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Abstract 
Supersulfated cement (SSC) was prepared from 85 wt. % granulated blast furnace slag (GbfS), 10 wt. 
gypsum (GY) and 5 wt. % Portland cement clinker (PCC). The main objective of this study is to 
improve the early strength of SSC with the addition of calcium format activator (CF). Different 
dosages of 0, 0, 5, 1, 1.5, 2, 2.5, 3 and 3.5 wt. % CF were added to the SSC. The results showed that 
the water of consistency and setting times were increased as the content of CF increased. The total 
porosity and water absorption were slightly decreased with the increase of CF content, whereas the 
bulk density was improved an enhanced. The flexural and compressive strength also improved and 
gradually increased with CF addition. The combined water contents improved wand enhanced with the 
gradual replacement of CF. This was continued up till 3 wt.% CF, but with any further increase more 
than that, all of the hydration characteristics were diminished. The reacted or combined slag or sulfate 
increased with curing time. So, the CF would significantly improve, increase and also accelerate the 
early and later hydration characteristics of the SSC, and the dosage of 3 wt.% CF was the more 
pronounced effect compared with that of the control, i.e. the optimum CF dosage was 3 wt.%. 
 

Keywords: Supersulfated cement, calcium format, consistency and setting time, absorption, porosity, 
density, flexural strength, compressive strength 
 

Introduction 
Carbon dioxide emission (CO2) during cement manufacturing is a significant anthropogenic 
contributor to global warming, where 7-37% of global anthropogenic CO2 emissions and 2-
3% of energy consumption occurred [1-3]. Global warming may lead to substantial economic 
losses and human casualties [3, 4]. Production of Portland cement (PC) worldwide has been 
recently reached to 4.6 billion tones, and it is expected to be 6 billion tones by 2050 [5, 6]. 
Production of PC would consume huge amounts of resources and energy and it emits a great 
amount of CO2 [7, 8]. To reduce the emission of CO2, low-carbon cement has been focused, 
where supersulphated cement (SSC) is a typical low-carbon cement, consisting of less than 5 
wt.% of an alkaline activator, as Portland cement clinker (PCC), more than 80 wt.% 
granulated blast furnace slag (GbfS) and 10-15 wt.% gypsum [9, 10], which has recently 
received much attention. The GbfS is an industrial byproduct which is coming from the 
manufacture of the pig iron in the blast furnace. It is formed during the firing of the earthy 
constituents of the iron ore with the limestone flux. The essential components of GbfS are 
the same as those of Portland cement clinker, namely lime, silica, alumina, but with slighter 
lower percentages. The quality of GbfS could be determined from the following relation. 
 
M = CaO+MgO +Al2O3 /SiO2 + MnO › 1      (1) 
 
The hydraulic quality of GbfS depends on its contents of Al2O3 and CaO. The reactivity of 
GbfS was due to a stable protective film that consisting of a Si-O network. However, the 
strength development of SSC is quite slow due to the lower alkaline activator content [11], 
which is one of its main short comings. Wang et al. [12] found that increasing the fineness of 
slag would promote the strength development. Slag of higher Al2O3 content (›13%) 
displayed a higher degree of hydration [13]. Calcium formate (CF) is a commonly used 
earlystrength agent of PC and can improve the early strength of cement mortars and concrete 
[14, 15], although it has a little beneficial effect on the long-term strength. However, CF has a 
beneficial effect on both the early and long-term strength of high-volume slag cementitious 
systems [16]. CF could promote the precipitation of AFt in the slag-fly ash cementitious 
system, accelerating the hydration of silicate in SCMs [17]. 
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In addition, CF could improve the dissolution of the slag of 

a CaO-activated slag system, by increasing the calcium and 

aluminate ions, producing more hydration products such as 

C-S-H and C2AH8 [18]. Dalconi [19] also found that formate 

ions could react with calcium aluminate to produce formate-

based hydration products similar to calcium aluminate 

hydrates. In fact, SSC is also a typical highvolume slag 

system, and CF could have the potential to efficiently 

improve the performance of the SSC. In this study, different 

dosages of CF (1, 1.5, 2, 2.5, 3 wt. %) were added to the 

SSC. The compressive strength, hydration heat flow, 

hydration products, and hydration degree of the slag were 

obtained to find the role of the CF on the mechanical 

performance and hydration mechanism of the SSC. 

 

2. Experimental 

2.1. Raw materials 

The main raw materials of the supersulfated cement (SSC) 

are granulated blast furnace slag (GbfS), Portland cement 

clinker (PCC), gypsum (GY) and calcium format (CF). 

GbfS, PCC and GY were delivered from Sakkara cement 

factory, Giza, Egypt. The CF was obtained from El-

Gommhoria Company for chemicals, Ramses street, Egypt. 

The chemical oxide compositions of the raw materials are 

presented in Table 1. The particle size distributions of the 

GbfS, PCC and GY are shown in Fig. 1, where the GbfS is 

the most fineness, whereas the GY is the lowest. Table 2 

shows the constitution of the used samples of raw materials 

forming supersulfated cement. 

Table 1: Chemical composition of GbfS and PCC, wt. %. 
 

Oxides Materials SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 

PCC 20.13 3.86 2.78 63.87 1.83 0.31 1.07 3.11 4.12 

GbfS 41.79 18.69 2.59 29.31 10.13 0.45 1.31 2.74 1.36 

  
Table 2: Constitution of the supersulfated cement. 

 

Mixes Materials K0 K1 K2 K3 K4 K5 K6 

GbfS 90 89.5 89 88.5 88 87.5 87 

PCK 10 10 10 10 10 10 10 

CF 0 0.5 1.0 1.5 2.0 2.5 3.0 

 

 
 

Fig 1: Particle size distribution of the raw materials 

 

2.2. Preparation and methods 

During the preparation of supersulfated cement, different 

dosages of CF (0, 0.5, 1, 1,5, 2, 2,5, 3, 3.5 wt.%) were added 

to the cement mixtures, that were denoted as F0, F1, F2, F3, 

F4, F5, F6 and F7, respectively. The CF was first dissolved 

into the mixing water, and then the solution was poured into 

the prepared SSC in a suitable mixer. The blending process 

of the various cement blends was done in a porcelain ball 

mill containing 2-4 balls for two hours to assure the 

complete homogeneity of all cement blends. 

The cement pastes were then cast using the predetermined 

water of consistency, moulded into one inch cubic stainless 

steel molds of dimensions 2.5 x 2.5 x 2.5 cm3 using about 

500 g cement mix, vibrated manually for three minutes and 

then on a mechanical vibrator for another three minutes. The 

surface of the molds was smoothed using a suitable spatula. 
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Thereafter, the molds were kept in a humidity chamber for 

24 hours under 95±1 RH and room temperature, demolded 

in the next day and soon immersed in water till the time of 

testing at 1, 3, 7, 28 and 90 days.  

 

2.3. Physical properties 

Standard water of consistency (or mixing water) as well as 

setting times (initial and final) of the prepared cement pastes 

were directly determined using needles penetration 

resistance of Vicat Apparatus [20-22]. 

 

WC, % = A / C x 100    (2) 

 

Where, A is the amount of water taken to produce a suitable 

paste, C is the amount of cement (300 g). The initial setting 

time (IST) is the time taken to reach the initial set, while the 

final setting time (FST) is the time taken to reach the final 

set of the paste [22].  

During mixing, the right w/c-ratio was poured into the 

cement portion inside the mixer and then run the mixer for 

about 5 minutes at an average speed of 10 rpm in order to 

have a perfect homogenous mixture. Water absorption, bulk 

density and apparent porosity [23-27] of the hardened cement 

pastes were calculated from the following equations: 

 

WA, % = (W1‒W2) / (W3) X 100    (3) 

B. D, (g/cm3) = W1 / (W1 - W2) × 1    (4)  

A. P, % = (W1 - W3) / (W1 - W2) × 100  (5)  

 

Where, B.D, A.P, W1, W2 and W3 are the bulk density, 

apparent porosity, saturated, suspended and dry weights, 

respectively. 

 

2.3. Mechanical properties 

Flexural strength (FS) was calculated following ASTM 

C348-21 [28]. The samples were marked at three points 

adjusting to place them on the correct point of contact (Fig. 

2). FS was obtained from the following equation:- 

 

FS = 3 (PL) / 2 (b) (d) / 10.2 MPa   (6) 

 

Where, L: load taken, P: bean or loading of rupture, b: 

width, d: thickness. 

 

 
 

Fig 2: Schematic diagram of bending strength, B: Beam or loading of rupture, S: Span, W: Width and T: Thickness. 
 

The compressive strength (29) was measured by using a 

hydraulic testing machine of the Type LPM 600 M1 

SEIDNER (Germany) having a full capacity of 600 KN and 

the loading was applied perpendicular to the direction of the 

upper surface of the cubes as follows: 

 

Cs = L (KN) / Sa (cm2) KN/m2 x 102 (Kg/ cm2)/10.2 (MPa) 

(7)  

 

Where, Cs: Compressive strength (MPa), L: load (KN), Sa: 

surface area (cm2). 

 

2.4. Combined water content 

The chemically-combined water content at each hydration 

age was also determined on the basis of ignition loss (25-

27,30) as follows: 

 

Wn, % =W1-W2 / W2 x100   (8) 

 

Where, Wn, W1 and W2 are combined water content, 

weight of sample before and after ignition, respectively. 

Also, the combined slag and sulfate were measured [31]. 

The phase compositions of some selected samples were 

investigated using infrared spectroscopy (IR) and scanning 

electron microscopy (SEM). The IR spectra were performed 

by Pye-Unicum SP-1100 in the range of 4000-400 cm-1. The 

SEM images of the fractured surfaces, coated with a thin 

layer of gold, were obtained by JEOL-JXA-840 electron 

analyzer at accelerating voltage of 30 KV. 

 

3. Results and Discussion 

3.1. Water of consistency and setting time 

The water of consistency and setting times (initial and final) 

of the various SSC cement pastes incorporating CF (F0-F7) 

is graphically represented in Fig. 3. The water of 

consistency of SSC pastes is sharply increased with the 

increase of CF content. This is mainly due to that both GbfS 

and CF need a lot of water to produce a suitable paste. 

Furthermore, the alkali CF activator always requires more 

water to be reactive normally with the SSC cement [9, 32, 33]. 

Above 35% water content, the workability had become 

unsuitable. So, the mixing water must not exceed up to 35%. 

On the other side, the setting times also displayed the same 

trend, i.e. the setting times enhanced as the CF content 

increased [11, 32, 33]. 
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Fig 3: Water of consistency and setting time of SSC cement pastes mixed with CF activator. 
 

3.2. Physical properties 

3.2.1. Water absorption: Water absorption of the various 

SSC pastes containing CF (F0-F7) is graphically plotted as a 

function of curing times up to 90 days in Fig. 4. As CF 

activator content increased, the water absorption decreased, 

but only up till 3%. Also, the occurrence of more 

compaction of the cement matrix with the incorporation of 

CF led to the shortened of water absorption. With any 

further increase in the CF content (F7), the water absorption 

increased and adversely affected, where it exhibited the 

highest values of water absorption. This may be due to that 

the higher content of CF activator could dissolve some 

silicate and/or alumino-silicate phases, which was 

generating an excess of more open pores [32, 33]. Moreover, 

the high water of consistency helped more to increase the 

water absorption. In addition, by the excess of CF content › 

3 wt. %, the water absorption increased. This is contributed 

to that the CF are more porous and also the high w/c ratio 

increased the water absorption [32-34]. 

 

 
 

Fig 4: Water absorption of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
 

3.2.2. Bulk density 

Figure 5 shows the bulk density of the various SSC pastes 

containing different ratios of CF (F0-F7) that is graphically 

drawn versus the curing times up to 90 days. Generally, the 

bulk density of the various SSC cements slightly increased 

at early ages of hydration, but only up to 3 wt.% (F1-F6), and 

then decreased with further CF increase (F7). The increase 

of bulk density is surely due to the decrease of water 
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absorption and the good compaction of the cement matrix 

by the incorporation of CF [32-34]. The decrease of bulk 

density due to the incorporation of larger content of CF is 

mainly contributed to the creation of more open pore 

structure, where samples of higher CF content (F7) recorded 

the lowest values of bulk density. This may be due to that 

the higher content of CF activator could dissolve some 

silicate and/or alumino-silicate phases, which often created 

more open pores structure [33]. With any further increase of 

CF content › 3 wt. %, the bulk density declined, this is 

mainly contributed to that the higher CF content originated 

more porous matrix with the aid of higher w/c ratio [35, 36]. 

 

 
 

Fig 5: Bulk density of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
 

3.2.3. Apparent porosity 

The apparent porosity of the various SSC pastes containing 

different ratios of CF (F0-F7) is drawn versus curing times 

up to 90 days in Fig. 6. Generally, the apparent porosity of 

the various cements decreased as the curing time progressed 

up to 90 days. As the CF activator content increased, the 

apparent porosity decreased, but only up till 3 wt. % (F6). 

This is because the incorporation of CF could be made the 

total cement paste well compacted, which in turn reflected 

positively on the porosity, i.e. the porosity decreased or 

closed completely [34-36]. With any further increase of CF 

content › 3 wt. % (F7), the apparent porosity gradually 

increased, i.e. the higher CF activator content (F7) 

negatively affected and recorded the highest values of 

apparent porosity. This may be due to that the higher 

content of the CF activator could be dissolved some silicate 

and/or alumino-silicate phases, which in turn created more 

open pore structure, i.e. the high CF content originated more 

porous matrix with the help of the higher w/c ratio [32,33,37,38]. 

 

 
 

Fig 6: Apparent porosity of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
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3.3. Mechanical properties 

3.3.1. Flexural strength 

Figure 7 shows the results of flexural strength of the various 

SSC pastes (F0-F7) that drawn as a function of curing times 

up to 90 days. The flexural strength of the control SSC 

cement (F0) was increased as the curing time proceeded up 

to 90 days. The same trend was displayed by all SSC mixes 

blended with CF (F1-F7), but as the CF content enhanced, 

the flexural strength was enhanced too. This is mainly 

contributed to that the CF initiated the different phases of 

SSC [39, 40], i.e. the CF improved, activated and in turn 

increased the rate of hydration of slag phases. At early ages 

of hydration (1-7 days), the flexural strength slightly 

increased, but then it hardly developed and highly increased 

at 28 days and also up to 90 days [41-43]. The SSC (F0) 

achieved the lowest flexural strength, whereas F7 exhibited 

the highest flexural strength at 90 days. Blending the SSC 

with CF › 3%, the flexural strength was sharply reduced. 

This is essentially attributed to that the higher alkaline 

activator content adversely affected the flexural strength. 

Consequently, the high content of CF › 3% must be avoided 
[42-44]. 

 

 
 

Fig 7: Flexural strength of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
 

3.3.2. Compressive strength 
The results of compressive strength are represented as a 

function of curing times in Fig. 8. As it is clear, the 

compressive strength of the control SSC cement (F0) was 

increased with curing time up to 90 days. The same trend 

was displayed by all SSC mixes blended with CF (F1-F6), 

but as the CF content increased, the compressive strength 

was increased too. This is mainly attributed to that the CF 

initiated and activated the phases of SSC or it may modify 

the hydration products [39, 40], i.e. the CF improved and 

accelerated the rate of hydration reactions of slag phases. At 

early ages of hydration (1-7 days), the compressive strength 

slightly increased, but then it hardly developed and sharply 

increased at 28 days and up to 90 days [17, 41-43]. The SSC 

(F0) achieved the lowest compressive strength, whereas F6 

recorded the highest compressive strength at 90 days. 

Blending the SSC with CF › 3%, the compressive strength 

was sharply diminished. This is essentially due to the higher 

alkaline activator content [44-47]. Consequently, the higher 

content of CF › 3% must be prevented. Furthermore, the 

increase effect of CF activator is attributed to a more 

appropriate hydration environment, i.e. higher Ca2+ ions and 

lower pH-value. This often promotes the precipitation of C-

A-S-H hydrates and inhibits the over rapid formation of 

ettringite (Aft) and reduces the crystal-gel ratio of the 

system [44-46]. 
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Fig 8: Compressive strength of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
 

3.4. Combined water content 
 Figure 9 indicates the results of combined water contents of 

the various SSC pastes blended with CF activator (F0-F7) 

hydrated as a function of curing times up to 90 days. The 

combined water content of the control SSC cement (F0) was 

gradually increased with curing time up to 90 days. The 

same trend was displayed by all SSC mixes blended with 

CF (F1-F6). As the CF content increased, the combined 

water content was increased too. This is essentially 

contributed to that the CF activated and accelerated the 

hydration of the different phases of slag, and moreover it 

may modify the resulting hydration products [39, 40], i.e. the 

CF improved and accelerated the rate of hydration reactions 

of SSC cement. At early stages of hydration (1-7 days), the 

combined water content slightly increased, but on 28 up to 

90 days, it hardly developed and sharply increased [17, 41-43]. 

The SSC blank (F0) achieved the lowest combined water 

content, whereas F6 recorded the highest combined water 

content at 90 days. Blending the SSC with CF › 3%, the 

combined water content was sharply declined. This is 

essentially attributed to that the higher alkaline activator 

content reflected negatively in all characteristics of the SSC 

cement [45-47]. Consequently, the high content of CF › 3% 

must be prevented. 

 

 
 

Fig 9: Combined water contents of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
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3.5. Combined slag and sulfate 

The combined slag and sulfate contents of the various SSC 

pastes blended with CF activator (F0-F7) hydrated as a 

function of curing times up to 90 days are shown in Figs. 10 

and 11, respectively. The combined slag and sulfate in the 

SSC mixes were determined by the difference between the 

initial amount of slag or sulfate in the dry cement mix and 

the free amounts of slag at the end of the prescribed curing 

time. As the curing time proceeded, both combined slag and 

sulfate contents increased. The same trend was displayed 

with all SSC mixes up till 3 wt. % CF activator (F6) and 

then decreased with any further increase of CF (F7). The 

slight increase of the reacted or combined slag and sulfate at 

early ages is mainly due to the formation of ettringite by the 

consumption of small amount of SO3. The continuous 

increase of slag or sulfate consumption with curing time is 

essentially attributed to the formation of tobermorite-like gel 

or CSH [47-52]. The decreased of combined slag or sulfate 

was caused by the larger amount of CF which was stopped 

as an obstacle to hydrate normally [53-57]. So, the high 

content of CF activator must be avoided. 

 

 

 
 

Fig 10: Combined slag contents of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
 

 
 

Fig 11: Combined sulfate contents of SSC cement pastes mixes with CF activator hydrated up to 90 days. 
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Conclusion 
As the early strength of SSC cement is too low, different 

dosages of CF activator (0, 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 wt. 

%) were added to activate, accelerate and increase the early 

hydration process. At early stages of hydration, the CF 

significantly increases and accelerates the hydration process 

of the SSC. The water of consistency as well as setting 

times (Initial and Final) increased with the increase of CF 

content. Both water absorption and apparent porosity 

decreased, while the bulk density improved and enhanced. 

This could be continued only up till 3 wt.% CF (F6), and 

then these propertied were adversely affected with further 

increase of CF content (F7). The same trend was displayed 

with the mechanical properties. Also, the combined water 

contents exactly followed the other test results. So, CF could 

improve and promote the hydration of both PC and slag due 

to the dissolution of both slag and gypsum, which in turn 

increases the hydration degree of slag. This may be due to 

that the most Al2O3 from the dissolution of the slag was 

reacted with gypsum to form C-A-S-H hydrates. The reacted 

or combined slag or sulfate increased with curing time. The 

crystal-gel ratio plays a vital role in the mechanical strength 

of SSC cement. Consequently, the cement mix incorporating 

3 wt. % of the CF (F6) is the most pronounced effect. 
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