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Abstract Magnesium silicate hydrate (M–S–H)

formed on reaction of MgO and reactive SiO2 imparts

binding characteristics similar to Portland cement

(PC). Limited knowledge is available on the long-term

mechanical and durability performance of M–S–H

binder systems. In this study, the performance of

MgO–SiO2 binder was assessed up to 365 days. In

addition to silica fume (SF), the most widely used

silica source with MgO, calcined clay (CC) with

kaolinite content of * 40–50% and industrial grade

metakaolin (MK) were also investigated. Mortar

specimens were prepared with all the three silica

sources at three different proportion levels of MgO

and silica source. Thermodynamic modelling was

carried out to further understand the changes occurring

in the phase assemblage during hydration for the

adopted proportions. Concrete mixes comprising of

MgO and MK or SF in a ratio of 1:1 and PC as a

control mix were cast a water to binder ratio of 0.4.

The compressive strength and porosity were measured

at 7, 28, 90 and 365 days on mortar and concrete

specimens. In addition, elastic modulus and electrical

resistivity was also measured on the concrete samples

at all the above-mentioned ages. MgO mixes with CC

and MK showed a continual increase in compressive

strength until 365 days whereas strength retrogression

was observed in MgO–SF mixes after 90 days. The

durability indicators for MgO–MK concrete showed

better or similar performance as compared to PC. The

aluminum present in the CC and MK helps to improve

the overall characteristics of the MgO–SiO2 binder.

Keywords Magnesium oxide � M–S–H � Clay �
Compressive strength � Porosity

1 Introduction

Magnesium silicate hydrate (M–S–H) is one of the

most recently developed and least investigated binders

among the various MgO cementitious systems [1]

whose current state-of-the-art uses a formulation that

is based on the hydration of light burnt MgO in the

presence of reactive SiO2. The chemical and physical

properties of the hydration products are known to

change with variations in properties, composition, and

proportions of the components [2–6]. However, in the

pursuit of an environmentally sustainable alternative

to the Portland cement (PC), the dominant binding

material for modern day-concrete, M–S–H binders are

attracting considerable attention. The M–S–H binder
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system could have lower carbon footprint as compared

to Portland cement due to the lower calcination

temperature required to produce reactive MgO and

its greater potential to sequester CO2 [1, 7, 8]. Being a

low pH cement, M–S–H cement has found its appli-

cation as an alternative cementitious material for

hazardous waste encapsulation and refractory appli-

cations [1, 4, 9, 10]. The compressive strength of

MgO–silica paste has been shown to attain satisfactory

mechanical properties, chiefly compressive strength.

For instance, Zhang et al. [11] were able to formulate a

paste with compressive strength as high as 70 MPa at

28 days. Similar encouragement can be identified

from the study of Tran and Scott [12] who obtained

28 days strengths as high as 87 MPa in their mortar

formulation and Sonat et al. [13] reported strength

around 75 MPa in their concrete formulation.

Despite of these encouraging results, one of the

major disadvantages of most of the reported M–S–H

systems, lies in the selection of silica fume as the

source of reactive silica whose cost and limited

availability limit potential large scale improvements

in sustainability. In addition, the strength gain in

MgO–SiO2 system can be noted to be effected by the

curing conditions, especially when cured underwater

demonstrating the vulnerability of the system against

long term water exposure [13, 14]. In this regard,

natural pozzolans that are rich in reactive silica present

a more sustainable option for the next generation M–

S–H cement formulations due to their natural abun-

dance and minimum processing requirements. Shah

and Scott [8, 15, 16] showed clays with even low

kaolinite content could be effectively used in combi-

nation with MgO to produce a binder. Nevertheless,

the properties of M–S–H system thus derived with

natural pozzolans require a detailed comparative study

with the MgO–SiO2 system. Furthermore, information

on the influence of change in microstructure, in the

longer term, due to continued hydration on the

durability and transport properties of concrete is

unavailable. This study investigates the long-term

performance of the M–S–H binder consisting of silica

fume, along with widely available kaolinitic clay and

metakaolin alongside MgO. The influence of variation

in the proportion of MgO and SiO2 on the binder

performance was assessed by measuring the compres-

sive strength, elastic modulus, porosity and electrical

resistivity. The influence of reactive alumina present

in clay and metakaolin on the phase assemblage was

investigated using thermodynamic modelling.

2 Materials

A light-burnt MgO derived from the calcination of

magnesium carbonate was used along with silica fume

(SF) and metakaolin (MK) supplied by Sika, NZ and

BASF, NZ respectively. Kaolinitic clay (CC) with was

sourced from the Canterbury region, NZ. The kaolinite

content of clay was found to be between 40 and 50%,

which was determined using thermogravimetric anal-

ysis by measuring the weight loss in the temperature

range of 400–800 �C [17]. The clay was calcined at a

temperature of 800 �C for 2 h in a muffle furnace prior

to use. Golden Bay Cement, NZ, supplied a general-

purpose Portland cement (PC) for the study. The oxide

composition of raw materials measured using XRF is

given in Table 1. The mineralogical composition of

the silica sources and MgO was determined using

XRD as shown in Fig. 1. Periclase is the major

component present in MgO along with an impurity of

talc. The presence of brucite peaks indicates pre-

hydration of MgO during its storage. The XRD scans

of silica fume and metakaolin show the characteristics

amorphous region typically observed in pozzolanic

materials. Along with subdued amorphous region

peaks associated to quartz and muscovite were also

observed in the XRD scan of calcined clay. Rounded

river gravels with a nominal maximum size of 16 mm

were used as coarse aggregate and a river sand was

used as fine aggregate in the concrete and mortar

mixes. A polycarboxylate ether-based superplasticizer

was used to obtain self-compacting concrete mixes

with a target flow of 600 ± 50 mm as per ASTM

C1611 [18].

3 Methodology

The efficacy of different silica sources on binder

performance were first evaluated on mortar specimens

for a range of MgO to silica proportion (Table 2). MgO

and silica were mixed with sand in a 1:1 ratio (by

weight) at a water to binder ratio of 0.4. The raw

materials were dry mixed in a Hobart mixer for 2 min

before adding water and mixing it for another 5 min.

The amount of superplasticizer required to obtain a
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flow of 150 ± 10 mm using a miniature slump test

increased with an increase in the proportion of silica in

the mixes. Due to the high metakaolin content in

MK60 mix, it was difficult to get a homogenous mix

even after using superplasticizer. Hence, water to

binder ratio of 0.45 as opposed to 0.40 was used to

obtain a consistent mix. Cube specimens of

50 9 50 9 50 mm and cylindrical specimens of

50 mm diameter and 100 mm height were cast using

the mortar and placed in an environment-controlled

room maintained at a temperature of 20 �C and 60%

relative humidity for 24 h. Subsequently, specimens

were demolded and placed in a water curing tank

maintained at 20 �C until the age of testing. Paste

samples were also cast for SF40, CC40 and MK40

mixes at a water to binder ratio of 0.4 for microstruc-

tural analysis.

In addition, concrete specimens were also cast for

SF50 and MK50 mix proportion and their properties

were compared with conventional PC concrete at the

same water to binder ratio of 0.4. The fine aggregate to

binder content ratio was 1.25 whereas coarse aggre-

gate to binder content was kept constant at 2 for all the

three concrete mixes. The superplasticizer dosage was

adjusted among mixes to get a self-compacting

concrete. Table 3 summarizes the mix design propor-

tion used for concrete mixes. Cylinders of diameter

100 mm and height 200 mm were cast and cured

under water for testing at different ages.

4 Experiments

4.1 Compressive strength and modulus

of elasticity

The compressive strength was measured at 7, 28, 90

and 365 days on the mortar cubes and concrete

cylinder specimens at a loading rate of 0.3 MPa/Sec.

Elastic modulus of concrete was also measured on the

same concrete samples used for compressive strength

measurement in accordance with ASTM C469 [19].

The modulus of elasticity was calculated by measuring

the slope of stress–strain curve at 40% of the

maximum load. Three replicates were tested for all

the mixes at each age. Electrical resistance strain

gauges (60 mm gauge length) were placed on opposite

sides of the cylinder after polishing the surface with

Table 1 Chemical

composition (%/100 g) of

raw materials

MgO Silica fume Clay Metakaolin Cement

CaO 3.6 0.3 0.2 0.01 64.1

SiO2 9.1 94.1 60.9 52.7 21.0

Al2O3 0.4 0.6 24.3 45.2 3.8

MgO 68.3 0.5 0.7 0.03 1.0

Fe2O3 0.3 0.3 2.1 \ 0.01 2.6

SO3 0.01 0.05 \ 0.01 0.03 2.5

Na2O \ 0.01 0.3 0.04 0.2 0.2

K2O 0.1 0.8 2.07 0.1 0.5

MnO – 0.08 0.08 – 0.1

TiO2 – 0.01 1.0 0.01 0.3

LOI 17.4 1.9 8.2 0.9 3.3

10 20 30 40 50 60 70

B P P QQQTQAQMuBTMu

2

MgO SF
CC MK

θ

Fig. 1 XRD diffractograms of raw materials (Mu: Muscovite,

T: Talc, B: Brucite, A: Anatese, Q: Quartz, P: Periclase)
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silicon carbide paper to remove any irregularities. The

concrete samples were loaded until failure to measure

the compressive strength.

4.2 Porosity and electrical resistivity

The porosity and electrical resistivity of mortar and

concrete serves as important durability indicators and

helps in understanding the long term potential of the

binder system. While porosity of mortar and concrete

gives information about the volume of their total

permeable voids values of electrical resistivity provide

an indication about pore structure and connectivity.

The mortar and concrete cylindrical specimens were

sliced into 30 mm thick discs for water permeable

voids measurement. The disc specimens were dried in

an oven maintained at a temperature of 50 �C at least

for 7 days or until the time mass of the specimen

became constant. After measuring the oven-dried

weight, the specimens were saturated with water in

vacuum. Subsequently, the saturated and submerged

weight of the specimen was measured [20]. For

resistivity measurements, the concrete disc specimens

used for porosity measurement were dried again in an

oven and saturated with 3% saltwater. This was done

in order to minimize the effect of pore solution

conductivity between PC and MgO binders. An

alternating current with a voltage of 240 mV was

applied across the concrete surface and the corre-

sponding current was measured once it stabilized

within 60 s. The current values obtained were nor-

malized with respect to the exposed concrete surface

area and thickness of the specimen to obtain the

resistivity value [4, 10].

4.3 XRD and thermodynamic modelling

XRD was performed on powdered sample to identify

different phases formed on hydration. The XRD scan

was carried out in the range of 5–70� at a step rate of

0.3 s per step and step size of 0.019� using Rigaku

SmartLab installed with Cu Ka radiation. Prior to the

XRD measurements, the hydration in paste samples

was stopped at 7 days using the solvent exchange

method, which was subsequently ground to fine

powder.

The typical products formed on the hydration of

MgO–SiO2 binder system are brucite and M–S–H. The

proportion of these phases formed and the composition

of M–S–H formed is affected by initial MgO to SiO2

Table 2 Mix proportion for mortar specimens

MgO SF CC MK

SF40 0.60 0.40 – –

SF50 0.50 0.50 – –

SF60 0.40 0.60 – –

CC40 0.60 – 0.40 –

CC50 0.50 – 0.50 –

CC60 0.40 – 0.60 –

MK40 0.60 – – 0.40

MK50 0.50 – – 0.50

MK60* 0.40 – – 0.60

*Due to high metakaolin content the water to binder ratio was increased to 0.45 to maintain similar workability

Table 3 Mix proportion for concrete mixes by mass

PC MgO Silica fume Meta-kaolin Water Sand Aggregate Admixture (% by mass of Binder)

PC 1 – – – 0.4 1.25 2 1

SF50 – 0.5 0.5 – 0.4 1.25 2 3

MK50 – 0.5 – 0.5 0.4 1.25 2 5
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ratio, which subsequently affects the total solid

volume. Thermodynamic modelling is a useful tool

that could provide information about phase assem-

blage of hydrated binder system based on initial

chemical composition. Therefore, in this study,

GEMS, a geochemical modelling software was used

to compute the phase assemblage for all the three silica

sources in presence of MgO according to mix propor-

tion given in Table 2 [21, 22]. CEMDATA 18.1

database which includes information on solubility

product of M–S–H phase along with other cement

hydrates was used to predict equilibrium phase

assemblage based on minimization of Gibbs free

energy.

5 Results and discussion

5.1 Mortar compressive strength

Figure 2a shows the effect of difference in the

proportion of MgO and SF on compressive strength

at different ages. The early age (7 days) compressive

strength decreased with an increase in the SF content

in the mix. The difference in compressive strength is

evident even at 28 days. The higher the MgO content

in the mix, the greater is the amount of brucite

precipitated during the early ages [23]. The rapid

precipitation of brucite in SF40 mix could provide a

conducive environment, for the dissolution of SiO2,

which is dependent on the [OH-] [24, 25]. The

dissolved silica subsequently reacts with brucite to

form M–S–H assisting in further strength
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Fig. 2 Compressive strength of mortar mixes at different ages a SF, b CC and c MK
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development. Typically, in MgO–SiO2 binder system,

brucite and M–S–H are the primary hydration prod-

ucts, of which the binding characteristics are primarily

attributable to the latter [26, 27]. With the progress in

hydration, the effect of differences in initial mix

proportion decreases with similar compressive

strength levels observed for SF40 and SF50 mixes at

90 days. Although an increase in strength is observed

for SF60 mix as well from 28 to 90 days, the strength

is lower than other two mixes of SF. This could be due

to limited availability of magnesium ions in the pore

solution to react with all the SF to form M–S–H. The

composition of M–S–H formed varies from SF40 to

SF60 and may cause difference in the performance

characteristics. Li et al. [25] reported the Mg/Si ratio

of M–S–H could vary from 0.67 to 1 depending on the

initial composition of MgO and SiO2. Interestingly,

with continued curing from 90 to 365 days, a retro-

gression in compressive strength was observed for

SF40 and SF50 mixes. The dissolution of hydration

products and subsequent leaching of ions into the

contact water could be the reason for the decline in

strength [13, 28]. For the SF60 mix however, an

increase in strength was observed during the same

period. The contrasting performance could be due to

the difference in the hydration products formed. The

residual/excess brucite in SF40 mix are likely higher

than in the SF60 mix, in addition to a higher Mg/Si of

M–S–H due to the higher initial MgO content. The

solubility products of brucite and M–S–H (Mg/Si: 1.5)

are higher as compared to M–S–H (Mg/Si: 0.75) [29],

which could exacerbate the rate of dissolution and

diffusion of ions and thus compromising the dimen-

sional stability of the binder. To determine if the

leaching of ions create any excess voids, the porosity

of samples was also measured at all the ages. The

porosity results are discussed in the next section.

Figure 2b and c show the compressive strength

MgO–CC and MgO–MK mortar samples. As observed

with SF mixes, the compressive strength at early ages

decreased with increase in the CC and MK content. In

terms of the magnitude, the early age compressive

strength of SF and MK mixes were similar whereas the

CC mix was somewhat lower. The lower strength of

CC mixes could be associated with its lower amor-

phous silica content as compared to SF and MK.

Nevertheless, it is interesting to observe, a low

kaolinite content clay could also provide substantial

binding properties with MgO. Contrary to the SF

mixes, the strength continued to increase with age for

both CC and MK mixes. The 90, strength of CC mixes

was still lower than corresponding SF mixes, however,

at 365 days, a similar or higher compressive strength

was observed. Moreover, little difference in strength

values were observed for different MgO and CC

proportions at 365 days. An increase in strength in the

range of * 30–70% was observed from 90 to

365 days for different CC and MK mix proportions.

This shows that the MgO–SiO2 binder system contin-

ues to gain strength with time. Along with the

formation of M–S–H, the continued increase in

strength in CC and MK mixes could also be attributed

to the formation of hydrotalcite-like phase, produced

on the reaction of reactive alumina present in CC and

MK with MgO. The formation of hydrotalcite has been

previously reported in MgO systems comprising of

slag, fly ash and clay [1, 6, 15, 30]. Hydrotalcite is

voluminous in nature and could assist in filling up the

empty voids and thereby improve the performance of

binder due to an overall reduction in porosity. Jin et al.

[30, 31] reported an increase in compressive strength

and reduction in shrinkage strain due to the formation

of hydrotalcite in MgO activated slag binder. The

consistent lower strength of MK60 mix as compared to

MK40 and MK50 is due to the difference in water to

binder ratio used to prepare the mix. Nonetheless, the

continual increase in strength with time shows the

efficacy of using MgO alongside metakaolin. Even

with higher water content, the compressive strength at

365 days for MK60 was greater than any of the SF or

CC mixes.

5.2 Volume of permeable voids

Figure 3a shows porosity of the SF mixes at different

ages. Minimal difference is observed in the porosity

values irrespective of the mix design composition and

curing age. The increase in compressive strength with

age for SF mixes observed in Fig. 2 does not correlate

with the porosity values. This is aberrant compared to

conventional binder systems that show a reduction in

porosity with an increase in strength and time. One of

the reasons for this uncharacteristic behavior could be

due to drying shrinkage cracks originated from loss of

water from M–S–H. Zhang et al. [32] reported

formation of cracks on drying of MgO–SiO2 mortar

samples. Likewise, Shah et al. [33] reported higher

drying shrinkage strain for MgO–SF concrete as
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compared to PC concrete. In this study, for the

porosity measurement, the samples were dried in an

oven maintained at 50 �C for at least 7 days. This

preconditioning process could induce changes in the

M–S–H formed and overall microstructure of the

system. The shrinkage occurring on drying could be

negating the effect of evolved pore structure with

continued hydration and thus attributing to attain

similar porosity values at all ages. The retrogression in

strength for SF40 and SF50 mixes from 90 to

365 days, which is postulated due to leaching of ions

that could result in an increase in porosity, though this

has not been clearly established. The above inferences

indicate that the M–S–H formed could be susceptible

to dimensional instability in drying environments.

Hung et al. also reported similar behavior of negligible

change in the porosity of MgO–SiO2 concrete with

time [34].

The CC and MK mixes, showed a reduction in

porosity as hydration progresses as illustrated in

Fig. 3b and c. Lower porosity was observed for mixes

with higher MgO content and substantially lower

porosities were noted in the MK mixes, which could be

partly credited to the formation of the voluminous

hydrotalcite phase that helps in filling up the empty

pore space and refinement of pore structure [6, 35].

The overall higher reactive alumina content in MK

could lead to the formation of a greater volume of

hydrotalcite as compared to CC and hence resulting in

lower volume of permeable voids. Shah et al. [33]

reported lower drying shrinkage strain for MgO–MK

mix as compared to MgO–SF mix in a recent study.

The products formed on hydration in CC and MK

system are more resistant towards drying, likely due to

better stability of M–S–H associated with the incor-

poration of aluminium resulting in a refined pore

structure that inhibits the free movement of ions or

water. The reduction in porosity for CC mixes with

time supports this idea even though it has overall lower

reactive silica content as compared to SF.

For CC40 and CC50 mixes, a slight increase in

porosity is observed from 90 to 365 days. This could

be attributed due to leaching of magnesium ions from

brucite and M–S–H due to prolonged underwater

curing. Nevertheless, the porosity is still lower than in

SF mixes. Thermodynamic modelling results (dis-

cussed in the next section) show the amount of brucite

available on complete hydration is higher in CC mixes

as compared to SF mixes for all the mix proportions.

This suggests that CC mixes could have a higher

penchant for dissolution and diffusion of ions, which

would result in an increase in porosity and reduction in
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strength. However, it is not quite observed from the

porosity and compressive strength data indicating the

hydration phases formed in MgO–SiO2 binder in the

presence of aluminium could provide better perfor-

mance characteristics. Figure 4 compares the com-

pressive strength and porosity of all three silica

sources. A linear trend is observed for CC and MK

mixes, with an increase in the compressive strength a

reduction in porosity is observed while for SF mixes at

same porosity level a range of compressive strength is

observed. Dhakal et al. [36] also reported a similar

trend between strength and porosity for a range of

MgO–MK mixes.

5.3 Phase assemblage from XRD

and thermodynamic modelling

The phase assemblage of the products formed on

hydration in different mixes was qualitatively ana-

lyzed using XRD. Figure 5 compares the XRD scans

of 7 days hydrated SF40, CC40 and MK40 mixes.

Peaks corresponding to brucite and unreacted peri-

clase are observed in all the three mixes whilst

hydrotalcite peaks are only observed in CC40 and

MK40 mixes. The presence of reactive alumina in CC

and MK is speculated to aid in the formation of

hydrotalcite. The peaks corresponding to M–S–H are

not distinctly visible due to its poor crystalline nature.

However, the presence of the broad regions (35–37�,

59–62�) in all the three mixes indicates it formation as

described in the literature [5, 37].

Pure phase compositions were considered in the

model to explicitly understand the influence of the

difference in the mix proportion on phase assemblage.

A pure metakaolin has a composition of 2SiO2�Al2O3.

Depending on the mix proportion, the corresponding

amount of SiO2 and Al2O3 was calculated and used as

input in the model. Since the CC used in the study had

a kaolinite content between 40 and 50%, to replicate a

similar effect in the thermodynamic modelling calcu-

lations, it was assumed that only 50% of the total

available SiO2 and Al2O3 in metakaolin phase was

reactive while the remaining 50% metakaolin was

treated as an inert component. Table 4 summarizes the

initial bulk chemical composition used to compute the

phase assemblage.

Figure 6 shows the solid phase volume of hydration

products for all the three silica sources. Brucite and

M–S–H are the major hydrates predicted in all the

three silica sources. The M–S–H phase illustrated here

is a solid solution between M–S–H having Mg/Si ratio

of 1.5 and 0.75. In CC and MK blends, in addition to

brucite and M–S–H phase, the formation of hydrotal-

cite is predicted, due to the presence of aluminum. The

phase predictions from thermodynamic calculations

are consistent with the XRD results obtained (Fig. 5).

For SF mixes, with an increase in the silica proportion
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Fig. 5 XRD scans of 7 days hydrated paste samples (T: Talc,
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of the binder, the amount of residual brucite available

reduces, indicating conversion of MgO to M–S–H and

the proportion of M–S–H phase with lower Mg/Si ratio

increases. It is interesting to note that the total solid

volume of the hydrates either remains the same or

reduces with an increase in the SF content. Formation

of lower Mg/Si ratio M–S–H (q = 2.35 g/cm3), which

is a denser phase as compared to M–S–H with Mg/Si

ratio of 1.5 (q = 2.25 g/cm3) [38] could be the reason

associated with it. This implies, in actual system, SF40

mix composition on complete hydration would have

higher space-filling capacity, which will eventually

result in overall lower pore volume. However, from

the porosity results in Fig. 3, no distinct difference

was observed between porosity of different SF mixes.

In CC and MK mix composition, the total solid

volume also reduces with an increase in their content;

however, the volume is greater than the corresponding

SF mixes particularly for the MK mixes. The modelled

values are in agreement with the experimental results,

where a lower porosity for CC and MK mortar mixes is

observed as compared to SF mixes. Thermodynamic

modelling suggests hydrotalcite as the predominant

phase formed on hydration in CC and MK blends.

Hydrotalcite is voluminous in nature (q = 2.01 g/cm3)

[39] and hence could offer higher space-filling capac-

ity as compared to M–S–H. Studies have demonstrated

the formation of hydrotalcite like phase in binders

comprising of MgO and aluminosilicates

[6, 16, 30, 35, 40]. The notion is further supported

by the presence of XRD peaks corresponding to

hydrotalcite in hydrated CC40 and MK40 mixes.

Moreover, the aluminum, present in CC and MK,

could also be incorporated into the M–S–H phase,

similar to the incorporation of aluminum in C–S–H in

PC binders. This could subsequently alter the proper-

ties of the M–S–H formed and may limit the amount of

aluminum available for formation of hydrotalcite.

Recent studies from Bernard et al. [41] and Shah et al.

[6] confirmed incorporation of aluminum can occur in

M–S–H. It was not possible to model the effect of

aluminium inclusion/substitution in M–S–H in ther-

modynamic calculations performed since the solubil-

ity data corresponding to it is unavailable.

Nevertheless, it helps in establishing the fact the

hydrotalcite and M–S–H could coexist

simultaneously.

The thermodynamic modelling prediction shows

the presence of excess brucite in the case of the SF40

mix which may be associated with the strength

retrogression observed for SF40 mortar samples from

90 to 365 days. On prolonged curing, the excess

brucite present in the system might leach out, resulting

in creation of additional void space and a consequent

reduction in strength. A similar reduction in strength

was also observed for SF50 mix from 90 to 365 days,

although thermodynamically the amount of brucite

predicted on complete hydration is limited. For the

SF60 mix, however an increase in strength was

observed during the same period. In spite of having

similar porosity and negligible brucite content, the

difference in behavior of SF50 and SF60 mix is

intriguing. This suggests that other than brucite

leaching out of the system some other factor is also

influencing the performance of the binder. Thermo-

dynamic modelling results suggests M–S–H as the

Table 4 Bulk composition used for prediction of phase

assemblage

MgO SiO2 Al2O3

SF40 60 40 –

SF50 50 50 –

SF60 40 60 –

CC40 60 10.8 9.2

CC50 50 13.5 11.5

CC60 40 16.2 13.8

MK40 60 21.6 18.4

MK50 50 27.0 23.0

MK60 40 32.4 27.6

SF40 SF50 SF60 CC40 CC50 CC60 MK40 MK50 MK60
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Fig. 6 Phase assemblage prediction from thermodynamic

modelling
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only hydration product in both the mix proportions,

but with different composition. The higher Mg/Si ratio

in SF50 mix might leach out some of the magnesium

ions eventually resulting in the strength loss. For CC

mixes, a higher amount of brucite is predicted at all the

proportions as compared to SF mixes. Moreover, even

for CC60 mix, the M–S–H formed has a higher Mg/Si

ratio. As opposed to SF mixes, an increase in strength

was observed from 90 to 365 days for all the CC

mixes. Two reasons could be hypothesized for this: 1)

Incorporation of Al in the M–S–H is assisting in

inducing greater stability to M–S–H structure thereby

limiting the leaching of magnesium ions from it, 2)

The voluminous nature of hydrotalcite could lead to a

refinement of the pore structure along with a reduction

in porosity, which impedes the movement of ions. The

overall higher aluminum content in the MK content

could lead to higher incorporation in M–S–H and

along with formation of higher amounts of hydrotal-

cite (evident from thermodynamic modelling results).

The validity of the hypothesis suggested needs further

investigation to be confirmed, however, the results

from the concrete specimens, discussed in the next

section, provides some additional insights on these

perspectives.

5.4 Concrete mechanical properties

The range of tests conducted on mortar specimens

alongside thermodynamic modelling gives an indica-

tion of the performance characteristics for different

silica sources and their proportion in the binder.

Although tests on mortar specimens provide an

indication of likely binder performance, to make

certain its potential applicability as a construction

material, it is important to investigate the performance

of concrete directly. The SF50 and MK50 concrete

mixes were investigated and compared with PC at

similar water to binder ratio. Figure 7 shows the

compressive strength of concrete mixes examined

from 7 to 365 days. The compressive strength of PC

mix is consistently greater than SF50 and MK50 mixes

at all ages. The increase in strength of PC mix is

minimal beyond 90 days, however, an increase of

approximately 40% was observed for MK50 mix,

which is consistent with the mortar results. The gap

between the compressive strength of PC and MK mix

narrowed from approximately 40 to only 14%, while

for the SF50 mix, no strength gain was observed

beyond 90 days. A slight reduction in strength was

observed for the SF50 mix; however, it was not as

prominent as was observed in the mortar samples. The

365 days compressive strength of SF50 mix was lower

by approximately 133 and 173% as compared to

MK50 and PC mix.

The elastic modulus of concrete mixes at different

ages is shown in Fig. 8. A distinct difference is

observed between the elastic modulus of MgO

concrete mixes and PC mix. The modulus of elasticity

of PC increases from 7 to 28 days, thereafter, the

variation in the value is minimal. In the case of SF50,

the elastic modulus increased with age until 90 days,

however, afterward a reduction in elastic modulus

value was observed. Retrogression of compressive
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strength on prolonged curing could be the reason for

reduction in elastic modulus value at 365 days. Hung

et al. [34] also reported elastic modulus value in a

similar range for MgO–SiO2 binder. For the MK50

mix, a continual increase in elastic modulus was

observed with age, with the value reaching approxi-

mately 23 GPa at 365 days. The elastic modulus of

concrete is governed by numerous factors ranging

from binder type, water to cement ratio, aggregate

content, curing age and regime [42, 43]. In this study,

all the parameters other than the binder were held

constant. This points out the deviation observed in the

elastic modulus between concrete mixes is primarily

because of the binder and hydration products formed.

The higher and stable value of elastic modulus of

MK50 mix as compared to SF50 mix indicates the

hydration products formed in MK50 mix could

possess superior properties that aid in providing better

mechanical and stiffness characteristics. Hay et al.

[44] demonstrated incorporation of aluminum in C–S–

H, the major hydration product in PC, led to an

increase in the elastic modulus and mechanical

properties of the phase due to enhanced cross-linking

and improved compactibility. An analogous result of

the incorporation of aluminum in M–S–H could lead

to an improvement of MgO binder performance

containing MK.

5.5 Concrete durability indicators

The nature of the hydration products formed also

dictates the durability behaviour of the concrete along

with the mechanical properties. A comparison of the

two major durability indicators: porosity and electrical

resistivity were made in this investigation. Figure 9

shows the measured porosity and resistivity of all three

concrete mixes at different ages. The porosity of SF50

concrete mix did not vary with time, and shows similar

behaviour to the SF mortar mixes (Fig. 3). While for

PC and MK50 mixes, a reduction in porosity was

observed with age, with almost similar values at

365 days. This implies that the space-filling capacity

of the products formed in MK50 are comparable to PC.

However, a notable difference was observed in the

electrical resistivity between the mixes. The resistivity

of MK50 mix was greater than PC mix at all ages. In

addition, an increase of approximately 200 and 350%

is observed at 28 and 90 days respectively from 7 days

in MK50 mix whereas the change was minimal from 7

to 90 days for PC mix. The increase in resistivity value

could be associated with an evolving physical struc-

ture. The electrical resistivity of concrete provides

information about the pore connectivity of the con-

crete [45]. The high resistivity value of MK50

suggests presence of intricate pore structure with high

tortuosity. The formation of hydrotalcite could be the

key factor for the development dense microstructure

with refined pores that inhibit or slow down the flow of

ions. In a recent study, Shah et al. [35] demonstrated a

denser and refined microstructure for MgO–MK mix

as compared to MgO–SF or PC mixes. From the

standpoint of ingress of ions from an external source in

concrete, such system could provide an efficient

solution. Similar traits of high electrical resistivity

has been reported for PC concrete comprising of

calcined clay or metakaolin [46, 47]. The low

resistivity of the SF50 mix could be attributed to

higher porosity and cracks originating from drying,

which provide an easy path for the movement of ions.

The study showed the possibility of using calcined

clay alongside MgO in terms of both mechanical

durability properties. The concrete properties of

MK50 compared to the PC mix provides a compelling

reason for further investigations, which could result in

use a low carbon binder construction material.

6 Conclusions

In this study, the performance of MgO–SiO2 binder

with three different silica sources was evaluated. The
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effect of variation of MgO to SiO2 proportion on

binder performance in terms of mechanical and

durability properties was investigated. The major

findings from the study are as follows:

• The compressive strength at an early age (7 days)

is influenced by the MgO–SiO2 ratio. A reduction

in compressive strength was observed with a

decrease in the MgO content of the binder

irrespective of the silica source.

• Continuous improvement in strength was observed

as hydration progress for calcined clay and

metakaolin mixes up to 365 days, whereas retro-

gression in compressive strength was observed

from 90 to 365 days.

• The porosity of SF mixes was found to be

unaffected by the binder composition and curing

age. Excessive cracking due to drying was sug-

gested as the plausible cause.

• Thermodynamic modelling prediction showed the

formation of hydrotalcite-like phase in CC and MK

mixes along with M–S–H and brucite. The volu-

minous nature of hydrotalcite aided in improving

the mechanical performance and reducing the

porosity.

• The elastic modulus of MgO concrete mixes was

lower than PC. However, MgO–MK mix showed

significantly better performance as compared to

MgO–SF mix. As compared to PC, the MgO–MK

mix showed similar compressive strength and

better pore structure characteristics.
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