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h i g h l i g h t s 

 The compressive strength of OPC–GBFS–NS pastes increase with NS up to 4 %. 

 Gel/space ratio of composite pastes increase with GBFS content up to 40 mass%. 

 Free lime content of composite cement pastes increases up to 7 days then decreases. 

 The compressive strength of mix IV.2 shows higher values up to 1000 C. 

 Total porosity of composite pastes with 40% GBFS have lower values up to 1000 C. 
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a b s t r a c t 

The work aims to study the effect of substitution of nano-silica (NS) on the behavior of composite cement pastes containing 

ordinary Portland cement (OPC) and blast-furnace slag (GBFS) exposed to elevated temperature up to 1000 C. The composite 

cements are composed of different amount of NS up to 6 mass% as well as 30–60 mass% GBFS. The behavior of hydration 

kinetics were studied for 1, 3, 7, 28 and 90 days. The fire resistance of composite cement pastes was evaluated for specimens 

cured for 28 days after firing at 250, 450, 600, 800 and 1000 C with rate of heating 3 C/min for 3 h soaking time, then cooled 

to room temperature in the furnace switched off. The compressive strength of OPC–NS and/or GBFS cement pastes increase 

with NS content up to 4%. Increases of the contents of NS up to 6% the values of compressive strength of OPC–NS cement 

pastes decreases. Gel/space ratio of OPC–GBFS–NS containing 4 mass% NS shows an increase with the increase of GBFS up 

to 40 mass% (mix IV.2). The compressive strength of III.2 and IV.2 show higher values at all thermally treatment temperature 

up to 1000 C. The compressive strength of the superplasticized OPC–NS–GBFS composite shows a higher values up to 1000 

C in comparison with those pastes. It can be included that 30–60% GBFS in the presence of 4 mass% NS has a higher 

resistance to fire than all composite cement pastes. 

 2014 Elsevier Ltd. All rights reserved. 

1. Introduction 

The applications of nano-technology have been gaining popularity in 

different fields of science and technology, especially in concrete industries. 

The developments of new materials within new functions or improvements in 

the properties of existing materials using nano-technology are new areas of 

interest in civil engineering [1,2]. These concrete products can already be 

seen today through many current applications such as surface coatings, self-

cleaning capacity,and fire resistance[3]. Thephysicaland chemicalreactions, 

microstructure of concrete, improvement of these concretes and implementing 

novel methods employing materials with nano-scale are those within the 

dimension less than 100 nm. These nanomaterials can efficiently fill nano-

pores in open pores system of hydrated cement mortars and increase strength 

of mortaraggregates, mortar-fibers interfaces resulting in an improved the 

structuralpropertiesofcontactareaanddurabilityofconcrete[4–9]. 

Nano-silica particles possessing high efficiency in concrete technology 

can improve structural properties of cement-based materials [10]. The 

behavior of these materials is mainly influenced by chem- 
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ical reactions at the interface. Therefore, the use of nano-particles in concretes 

modify their behavior in the fresh and hardened conditions [11]. Nano-SiO2 

behaves not only as a filler to improve the microstructure of cement, but also as 

a promoter of pozzolanic reaction as well as an agent for improving the 

microstructure of the cement paste [12]. Nano-silica has proven to be an 

effective mineral addition for blending with Portland cement in order to 

improve the mechanical performance and the microstructure of high-strength 

cement pastes even in low concentration and this improvement of paste 

behavior is attributed to the fact that increasing packing among particles, and 

durability [5,13–16]. The incorporation of NS enhanced the compressive 

strength and tensile strength of mortar due to the increased pozzolanic action 

and filling effect. Moreover, incorporation of NS improved the microstructure 

of cement mortar [17]. Nano-silica accelerates the hydration reactions of 
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cement phases as these particles are effective in filling the voids of the C– S–H, 

enhancing the rate of hydrations by acting as nucleation centers and reducing 

the size of Ca(OH)2 crystal [1,18]. The use of NS was preferred in place of 

previously used pozzolanic material SF because the pozzolanic activity of the 

NS was more than SF at early days due to the higher of rate of consumption of 

Ca(OH)2 crystals [5]. However, the addition of NS reduced the mix 

workability, due to immediate reaction between the NS and the cement paste, 

with development of gels characterized by high water retention capacities [19]. 

Colloidal-silica accelerated the cement hydration largely in the early age 

with a reduction in low-stiffness C–S–H gel and an increase in high-stiffness 

C–S–H gel [20] The application of colloidal-silica in concrete enhance the 

compressive strength, reduce of the porosity, due to fact that the addition of 

colloidal-silica led to the consumption of portlandite (CH) in the pozzolanic 

reaction, hence improving the concrete microstructure to become stronger and 

denser [21], as well as the permeability was also improved with addition of NS 

due to the removal of minute pores present in cement mortar matrix and ITZ 

[22]. Hosseini et al. [23] concluded that the replacing cement by 3% of NS of 

in the concrete made with 100% recycled aggregate produces strength more 

that of concrete made with natural aggregates. Moreover, microstructure 

became dense, uniform and even extremely small voids had been omitted due 

to the filling of small particles of NS in those voids. 

Several studied have reported the effect of nano-materials in cement-based 

materials and, in general, they concluded that NS accelerate the chemical 

reactions during initial hydration [5,24– 32]. NS reacts with calcium hydroxide 

(CH) and increases the amount of calcium silicate hydrate (C–S–H) produced, 

leading to a compact microstructure and, consequently, improving the 

mechanical properties of hardened. 

Fire is one of the natural hazards that attacks the building constructions. 

Subjecting concrete to a higher temperature (e. g., due to accidental fire etc.) 

leads to severe deterioration and it undergoes a number of transformations and 

reactions, thereby causing progressive breakdown of cement gel structure, 

reduced durability, increased tendency of drying shrinkage, and structural 

cracking [33]. The resistance of concrete exposure to elevated temperatures 

depends on the type of material used in the concrete. Both chemical and 

physical deteriorations occur at elevated temperatures because both interlayer 

and chemically bound water are lost due to the decomposition of calcium 

hydroxide (CH) and calcium silicate hydrate (C–S–H). Capillary and gel water 

evaporate at 100–150 C, shrinkage and cracking take place at approximately 

150–250 C, accompanied by a reduction in tensile strength, evaporation of 

chemically bound water from aluminous and ferrous constituents at 250–300 C, 

and the compressive strength of concrete starts to decrease. CH dehydrates to 

calcium oxide at 400 C with an accompanying 44% reduction of the volume 

and a reduction in strength, C–S–H finishes decomposition between 

approximately 400 and 600 C, and strength reduction becomes significant. The 

effect of thermally treated temperatures up to 800 C on the physical properties, 

microstructure and phase composition of pozzolanic cement pastes [34–38]. 

The results show that additional hydration of unhydrated cement grains, 

recrystallization, deformation and transformation of CSH phases were 

occurred. The changes in physical state of cement pastes were studied by 

measuring deterioration in the compressive strength with temperature. The 

microstructure shows a massive dense closed texture, with the lower number of 

voids and pore size, with the formation of inner fibers and crystalline needle 

like CSH hydrated which is responsible for the increase in compressive 

strength up to 500 C [35]. Compressive strength decreased with the increase in 

temperature from 27 C to 800 C [39]. For all mixes, major strength and 

durability loss occurred after 400 C. Therefore, 400 C can be considered as 

critical temperature from the standpoint of strength and durability loss for 

change in the properties of cement mortar. The relative residual compressive 

strength was 88% at 450 C and 73% at 600 C, which was almost double than 

the residual strength shown by pure OPC pastes. This research showed that 

OPC–FA pastes performed better under elevated temperatures than OPC pastes 

[40]. The fire resistance of composite cement pastes was evaluated after firing 

at 250, 450 , 600, 800 C with rate of heating 3 C/min for 3 h soaking time. The 

physico-mechanical characteristics were determined at each firing temperature. 

The phase composition, free lime and microstructure for some selected samples 

were investigated. Cement pastes containing 10 and 15 mass% have higher 

firing resistance than all SF-pozzolanic cement pastes at 600 C [38]. It can be 

concluded that the composite cement pastes made from 10% of SF and 10%FA 

have good fire resistance in comparison with cement pastes made from only 

SF-pozzolanic cement pastes up to 450 C. 

The increase of thermally treatment temperature from 25 C to 600 C, the 

compressive strength increases by 20.45–35.15% with superplasticizered 

OPC–SF cement pastes as well as with delaying addition times for 7.5–10 

min, whereas the compressive strength decreases up to 800 C. The thermally 

treatment temperature increases from 600 C up to 800 C, a decreases 

compressive strength by 5.37–29.44% respectively for pastes admixed with 

delaying addition times in presence of 1.0–1.5 mass% of superplasticizer 

[41–43]. The increase of compressive strength up to 600 C, may be due to 

the acceleration of the hydration of pozzolanic reaction. The decrease at 800 

C is due to the decomposition of cementitious materials and the coarsening 

of pore size distribution, which drastically increases the total porosity and 

decreases the bulk density. 

The fire resistance of high strength fly ash (FA) mortar could be 

improved with addition of NS. The effect of high temperatures on the 

mechanical properties and microstructure of mortars containing NS and 

high-volume fly ash as a cement replacement was studied [44]. High 

residual strength after exposure to 700 C to that of control cement mortars 

before exposure to thermally treated temperature can be produced by 

replacing cement with FA–NS. Cement based materials have a stable 

microstructure state after exposure to temperatures up to 400 C. After 

exposure to thermally treated temperature, the pore size distribution 

significantly decreased for the FA–NS contained specimens; this new 

finding was detected by measuring the amount of nano-scale pores in the 

material after thermally treated temperature exposure, which refers to the 

production of more compact products. 

The aim of the present work is to study the behavior of fire resistance 

characteristics of nano-silica–composite cement pastes thermally treated up 

to 1000 C. 

2. Materials and experimental techniques 

The starting materials used were ordinary Portland cement (OPC), 

granulated blast-furnace slag (GBFS), nano-silica (NS) and polycarboxylate 

based superplasticizer. The cement used in this study was the ASTM Type 

(I) ordinary Portland cement (OPC) provided from Lafarge Cement 

Company, Egypt. GBFS was supplied from Iron and Steel Company, 

Helwan, Egypt. Their chemical analyses are given in Table 1. The Blaine 

surface area of OPC and slag 
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2 
Table 2 
Mix compositions of the prepared composite cements, mass, %. 

Mix no. OPC NS GBFS SP Consistency,%

 Setting times, min 

 

age particle size of 15 nm, 99.9 purity% was supplied from 

nanotechnology laboratory, Beni-Suief University, Beni-Suief, Egypt. 

XRD, and TEM of NS are given in Fig. 1. Superplasticizer was obtained 

from Sika Company, El-Abor City, Egypt. It is an opaque light yellow 

liquid with density 1.08 g/ml and chloride content <0.1 mass%. 

The cement blends were mixed in a rotary mixer. NS are not easy to 

disperse uniformly due to their high surface energy. Accordingly, mixing 

was performed as follows; NS particles were stirred with the mixing 

water at high speed (120 rpm) for 1 min. The cement and GBFS (if 

applicable) were added to the mixer and mixed at medium speed (80 

rpm) for another 30 s. The superplasticizer was added and stirred at high 

speed for additional 30 s. The mixture was allowed to rest for 90 s and 

then mixed for 1 min at high speed. 

The mix compositions of the prepared cement blends are given in 

Table 2. The required water of standard consistency and setting times 

were measured according to ASTM specification [45]. The pastes were 

moulded in one inch cubic moulds, then strong manually pressed into the 

moulds. The specimens were cured in 100% RH chamber at a constant 

temperature 25 ± 1 C for the first 24 h and then immersed in tap water 

until the time of testing (1, 3, 7, 28 and 90 days). The hydration of 

cement pastes was stopped by pulverizing 10 g of representative sample 

in a beaker containing 1:1 (v/v) methanol–acetone mixture, then 

mechanically stirred for 1 h. The mixture was filtered through sintered 

glass G4, after washing two times with the stopping solution and diethyl 

ether, then dried at 70 C for 1 h, then collected in polyethylene bags; 

sealed and stored in desiccators for analysis [46]. 

The samples subjected to thermally treated temperature were 

demoulded after 24 h, cured for 28 days under tap water, dried for 24 h 

at 105 C, then subjected to thermal treatment for 3 h at 250, 450, 600, 

800 and 1000 C with heating rate 5 C/min, then cooled to room 

temperature in the furnace atmosphere. Bulk density and compressive 

strength of thermally treated cement pastes 

Table 1 
Chemical analysis of OPC, GBFS and NS (mass, %). 
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0.0 

0.0 
1.0 

1.0 

1.0 

26.5 
28.0 
29.7 
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20.0 
22.0 
23.6 
28.0 
32.9 
28.2 
28.0 
27.4 
19.0 
18.9 
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190 
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123 
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100 

090 

095 

110 
064 
066 

080 

345 
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285 
263 250 

220 

260 
265 280 

290 240 

250 
255 
240 245 

255 

were determined after immersing the pastes overnight under kerosene [ISO-50/8, 

198 3]. 

The combined water content is considered as the percent of ignition loss of 

the dried sample (on the ignited weight basis). Approximately 2 g of the pre-

dried samples were ignited up to 1000 C for 1 h soaking time. The results of 

combined water contents were corrected for the water of free portlandite present 

in each sample [47]. Free lime contents of the hydrated cement pastes can be 

thermally determined. 0.5 g sample of the hardened cement was placed in a 

porcelain crucible introduced into a cold muffle furnace (room temperature). The 

temperature was increased up to 390 then to 550 C at heating rate of 3 C/min. 

The loss of weight occurred between 390 and 550 C with soaking time of 15 min 

is equal to the weight of water of calcium hydroxide. Therefore, the free 

portlandite can be calculated [46]. 

Bulk density was measured before the specimens subjected to compressive 

strength determination. Each measurement was conducted on at least three 

similar cubes of the same mix composition and curing time [48]. Compressive 

strength was determined according to (ASTM Designation: C-150, 2007) [49]. A 

set of three 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI Total 

OPC 19.3 
GBFS 37.81 

NS 98.61 

3.94 
13.14 

0.01 

3.8 
0.23 

0.01 

62.67 
38.70 

0.01 

1.90 7.11 

0.01 

3.22 
1.19 

0.29 

0.44 
1.03 

0.3 

0.22 
0.19 

0.045 

3.04 
0.00 

0.71 

98.53 
99.40 

99.99 
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Initial set Final set  

were 3050 and 4000 cm /g, respectively. Nano-silica with the aver- 

 

Fig. 1. XRD of and TEM of NS. 
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cubes was tested using compressive strength machine of SEIDNER, Riedinger, 

Germany, with maximum capacity of 2000 kN force. 

The crystalline phases of cement pastes were identified using XRD 

technique of BRUXER, Axs D8 ADVANCE A8, and GERMANY 

Diffractometer. The samples were finely ground to pass a 200mesh sieve. The 

identification of all samples was confirmed by computer-aided search of the 

PDF database obtained from the Joint Committee on Powder Diffraction 

Standards-International Center for Diffraction Data (JCPDA-ICDD), 2001. 

Thermal gravimetric analysis (TGA) was carried out using DTA50 Thermal 

Analyzer (Schimadzu Co., Tokyo, Japan). A dried sample of about 50 mg (53 

lm) was used at heating rate 20 C/min under nitrogen atmosphere. 

3. Results and discussion 

3.1. Hydration behavior of composite cement pastes 

3.1.1. Water of standard consistency and setting times 

The variations of the required water of standard consistency and setting 

times of the fresh OPC and composite cement pastes containing 0, 1, 2, 4 and 6 

mass% of NS or/and GBFS are represented in Table 2. It can be seen that the 

water demand increases with the increase of NS% content. The initial and final 

setting times of unsuperplasticized cement pastes were shorten with the 

addition of NS as shown in the behavior of mixes I. The setting is associated 

with the formation of calcium sulphoaluminate hydrates. The formation of AFt 

and AFm depends on the amount of aluminate phases, reaction velocity, rate of 

solution of CaSO4 retarder, and CH liberated during the hydration of OPC 

phases (C3S and b-C2S). Addition of NS reduces the setting times. 

The required water of standard consistency and setting times increase with 

increasing NS% as shown in mixes II. The initial and final setting times of 

superplasticized cement pastes were elongated. The retardation of setting 

processes is due to the presence of 1% superplasticizer [17]. The pastes 

containing NS require higher amounts of water of standard consistency more 

than the neat OPC paste [II.0] due to the high surface area of NS to form more 

hydrated products [8]. 

When NS is added to cement grains, H2SiO2
4

 
forms and reacts with the 

available Ca2+ which forms an additional amount of calcium silicate hydrate 

(C–S–H). C–S–H particles are spread in the water filled spaces between the 

cement grains and serve as seeds for the formation of more compact C–S–H 

phases. 

Water of standard consistency as well as setting times of the prepared 

cement pastes, made of OPC–GBFS–NS mixes III and IV, are represented in 

Table 2. It can be seen that the water of standard consistency decreases, 

whereas initial and final setting times elongated with increasing the GBFS 

content, this is due to the lower hydraulic reactivity of GBFS in comparison 

with OPC during the very early ages of the hydration. 

3.1.2. Chemically combined water contents 

The variations of the chemically combined water contents of composite 

cement pastes hydrated up to 90 days as a function of NS contents was given in 

Fig. 2. Figure shows the variations of the chemically combined water contents 

of composite cement pastes with and without polycarboxylate superplasticizer. 

The degree of hydration is measured from the chemically combined water 

contents. Chemically combined water contents increase with the increase of 

curing age for all hydrated cement pastes; this is mainly due to the continuous 

of the hydration, leading to the formation of more excessive amounts of 

hydrated products, which precipitated in the available open pores system of the 

hardened cement pastes. The values of chemically combined water contents 

increase with increasing NS content up to 4 mass%. Increase of the contents of 

NS up to 6%, the chemically combined water content decreases, but still higher 

than that of the neat OPC paste. It is clear the chemically combined water 

contents of superplasticized pastes were decreased than those of 

unsuperplasticized pastes (Fig. 2B), this is attributed to the decrease of required 

water of standard consistency (mixing water). 

NS particles have high surface area and contain many unsaturated bonds, 

which make them highly reactive, and water molecules are attracted towards 

the surface of these particles, as a result of this attraction, chemical bond is 

created between water and these particles along with formation of silanol 

groups ( Si– OH). The increase in the required water of standard consistency 

is due to high surface energy of NS particles, which increase of the 

acceleration of the hydration process of cement phases [5,27]. The increase 

in chemically combined water contents in the presence of different contents 

of NS is mainly due to the higher pozzolanic activity of NS. NS reacts with 

the liberated CH during the hydration of cement phases to form additional 

hydrated products such as C–S–H, C–A–H and C–A–S–H. NS act as 

nucleation sites to accelerate the hydration, due to high surface area. NS 

accelerated the cement hydration largely in the early age with a reduction in 

low-stiffness C–S–H gel and an increase in highstiffness C–S–H gel [20]. 

The enhancement of NS is due to the filling of the voids of C–S–H 

structure, which leads to a denser and stronger concrete [22,23]. 

Acceleration of the hydration processes of cement pastes, and highly 

formation of CH during the initial period were shown [50]. 

OPC–GBFS cement pastes give relatively lower chemically combined 

water contents than those of OPC, especially at early hydration ages. But, at 

later ages (28–90 days) of the hydration of cement III.2 mix shows a higher 

values of chemically combined water contents than those of OPC–GBFS 

cement pastes; this is attributed to the higher activation of slag portion at 

longer curing times as shown in Fig. 2A,B. The data of the chemically 

combined water contents reflect the increase in hydration reaction rate for 

OPC– GBFS–NS composite cement pastes containing NS. The values of the 

chemically combined water contents increase with increasing NS content. 

Also, NS particles accelerate the hydration of cement, due to their high 

activity and nucleating effect [20]. The composite cement containing 4 

mass% of NS (IV.2) has the highest values of chemically combined water 

contents, at all curing ages. 

3.1.3. Free lime contents 

The free lime contents of composite cement pastes containing different 

percentages of OPC–GBFS–NS up to 90 days are graphically represented in 

Fig. 3. The results indicate that the values of free lime of the neat OPC paste 

increase up to 90 days; the increase of the free lime values up to 90 days is 

due to the continuous hydration of the main cement phases (C3S and b-C2S), 

liberating CH as shown in Fig. 3A,B. Free lime content of composite 

containing OPC–NS and/or GBFS increases up to 3–7 days, then decreases 

up to 90 days. Fig. 3A shows the variation of free lime content of 

unsuperplasticized OPC–NS and/or GBFS pastes, these values increase up 

to 3 days, and then decrease with curing time up to 90 days, except the free 

lime of mix III.3 decreases up to 90 days. There are two processes; first is 

lime production from the hydration of cement clinker phases (C3S and b-

C2S); second is the lime consuming (pozzolanic reaction). NS accelerates 

the hydration rate of cement phases (C3S and b-C2S), hence rate of CH 

liberation is higher than the rate of consumption by pozzolanic reaction with 

NS to produce additional C–S–H up to 3–7 days [27,51]. After 3 – 7 days up 

to 90 days the free lime decreases sharply due to the higher pozzolanic 

activity of NS or the rate of consumption is higher than that of liberation. 

NS, due to its high special surface, is so reactive, and produces C–S–H 

condensed gel as a result of 



344 M. Heikal et al. / Construction and Building Materials 70 (2014) 339–350  

polycarboxylate superplasticizer. 

pozzolanic reaction. Therefore, in the pozzolanic reaction, the amount of 

crystals of CH decrease and high-strength dense gel C–S–H, which is a 

product of pozzolanic reaction [15,52–54]. GBFS also, reacted with the 

liberated free Ca(OH)2 (lime consumption), the increase of the GBFS 

content decreases the values of lime consuming, hence the free lime content 

decreases. 

The addition of NS in combination of superplasticizers results in the 

formation of low-density, dispersed-hydrated products of low C/S and low 

CH content, leading to relatively homogeneous composites. 

Superplasticizers improves the dispersion of both OPC and NS grains, leads 

to more efficient hydration and higher degree of compaction as well as it 

decrease the total porosity, which facilitate the approaching of NS from the 

lime released to form additional amounts of C–S–H, the free lime decreases 

as shown in Fig. 3B than those values of Fig. 3A. 

3.1.4. Compressive strength 

Compressive strength of composite cement pastes containing OPC–GBFS–

NS up to 90 days are graphically represented in Fig. 4. The values of the 

compressive strength increase with curing time for all hydrated cement pastes, 

this is due to the continuous hydration and formation of excessive amounts of 

hydrated (C–S–H, C–A– H and C–A–S–H). These hydrates deposited in the 

available open pores forming a closed compact structure. The compressive 

strength of OPC–NS and/or GBFS cement pastes increase with NS content up 

to 4%. Increases of the contents of NS up to 6% the values of compressive 

strength of OPC–NS cement pastes decreases as shown in Fig. 4A,B. 

Strength improvement is due to the increase in NS content, which can be 

attributed to the pozzolanic reaction, nano-filling, and acting as a nucleus 

[15,25,52,55], which improves the 

 

Curing age, days Curing age, days 

Fig. 2. Chemically combined water contents of hydrated composite cement pastes containing NS with curing time up to 90 days, (A) in the absence of superplasticizer; (B) in the presence of 1% 

superplasticizer. 

 

Curing age, days Curing age, days 

Fig. 3. Free lime contents of hydrated composite cement pastes containing NS with curing time up to 90 days, (A) in the absence of superplasticizer; (B) in the presence of 
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polycarboxylate superplasticizer. 

microstructure and consequently increases in compressive 

strength values. As a result of this mechanism, NS due to its high special 

surface is so reactive and produces condensed C–S–H gel as a result of 

pozzolanic reaction with CH. Therefore, in the pozzolanic reaction, free CH 

decrease to produce additional dense C–S–H gel with high-strength. Increases 

the density of transition region/ area by filling empty spaces and thus increases 

the strength. Fast reactivity of NS grains is due to unsaturated bonds (Si–O–). 

Thus NS grains undergo quick reactions. NS fills the pores between C–S– H 

gel nanostructure (around 10 nm) to become closer and denser. NS acts also 

like nucleus forming an extremely strong bond with C–S–H gel particles, to 

form stable and durable hydrated products with higher compressive strength. 

The compressive strength was developed in composite cement pastes 

containing NS particles higher than that of neat OPC cement pastes. The 

difference in the strength development is attributed to pozzolanic reaction. As 

mentioned above, nano-particles are thought to be more effective in pozzolanic 

reaction. Also, NS would fill pores to increase the compressive strength. 

Therefore, it is confirmed that the addition of NS to cement pastes improves 

their strength characteristics. Presence of superplasticizer the compressive 

strength of composite cement pastes increases as shown in Fig. 4B. In presence 

of superplasticizer, the required water of standard consistency as well as initial 

total porosity decrease, which facilitate the approaching of NS from the lime 

released as a result of the hydration of cement phases (C3S and b-C2S) to form 

additional amounts of C–S–H with low C/S and low Ca(OH)2 content, leading 

to relatively homogeneous composites. The use of superplasticizers improves 

the dispersion of OPC, GBFS and NS grains, leads to more efficient hydration 

and higher degree of compaction. 

3.1.5. Gel space ratio 

The strength of the pastes is affected by W/C ratio, degree of hydration, air 

content and temperature. The strength can be correctly related to the solid 

hydration products and to the space 

available for formation of these products. The gel/space ratio (X) is represented 

by the following equation [56–57]: 

X ¼ 2:06V 
c
a 

ð1Þ VcaþWo=C 

where C = mass of the cement, Vc = specific volume of cement = 0.319 c.c./gm, 

Wo = mass of mixing water and a = the degree of the hydration. The degree of 

hydration is defined as: 

W 
n
 

a ¼   1 ð2Þ 

Wn 

where W
1

n is the chemically combined water content after complete 

hydration, Wn is the chemically combined water content at any time of 

hydration. 

The gel/space ratio (X) of the hardened neat and superplasticized cement 

pastes was calculated at various degrees of hydration and their W/C ratios 

as: 

0:647a 

X ¼  ð3Þ 0:319aþWo=C 

The gel/space ratios (X) of the hardened OPC–NS and/or GBFS 

composite cement pastes were calculated on the basis of the degrees of 

hydration and their W/C ratios; the gel/space ratios was given in Fig. 5. On 

increasing the gel/space ratio, the amount of hydration products increases; 

consequently, the compressive strength of the cement pastes enhances. As 

NS content increase, the gel/space ratio as well as the degree of hydration 

increases. The gel/space ratios (X) of the hardened OPC–NS composite 

cement pastes increases with NS content up to 4 mass% in the in absence 

and presence of polycarboxylate superplasticizer as shown in Fig. 5A,B. 

Fig. 5B shows an enhancement in gel/space ratio of superplasticized OPC–

NS and/or GBFS composite cement pastes, this is due to the production of 

more dense and close-textured structure of cement pastes including NS 

leads to an increase in the rate of hydration of cement particles. Gel/space 

ratio of OPC– GBFS–NS containing 4 mass% NS shows an increase with 

the increase of GBFS up to 40 mass% (mix IV.2) as shown in Fig. 5A,B. 

3.1.6. XRD diffraction patterns 

X-ray diffractograms of the hardened I.3, II.3, IV.1, IV.2 and IV.3 

composite cement pastes containing 4 mass% NS hydrated for 90 days are 

shown in Fig. 6. Fig. 6 shows the presence of diffraction lines corresponding 

to hydrated and anhydrated phases namely, 

 
CH, b-C2S, C3S, CC and CSH. As the hydration proceeds, the peak intensity 

of C–S–H increases, whereas those peaks of CH decrease; this is due to 

pozzolanic reaction of NS with the released portlandite during OPC cement 

hydration. Mix II.3 exhibits lower intensity of portlandite and higher 

intensity of diffraction lines of characteristics for CSH peaks in comparison 

with those of mix I.3. 

XRD patterns corresponding to IV.1, IV.2, and IV.3 hydrated for 90 days as 

shown in Fig. 6. The diffraction patterns deposited the 

 

Curing age, days Curing age, days 

Fig. 4. Compressive strength of hardened composite cement pastes containing NS with curing time up to 90 days; (A) in the absence of superplasticizer; (B) in the presence of 
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polycarboxylate superplasticizer. 

 

Fig. 6. XRD patterns of hardened composite cement pastes containing NS with curing time up 

to 90 days. 

presence of anhydrous calcium silicate phases peaks superpose with the 

presence of hydrated phases such as C–S–H and CH peaks. OPC–GBFS–NS 

composite cement pastes (IV.3) exhibit lower intensity of portlandite peaks 

in comparison with those of IV.1 and IV.2. Therefore, the rate of lime 

consumption and that of CSH production increase in the presence of 4 

mass% NS and 40% GBFS, this result confirms the increase of compressive 

strength and gel space ratio as shown in Figs. 4 and 5. 

3.2. Behavior of composite cement pastes at elevated temperature 

3.2.1. Ignition loss 

Fig. 7 shows ignition loss of the hardened OPC–NS and/or GBFS 

composite cement pastes as a function of treatment temperature up to 1000 

C. The evaporable water was removed at 105 C, a partial decomposition of 

C–S–H, C–A–H and sulphoaluminate hydrates occurred up to 200 C, 

moreover the decomposition of gehlenite hydrate (C2ASH8) above 200 C 

and dehydration of CH 

 
at nearly 400–550 C. The decarbonation of CC occurred between 650 and 

800 C [38]. The results indicate that ignition loss is sharply increased up to 

250 C due to the removal of free, adsorbed and bound water of cement 

pastes. As temperature increases, the ignition loss slightly increases up to 

1000 C. This is due to the decomposition of some hydrated products, such as 

C–S–H and calcium sulphoaluminate, and gehlenite like hydrate (C2ASH8) 

as well as dehydration of CH at temperature 400–500 C [38,58]. Mixes 

containing GBFS shows an increase in the ignition loss from 250 to 450 C 

due to the higher pozzolanic activity to form additional C–S–H hydrated 

products as shown in Fig. 7. It was reported that the addition of 4 mass% NS 

acts as a nucleating agents which activates OPC–NS–GBFS composite 

cement to react with liberated CH, forming thus an additional C–S–H 

hydrated products. 

3.2.2. Compressive strength 

The variation of compressive strength of the hardened OPC–NS and/or 

GBFS composite cement pastes as a function of treatment temperature up to 

1000 C is graphically represented in Fig. 8. The compressive strength increases 

with thermally treatment temperature up to 450 C then decrease for all OPC–

NS–GBFS composite cement pastes, then decreases up to 1000 C for all 

cement pastes. The compressive strength of III.2 and IV.2 show higher values 

at all thermally treatment temperature up to 1000 C. This is due to higher 

consumption of portlandite. The compressive strength of OPC–NS–GBFS 

composite increases as a result of enhancing the hydration of unhydrated 

cement clinker [59]. This is attributed to the internal autoclaving effect that 

builds up as a result of flow of produced steam from elimination of capillary, 

physically adsorbed and bound water in cement pastes at high temperature that 

forms internal autoclaving reaction giving hydration products as well as 

improvement of pozzolanic reaction of NS with CH to form additional C–S–H 

with low Ca/Si ratio with high strength [60,61]. Whereas, the compressive 

strength decreases at 800–1000 C, may be ascribed to the decomposition of 

cementitous materials such as C–S–H as well as swelling of the water layer in 

the cement pastes. As the treatment temperature increases up to 1000 C, the 

porosity of cement pastes increases due to the coarsening of the pore size 

distribution. The decomposition of these hydrates takes place at thermally 

treatment temperature up to 1000 C to form crystalline structure similar to C2S 

as well as for- 

mation of gehlenite and wallastonite crystalline phases. These crystalline 

phases opening the pore system leading to increase the porosity and decreases 

the compressive strength. 

 

Curing age, days Curing age, days 

Fig. 5. Gel space ratio of hardened composite cement pastes containing NS with curing time up to 90 days; (A) in the absence of superplasticizer; (B) in the presence of 
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(B) in the presence of polycarboxylate superplasticizer. 

The compressive strength of the superplasticized OPC–NS–GBFS 

composite shows a higher values up to 1000 C in comparison with those pastes 

as shown in Fig. 8B. Generally, the partial substitution of OPC by 30–60% 

GBFS improves the compressive strength of cement pastes at 800 C. It can be 

included that 30–60% GBFS in the presence of 4 mass% NS has a higher 

resistance to fire than all composite cement pastes. 

3.2.3. Bulk density 

The bulk density of thermally treated temperature OPC–NS– 

GBFS composite containing different amounts of NS and GBFS were 

represented as a function of treatment temperature in Fig. 9. The change of 

bulk density of composite cement pastes with treatment temperature takes 

place in three steps. The first step, the bulk density decreases up to 450 C due 

to the removal of free, adsorbed and chemically combined water of C–S–H, C–

A–H, and calcium aluminosilicate hydrates. Within the temperature range up to 

600 C, mix I has higher values of bulk density. This is due to the higher values 

of hydration products from the cement clinker phases as shown in Fig. 9A. The 

second step takes place from 450 to 600 C, the bulk density has almost the 

same values. During this step (second step) the decomposition of CH. As the 

pozzolanic reaction takes place, these composite cement reacted with most CH 

liberated to form additional C–S–H, C–A–H and C2ASH8 phases. These 

products precipitated within the open pore system to form more compact close 

and dense structure. The third step ( from 600 to 1000 C) is accompanied by an 

increase in the bulk density 

 
for all cement pastes due to the decomposition of CC to CaO and CO2. 

Increase of the temperature above 600–1000 C caused strong losses and 

significant coarsening of the pore size distribution [62], this leads to the 

formation of denser structure, with associated shrinkage, evidently, total 

porosity increases as well as bulk density increases. The increase of bulk 

density due to the sintering from solid state decomposed CaO to give dense 

mater. 

 

Temperature, oC Temperature, oC 

Fig. 7. Ignition loss of hardened composite cement pastes containing NS as a function of treatment temperature up to 1000 C; (A) in the absence of superplasticizer; (B) in the presence of 

polycarboxylate superplasticizer. 

 

Temperature, oC Temperature, oC 

Fig. 8. Compressive strength of hardened composite cement pastes containing NS as a function of treatment temperature up to 1000 C, (A) in the absence of superplasticizer; 
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the presence of polycarboxylate superplasticizer. 

Generally, bulk density of cement pastes increase up to 450– 800 C, due 

to the self-autoclaving reaction of NS with CH and/or the hydration of 

anhydrous cement grains forming more cementituous materials that fill 

some pores producing closed compact structure. The bulk density of 

superplasticized OPC–NS–GBFS composite containing different amounts of 

NS and GBFS were represented as a function of treatment temperature in 

Fig. 9B. Mixes IV.1 and IV.2 show the highest values of bulk density (Fig. 

9B). The use of superplasticizers improves the dispersion of both OPC, 

GBFS and NS grains, leads to more efficient hydration and higher degree of 

compaction, which facilitate the approaching of NS from the lime released 

as a result of the hydration of cement phases (C3S and bC2S) to form 

additional amounts of C–S–H with low C/S and low 

CH content, leading to relatively homogeneous composites. The increase of 

bulk density of these mixes, is due to the increase of the stability of the 

hydration products which formed up to 1000 C. 

3.2.4. Total porosity 

Total porosity of OPC–NS–GBFS composite cement pastes as a function 

of treatment temperature is presented in Fig. 10. Total porosity decreases 

with thermally treatment temperature up to 250 C, due to that the thermally 

treatment temperature enhances the hydration of unhydrated cement phases 

as well as the reaction of NS and GBFS with CH to form additional 

hydration products that fill the available open pores [34,35,37,38]. The total 

porosity increases sharply with treatment temperature from 250 C up to 

1000 C for all cement pastes as a result of the formation of micro-cracks 

and/or increase of degree of crystallinity of the formed hydrates leading to a 

sort of opening of the pore system of cement pastes [37]. Total porosity 

decreases with NS content; this is attributed to the consumption of CH to 

form more hydration products. Also, the porosity increases sharply up to 

600–800 C, due to a significant increase of microcracks. The porosity 

increases rapidly due to the decomposition of CH at 600 C. The increase of 

total porosity after 600 C up to 1000 C is due to the decomposition of some 

carbonated C–S–H in addition to the other hydration products. Exposed 

temperature above 600 C up to 1000 C caused strength losses and 

significant coarsening as a result of sintering. The increase in temperature 

affects on the pore size distribution. The decrease of compressive strength 

can be connected to the increase of porosity. The basic phenomena 

governing changes of cement based materials at high treatment temperature 

are known desiccation of pore system, opposite thermal deformation, 

chemical phase transformation, decomposition of hydrated products and 

destruction of microstructure. The data show that unsuperplasticized III.1 

and III.2 as well as superplasticized IV.1 and IV.2 mixes have lower values 

of total porosity than those of other composite cement pastes up to 1000 C. 

Composite cement pastes containing NS acts as a nucleating site that 

increases the rate of hydration as well as reacting with the CH forming CSH 

products. 

3.2.5. X-ray analysis 

Figs. 11 and 12 show XRD diffraction patterns of specimens I.0 (OPC) and 

I.3 (96% OPC + 4 mass% NS). XRD diffraction patterns of I.0 at 250 C shows 

the main phases as C–S–H gel, unhydrated 

 
C3S and b-C2S, CH and CC. The diffraction lines due to CH at 4.92 , 2.62, 1.92 

and 1.79 Å showed that the intensities of diffraction lines corresponding to CH 

of mix I.3 (4 mass% NS) are less than the intensities of diffraction lines 

corresponding to I.0 (0% NS). Also, the intensity of diffraction lines 

corresponding to C–S–H of I.3 is higher than I.0 up to 600 C. The intensities 

diffraction lines corresponding to anhydrous phases (C3S and b-C2S) are lower 

for I.3 than I.0. It was concluded that I.3 has more hydration products than I.0. 

The decrease intensities diffraction lines corresponding of CH at 450 C is 

mainly due to the thermal hydration process that proceed as a result of self-

autoclaving to produce additional hydration products as a result of reaction of 

CH with NS. This pozzolanic reaction occurred at 250–450 C leads to form 

additional C–S–H, C–A–H and gehlenite like hydrate (C2ASH8). The lines 

characteristic of C–S–H are overlapped with the lines of CC. At 600 C the 

intensity of diffraction lines due to CH is hardly defected for I.3 than I.0, where 

the line corresponding to C–S–H and CC increases, due to some of CH were 

transformed from CH to CC. It is difficult to differentiate the peaks of b-C2S 

and C3S from cement which has suffered decomposition, and the amounts of b-

C2S and C3S formed during the decomposition from thermally treatment 

[35,37,63]. This indicates that C–S–H transforms at high temperature to the 

thermally stable forms similar to b-C2S and C3S minerals. On the other side, the 

intensity of CC peak removed at 1000 C as a result of partial decomposition to 

CaO. At 1000 C, C–S–H has completely disappeared, this is mainly due to the 

transformation to crystalline anhydrous calcium silicate phases [35,37,63]. This 

hypothesis is sustained by the parallel increase in the intensity peaks of b-C2S 

and C3S at 600–1000 C. The presence of portlandite at 1000 C is due to the 

rehydration of lime (CaO) for I.0 specimen. 

 

Temperature, oC Temperature, oC 

Fig. 9. Bulk density of hardened composite cement pastes containing NS as a function of treatment temperature up to 1000 C, (A) in the absence of superplasticizer; (B) in 
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the presence of polycarboxylate superplasticizer. 

 

Fig. 11. XRD patterns of I.0 (OPC) as a function of treatment temperature up to 1000 C. 

 

Fig. 12. XRD patterns of I.3 cement pastes containing 4 mass% of NS as a function of treatment 

temperature up to 1000 C. 

XRD diffractograms of I.3 thermally treated at 600–1000 C are given in 

Fig. 12. XRD diffraction patterns of the paste containing I.3 indicates the 

formation of wollastonite (CaOSiO2) in addition to bC2S and C3S. The 

disappearance of CH and the presence of higher amounts of CSH are evidenced 

that NS consumes CH forming additional C–S–H gel. It was concluded that the 

diffraction lines of crystalline wollastonite at 1000 C are detected, due to the 

high pozzolanic activity of NS to form more additional products from the 

pozzolanic reaction to form C–S–H, not from the decomposition of C–S–H 

from OPC hydration. It is well known that the decomposition of CSH phase 

which formed from the pozzolanic reaction forms crystalline monocalcium 

silicate (wollostonite) at 3.82511, 3.49396, 2.97552, 1.82988 and 1.71621 Å. 

Wollastonite is a ceramic product; therefore, these cements are durable and 

give reasonable higher compressive strength. 

4. Conclusions 

From the above findings it can concluded that: 

A. Behavior of pozzolanic cement pastes containing microsilica: 

1. The initial and final setting times of unsuperplasticized cement pastes 

were shorten with the addition of NS. Addition of NS reduces the setting 

times, whereas elongated for superplasticized cement pastes as well as 

for OPC–GBFS–NS mixes III and 

IV. 

2. The values of chemically combined water contents increase with 

increasing NS content up to 4 mass%. The OPC–GBFS–NS composite 

cement containing 4 mass% of NS (IV.2) has the highest values of 

chemically combined water contents, at all curing ages. 

3. Free lime content of composite containing OPC–NS and/or GBFS 

increases up to 3–7 days, then decreases up to 90 days. 

4. The compressive strength of OPC–NS and/or GBFS cement pastes 

increase with NS content up to 4 %. 

5. Gel/space ratio of OPC–GBFS–NS containing 4 mass% NS shows an 

increase with the increase of GBFS up to 40 mass% (mix IV.2). 

6. OPC–GBFS–NS composite cement pastes (IV.3) exhibit lower intensity 

of portlandite peaks in comparison with those of IV.1 and IV.2. 

B. Behavior of composite cement pastes at elevated temperature 

1. Mixes containing GBFS shows an increase in the ignition loss from 

250–450 C due to the higher pozzolanic activity to form additional 

C–S–H hydrated products. 4 mass% NS acts as a nucleating agents 

which activates OPC–NS–GBFS composite cement to react with 

liberated CH, forming thus an additional C–S–H hydrated products. 

2. The compressive strength of III.2 and IV.2 show higher values at all 

thermally treatment temperature up to 1000 C. It can be concluded 

that 30–60% GBFS in the presence of 4 mass% NS has a higher 

resistance to fire than all composite cement pastes. 3. Mixes IV.1 and 

IV.2 show the highest values of bulk density. 

4. The data show that unsuperplasticized III.1 and III.2 as well as 

superplasticized IV.1 and IV.2 mixes have lower values of total porosity 

than those of other composite cement pastes up to 1000 C. 
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