cement
replacement. The selection of binders was based on the effectiveness and cost of the materials compared to cement.

2. Materials and Methods
The materials and methods used in this research study are summarised in the following sections.

2.1. Materials

CEML [5] was used in this study. The chemical compositions of all materials used in the study are given in Table 1. LGMgO
is a by-product of the calcination process of magnesite in a kiln at a temperature of 1100°C. It is produced and sold by a Spanish
company called Magnesitas Navarras, S.A. LGMgO was used as a cement substitute in this study. It is necessary to mention that
MgO can be classified as low grade only if the MgO content is no more than 65 to 70%. Pure (high grade) MgO contains up to 94
to 98% of dry weight MgO and the exposure limit is 10 mg/m?. The MgO obtained shows a narrow range of reactivity and is titled
‘hard-burned’. PFA - F types [6] has been widely used for the stabilisation of hazardous wastes [7]. It is commonly used in S/S
technology as a replacement material for cement and is commonly known as ‘fly ash’ in many countries. It is a by-product of coal-
fired power generation and has been used mainly to reduce the cost of solidification. In this study, PFA was selected as an
alternative binder in order to demonstrate that the results are consistent with the literature and that the technique can be applied as
a generic solution for waste treatment, regardless of the variation in the waste produced. The addition of hlime may help increase
the Ca?* and OH- ion concentration, which produces a better and faster hydration of PC. The use of lime-pozzolan binders can be
quite helpful in reducing the product cost by using less cement. The ecologic profile of the material is improved with equivalent
strength and durability performance with the usage of alternative lime-pozzolan materials instead of cement. Lime has some clear
benefit on the quality of the mix. It has very fine particles which, during mixing, can occupy the empty spaces which cement
particles cannot. Thus, it helps decrease or limits the flow of water and increases water retention in the fresh mix [1]. There are
many different types of lime (e.g., hlime Ca(OH), and quicklime (CaQ)) being produced worldwide. Hlime produced from
limestone by calcination and hydration of the quicklime has been used in this study. The hlime [9] was used in this study and is
mainly composed of Ca(OH); and CaCQOs.

Table 1. Chemical Analysis of PC, LGMgO, PFA and HLIME

PC LGMgO PFA HLIME

Compound (%) (%) (%) (%)

CaO 63.78 10.53 1 10.2
SiO, 20.33 7.50 45 -

Al203 4.47 1.20 27 0.05

SOs 3.09 76.40 1 3.2
F6203 2.52 - 0.3 -

MgO 1.07 3.12 7 0.2

K>O0+ NaO 0.81 - - 57.6

2.2. Methods
2.2.1. Physical and Chemical Characteristics of Solidified Samples

Setting time, UCS before and after WI, ANC, workability, bulk density (BD) and moisture content (MC) measurements were
conducted to analyse both the physical and chemical characteristics of the samples studied. The hazardous nature of the samples
was determined after a curing period of 28 days followed by 64 days’ testing according to the EA NEN7375:2004 [11]. The
leaching characteristics of the products prepared were also tested using the ANC and granular leaching tests. The hazardous nature
and leaching tests of the samples prepared are required since some waste/by-products of other production processes are used as a
replacement material. The substitution ratios used in the research are depicted in Table 2 with the various w/s ratios given in Table
3.
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Table 2. Cement-binder substitution ratios - Screening Tests

Mix C(';)'\;” Binder (%)
CEMI-BINDER-1:1 50 50
CEMI-BINDER-1:2 33 67
CEMI-BINDER-1:3 25 75
CEMI-BINDER-1:4 20 80
CEMI-BINDER-1:5 17 83
CEMI-BINDER-1:6 14 86
CEMI-BINDER-1:7 125 875
CEMI-BINDER-1:8 11 89
CEMI-BINDER-1:9 10 90

Binder = Slag / LGMgO / PFA / hlime

Table 3. Water/solid (w/s) ratios (%)

CEMI-hlime 1:1 ] 1:2 | 1:3 | 1:4 | 1:5 | 1:6 | 1:7 | 1:8 | 1:9
Water (%) 60 60 60 60 60 60 60 60 60
CEMI-LGMgO 1:1 | 1:2 | 1:3 | 1:4 | 1.5 | 1:6 | 1:7 | 1:8 | 1:9
Water (%) 40 40 45 45 50 50 50 50 50
CEMI-PFA 1:1 | 1:2 | 1:3 | 1:4 | 1:5 | 1:6 | 1:7 | 1:8 | 1:9
Water (%) 20 20 | 20 20 20 20 20 20 20
CEMI-SLAG 1:1 | 1:2 | 1:3 | 1:4 | 1.5 | 1:6 | 1:7 | 1:8 | 1:9
Water (%) 18 15 15 15 18 15 15 15 15

The wis ratios used in the grout varied depending on the workability of the product as the fineness of the material had a
significant effect. Hlime is a fine, non-hydraulic material and does not set when in contact with water. On the other hand, slags do
exhibit cementitious properties. PFA is a pozzolanic and hydraulic material which reacts when in contact with water. However, it
requires less water compared to hlime due to its high MC and higher particle size distribution. The water demand of PFA is higher
than for hlime, slag and LGMgO as received.

CEMI-PFA w/s ratios were varied between 18 and 25% with no significant variations in the results obtained. Consequently,
20% was selected as the optimal wi/s ratio for these particular combinations. CEMI-slag combinations exhibited the same behaviour
as PFA-blended grouts with water/solid ratio trials ranging between 15 and 20%. A 15% ratio was selected as it presented good
workability results as well. The wi/s ratio was increased to 18% only at a 1:1 mix ratio. CEMI-LGMgO needed more water (>
40%) for good workability results to be achieved. For ratios in excess of 1:5, the wi/s ratio was kept constant at 50%. The w/s ratios
obtained and the mix designs tested were compared to results published in the literature. However, no comparison could be made
in the case of LGMgO and steel slag as information is lacking on their use for the environmental applications (such as the treatment
of hazardous waste using S/S technology). The results achieved in this study are similar to those obtained by other researchers as
illustrated in Table 4.

Table 4. Mix Designs in the Literature

Reference Binding Systems (% solids) WIS ratio
[10] 40-100% AABFS* 0.43-0.75
40-100% CEMI 0.28-0.63
0-20% CEMI
[11] 0-20% CEM 11l Portland-slag | 22040
[12] 75-100% CEMI 0.265-0.310
[13] 10-100% CEMI 0.17
[14] 0-30% FA or CFA 0.30

W/S=water/solid ratio; *AABFS=alkali activated blast furnace slag;
CEMI/CEMII/CEMIII=Ordinary Portland cement type l/type Il/type Il
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3. Results And Discussions
3.1. Physical Characteristics of Solidified Products
3.1.1. UCS before and after Water Immersion

Samples at various CEMI/binder ratios were prepared in triplicates, cured for 7, 28 (before and after WI) and 56 days and then
tested. The results are depicted in Figs. 1-5, respectively. In addition to 28 days testing of strength, some samples were cured
either for a shorter or longer period of time in order to verify the effect of the curing period on strength development. Certain
selected samples were cured for 70, 120, 180, 365, 450 and 630 days and the results achieved are provided in Tables 5-8,
respectively. With CEMI-only mix combinations, the wi/s ratio was kept at 0.40 at all ages and the UCS results are shown in Fig.
1.
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Figure 1. CEMI-only mix combinations for UCS 7, 28, 56 days and W1 (28 days)
*Error bars with standard deviations included

As illustrated in Fig. 1, strength development continued as the curing age increased from 7 to 56 days. Hence, longer curing
age means better strength development in the case of cement-based mixtures. UCS increased by approximately 20% between 7
and 56 days while a 10% reduction was observed at 28 days curing age after WI. [15] suggested the measurement of UCS after
immersion to check whether strength development is due to hydration rather than drying and if there is any matrix disruption. The
matrix disruption is caused by matrix dissolution or deleterious swelling as a result of reactions with water (such as retardation
of ettringite formation or hydration of silica gel).The results of this study would verify the fact that lower strength development at
28 days after WI may be due to the retardation of ettringite development. The drying of the specimens cannot possibly be the case
under these circumstances since the samples are kept in a humidity room with a damp cloth in sealed plastic bags. Hlime was
introduced into the grout in the range of 50-90% to test its efficiency on strength development and to observe its performance as a
cement substitute. In the literature, hlime has been widely used in the treatment of waste as in cement-blended mixtures. However,
in previous studies, the ratio of cement was much higher than hlime, hence; cement was used as the dominant binder in the mixtures.
In the present study, CEMI-hlime 1:1 to 1:9 ratios were tested instead of 2:1 to 9:1 ratios as widely tested by many other researchers
[16], [17], [18], [19]. Therefore, a weak strength development was expected due to the lack of cementitious characteristics in
hlime. The UCS results of CEMI-hlime mix ratios are depicted in the following Fig. 2.
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Figure 2. CEMI-hlime mix combinations for UCS 7, 28 and 56 days
*Error bars with standard deviations included
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According to the results illustrated in Fig. 2, UCS values of hlime-blended mixes are quite low when compared to the control
sample, CEMI-only. UCS testing was only done for ratios of up to 1:6 as the UCS values were well below 1 MPa and the grout
never developed a strength that could be measured after 7, 28 or 56 days at 1:7, 1:8 and 1:9 mix ratios. Strength development was
reasonably high only at CEMI-hlime 1:1 and 1:2 ratios and the rest was not sufficient to be considered for further testing. When
it comes to environmental application , It is a requirement of the WAC that only mixtures with sufficient strength development
(UCSzs4 > 1 MPa) should be considered for further testing, including ANC, monoalithic and granular leaching tests. The weak
strength development observed could be linked to the high w/s ratio selected (0.60) and to the lower cement content compared to
previous studies as mentioned earlier. The amount of cement is not sufficient for hydration reactions and hence strength
development. The large amount of water requires more cement to be reacted in order for the hydration to be completed. In addition,
hlime being a fine material, the particles does not allow the available cement particles to get in touch with water for an effective
hydration reaction to take place. WI testing was only conducted for the first two ratios (1:1 and 1:2) and the results are shown in
Table 5. According to these results, strength development after W1 was slightly better than before. This was mainly valid in hlime-
blended mix combinations as most of the other blends had lower strength development after W1 as can be seen in the UCS results
reviewed throughout the paper. This could be linked to the fact that rehydration occurred during WI where cement particles found
a way to interact with water for hydration.
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Figure 3. CEMI-LGMgO mix combinations for UCS 7, 28, and 56 days and W1 (28 days)
*Error bars with standard deviations included

In Fig. 3, UCS results for CEMI-LGMgO mix combinations are shown. Similar behaviour was noticed as UCS results
for CEMI-hlime mix combinations, where a longer curing period means better strength development. Moreover, UCS values
decreased after WI. A problem in the matrix physical integrity might be suggested in these samples due to the reduction in strength
after WI. The weaker strength development after W1 could be linked to the delayed ettringite formation in the presence of excess
water. This might cause matrix disruption as a result of expansion caused by ettringite formation. As it is clear from the results,
strength development continued with longer curing ages, which confirms continuing hydration reactions taking place [15],[20].
Overall, all ratios achieved better strength development compared to hlime-blended mixtures whereas most of the ratios, regardless
of curing age, achieved UCS values higher than 1 MPa. Various w/s ratios were used in those blends as higher LGMgO content
required more water to achieve a good consistency. It is clear that LGMgO has similar hydration characteristics as cement, which
is much better than hlime. Strength development continues at longer curing ages and LGMgO is reactive enough when in contact
with water to produce hydration reactions and products that are required for strength development. PFA-blended mixes were also
considered as PFA has been widely used in the environmental applications (i.e. in the treatment of hazardous waste) and in the
substitution of cement due to its pozzolanic properties. The UCS results obtained with PFA additions are shown in Fig. 4.
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As seen in Fig. 4, all the mix designs studied have met the UCS WAC limit (>1 MPa). In environmental applications like waste
stabilisation, waste could be incorporated in any ratio as strength development continued even after 56 days and the values were
quite high, and thus may be affected less by waste incorporation when compared to other blends studied. Those with WI test
results demonstrated better strength development compared to before WI. The cementitious properties of PFA are effective in
activating the hydration reactions required for strength development. The retardation of ettringite was possibly reduced by the
pozzolanic characteristics of PFA which formed cementitious materials required for the completion of hydration when in contact
with water and cement. Overall, hlime and PFA results showed a development in strength after Wl where CEMI-only, LGMgO-
blended and slag-blended mix combinations demonstrated a weak strength development after WI. However, all exhibited a similar
trend of strength development with longer curing.

The slag-blended mixtures were tested according to its effect on strength development and the results achieved are depicted in
Fig. 5. According to the results obtained, it is clear that slag achieves much better strength development than hlime, LGMgO and
even PFA, with UCS values increasing up to 50 MPa. Moreover, all ratios tested yielded higher than 5 MPa, regardless of the
curing age, well above the UCS WAC limit (LMPa). The blends showed promising strength development even at 7 days of curing
and it continued even after 56 days. There were only slight differences in the results obtained before and after WI.

Some further extended tests were conducted on several selected mix designs to show the effect of curing age on strength
development. Tables 5-8 illustrate these extended testing results. CEMI-hlime mix designs showed a consistent behaviour and
only CEMI-hlime with a 1:1 ratio had a good UCS value at 630 days. CEMI-LGMgO combinations showed continued strength
development with increased curing age. A similar behaviour was observed for most of the CEMI-PFA and CEMI-slag mix
combinations.

The w/s ratios used in the experiments are also shown in Table 5-8. PFA does not require as much water as hlime does. This
is due to the water content in the as received PFA. The water required for hydration is provided both by the addition of extra water
into the mix blends and by the water content of PFA itself. On the other hand, slag does not contain as much water as PFA and
the w/s ratio used in the mix blends are low. The lower w/s ratios used in the slag-blended mixtures resulted in better strength
development.
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Figure 5. CEMI-slag mix combinations for UCS 7, 28, and 56 days, W1 (28 days)
*Error bars with standard deviations included
3.1.2. Bulk Density Results

Fig. 6 shows BD results for CEMI-only mix combinations at different curing ages. BD values remained almost constant
for CEMI-only mix combinations with increasing curing age. A constant wi/s ratio of 0.40 was used for all curing ages.
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BD results for CEMI-hlime and CEMI-LGMgO mix combinations are depicted in Figs. 7 and 8, respectively. A similar approach
was used for the CEMI-hlime mix combinations where a constant w/s ratio (0.60) was used at all ratios studied. The w/s ratio only
changed for CEMI-hlime 1:2 ratios to 0.65 where a change in the BD values was observed. The w/s ratio was kept constant at
0.60 for all other ratios studied and no significant difference was observed. Therefore, it was concluded that the incorporation of
hlime into the mix matrix and a longer curing age had no significant effect on BD. The w/s ratio, on the other hand, did have an
impact on BD values. All the ratios studied had BD values ranging from 1.50 to 1.6 g/cm®. CEMI-only mix combinations had
higher BD values than CEMI-hlime mix combinations. Therefore, it may be concluded that higher BD values mean higher UCS
values.

For CEMI-LGMgO combinations, the w/s ratio was increased with increasing the LGMgO content in the mixture. Therefore,
it is difficult to critically analyse the effect of these two factors on BD results. The results, depicted in Fig. 8, clearly show that
there is no clear trend in the BD values where a conclusion could be derived on what has caused the change in values. The only
conclusion that may be reached is the fact that the BD values varied between 1.75-1.94 g/cm? regardless of the curing age and
LGMgO content in the mixture. The results achieved were not significantly different and can be considered as negligible. No clear
effect of wis ratio, curing ages and LGMgO content was observed on the BD values.

The BD results for CEMI-PFA and CEMI-slag mix combinations are shown in Figs. 9 and 10, respectively. Apparent
increases in BD values for slag blends were observed at all ratios studied compared to hlime, PFA, LGMgO and cement-only mix
combinations. Slag-blended mixtures had values higher than 2 g/cm?3, which was the highest BD value achieved among all the mix
combinations tested. Steel slag is a heavy material compared to other binding agents used in the study. Hence, achieving higher
BD values was expected.

Table 5 CEMI-hlime mix combinations for UCS WI, 180 and 630 days

Curing period (days)
Mix UCS values (MPa)

WI | 180d | 630d w/s ratio
CEMI-hlime 1:1 1109 | NA 11.8 0.6
CEMI-hlime-1:2 | 34 NA NA 0.6
CEMI-hlime-1:3 | NA 1.6 NA 0.6
CEMI-hlime-1:4 | NA 0.4 0.4 0.6
CEMI-hlime-1:5 | NA 0.1 0.3 0.6
CEMI-hlime-1:6 | NA 0.1 0.1 0.6




B. Cubukcuoglu / J. Sustain. Construct. Mater. Technol. 3(2) (2018) 191-211 198

Table 6 CEMI-LGMgO mix combinations for UCS 70 and 180 days

Curing period (days)
Mix UCS values (MPa)
70d 180d | wisratio
CEMI-LGMgO-1:1 | 224 NA 0.40
CEMI-LGMgO-1:2 | 16.8 NA 0.40
CEMI-LGMgO-1:3 ] 10.1 NA 0.45
CEMI-LGMgO-1:4 3.9 NA 0.45
CEMI-LGMgO-1:5 2.4 NA 0.50
CEMI-LGMgO-1:6 2.4 3.0 0.50
CEMI-LGMgO-1:7 NA 3.8 0.50
CEMI-LGMgO-1:8 3.6 3.6 0.50
CEMI-LGMgO-1:9 3.6 3.0 0.50

Table 7 CEMI-PFA mix combinations for UCS 90 days and WI

Curing period (days)
Mix UCS values (MPa)
Wi 90d | wisratio
CEMI-PFA-1:1 42.0 36.4 0.20
CEMI-PFA-1:2 27.8 NA 0.20
CEMI-PFA-1:3 NA NA 0.20
CEMI-PFA-1:4 NA NA 0.20
CEMI-PFA-1:5 NA NA 0.20
CEMI-PFA-1:6 NA NA 0.20
CEMI-PFA-1:7 9.2 12.3 0.20
CEMI-PFA-1:8 9.2 11.6 0.20
CEMI-PFA-1:9 7.6 NA 0.20

Table 8 CEMI-slag mix combinations for UCS 70 and 120 days

Curing period (days)
Mix UCS values (MPa)
70d 120d wi/s ratio
CEMI-slag-1:1 NA NA 0.18
CEMI-slag-1:2 46.4 NA 0.15
CEMI-slag-1:3 NA NA 0.15
CEMI-slag-1:4 32.5 NA 0.15
CEMI-slag-1:5 20.4 13.6 0.15
CEMI-slag-1:6 22.0 NA 0.15
CEMI-slag-1:7 NA 8.4 0.15
CEMI-slag-1:8 NA NA 0.15
CEMI-slag-1:9 NA NA 0.15

In summary, the following conclusion can be derived on BD values for the various blends studied: BDniime < BDpra < BDLomgo
< BDcemi-ony< BDsLag. This shows that although BD is an important indicator and influences the UCS, the strength level achieved
is mostly affected by the amount of cementitious materials available for hydration reactions.
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3.1.3. Moisture Content (MC)

The water content (as a percentage) of samples studied is depicted in Figs. 11 to 15 for samples studied. The results show that
hlime-blended mixtures achieved the highest water content values. This may be linked to the high wi/s ratios used. When the
strength values achieved are taken into account, it may be concluded that the water was not used effectively for the hydration
reactions taking place and hence strength development was very weak. Thus, the un-hydrated cement particles remained in the
blends along with an excessive amount of unused water. In the literature, lime is often added to sludge type mixes which already
have a high water content in order to reduce the MC and to reach the desired level of compaction [21]. The decrease in the MC
helps to enhance the workability of the grout. In contrast, when hlime was introduced into the mixture in this study, the amount
of water was increased in order to achieve a reasonable workability which, as a consequence, decreased the strength development
of the S/S product. The curing age has a clear effect on the MC of the samples. This is due to the continuing hydration reactions
taking place in the mixture. All ratios studied achieved the lowest MC values at 56 days of curing age. The water content of the
LGMgO-blended mix designs was not as high as for the hlime-based mix matrix. This may be linked to the smaller wi/s ratio used
in the matrix. PFA and slag-blended mixtures used approximately the same w/s ratio. However, PFA, as received, already contains
some water. Hence, the lower water content means better hydration reactions and better strength development [20]. Slag-blended
mixtures had quite low MC values compared to other mix blends. This may be linked to the low wi/s ratio used in the mix design
or to the good quality of hydration reactions that took place in the matrix. In the literature, work focusing on the use of another
type of slag, GGBS, showed that water used in the matrix design increased with the increase of GGBS content [22]. In this study,
the water content was reduced as it was used with increasing slag content and hence the available water was used effectively in the
slag-blended mix matrix.
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Figure 11. CEMI-only — MC (%)

3.1.4. Consistency

The properties of the fresh grouts are evaluated by determining their workability and the results are depicted in Figs. 16 to 19.
The consistency of the grouts is reported as an average value for the samples prepared for 7, 28, 56 days and W1 testing. The
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consistency and MC of the mixes were measured to control water addition. A sufficient amount of water was added to form a
mortar-like mix. The water/cement ratio determines the effect of the water content since it introduces the concept of the workability
required when the material is to be mixed, poured and cast [23]. MC is an important tool not just because it affects the water/binder
ratio, but also has an effect on the workability, strength and permeability of the samples. As [24] pointed out in the case of PC,
the water/binder ratio needs to be 0.23. The further addition of any amount of water required for cement hydration will cause an
increase in both porosity and permeability. As previously mentioned by [25], the addition of cement significantly reduces the MC
of the samples. Since this study focuses on decreasing cement usage, the effect of other materials (hlime, LGMgO, PFA, steel
slag) on the MC, consistency and BD are discussed. For CEMI-hlime mix combinations where a constant w/s ratio was used, the
quality of the consistency decreased with the addition of more lime into the mix matrix. The values were in the range of 160 to
212 mm. It is difficult to comment on CEMI-LGMgO consistency results as both the w/s and binder/cement ratios were changed.
Hence, the results achieved do not follow a specific trend. However, at 1:1 and 1:2 ratios where w/s ratio was constant, a decrease
in consistency was observed with an increase in LGMgO content. The consistency values were in the range of 186 to 225 mm
with only 1:2 and 1:4 mixes exhibiting values within the WAC limits (17510 mm).

The consistency results for CEMI-PFA mix blends are depicted in Fig. 18. According to this data, it is difficult to comment on
PFA-blended mixtures’ consistency results as no particular trend can be observed. The results achieved were in the range of 192
to 224 mm, which is much higher than the WAC limits (175 £ 10 mm). This may be linked to the excess amount of water added
or simply to the water coming from the PFA itself. Fig. 19 summarises the consistency results for CEMI-slag mix blends. The
values are in the range of 177 to 213, higher than the WAC limits even at very low wi/s ratios (0.15-0.20). This is due to the fact
that further hydration is retarded within a few minutes of exposure to water because of a coating of aluminosilicate forms on the
surface of slag grains [26]. Under these conditions, the rate of hydration is very slow and can only be accelerated in alkaline media
where the alkalinity can be provided by either lime or PC clinker [27].
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3.1.5 Specific gravity

The specific gravity results of the materials as received are shown in Table 12. The specific gravity values of the steel slag and
LGMgO used in the study are quite similar with less than 5% difference. On the other hand, hlime and PFA used in the study had
similar values but significantly lower than CEMI and LGMgO values. When compared to water which has a specific gravity of 1,
all materials studied are denser than water and hence will sink in it. CEMI, slag and LGMgO are denser than hlime and PFA. Steel
slag, CEMI and LGMgO are expected to yield a higher density products compared to conventional mixes having less specific
gravity values.

3.1.6 Setting Time

Setting time, both initial and final, of the mortar were tested using a manual Vicat apparatus. The setting time was measured
for all CEMI-lime and CEMI-LGMgO mix combinations but only for selected combinations of CEMI-PFA and CEMI-slag-
blended mix matrices. Setting time measurements were only undertaken for one sample during the first stage of the research. The
initial and final setting time results are shown in Figs. 20 to 24. The results show that PFA and slag-blended mix designs set in a
shorter period of time at all binder ratios studied when compared to LGMgO and hlime blends. On the other hand, hlime-blended
mix designs had faster initial setting time results but slower final setting time when compared to LGMgO blends. LGMgO had
much longer values for both initial and final setting compared to CEMI-only.

The chemical characterisation and elemental composition of materials used in the study provide information on what has
affected the setting time. The pozzolanic characteristics of both steel slag and PFA result in quicker stiffening and hence more
rapid setting than for hlime. In hlime-blended mixtures, the setting was slowed down due to the lack of pozzolanic behaviour of
hlime that is required to set when in contact with water and hence the hydration process that is required for the stiffening and
hardening of the matrix. According to the setting time results attained, LGMgO lacks pozzolanic properties compared to slag and
PFA. LGMQgO is a reactive material that reacts when in contact with water. However, the setting of LGMgO-blended mixtures
took longer compared to CEMI-only mixes.
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3.2. Chemical Characteristics of Solidified Products
3.2.1. Acid Neutralisation Capacity (ANC)

Based on the UCS, consistency and setting time results, the ratios to be used in the Stage 2 of this research study are 1:2 and
1:4. Hence, ANC testing was performed only on a selection of mixed design ratios and the results are illustrated in Figs. 25 to 33.
As Fig. 25 shows, the pH results for CEMI-only mix design along with acid additions ranged from 4.71 to 12.62. The graph shows
a decreasing trend with the increase of acid additions. The pH of the mix design was around 6 at 8 meg/g acid additions, which
means that the solution lost its alkalinity only with 8 meq/g or more acid addition levels. PC is an alkaline material that keeps the
pH level of the environment basic in nature, even in the worst conditions where most of the materials could be kept insoluble. This
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is mainly the reason why PC has been accepted as a good fixation agent for heavy metals in S/S treatment technology. PC has a
very high buffering capacity and is resistant to acid attacks.

As shown in Figs. 26 and 27, some pH data are missing. During the experimental study hlime-blended mixtures were found to
have achieved a slightly decreasing trend with an increase in acid additions. Hence, there was no need to take pH readings between
the values. Overall, it is apparent that regardless of the curing age, pH values decreased with acid additions although they were
still at levels that are considered to be alkaline in nature. Hence, it is clear that hlime is an alkaline stabilising agent and does not
lose this characteristic even under the worst conditions. pH values do not change significantly with further addition of hlime into
the mixture. Moreover, no clear effect of curing on pH was observed at any point investigated. pH values were around 11.2 to
12.5, which is high enough to be considered alkaline even at very high level of acid additions.
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Figs. 28 and 29 illustrate the ANC results for CEMI-LGMgO at 7 and 28 days curing age, respectively. LGMgO blends
demonstrated a very good buffering capacity even at high acid additions similar to PC and hlime blends. The pH values decreased
to 7 with 7 meg/g or more acid additions. Figs. 30 and 31 show the ANC results for selected PFA-blended mixes at both 7 and 28
days curing age, respectively. The results indicate that PFA lowers pH values immediately when in contact with acid. Hence, the
alkalinity cannot be preserved after 5 meg/g acid additions. Figs. 32 and 33 show the ANC results for CEMI-slag at 7 and 28 days
curing age, respectively. The pH values were lower than 7 after 7 meg/g or more acid additions. Steel slag may also be considered
as an alkaline material since it also resists acid attacks and remains in an alkaline condition even with high acid additions.

The ANC results of the as received materials used in the study are shown in Fig. 34. PC is an alkaline material and its buffering
capacity is high as pH starts significantly decreasing only at 10 meq/g acid additions. On the other hand, as shown in Fig. 34, PFA
is not resistant to acid attacks as its buffering capacity is very low. The pH levels of PFA decrease very sharply starting from 1
meq/g acid addition down to 2.37 only at 1 meqg/g acid addition. Steel slag, LGMgO and hlime are all alkaline materials and pH
levels remain very high even at very high acid addition levels. The buffering capacity of these materials is extremely high and they
are thus resistant to extreme acid attacks.

The pH levels of EAFD waste decrease very sharply at 7 meqg/g acid addition, down to 3. It may be concluded that if the
stabilising agents used are alkaline materials with EAFD addition, the buffering capacity of the blended mixture should be
reasonably high as EAFD resists acid attacks and pH levels would go down to acidic levels only with 7 or more meg/g acid
additions. The buffering capacities of the binders are in the order, hlime > CEMI > slag > LGMgO > PFA.
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3.3. Leaching Test Results
3.3.1 Granular Leaching Test Results

Heavy metal leaching is generally expected from materials which contain heavy metals in their as received state. After
solidifying the samples, the leaching potential of heavy metals is tested and the influence of fixation on heavy metals leaching is
examined. It is expected to see no heavy metals leaching at this point of testing. However, PFA, slag and LGMgO are by-products
of some specific processes and hence they might contain some metals which may leach when in contact with the leaching medium.
Itis important to keep in mind that some reactions that occur during the mixing and interactions with water and hence the hydration
may cause some metals that exist in very small quantities in the as received materials to leach. Leaching tests were therefore
conducted on samples for validation purposes only. The granular leaching test results obtained are shown in Tables 13 to 16. No
heavy metal leaching was observed at any ratios and mix designs studied at 28 days of curing age.

3.3.2. Monolithic Leaching Test Results

In Stage 1 of the experiments, only the heavy metals were investigated in the monolithic leaching tests. Tables 17 to 20 show
the monolithic leaching test results for mix combinations. The results indicate that Ba leached and exceeded the WAC limits at
some CEMI-hlime ratios whereas Mo leaching was observed in CEMI-PFA mix blends and both Mo and As leached from CEMI-
slag mix combinations with rates higher than the WAC leachability limits. Ba leaching is linked to the fact that it may be found
in a relatively soluble form: Ba(OH).. Cr leaching can only be controlled if it is reduced from the Cr(VI) to the Cr(l11) form [28].
Mo may be in the form of MoO3 and dissolved in an alkaline solution. Ca content plays an important role in controlling As
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leachability. If the amount of lime is high in a system, it is more effective in lowering the leachability of As than PC. Therefore,
a higher Ca content means lower As leaching rates. The formation of calcium arsenite (CaHAsOs3) reduces the leaching rate and
mobility of As.

LGMgO and steel slag contain very small amounts of heavy metals as a result of the production process and hence the leaching
of those elements is not very surprising when it comes to the cumulative leaching of metals in question. However, for CEMI-
LGMgO mix combinations, none of the leaching rates of metals under discussion exceeded the limits at any ratio studied. This is
probably due to the high alkalinity of the CEMI/LGMgO binder system and successful fixation of heavy metals within the S/S
matrix.

4.  CONCLUSIONS

e Best physical performances were achieved in the following order; CEMI-only > CEMI-slag > CEMI-PFA > CEMI-
LGMgO > CEMI-hlime. However, most of the slag-blended samples achieved higher UCS values than CEMI-only
samples at longer curing ages (>28 days, CEMI-slag 1:2:40, at 56 days, both CEMI-slag 1:2:70 and 1:4:40).

e Metals mobility of Pb, Cd and Zn, is associated with pH. Low pH values (<7) increase the solubility of the metals in
question, whereas pH values in the range of 8 to 11 decreases the mobility of those metals.

e The leaching test results showed that the leaching test according to [9] provides a more conservative scenario than the one
presented by the standard [29] for granular waste.

o Effective replacement of cement by LGMgO and steel slag (both waste by-products) at a ratio of 1:4 significantly
improves both the economics and sustainability characteristics of cement replacement.

5. Recommendations And Future Work

Matrix integrity is important for maintaining the low permeability of the system and the insolubility of the metals encapsulated
in the solid matrix. The physical integrity of the matrix could be deteriorated by its dissolution; therefore, maintaining low bulk
matrix solubility is required [20]. The leachability of the metals could only be controlled by diffusion and hence the leaching
mechanism of each metal in the matrix should be known in order to have control over the contaminants’ mobility. Therefore,
diffusion leaching mechanism assessment is required to determine the mechanisms that control the leaching of the heavy metals in
the matrix.

Contaminants transported into the environment by diffusion must first be dissolved in the pore water and hence the pH condition
of the pore water is important to control the metals’ solubility in order to reduce the diffusion of the contaminants into the
environment. Therefore, it is important to determine the leaching mechanisms that control the metals leaching in both the early
and later intervals.
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