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Abstract 

Depending on the availability of aggregate sources pertaining to their geographic locations, 

the concrete industry utilizes conventional aggregates such as marine sand, dredged gravel, 

or crushed rocks. This method requires high energy and high processing costs for washing and 

grinding. The objective of this work is to use Modified Ferro silicate slag (MFS), a by-product 

obtained from the copper industry, as an alternative to the conventional fine aggregates 

found in mortar. No additional processing such as washing or grinding is required. By using 

the MFS slag as an aggregate in mortar or concrete, the factors of sustainability and a circular 

economy are enhanced. The current study focuses on the characterization of the MFS slag, 

including the mortar mixes with the MFS slag as a fine aggregate, and shows that the MFS slag 

can be a promising raw material to replace conventional aggregates in mortar. The leaching 

of its heavy elements such as Sb, As, Cr, Mo, Pb, and Zn was conducted well within limits 
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(VLAREMA 4). The SEM and MIP analyses indicated that the porosity of the MFS slag mortar 

was higher compared to the standard aggregate mortar. Moreover, the MFS slag mortar 

showed acceptable resistance toward the alkali-silica reaction and carbonation. 

Keywords  

MFS slag; aggregate; microstructure; leaching, compressive strength; sustainability. 

 

1. Introduction 

On the one hand, due to growing concern over global warming and climate change, there is 

increased pressure on the construction industry for using sustainable building materials. Concrete 

is one of the main materials used in the construction industry, and its aggregates form the major 

component in it. Depending upon the availability of the aggregate in specific geographic locations, 

the construction industry uses conventional aggregates such as marine sand, dredged gravel or 

crushed rocks, often granite or limestone [1]. These conventional aggregates are usually extracted 

from natural resources, further depleting them [2]. 

On the other hand, an increased demand for copper (Cu) metal in the world market has resulted 

in pyro-metallurgical industries producing Cu metal on a large scale. Pyro-metallurgy processes 

involve the oxidation and reduction of the copper ore or scrap in a smelter [3]. As a result, two 

separable liquid layers of Cu rich matte and slag (oxides) are formed [4]. When the slag is discharged 

from the furnace and cooled with water, it forms a glassy and dissolvable structure. It has been 

estimated that the annual production of Cu slag has reached approximately 24.6 million tons 

worldwide, 5.56 million tons in Europe, and 180-kilo tons in Belgium [5-7]. This Cu slag is mostly 

land-filled or used in a limited number of applications, such as for sandblasting industries and the 

manufacturing of abrasive tools [8]. 

Usage of industrial by-products such as the ground granulated blast furnace slag (GGBFS) fly ash 

(FA), and silica fume (SF) as supplementary cementitious materials (SCM) is well appreciated among 

environmentalists. A wide range of studies, including Cu slag as a partial replacement for cement in 

concrete, displayed interesting results due to its glassy structure, which mainly contains the oxides 

of Fe, Si, and Al. For instance, when Cu slag is used as a substitute for cement in concrete, the Si-

rich glass structure reacts with the porous alkaline solution (enriched in CH) as a result of the 

pozzolanic reaction. In the work of Sivakumar et al., the pozzolanic reactivity of one particular type 

of clean Cu slag as SCM was assessed using TGA analysis by replacing 0%, 15%, 30%, and 50% of 

CEM I in a paste [9]. The conclusions were that the CH was consumed through the pozzolanic 

reaction. Cu slag is mostly land-filled but could be a promising candidate as a partial/full 

replacement for cement. 

Literature has already shown that the Cu slag could qualify as a promising candidate for a fine 

aggregate in both mortar and concrete [10-15]. In work performed by Al-Jabri et al., the workability 

and compressive strength of high-performance concrete (w/c = 0.35) was investigated using Cu slag 

as fine aggregate [16]. The authors stated that the workability of the concrete tends to improve with 

the increase in the addition of the Cu slag and concluded that 50% of the Cu slag substitution was 

presented with the highest compressive strength after 28 days. In addition, Ishimaru et al. 
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investigated the basic properties of concrete using Cu slag as the fine aggregate [12]. The final 

observations of the author were that up to 20% (in volume) of Cu slag used as fine aggregate served 

as an ideal replacement level. Moreover, Wu et al. studied the dynamic compression behavior of 

the concrete reinforced by Cu slag [17]. The study showed that the Cu slag reinforced the concrete 

with a 20% replacement and generally showed improved mechanical properties compared to the 

reference concrete having standard aggregate. Note that other industrial by-products have been 

widely used as fine aggregate replacements. Shi et al. used air-cooled blast furnace slag (ACBFS) as 

a high volume replacement for fine aggregates to produce full volume slag alkali-activated mortars 

[18]. The results showed an improvement in the flowability and mechanical properties of the mortar 

with an increase in the replacement level of the ACBFS. In addition, ACBFS presence also increased 

the compactness of the microstructure, improving the permeability. 

In work conducted by Sharma et al., the durability of self-compacting concrete (SCC) containing 

Cu slag as fine aggregate with a replacement level of 0%, 20%, 40%, 60%, 80%, and 100% at a 

constant w/c ratio of 0.45 was studied [15]. The investigation suggested that 60% of Cu slag 

replacement was an ideal level of replacement for enhanced or comparable durability behavior to 

SCC possessing conventional aggregate. However, 100% Cu slag as fine aggregate in the presence 

of FA and SF in SCC showed better performance in strength and absorption characteristics compared 

to a reference mix [14]. Moreover, the concrete having 100% Cu slag as fine aggregate made with 

varying percentages of slags showed the lowest level of water absorption. 

In addition, Chithra et al. investigated the effect of colloidal nano-silica on the properties of 

durability, such as rapid chloride penetration, water absorption, sorptivity, and abrasion resistance 

of high-performance concrete with 40% Cu slag replacement as the fine aggregate. Cement was 

replaced by colloidal silica at 0.5%, 1%, 1.5%, 2%, 2.5% and 3%, respectively [19]. The final 

observations stated that the resistance to chloride penetration, water absorption, and sorptivity 

was maximum when the Cu slag replacement as a fine aggregate was at 40%, with 2% colloidal 

nano-silica replacement in the binder. Cu slag can also be used as fine aggregates in the hot-mix 

asphalt concrete [20]. The result indicated a compressive strength reduction as the Cu slag content 

increased within the mixes when compared to the reference mix (standard concrete), while 10% 

replacement improved the indirect tensile strength. 

Alnuaimi investigated the effect of Cu slag as a fine aggregate on the behavior and ultimate 

strength of the reinforced concrete beams [21]. The results showed that the replacement of up to 

40% of the fine aggregate with Cu slag caused no major changes in the strength. However, further 

increase in the replacement levels reduced the concrete strength and flexural stiffness. The author 

stated that a reduction in the strength was due to an increased void content caused by the coarser 

particles and angular shape of the Cu slag as compared to the standard aggregate. Several authors 

also studied the effect of Cu slag as a fine aggregate on the concrete strength with FA and the GGBFS 

as partial Portland cement replacement [22-24]. The main finding again showed a decrease in the 

compressive and flexural strength for more than 50% Cu slag replacement compared to the control 

mixture having standard aggregate (quartz). Shi et al. reviewed the characteristics of different 

copper slags. As an interesting discovery on the use of copper slag as a fine aggregate, the author 

stated that a wide range of research supports the use of Cu slag as a fine aggregate in concrete 

floors and pavements due to its reasonable hardness [25]. Moreover, the author stated that from 

an environmental point of view, the Cu slag can be considered as a safe material based on the 

criteria prescribed by different standards such as the United States Environmental Protection 
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Agency and the United Nations based convention on the Transboundary Movement of Hazardous 

Wastes and their Disposal, which classifies Cu slags as “Non-hazardous wastes”. 

Analyzing a wide range of literature provides information that the usage of Cu slag as a fine 

aggregate improved the mechanical properties and also its durability in some cases. Furthermore, 

based on these studies, it could be deduced that an ideal replacement level tended to vary between 

40% to 60%. However, detailed knowledge on compressive strength related to the microstructure 

and morphology of this particular MFS slag aggregate is still missing. Moreover, due to the presence 

of a silica-rich amorphous phase, resistance toward alkali-silica reaction (ASR) and leaching are 

certain concerns that are noted while using the MFS slag as an aggregate. Alkali silica gel formation 

can absorb water and swell, causing internal stresses leading to the formation of cracks and causes 

further durability issues. Resistance toward ASR depends on certain factors such as 1) availability of 

the reactive silica in the system 2) alkalis in the pore solution 3) availability of water [26, 27]. Some 

literature also points out the importance of permeability of the mortar/concrete, where more 

permeable structures are more prone to the formation of the ASR gel [28, 29]. The present work 

aims to completely replace the fine aggregate with processed Cu slag, further designated as the 

Modified Ferro Silicate (MFS) slag. These slags are similar to the Cu slags. However, the initial source 

of Cu is taken from Cu scrap instead of the Cu ore. The resistance toward alkali-silica reaction, 

carbonation, leaching behavior of the mortar containing 100% MFS slag aggregate along with the 

compressive strength and the microstructure and porosity were investigated. 

2. Materials and Methods 

2.1 Cement and Aggregates 

The cement used in the study was Portland Cement (PC), supplied by Holcim (CEM I 52.5 N). The 

CEN standard sand was used as the standard aggregate. As an alternative for the conventional 

standard aggregate, the patented Modified Ferro Silicate (MFS) slag (WO 2016156394 A1) was used. 

2.2 Specific Density, Water Absorption, Hardness and Sieve Analysis of Fine Aggregate (MFS Slag) 

The specific density and water absorption were determined as per the norm NBN EN 1097–6. 

Water absorption was determined after a soaking period of 24 h and was expressed as a percentage 

of the oven-dried mass of the aggregate sample. The hardness of the aggregates was expressed in 

the Mohs hardness scale and examined through the Mohs hardness standard method. NBN EN 933–

1 test method was used to determine the grading of the materials proposed for the utilization as 

aggregates. The results show the particle size distribution expressed in cumulative passing (%) vs. 

particle size (mm). 

2.3 X-Ray Fluorescence and X-Ray Diffraction 

Wavelength dispersive X-ray fluorescence spectrometry was used to determine the chemical 

composition of the proposed aggregate. The mineralogy of the MFS slag was determined by X-ray 

diffraction using 10 wt.% internal standards (crystalline Al2O3). The internal standard was used for 

quantifying the diffractogram pattern using Rietveld analysis. An X-ray scan using Cu K alpha 

radiation with an acceleration voltage of 30 kV, a current of 30 mA, a step size of 0.020°, and a 
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counting time of 2.5 s per step was carried out. The diffraction pattern was obtained in a 2θ-range 

from 8°to 70° and quantified with Topas academic V.5 software by using the Rietveld technique. 

2.4 Microstructural Analysis 

Microstructural analysis was carried out using Scanning Electron Microscopy (JSM 6510LV) on 

the polished MFS slag samples (Back Scattered Electron mode) and on the unpolished samples 

(Secondary Electron) of mortar having the MFS slag as an aggregate. Polished samples were 

prepared as follows: MFS slags were embedded in an epoxy resin, oil-polished and coated with a 5 

nm layer of Pt. 

2.5 Leaching Analysis Through Column Test 

The aim of the column test (in accordance with NEN 7383) was to simulate the leaching of the 

inorganic components from the powder and the granulated material. The test was carried out in an 

aerobic environment, with a liquid (L)/Solid (S) value of 10 liters per kg of dry matter. The test 

determines the cumulative leaching. A sample having a specific particle size distribution (95% ≤ 4 

mm) was placed into a vertical column (h = 28 cm and d = 10 cm). Demineralized water was flown 

through the column for three weeks. Five eluate fractions were collected after three weeks and 

were immediately filtered, and the eluates were preserved. Later, these eluates were combined in 

proportions of the right volume for the chemical analysis using Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES). Similar leaching analyses through column tests for bottom ashes 

before and after the treatments can be found elsewhere [30]. 

2.6 Mortar Preparation and Compressive Strength 

The test method described in the NBN EN 196–1 was used for determining the compressive 

strength of the prismatic mortar specimens having dimensions of 40 mm x 40 mm x 160 mm. The 

samples were prepared by mechanical mixing and were compacted in a mold using a jolting 

apparatus as per the norm EN 196–1. The reference mortar contains one part by mass of cement, 

three parts by mass of CEN standard sand, and one-half part of water (w/c ratio 0.50), whereas the 

MFS mortar contains one part by mass of cement, three parts by mass of fine MFS slag and one-half 

part of water (Table 1). The prepared samples were cured at a temperature of 20° C with a relative 

humidity of 95% for 24 h. Subsequently, the mortars were de-molded and stored in a curing 

chamber (20° C and 95% relative humidity) until the compressive strength was examined after 2, 7, 

28, and 90 days. 

Table 1 Mortar composition in grams. 

Samples water Cement Standard aggregate MFS aggregate 

Reference  225 450 1350 0 

MFS 225 450 0 1350 
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2.7 Oberholster Test 

The Mortar specimens containing the MFS slag as fine aggregates and reference samples having 

standard aggregates (6 replicates) of dimensions 40 mm x 40 mm x 160 mm were prepared and de-

molded after 1 day, and was stored at a temperature of 20° C and 95% relative humidity for 28 days. 

After 28 days of curing, the mortars were tested with respect to their resistance to the alkali-silica 

reaction based on the South-African NBRI method or the Oberholster test. However, the sample 

size (test specimens were mortar bars instead of drilled cores), curing age, and the measurement 

days slightly deviated from the standard procedure. The MFS slag mortar and a reference sample 

(steel) were placed in a tank set up with a dial gauge installation, as shown in Figure 1. The tank was 

filled with water and was maintained at a constant temperature of 80° C. After 24 h, the water in 

the tank was completely replaced by 1 M NaOH solution, and an initial reference measurement was 

carried out at 80° C after 1 h. Expansion measurements of the MFS slag aggregate mortar were 

taken after 2, 7, 14, 28, 35, 42, 49, 56, and 63 days.  

 

Figure 1 Oberholster set up to investigate the resistance to ASR. 

2.8 Mercury Intrusion Porosimetry (MIP) 

An automatic mercury porosimeter (Autopore IV 9500 series – Micromeritics) was employed to 

characterize the porosity of the mortar. The MIP measurements were carried out on crushed 

reference and the MFS slag mortars after curing for 1 year. The samples were placed in a container 

of a sealed penetrometer, which was connected to a capillary stem. The mass of the penetrometer 

was measured before being placed in a low-pressure port. The test chamber was then evacuated, 

and the penetrometer was filled with mercury. Later, the pressure was gradually increased, and the 

mercury intruded into the specimen, first into the largest pores. After intrusion at low pressure (0 

to 200 kPa), the penetrometer was weighed again and was moved to the high-pressure chamber. 

The smaller pores were filled with mercury when the pressure increased up to 200 MPa. Finally, the 

mercury was partially extruded from the mortar sample in the high-pressure range from 200 – 0.1 

MPa. Two replicates per mortar mix were performed. 

2.9 Carbonation Test  

Three prisms having dimensions of 40 mm x 40 mm x 160 mm were made per mixture to 

investigate the carbonation resistance of the specimens. After demolding, the samples were stored 
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and cured in a wet room at 20 °C and > 95% RH for 28 days. Cured samples were further 

preconditioned for 14 days by placing them in an acclimatized room at 20 °C having 60% relative 

humidity. After the preconditioning, the specimens were stored in the controlled CO2 chamber with 

a concentration of 1% CO2 at a temperature of 21 ±2 °C and relative humidity of 60 ±10% as 

prescribed in the norm EN 13925:2004. The depths of carbonation of the mortar were measured 

after 0, 7, 14, 28, and 91 days by spraying phenolphthalein on the split cross-section of the mortar. 

The solution of phenolphthalein indicator contained 1 g of phenolphthalein dissolved in 70 mL of 

ethanol, diluted to 100 mL of distilled water. 

3. Results 

3.1 Specific Density, Water Absorption, Hardness and Sieve Analysis of Fine Aggregate (MFS Slag) 

Table 2 shows the mean values (3 repetitions) of specific density and water absorption of the 

MFS slag and the standard aggregate. The MFS slag has a specific density of 3.40 g/cm3, whereas 

the standard aggregate possesses a density of 2.77 g/cm3. Therefore, due to a higher density of the 

MFS slag, the mortar produced shall possess a higher density than the reference mortar. Moreover, 

the water absorption for the MFS slag was 0.4%, but meanwhile, 1.1% for the standard aggregate. 

These results suggest that the MFS aggregate in the mortar would absorb less water compared to 

the standard aggregate. Figure 2 shows the sieve analysis of the MFS slag and the standard 

aggregate. It is seen that the MFS slag shows a similar range of grading as the standard aggregate; 

however, it is somewhat coarser. 

Table 2 Specific density, water absorption and hardness. 

Sample Density (g/cm3) Water absorption (%) Mohs scale 

Reference sand 2.77 1.1 6–7 

MFS 3.40 0.4 6–7 

 

Figure 2 Sieve analysis (% passing vs. sieve size at logarithmic scale). 
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3.2 X-Ray Fluorescence and X-Ray Diffraction 

Table 3 presents the measured chemical compositions of the cement, the standard aggregate, 

and the MFS slag through X-ray fluorescence. The MFS slag mainly contains oxides of Fe and Si, 

whereas the standard aggregates only have SiO2. The CEM I 52.5 N contains significant components 

such as CaO and SiO2 and minor components such as Fe2O3 and Al2O3. The MFS slag mainly possesses 

a glassy structure due to the pyro-metallurgy process followed by quick water quenching. It also 

contains minor crystalline phases such as spinel and metallic iron (Table 4). 

Table 3 Chemical composition of raw materials in wt%. 

Component (FeO+Fe2O3) SiO2 Al2O3 CaO Others 

MFS 40.9 32.3 11.0 3.9 11.9 

Standard aggregate - 97 - - 3 

Cement 3.5 20.8 4.7 63.0 8 

Table 4 Mineralogy of MFS and standard aggregates in wt%. 

Component  Amorphous Spinel  Iron  Quartz  Others 

MFS  92.7 6.7 0.6 0 0 

Standard aggregate  2.5 0 0 97.5 0 

3.3 Microstructural Analysis 

Figure 3a shows the backscattered image of the MFS, which is mainly composed of non-porous 

tiny angular crystals. Microstructural investigation revealed that these crystals contain a multiphase 

structure. By interpreting the microstructural analysis with XRD results, we can state that the MFS 

slag mainly possesses amorphous phases and trace amounts of crystalline spinel phases (Figure 3b). 

The rapid quenching of the liquid slag explains the presence of the amorphous phase with water. 

As expected, the composition of the amorphous phase was rich in oxides of Fe and Si (Table 5). The 

composition of the spinel phase determined by the EDX point analysis showed that it consisted of 

Mg, Zn, Fe, and Al in oxides form. 

Table 5 Composition of the MFS slag amorphous phase. 

Component FeO SiO2 Al2O3 CaO others 

wt% 41.2 ±2.6 29.8 ±2.6 9.5 ±2.6 6.2 ±2.6 13.3 ±2.6 
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Figure 3 BSE image of MFS: a) an overview of the MFS slag; b) amorphous grain of the 

MFS slag. 

3.4 Leaching Analysis Through Column Test 

Heavy metals in the slag are prone to leaching due to chemical and physical processes [31]. 

However, the pH and oxidation state of elements are essential parameters that control the leaching 

behavior. For instance, Zhang et al. showed that the oxidation state might be a vital factor in 

maintaining the leaching behavior of Cr [32]. Since this project is executed in Flanders, Belgium, 

certain limits prescribed by the government (VLAREMA 4) must be satisfied by the aggregates 

before being used in the construction application. Table 6 shows the leaching behavior of the MFS 

slag through the column test and compares it to the maximum allowed limit. All elements showed 

leaching values well below the limit prescribed by the legislation policy due to the possible 

encapsulation of heavy metals in the spinel phases [33]. Thus, MFS slag potentially is a safe 

alternative replacement for standard aggregate.  
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Table 6 Leaching from MFS slag (5 replicates) with maximum allowed limit. 

Parameters 

Cumulative column test release for L/S = 10 (mg/kg) 

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Limit 

Antimony (Sb) 0.038 0.023 0.022 0.021 0.056 1 

Arsenic (As)  0.068 <0.050 <0.050 <0.050 <0.050 0.8 

Barium (Ba) <0.60 <0.60 <0.60 <0.60 <0.60 20 

Cadmium (Cd) <0.00100 0.0017 <0.00100 <0.00100 0.0019 0.03 

Chromium (Cr)  <0.100 <0.100 <0.100 <0.100 <0.100 2.6 

Copper (Cu) <0.050 <0.050 <0.050 <0.050 <0.050 0.8 

Mercury (Hg)  <0.00040 <0.00040 <0.00040 <0.00040 <0.00040 0.02 

Lead (Pb)  <0.100 <0.100 <0.100 <0.100 <0.100 1.3 

Nickel (Ni)  <0.050 <0.050 <0.050 <0.050 <0.050 0.75 

Selenium (Se) 0.013 0.009 0.013 0.013 0.014 2 

Tin (Sn) <0.020 <0.020 <0.020 <0.020 <0.020 1 

Vanadium (V)  <0.20 <0.20 <0.20 <0.20 <0.20 2.5 

Zinc (Zn) <0.20 <0.20 0.26 <0.20 0.22 2.8 

3.5 Compressive Strength 

An assessment of the compressive strength was carried out for the mortars containing a standard 

aggregate and the MFS slag (Figure 4). Moreover, a statistical analysis was carried out to check 

whether the compressive strength of the MFS slag mortar showed a significant difference relative 

to the standard mortar or not. 

The 2-days compressive strength of the MFS slag mortar showed relatively similar values (around 

43 MPa), whereas the 7-days strength showed slightly lower values compared to the standard 

aggregate mortar. This increase in strength could be due to the higher density of the MFS slag than 

the standard aggregate. At 28 and 90 days, the MFS slag mortar showed higher compressive 

strength (70 MPa at 28 days and 78 MPa at 90 days) relative to the standard aggregate mortar (66 

MPa at 28 days and 75 MPa at 90 days). It can also be proposed that finer particles of the MFS slag 

potentially reacted and formed binders due to pozzolanic reaction at later ages [9]. 

A t-test (significance level 0.05) of the compressive strength of the MFS slag mortar after 2, 7, 28, 

and 90 days relative to the compressive strength of the standard mortar indicated a significant 

difference in the strength only at the later ages of 28 and 90 days. This statistic supports the possible 

claim of the reactivity of fine particles and the contribution to the binding phases; thus, forming a 

dense microstructure. 
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Figure 4 Compressive strength of the mortar with a standard sand and MFS slag. 

3.6 Microstructural Investigation and Elemental Mapping  

A microstructural investigation was carried out on the mortar containing MFS slag as an 

aggregate after a curing period of 1 year. The experiment was performed on unpolished samples to 

see the morphology of the binder and to obtain information on the ITZ. Figure 5 shows a secondary 

electron (SE) image of the mortar containing the MFS slag as aggregate, where the interfacial 

transition zone (ITZ) divides the aggregate and binder. 

 

Figure 5 Microstructural analysis of binder, aggregate, and ITZ in the MFS slag mortar 

after one year. 

The ITZ is a transition zone, and its effective “width” depends upon the used aggregate and the 

reaction degree of the binder [34-36]. Figure 6 shows a typical ITZ in an MFS slag mortar. Firstly, to 

determine the width of the ITZ, the boundary of aggregates needs to be defined. From Figure 5, it 

can be stated that the microstructure of the cement paste was dense. The images in Figure 6 were 

mainly captured in and around the MFS slag mortar interface, where the MFS slag mortar interface 
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mainly contained loose granular C-S-H and ettringite crystals. As a result, the ITZ of the MFS slag 

mortar was porous compared with that of the standard aggregate mortar (Figure 7). The following 

reasons can be stated for the more porous ITZ in the MFS slag mortar: (1) the shape of the MFS slag 

particles was more angular and irregular compared to that of natural sand; (2) MFS slag was more 

rigid compared to natural sand; similar results were also reported elsewhere regarding the presence 

of harder grains (mainly aggregates) which lead to porous ITZ; (3) water absorption of the MFS slag 

is relatively low compared to the natural sand, which leads to increased local w/c factor [37]. Due 

to the more porous ITZ, the porosity of the MFS slag mortar as a whole was higher compared to the 

standard aggregate mortar, as also explained in Section 3.8. Figure 7 illustrates the denser ITZ of the 

standard aggregate mortars; large pores between cement paste and aggregates are hardly seen. 

 

Figure 6 Microstructural analysis around the interface in the MFS slag mortar after one 

year: a) binder region, b) ettringite needles, c) C-S-H gel. 

 

Figure 7 Microstructural analysis of the ITZ in the standard aggregate mortar after one 

year. 

3.7 Mercury Intrusion Porosimetry 

The Mercury intrusion measurements were performed on the standard and the MFS slag mortar 

at one year. Figure 8 shows the results of the pore size distribution, where the capillary and gel 
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pores can be found in the densely packed PC binder mortars [38]. During hydration of the PC binder, 

capillary pores are formed due to the formation of the hydration product. The total capillary 

porosity consists of the capillary pores and capillary water in the first stage of hydration. However, 

the gel pores are present in the C-S-H phase itself. Therefore, the volume of the capillary pores 

decreases while the volume of the gel pore increases during later ages [39-41]. Typically, capillary 

pores and the corresponding capillary porosity are present in the range of 0.01 µm < D < 10 µm [38]. 

In contrast, the gel pores can be present in the range D < 0.01 µm [42]. As seen in Figure 9, there 

is a massive peak at 0.7 µm, around the proposed region of capillary porosity for the MFS mortar. 

Thus, the MFS slag aggregate in the PC binder increases the capillary porosity compared to the 

standard aggregate. Moreover, the MFS slag mortar also showed increased porosity in the gel pores 

region. The following factors can be considered for the increased porosity: 1) the MFS slag mortar 

contains more paste in general (because the density of standard sand and MFS slag are different); 

thus, more C-S-H binder leads to an increase of gel pores, 2) C-S-H can also be formed due to the 

pozzolanic reaction of more refined MFS slag grains. As a result, the standard and MFS slag mortar 

showed a total porosity of 4.9% and 6.1%, respectively. These porosity values can be considered 

relatively low, but it is related to the pore refinement at later ages (1 year). Similar results were also 

mentioned in the work of Pandey et al., where the PC binder mortar at later ages (90 days) showed 

total porosity less than 7% due to its finer microstructure [43]. 

 

Figure 8 Pore size distribution, MFS slag mortar, and standard mortar after one year. 

 

Figure 9 Expansion vs. time for MFS slag & standard mortars (1 M NaOH solution at 80° 

C). 

3.8 Resistance to the Alkali-Silica Reaction (ASR) 

Figure 9 shows an expansion in mortars' function with the MFS slag aggregate exposed to the 

Oberholster test. Based on the literature, there are two limit values giving the boundaries between 
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three zones: 1) <0.1%: unreactive region, 2) 0.1 – 0.2%: undefined region, 3) >0.2% reactive region 

[44]. However, these limits are for samples cured for two days during an exposure period of 28 days. 

From literature and experience, it was seen that the older samples subjected to the Oberholster 

test showed a higher expansion rate [45-47]. Several authors have speculated that the samples at 

an earlier age possess an open pore structure, which provides space for the swelling of the alkali-

silica gel; thus, showing no/undetectable expansion in the dial gauges [48-50]. However, gel in the 

dense microstructure at a later age creates high swelling pressures, leading to higher expansion. For 

this reason, the MFS slag and standard mortars were cured for 28 days aiming for a dense 

microstructure, and were then subjected to the Oberholster test to monitor their expansion. 

The expansion of the MFS slag mortar is seen to be higher than the standard mortar. However, 

it still fits in the unreactive region and thus can be considered as a safe aggregate. A possible reason 

for this could be the presence of a high amount of FeO in the glass phase. A wide range of authors 

also reported that the mortars with Cu slag aggregates showed limited expansion [51-53]. However, 

it is also noticed that the reason behind the limited expansion was not explicitly mentioned in these 

studies. It can be hypothetically stated that the reactive silica present in the amorphous phase is 

surrounded by the FeO and spinel phase (Figure 3); thus, preventing the dissolution and reaction 

toward ASR. Moreover, the high density of the MFS slag and lower water absorption are also vital 

factors preventing the ASR reaction in the MFS slag aggregate. 

3.9 Resistance to the Carbonation 

Figure 10 shows the carbonation depth of the MFS slag mortar and standard aggregate mortar 

after exposure for 0, 7, 28, 56, and 91 days to an environment with 1% CO2. By comparing the MFS 

slag and the standard aggregate mortar's carbonation depth, the MFS slag mortar showed increased 

carbonation depth. Since both mortars contain Portland cement as a binder, the addition of MFS 

slag as an aggregate decreases the carbonation resistance of the cement matrix. The lower 

carbonation resistance for the MFS slag mortar can be related to the possible pozzolanic reaction 

and increased porosity in the MFS slag mortar compared to the standard aggregate mortar, as 

explained in Sections 3.5 and 3.8. In addition, the replacement of standard sand by the MFS slag is 

carried out by mass. Due to the higher density, the MFS mortar has a lower fraction of aggregates 

in volume and, therefore, has relatively more binder. In the exciting work conducted, the effects of 

the binder content on the carbonation depth were studied. It is stated that increasing the amount 

of the binder (exceeding 400 kg/m3) also increases the carbonation depth [54]. Moreover, in a 

recently made detailed review study, it was also stated that the carbonation tests conducted in the 

case of mortars could only give an indication of concrete performance and that usually, the 

carbonation coefficients of mortar can be higher by a factor of 1.2–2.3, respectively (depending on 

the binder type and CO2 concentration), compared to the carbonation coefficients of concrete [55]. 

Thus, the carbonation effect of the MFS slag while applied in the concrete system can be considered 

relatively low. 
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Figure 10 Carbonation depth at 1% CO2 conc. 

4. Conclusions 

The present work showed that the currently studied MFS slag could replace standard sand in 

mortar. Using MFS slag as aggregate serves many sustainability goals and has some vital advantages, 

such as; (1) reduction in energy consumption, (2) preserving natural resources from depletion, (3) 

maintaining ecological balance, and (4) reduction in the cost of concrete. 

The following can be stated as the essential findings of the current feasibility study on the use of 

modified copper slag as a sustainable fine aggregate in mortar: 

1) Due to its high specific density and hardness, mortar synthesized with MFS slag showed good 

mechanical properties. Further microstructural analysis showed that the amorphous phase was rich 

in oxides of Fe and Si. Due to the presence of FeO in the amorphous phase, the MFS slag aggregate 

mortar showed good resistance toward the ASR reaction according to the Oberholster test, and It 

could be considered an unreactive aggregate. However, further experiments such as selective 

dissolution on the slag must be carried out to understand the amorphous phase's dissolution better. 

2) A column test showed limited leaching for the MFS slag. All elements showed leaching values 

well below the limit suggested by the legislation policy. Therefore, this MFS slag is seen as a 

sustainable source of alternative aggregate by the construction companies since there are no 

additional processing needs. 

3) The application of the MFS slag in mortar resulted in an adverse effect on the carbonation 

resistance. However, the product can still be considered reasonably low. The MFS slag and standard 

aggregate mortar showed a 5 mm and 3 mm carbonation depth, respectively, after 91 days at 1% 

CO2 concentration. 
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