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Abstract 

The relative effects of nanoparticles (NPs) of dry powdered nSiO2, nAl2O3, and nCaCO3 and 

colloidal nSiO2 (in size range of 10-40 nm) on the hydration kinetics and apparent activation 

energy (Ea) of Portland cement were analyzed. Different variables, such as NP replacement levels 

(0, 0.5, and 5 wt. %) and testing temperature (10-40 ̊C), were evaluated. For a given type of NPs, 

the acceleration effect on cement hydration increased with increasing NP replacement level, but it 

reduced with increasing testing temperature. Apparent Ea increased at low replacement while it 

reduced at high replacement level of NPs, which was thought to occur due to an enhanced 

reduction in the rate of diffusion-control hydration at high replacement level. Accounting for the 

specific surface areas (SSA) of cement and NPs, the filler effect of NPs was quantified in terms of 

area multiplier. It was revealed that a NP with high SSA could function as a better accelerator at 

low replacement than the one with low SSA at high replacement. For tailoring the setting and 

strength development behavior of cementitious systems, the results from this study can aid in an 

informed decision making for the selection of the type of NP and its dosage. Moreover, the 

apparent Ea values can be used for the maturity prediction of nanoengineered cementitious 

composites.  
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1. Introduction 

The inclusion of nanosized particles (NPs) in a cementitious system is gaining increasing attention. 

Owing to their fine particles and high surface area-to-volume ratio, NPs show high surface 

reactivity and provide nucleation sites for C–S–H gel to grow, thus accelerating cement hydration 

[1–4]. Due to their filler effect, NPs enhance the packing density of cementitious systems, thus 

reducing the porosity of the hardened products [2,5–10]. Also, NPs can immobilize free water in 

cementitious systems, thus improving the properties of the interfacial transition zone (ITZ) 

between the cement matrix and aggregate [11–17]. Different types of NPs are used as additives or 

replacement materials for cement. In general, these are classified as zero-dimensional (0D), one-

dimensional (1D), and two-dimensional (2D) materials based on their geometries. NPs, such as 

nanosilica (nSiO2),  nanotitanium dioxide (nTiO2), nanoalumina (nAl2O3), nanolimestone 

(nCaCO3), and others, fall into the category of 0D. At the same time, carbon nanotubes (CNTs) 

and nanofiber are categorized as 1D nanomaterials, and graphene and graphene oxide are classified 

as 2D nanomaterials [18].  

The setting behavior and strength development of a cementitious system are dependent on its 

hydration kinetics, which in turn depends on the chemical and physical properties of the 

cementitious materials. The presence of reactive and nonreactive additives and admixtures, as well 

as different curing temperatures, can also alter the rate of cementitious hydration significantly. 

Therefore, the knowledge of the temperature sensitivity and apparent activation energy (Ea) of 

cementitious systems with various supplementary cementitious materials (SCMs) and additives is 

essential for understanding the time-dependent behavior of the cement-based materials.  

Ea is the potential energy barrier between the reactant and product for a single reaction system. 

Cement hydration generally consists of a complicated set of reactions, each of which has its own 
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Ea, and therefore, to account for the composite nature of these reactions, the term apparent Ea is 

employed in the case of cement hydration [19]. Apparent Ea has been widely used in calculations 

of concrete maturity or equivalent age, which directly connects concrete strength with its heat 

generation and age. For example, for a cementitious system with an apparent Ea of 40 KJ/mol, 

curing a concrete specimen for 12 hours at 40°C is equivalent to curing for 26 hours at 25°C [19]. 

Another application of apparent Ea is for the prediction of temperature development in a mass 

concrete member [20,21].  

Various experimental methods, such as isothermal calorimetry [19,22–25] and differential 

scanning calorimetry [26], have been proposed for determining the apparent Ea of the complex 

cement hydration reaction. Isothermal calorimetry (IC) is the most widely used one. Using IC, the 

rates of heat at different temperatures can be captured, and apparent Ea can be determined with the 

application of the Arrhenius equation. Poole et al. [24] discussed various approaches for 

determining Ea using IC.  

Research has evidenced that when SCMs and chemical admixtures are included in the 

cementitious system, the hydration reactions, their rates, and apparent Ea of the system are all 

altered. For example, apparent Ea decreases upon substitution of cement with class F fly ash and 

silica fume [25], whereas it is increased by slag substitution [27]. Similarly, since NPs affect 

hydration kinetics, they might also change Ea and, consequently, the setting and strength 

development characteristics of cement. Substantial research has been conducted to evaluate the 

performance of cementitious materials engineered with NPs in terms of their fresh properties [28–

32], microstructure [8,33–36], physio-mechanical properties [37–42], and durability [37,43–45]. 

Several studies [28, 46–50] have also focused on the effects of various NPs on the hydration 

characteristics of cement. However, the studies are minimal, and the relative effects of different 
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NPs and at different replacement levels have not been investigated. Also, the temperature 

sensitivity and apparent Ea of cement in the presence of various NPs have not been thoroughly 

studied. Jayapalan et al. [51] performed such a study, but it was limited only to two NPs – nTiO2 

and nCaCO3, and the filler effect of the NPs was not quantified.  

In light of the above discussions, the present study analyzed the effects of NPs (dry powdered 

nSiO2, nAl2O3, and nCaCO3 and colloidal nSiO2) on hydration kinetics and apparent Ea of a 

cementitious system. Two levels of NP replacement for cement were considered: 0.5% (low) and 

5% (high). The heat of hydration was measured using IC. The apparent Ea was calculated using 

the two methods - single linear approximation and modified ASTM C1074. The hydration 

parameters and apparent Ea were also explained in terms of the area multiplier that considers the 

filler effect based on the specific surface areas of various NPs. The contents presented in this study 

are expected to provide a better understanding of the hydration kinetics, apparent Ea, and filler 

effect of the nanoengineered cementitious composites. In cases where a choice of these NPs is 

available for nanoengineering of cementitious composites, an informed decision can be made 

based on the results from this study. The composite can be tailored to achieve a desirable setting 

and early-age strength development behavior. Apparent Ea values calculated in this study can be 

used to determine the equivalent age of composites based on which the decision to strip the 

formwork can be taken.  

2. Materials and Methods 

2.1 Materials 

Type I/II Portland cement satisfying ASTM C150 [52] criteria was used for all pastes studied. The 

NPs used were nSiO2, nAl2O3, and nCaCO3, in powder form, which will be written as nS, nA, and 
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nL, respectively, from now on. To compare with the powder nS, colloidal SiO2 (Col nS), in a liquid 

form, was also studied. The properties of these materials are presented in Table 1. 

Table 1. Properties of materials used in this study 

Material Source 
Avg. 
particle size 
(nm) 

Specific 
surface area 
(m2/g) 

Density 
(g/ml) pH Purity 

(%) 

Solids 
content 
(%) 

Cement 
(Type I/II) Ash Grove ~35000 0.44  - - - - 

nSiO2  
(nS) 

Aldrich 10-20 ~200 2.17-2.66 - 99.5  - 

Colloidal  
nSiO2  

(Col nS) 

Nouryon 
Levasil CB25 10-20 ~225 1.209  10.4  - 30 

nAl2O3  

(nA) 
SkySpring 
Nanomaterials 20 ~ 100 3.5-3.9 - 99.9  - 

nCaCO3 

(nL) 
SkySpring 
Nanomaterials 15-40 >40 0.680  8-9 >94.5 - 

To learn their morphology and aggregation state, the NPs, as they were received, were 

examined under a scanning electron microscope (SEM). A field-emission SEM, FEI Quanta 250, 

was used for this purpose that offered a maximum resolution on the order of 1.0 nm. An 

accelerating voltage of 10 kV was applied. To prepare for SEM samples, the powder NPs were 

dusted on their sample holders, while for Col nS, a small droplet was placed on a sample holder, 

which was stored in a can to let the water evaporate. All the samples were then coated with a layer 

of 2-nm Iridium before being observed under SEM. Fig. 1 shows the secondary electron images 

(SEI) of the NPs at the 15000x magnification. It can be observed from Fig. 1 that all four NPs 

studied had a spherical shape. However, due to their fine sizes, high surface areas, and energies, 

attractive van der Walls forces had made the NPs form clusters of agglomerates up to the orders 

of 2 μm. Comparing Fig. 1(a) (nS sample) and Fig. 1(b) (Col nS sample), one can notice that the 
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nS sample contained various sizes of particles, including large agglomerates, while the Col nS 

sample showed densely packed NPs with uniform particle size. This is because the original 

colloidal solution contained well dispersed NPs. Therefore, the ultrasonication technique was used 

to break up the agglomerates in the powder NPs before the NPs were introduced into a cement 

system; however, the ultrasonication was not used for the Col nS.  

  
(a) nS (b) Col nS 

  
(c) nA (d) nL 

Fig. 1. SEM images of nanoparticles 
2.2 Methods 

2.2.1 Preparation of the cement-NP paste 

This section describes the procedure used for the preparation of cement paste containing NPs 

(cement-NP paste). To prepare a cement-NP paste, the quantities of the necessary constituents 
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(cement, NP, and water) were firstly determined. All pastes were designed to have a water-to-

binder ratio (w/b) of 0.45. The quantity of NPs was set as 0% (control), 0.5% and 5% (by weight) 

of replacement for cement. With the determined quantity of the NPs and water, a nanosolution was 

prepared by dispersing the NPs in the water using a probe-based ultrasonication technique. A ½ 

inch probe ultrasonicator (MISONIX Incorporated model XL2020) having an output frequency of 

20 kHz and generating power of 600W was used. The ultrasonication for each nanosolution was 

performed for 30 minutes in a 5-second pulse on and 1.5-second pulse off mode (The time of the 

ultrasonication was determined from a separate study). During the entire ultrasonication period, 

the vial containing the nanosolution was kept in an ice-water bath to avoid the overheating of the 

sample. The ultrasonicated nanosolution was then used as ‘mixing water’ for the preparation of 

the paste by 2 minutes of hand-mixing. When Col nS was used, the amount of the water present in 

the colloid was deducted from the mixing water calculated for the paste. Since the NPs were 

already dispersed in the aqueous solution, ultrasonication was not applied. The Col nS solution 

was used directly as a part of ‘mixing water’ for its paste.  

2.2.2 Isothermal Calorimetry 

After the completion of mixing, approximately 25 grams of paste was placed into an aluminum 

sample holder and tested for the rate of the heat of hydration using an isothermal calorimeter. A 

PTC-1 calorimeter was used that measured the rate of heat at a constant temperature following 

ASTM C1679 [53]. The calorimeter contains eight separate channels. During a test, each channel 

held a sample that rested on a heat flow sensor (Peltier), which was positioned on a standard heat 

sink of a large block of aluminum. Proportional to the amount of heat flow, a voltage signal was 

recorded at fixed intervals (2-minutes in this study). The voltage was then converted to the rate of 

heat generation by applying the calibration factor based on the reference material (aluminum). In 
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this study, the calorimetry measurements were performed for each cement-NP paste at four 

constant temperatures (10, 20, 30, and 40 ̊C), and two samples were tested at each of the 

temperatures. A typical calorimetry curve of Portland cement hydration is shown in Fig. 2 with 

the rate of heat generation plotted on the primary y-axis and the cumulative heat on the secondary 

y-axis. In order to compare the effects of various NPs used in this study, four parameters from the 

calorimetry curve (Fig. 2) were used as follows: 

 (1) The maximum rate of heat generation (Rmax): higher value means that alite hydrates at a higher 

rate 

(2) Time to reach the maximum rate of heat generation (TRmax): a lower value suggests the 

acceleration of hydration  

(3) The slope of the acceleration region (Sacc.): a higher value means a higher rate of cement 

hydration in the acceleration period. It was calculated as the slope of the linear regression line 

through the data points between the point where the rate of hydration starts accelerating to the 

point where it peaks.   

(4) Cumulative heat at a time t (Ht): a higher value suggests a higher degree of hydration at time t 

According to Bullard et al. [54], the rate of heat curve can be divided into five different stages. 

Stage I – dissolution stage: A very high peak of heat is observed in this stage due to the fast 

dissolution of ionic phases. Stage II: This stage is characterized by a period of slow chemical 

activity and is called the induction period. Many theories, such as protective membrane, nucleation 

and growth (N+G), and geochemical theory, have been proposed to explain the activities in this 

period. According to the N+G theory [54,55], the hydration kinetics in the induction period is 

controlled by the nucleation and growth of CSH. When CSH nuclei reach a critical number and 

size, they start growing, leading to the acceleration period (Stage III). Stage III: This stage 
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corresponds to the acceleration of hydration, leading to the main peak. In this period, the hydration 

kinetics is controlled by the N+G of hydrates, especially CSH on the surface of alite and other 

minerals [54,55]. The researchers have found that the rate of hydration is proportional to the 

number of active growth sites for CSH [54]. Stage IV: This stage corresponds to the deceleration 

of cement hydration. Although different explanations have been given, it is widely considered that 

this period is controlled by the diffusion process. As the unhydrated grains are covered by the CSH 

rim around them, the rate of hydration is controlled by how fast or slow the ions can diffuse through 

these rims [56]. However, this step is affected by several other factors such as lack of water, 

particle size and SSA of reactants, and consumption of small particles leaving only large particles 

to react [54]. Stage V: After around 24 hours (Stage V), the chemical activity occurs very slowly, 

which depends on the space available for the cement hydrates. The growth of hydrates until stage 

IV heavily restricts the diffusion of ions, thereby limiting further hydration of unhydrated grains. 

In other words, this period is also diffusion controlled.  

 

Fig. 2. A typical calorimetry curve of Portland cement hydration 
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2.2.3 Method of Ea calculation 

As mentioned previously, various methods have been proposed for determining the temperature 

sensitivity and calculating Ea of cementitious materials [19,22–25] using the isothermal 

calorimetry data. Poole et al. [24] presented three such popular methods along with their 

advantages and disadvantages. These methods were (1) single linear approximation, (2) 

incremental, and (3) modified ASTM C1074. In this study, single linear approximation, and 

modified ASTM C1074 methods were employed. In the linear approximation method, the linear 

slope of the acceleratory region of the cumulative heat curve (developed from the isothermal 

calorimetry measurements at different temperatures) was considered as the rate of reaction. The 

rates of reaction at different temperatures were then used to calculate Ea through the Arrhenius 

equation. As per the modified ASTM C1074 method, Ea was calculated through the following 

steps: 

(1) Rate of heat (normalized in mW/g of cementitious materials) data were obtained for each 

cement-NPs combination by isothermal calorimetry measurements separately at four 

temperatures: 10, 20, 30, and 40 ̊C. The cumulative heat was also calculated using this data.  

(2) The development of the degree of hydration (DOH) with time was calculated using Eqs. (1)-

(3) [25,57,58]. 

 𝛼𝛼(𝑡𝑡) =  
𝐻𝐻(𝑡𝑡)
𝐻𝐻𝑢𝑢

 (1) 

 𝐻𝐻𝑢𝑢 =  𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐 ∙  𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐻𝐻𝑛𝑛𝑛𝑛 ∙  𝑝𝑝𝑛𝑛𝑛𝑛 +  𝐻𝐻𝑛𝑛𝑛𝑛 ∙  𝑝𝑝𝑛𝑛𝑛𝑛 +  𝐻𝐻𝑛𝑛𝑛𝑛 ∙  𝑝𝑝𝑛𝑛𝑛𝑛 (2) 

 
𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐 =  500 ∙  𝑝𝑝𝐶𝐶3𝑛𝑛 + 260 ∙  𝑝𝑝𝐶𝐶2𝑛𝑛 + 866 ∙  𝑝𝑝𝐶𝐶3𝑛𝑛 + 420 ∙  𝑝𝑝𝐶𝐶4𝑛𝑛𝐴𝐴 +  624 ∙  𝑝𝑝𝑛𝑛𝑆𝑆3

+ 1186 ∙  𝑝𝑝𝐴𝐴𝐹𝐹𝑐𝑐𝑐𝑐𝐶𝐶𝐹𝐹 + 850 ∙  𝑝𝑝𝑀𝑀𝑀𝑀𝑆𝑆 
(3) 
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Where α(t) is the DOH at time t; H(t) is the cumulative heat at time t, and Hu is the total heat 

available for the reaction. Hcem, HnS, HnA, and HnL in Eq. (2) represent the total heat available 

due to reaction of cement, nS (both powder and colloidal), nA, and nL, respectively. Hcem is 

calculated based on the chemical composition of cement as per Eq. (3) wherein the heat 

generated due to various cement compounds such as C3S, C2S, C3A, and others were 

considered separately. As both nS and nA were reactive NPs, the values of HnS and HnA were 

considered as 780 J/g and 230 J/g, respectively, based on previous studies [59]. On the other 

hand, nL was less reactive, and it was assumed an inert filler [47,51] in the present study for 

simplicity, and hence HnL was considered to be zero. pcem, pnS, pnA, and pnL in Eq. (2) represent 

the percentage of cement, nS (powder and colloid), nA, and nL in the paste, respectively. 

(3) The DOH calculated in step 2 was modeled using the three-parameter model given in Eq. (4).  

𝛼𝛼(𝑡𝑡) = 𝛼𝛼𝑢𝑢 ⋅ 𝑒𝑒
−�𝜏𝜏𝑡𝑡�

𝛽𝛽

 (4) 

Where the three coefficients, αu, β, and τ, are the ultimate DOH, hydration shape parameter, 

and hydration time parameter, respectively. A larger αu indicates the higher magnitude of 

ultimate DOH, larger β indicates a higher hydration rate at the linear portion of the hydration 

curve, and a larger τ means a more significant delay of hydration [60]. By fitting DOH data 

using a least-squares approach, the three coefficients of the model were obtained at each of the 

four temperatures. It has been shown in the literature that αu and β are independent of 

temperature [25,61]. Therefore, keeping the values of αu and β constant (equal to their values 

at 20 ̊C), the value of τ was re-calculated at each temperature. 

(4) ln (τ) versus 1/Temperature (K) was plotted using Eq. (5).  
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𝐸𝐸𝐹𝐹 =  −  
𝑙𝑙𝑙𝑙 �

𝜏𝜏𝐹𝐹𝑐𝑐𝑟𝑟
𝜏𝜏𝑐𝑐

�

� 1
𝑇𝑇𝐹𝐹𝑐𝑐𝑟𝑟

− 1
𝑇𝑇𝑐𝑐
�

 ∙ 𝑅𝑅 
 

(5) 

Where τref and Tref are hydration time parameter and cement paste temperature at the reference 

temperature (20 ̊C); τc and Tc are hydration time parameter and cement paste temperature at 

different temperatures, and R is the natural gas constant. 

(5) The value of Ea was then calculated as the slope of the best-fit line times the negative of R 

(8.314 J/mol/K). For example, the calculation of Ea for 0%, 0.5%, and 5% of dry powder nS 

is shown in Fig. 3. It can be observed that as the slope of the best-fit line changes, the value of 

Ea will also change.  

 

Fig. 3. Arrhenius plot for calculation of Ea (paste containing nS) 

3. Results and Discussion 

3.1 Effect of NPs on cement hydration  

3.1.1 Effect of NP replacement level 

Figs. 4-7 present the heat of hydration curves from calorimetric tests of all cement-NP pastes 

studied. The major peaks seen in the heat of hydration curves resulted mainly from the hydration 
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of C3S of Portland cement. It can be seen from Figs. 4-7 that regardless of the NP type, the rate of 

heat generation and the total cumulative heat of all pastes studied increased, but the time to reach 

the max. rate of heat generation was shortened with increasing NP replacement level. This suggests 

that NP replacement for cement increased rate and degree of cement hydration. The shortened time 

to reach the max. rate of heat generation provided by NP replacements reflects a reduced set time 

of the cement-NP paste. Generally, at a low replacement level (0.5%), the values of the changes 

(increases or decreases) in the heat generation parameters studied were minimal. However, at a 

high replacement level (5%), they were significant. The changes in the heat generation parameters 

appeared more substantial for pastes tested at a low temperature when compared with those of 

pastes tested at a high temperature. To further understand these observations, the effects of NP 

replacement levels on four parameters of the heat of hydration curve were examined: (1) the 

maximum rate of heat generation (Rmax); (2) the time to reach the max. rate of heat generation 

(TRmax); (3) the slope of the acceleration region (Sacc.); and (4) the cumulative heat at 24 hours (H24 

hours). The cumulative heat at 24 hours was chosen for comparison since the main hydration peak 

was finished in all cement-NP paste by this time. An example of the change in the four parameters 

with nS replacement level at different temperatures is shown in Fig. 8. It can be observed that with 

an increase in the nS replacement level, Rmax, Sacc, and  H24 hours increased, and TRmax reduced. For 

example, at 20 ̊C, Rmax increased from 3.60 mW/g to 4.60 mW/g as nS replacement level was 

increased from 0% to 5%. A corresponding reduction in TRmax was from 9.85 hours (591 minutes) 

to 8.12 hours (487 minutes), suggesting a significant acceleration of the hydration. Similar 

observations were also made in the case of other types of NPs. These observations can be attributed 

to the seeding effect of the NP in the cementitious system. In the presence of NPs, the seeding 

effect alters the kinetics in different stages of cement hydration with more significant effects on 
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the induction and acceleration period (Stage II and III in Fig. 2). Shortly after mixing of a cement 

paste, the nuclei of the main hydration product, CSH gel, begin to form at the surfaces of the C3S 

particles. The nucleation rate depends on the surface area of the particles, Ca2+ concentration in 

the solution, and the temperature [4,62]. Also, the formation of the CSH gel is autocatalytic, which 

implies that the existing CSH NPs stimulate the nucleation of new particles. A continuous 

autocatalytic process further triggers their growth as well [4]. Similar to this concept, the inclusion 

of NP seeds, such as nS, nA, and nL, provides additional sites for the nucleation and growth (N+G) 

of CSH and other hydration products. This is called the seeding effect due to which two N+G 

processes might occur at the same time:  (1) the natural heterogeneous N+G of the hydration 

products at particle surfaces; and (2) additional heterogeneous N+G in the capillary pore space 

between the particles away from the surfaces where the seeds do not affect the dissolution of C3S 

[17]. As a result of the increase in NP nucleation seeding (i.e., increase in NP replacement level), 

three main alterations in the cement hydration could be observed [4] as follows:  

(1) a higher increment of the early rate and the peak rate [increase in Rmax in Fig. 8(a)] since an 

enhanced number of regions of hydration products grow simultaneously.  

(2) significant shortening of the induction period [reduction in TRmax and increase in Sacc. in Fig. 

8(b-c)] as a large number of nuclei become available for N+G right after mixing. 

(3) a higher degree of hydration during the early N+G period [increase in H24 hours in Fig. 8(d)] 

since the growth of additional hydration products in the capillary pores would not immediately 

cover the C3S particles and, therefore, would not hinder the diffusion of ions.  

In summary, providing additional nucleation sites, the high level of NP replacement could help 

accelerate the early hydration, shorten the induction period, and increase the total amount/degree 

of hydration at the early age, as observed in this study. 
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Fig. 4. Rate of heat generation and cumulative heat profiles of cement paste with nS
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Fig. 5. Rate of heat generation and cumulative heat profiles of cement paste with Col nS
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Fig. 6. Rate of heat generation and cumulative heat profiles of cement paste with nA 
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Fig. 7. Rate of heat generation and cumulative heat profiles of cement paste with nL 
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Fig. 8. Effect of NP replacement level on the hydration curve parameters (Example of nS) 
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earlier hydration times, and (3) higher cumulative heat was released, suggesting a higher degree 

of hydration at early-age (around 24 hours) of the paste. These can also be understood from Fig. 8 

as with an increase in temperature, Rmax, Sacc, and  H24 hours increased, and TRmax reduced at all levels 

of NP replacement. However, combining the effects of both NP and temperature, it was observed 

that increasing NP replacement level had a more prominent effect at low temperatures than at high 

temperatures. In other words, the changes (increment or reduction) in the hydration parameters 

were more substantial for pastes tested at 10 and 20 ̊C when compared with those of pastes tested 

at 30 and 40 ̊C. For example, for the cement paste containing 5% nS, TRmax at the testing 

temperatures of 10, 20, 30, and 40°C were approximately 11, 8, 5.5, and 4.5 hours, respectively, 

while for the control paste sample (no NPs), the corresponding values of TRmax were 14, 10, 6, and 

5 hours, respectively. Similarly, TRmax values in the case of 5% Col nS were 11.5, 8, 5.9, and 4.8 

hours, respectively, at 10, 20, 30, and 40°C. These results suggest that the hydration-accelerating 

effect of NPs was more substantial at low temperatures, and is reduced with increasing 

temperature, which is consistent with that observed by other researchers [51,62]. This phenomenon 

can be explained by the N+G hypothesis of cement hydration products, as explained earlier. For 

the control paste (no NPs), cement hydration accelerates at a high temperature because the 

dissolution of the anhydrous cement and the precipitation of hydrates proceed faster at high 

temperatures [16]. The inclusion of NPs provides additional sites for N+G of hydration products; 

however, its rate is also dependent on the temperature, among other factors such as the surface 

area of the particles and Ca2+ concentration in the solution [4,62]. By modeling the kinetics of C3S 

hydration with a mathematical boundary N+G model, Thomas et al. [62] found that the nucleation 

rate has a strong nonlinear temperature dependence. He further hypothesized that the nucleation 

rate increases rapidly with the temperature at lower temperatures, but it levels off at higher 
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temperatures. This hypothesis explains well the observations from this study that the effect of NPs 

on the hydration kinetics are more prominent at lower temperatures. More reasons behind this 

observation are evident from the activation energy results, as discussed later in section 3.2.  

 

 

Fig. 9. Effect of temperature on the rate and cumulative heat of cement-NPs paste (Example of 
nS) 
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3.1.3 Effect of NP types 

In order to evaluate the effect of the type of NPs, the four parameters of the hydration curve were 

compared from Figs. 4-7. The percentage change (increment or reduction) in the absolute value of 

parameters (Rmax, TRmax, Sacc, and  H24 hours) for cement-NP paste were calculated with respect to its 

value in the case of control cement paste. Following observations were made: 

(1) For all types of NPs except nL, the percentage increase in Rmax was higher at 5% replacement 

level than that at 0.5% at all temperatures, which was consistent with observations presented 

in sections 3.1.1 and 3.1.2. In general, considering both replacement levels and all 

temperatures, the order of percentage increase in Rmax was: nA > nS > Col nS > nL. Contrary 

to other NPs, nA exhibited a very high increase (~40% at 40 ̊C) in Rmax at 5% replacement 

level. Such behavior might be attributed to the high reactivity of nA particles in the alkaline 

environment of cement paste. Recently, Zhan et al. [65] reported that nA could accelerate not 

only the silicate phase but also aluminate phase reactions, thus improving cement hydration 

substantially. Other researches also concluded that nA could provide an additional source of 

alumina ions to the pore solution and can significantly accelerate the hydration of C3A [9,54]. 

Besides, Reches et al. [66] revealed that nA could chemically react with Ca(OH)2 to form 

Al(OH)3 (bayerite/gibbsite).   

(2) The relative hydration-accelerating effect of different NPs could be understood in terms of the 

percentage reduction in TRmax or percentage increase in Sacc.. In general, the order of the 

accelerating effect of NPs was: nS > Col nS > nA > nL. nS and Col nS, at 5% replacement, 

were very effective in accelerating hydration. For example, a reduction of approximately 20% 

in TRmax and an increment of approximately 60% in Sacc. were obtained at 10 ̊C. On the other 

hand, even though nA increased Rmax significantly, its impact on the acceleration of hydration 
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was less compared to that of nS and Col nS. The accelerating-effect of nL was evident only at 

5% replacement and low temperatures (10 ̊C and 20 ̊C). 

(3) The effect of NPs on the total amount of early hydration was quantified in terms of the 

percentage increase in H24 hours. In general, the order of this effect of NPs was: nS > Col nS > 

nA > nL. In addition to accelerating hydration, nS and Col nS were quite effective in increasing 

the total amount of early-age hydration as well. The corresponding effects of nA and nL were 

also similar to their hydration-accelerating effects.  

It can be said that NPs exhibited different effects on various parameters of the hydration curve, 

which can be attributed to their different particle size, replacement level, testing temperature, and 

reactivity. These factors were combined to compare the relative effects of NPs, as presented in the 

next section.  

3.1.4 Introduction of the concept of area multiplier (AM) 

To further quantify and generalize the effect of all NPs and replacement levels, the concept of area 

multiplier (AM), proposed by Tandre et al. [10]., was employed. Although this concept was 

developed for the use of micro-sized fillers, such as limestone powder, in cement-based materials, 

it was applied here to compare the effect of different types of NPs on cement hydration. The AM 

considers the influence of the addition of a filler on the solid surface area of the cementitious 

system, as shown in Eq. (6) [10]. 

 𝐴𝐴𝐴𝐴 =  
𝑟𝑟 ∗  𝑆𝑆𝑆𝑆𝐴𝐴𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝐹𝐹

(100 − 𝑟𝑟) ∗ 𝑆𝑆𝑆𝑆𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑡𝑡
 (6) 

Where r (mass %) is the percentage replacement of cement by a filler (NPs in this study), and 

SSAcement and SSAfiller (m2/g) are the specific surface areas (SSA) of the cement and filler, 

respectively. AM is a scaling factor that describes the surface area of the filler (NP in this study) 
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used per unit surface area of cement. For simplicity, the AM of Portland cement was assumed to 

be 1.0. Since NPs had much higher SSA than Portland cement (Table 1), the AM values of pastes 

containing NPs were higher than 1.0 (Table 2). Fig. 10 shows that AM increased exponentially 

with increasing NP replacement level, and SSA had a considerable impact on AM. For example, 

when the level of Col nS (SSA = ~225 m2/g) replacement increased from 0.5% to 5%, the AM 

value of the cement system increased by a factor of approximately four. However, a corresponding 

increase in the replacement level of nL (SSA = ~40 m2/g) increased the AM value by a factor of 

only two. It shall be noted that based on Eq. (6) AM is governed by two parameters, the SSA and 

the replacement level of NPs. Thus, the same AM values can be achieved for a paste containing a 

finer NP at a lower replacement level or containing a coarse NP at a higher replacement level. As 

shown in Fig. 10, AM of 1.5 could be obtained by using 0.8% Col nS, or approximately 1.7% nA, 

or 2.8% nL. 

 

Fig. 10. Area multiplier of Portland cement for different types and replacement levels of NPs 
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Table 2. Area multiplier (AM) of cement-NP pastes 

Replacement 
level (%) 

Area Multiplier (AM) 

 nS Col 
nS nA nL 

0.0 1.00 1.00 1.00 1.00 

0.5 1.44 1.50 1.22 1.11 
5.0 5.63 6.21 3.32 2.16 

 

To help further understand the effects of different NPs on the cement hydration, the AM values 

of the cement-NP pastes studied were plotted against four hydration curve parameters (Fig. 11). It 

can be observed that with increasing AM, Rmax, Sacc, and  H24 hours increased, and TRmax reduced. 

Reduction in TRmax and increase in Sacc suggest that cement hydration was accelerated when a larger 

surface area of NPs was designated per unit surface area of cement. This could be because a higher 

surface area of NPs assisted in the N+G of CSH particles. Also, with increasing AM, the effect of 

acceleration was more prominent at lower temperatures (10 and 20 ̊C). This can be substantiated 

by a higher slope of the best-fit lines [Fig. 11(b)] at 10 and 20 ̊C as compared to that at 30 and 

40 ̊C. In general, the total amount of early-age hydration [Fig. 11(d)] also increased with 

increasing AM, and the increment was more at low temperatures. The formation of a higher 

amount of hydration products in the capillary pores might be the possible reason for the enhanced 

amount of early-age hydration.  

As discussed previously, the same AM values can be achieved for a paste containing a finer 

NP at a lower replacement level or containing a coarser NP at a higher replacement level. In the 

present study, nS and Col nS had an SSA value of ~200 m2/g, while nL had an SSA value of only 

~40 m2/g. Thus, a higher nL replacement level (3.1%) should be used to make the paste have 

similar calorimetric properties to the paste containing a lower Col nS replacement level (0.5%). In 

addition to seeding, it is generally believed that nS and Col nS could also accelerate cement 
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hydration through the pozzolanic reaction, which consumes Ca(OH)2, a cement hydration product, 

in the hydrating cement system. However, Fig. 11 shows that the data points of pastes with nS and 

Col nS followed the linear tends very well, indicating that the contributions to cement hydration 

through their pozzolanic reaction was limited when compared with the contribution of SSA at the 

early age of the cement hydration. Differently, in Fig. 11, the data points corresponding to AM = 

3.32 (5% of nA) appear as outliers, especially at high temperatures. This was probably due to the 

high reactivity of nA. Even though the pastes containing 5% nA had a lower AM value (3.32) than 

the pastes with 5% nS (AM=5.63) and 5% Col nS (AM=6.21), Rmax [Fig. 11 (a)] and Sacc, [Fig. 11 

(c)] values at 5% nA (at the location of AM =3.32). Such a behavior, contrasted with the general 

trend of Rmax, might be attributed to the high reactivity of nA particles in the alkaline environment 

of cement paste, as discussed earlier in section 3.1.3. 

  

  
Fig. 11. Filler effect of NPs on hydration parameters explained in terms of area multiplier 
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3.2 Effect of NPs on the apparent Ea of cement 

3.2.1 Effect of replacement level 

The apparent activation energies (Ea) of various cement-NPs combinations were calculated 

using the two methods described in section 2.2.3. The Ea values and other parameters obtained 

using the modified ASTM C1074 method are presented in Table 3. As mentioned earlier, αu and 

β are independent of temperature (section 2.2.3), and their values are the same at all four 

temperatures for a given paste mix. However, τ values reduced with an increase in temperature for 

each paste mix. Fig. 12 shows a good correlation between the τ values and the times to reach the 

max. rate of heat generation (TRmax) at various temperatures, a smaller τ value indicates a shorter 

time for a paste to reach the max. rate of heat generation, which is consistent with the observations 

presented earlier in section 3.1. Apparent Ea values obtained using the linear method and modified 

ASTM method are plotted in Figs. 13(a) and 13(b), respectively. Both figures showed a similar 

pattern with the change in the NP replacement levels. As the NP replacement level increased from 

0% to 0.5%, apparent Ea increased slightly; however, a further increase of NP replacement level 

from 0.5% to 5% led to a clear reduction in apparent Ea.  

 

Fig. 12. Correlation between τ and time to reach the max. rate of heat generation 
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Table 3. Parameters and apparent Ea determined by the modified ASTM method 

Mixture Repl. 
(%) 

Temp 
(°C) 

Hu 
(KJ/g) αu β τ 

(Hours) R2 Apparent Ea 
(KJ/mol) 

 
Control 
(no NP) 

 
0 

10 
 
471.36  

 
0.690  

 
1.168  

17.79 0.994 
 
32.54 ± 0.34 

20 13.31 0.998 
30 7.65 0.998 
40 4.88 0.997 

nS 

 
0.5 

10 
 
472.91  

 
0.738  

 
1.168  

17.60 0.996 
 
33.12 ± 0.16 

20 13.09 0.998 
30 7.61 0.999 
40 4.69 0.998 

 
5 

10 
 
486.79  

 
0.695  

 
1.119  

13.82 0.996 
 
28.29 ± 0.41 

20 10.67 0.997 
30 6.92 0.996 
40 4.41 0.996 

Col nS 

 
0.5 

10 
 
472.91  

 
0.723  

 
1.165  

17.82 0.996 
 
33.04 ± 0.18 

20 13.20 0.998 
30 7.61 0.999 
40 4.78 0.999 

 
5 

10 
 
486.79  

 
0.714  

 
1.094  

15.40 0.998 
 
30.81 ± 0.92 

20 11.13 0.998 
30 7.16 0.997 
40 4.40 0.999 

nA 

 
0.5 

10 
 
470.15  

 
0.745  

 
1.150  

18.00 0.995 
 
33.24 ± 0.44 

20 13.82 0.998 
30 7.56 0.998 
40 4.87 0.998 

 
5 

10 
 
459.29  

 
0.731  

 
1.084  

14.52 0.996 
 
30.67 ± 0.16 

20 10.42 0.997 
30 6.48 0.997 
40 4.23 0.995 

nL 

 
0.5 

10 
 
469.01  

 
0.741  

 
1.179  

19.28 0.996 
 
33.31 ± 0.21 

20 13.73 0.998 
30 8.03 0.998 
40 5.09 0.998 

 
5 

10 
 
447.79  

 
0.749  

 
1.191  

16.67 0.996 
 
31.78 ± 0.34 

20 13.36 0.998 
30 7.30 0.998 
40 4.82 0.998 
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Fig. 13. Apparent Ea values from (a) linear approximation; (b) modified ASTM method 

To further understand the effects of various NPs, Ea calculated using the linear, and modified 

ASTM methods were plotted against AM, as shown in Fig. 14. Regardless of the calculation 

methods, the overall trend is that Ea decreased linearly with AM of pastes containing NPs. The 

linear relationship was very strong for Ea calculated from the ASTM method, except for the last 

data point (the paste containing 5% Col nS). Different from the powder NPs used, Col nS solution, 

as a received commercial product, possibly contain other surfactants that are not disclosed, which 

might have affected its Ea value. The overall decreasing trend of Ea with AM might be attributed 

to the following: (1) the binders with high AM had more surface area exposed for hydration 
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reactions,  (2) the additional nucleation sites provided by NPs promoted N+G in the acceleration 

region (stage III) of cement hydration, and (3) as more NPs, especially with a larger AM, 

accelerated cement hydration in stage III, cement grains were coated with more hydration products 

rapidly, especially at the high temperature, thus reducing the rate of diffusion-controlled hydration 

in stages IV-V (Figs. 4-7).  However, when 0.5% NPs was used for cement replacement, their 

effects on cement hydration in stages IV-V were much less significant.  The researchers [27,67] 

have suggested that the N+G-controlled process (stage III) has high Ea, whereas that of the 

diffusion-controlled process (stages IV-V) is low. This explains the general reduction of Ea with 

an increase in AM.  However, more studies may be necessary to confirm these explanations.  

 

Fig. 14. Effect of area multiplier of NPs on apparent Ea of the cementitious system 
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cold weather conditions [19]. The results from the present study also indicate that the rate of 

cement hydration at an early age can be altered by using different types and replacement levels of 

NPs based on the AM value. A NP with higher SSA can function as a more effective accelerator 

and can be used at a small replacement level when compared with the NPs having a smaller SSA, 

which shall be used at a high replacement level to achieve similar effectiveness. 

Another important application of apparent Ea of cement-NP mixtures is to determine concrete 

maturity or equivalent age. According to the ASTM C1074 [68], equivalent age is defined as the 

number of days or hours at a specified temperature (Tr) required to produce a maturity equal to the 

maturity achieved by a curing period at temperatures different from the specified temperature. The 

equivalent age, te, at a reference/specified temperature, Tr, can be determined as given in Eq. (7). 

𝑡𝑡𝑐𝑐 =  �𝑡𝑡 ∗ 𝑒𝑒�− 𝐸𝐸𝑎𝑎𝑅𝑅  � 1𝑇𝑇𝑖𝑖
− 1𝑇𝑇𝑟𝑟

�� (7) 

Where Ti is the average concrete temperature during a given time period, t. Assuming Tr = 23 ̊C 

and Ti = 10 C̊ and using the apparent Ea values from Table 3 (modified ASTM method) of the 

control paste (no NP, Ea = 32.54 KJ/mol) and the paste with 5% nS (Ea= 28.29 KJ/mol), the time 

(t) required to attain a given equivalent age (te) and the equivalent age (te) at a given time (t) can 

be determined according to Eq. (7). The results are presented in Fig. 15. Fig. 15(a) shows that for 

a given equivalent age (te), the paste with 5% nS reaches the equivalent age earlier; subsequently, 

Fig. 15(b) shows that the paste with 5% nS had a higher equivalent age at a given curing time (t). 

This suggests that the reduced Ea of the mixture in the presence of NPs (at high replacement level) 

can accelerate the setting as well as the maturity/hardening of the mixture, especially at low 

temperatures.  
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Fig. 15. Comparisons of equivalent age and the time to reach equivalent age for pastes with 0% 

NP (control) and 5% nS 

4. Conclusions 

The effects of nanosized particles (NPs) on hydration kinetics and apparent activation energy (Ea) 

of cement pastes (w/b=0.45) were evaluated. Four different types of NPs, nS, nA, and nL in a 

powder form, and Col nS in a liquid form, were used as cement replacement at 0.5% and 5% (by 

weight). The filler effect of the NPs was quantified and compared using the concept of area 

multiplier (AM) and with the consideration of their specific surface areas (SSA). The following 

conclusions can be drawn: 

(1) Regardless of their types, when NPs were used to replace Portland cement, both the max. rate 

of heat generation and total heat generation increased and the time to reach the max. rate of 

heat generation was shortened. These indicate that the NPs played a catalytic role in the 

reaction.  

(2) For a given type of NPs, the acceleration effect on cement hydration increased with increasing 

NP replacement level, but it diminished with increasing testing temperature. This suggests that 
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the use of NPs to replace cement might be more effective for accelerating cement hydration of 

the cement-based materials constructed under a cold weather condition. 

(3) At the same NP replacement level, nA provided its pastes with the highest increase in the max. 

rate of heat generation, which might be credited to its high chemical reactivity, while nL 

provided pastes with the least increase in the max. rate of heat generation, which might be 

attributed to its relatively low SSA.  

(4) The effect of NPs on cement hydration can be understood better by using the AM factor, which 

describes the surface area of a type of NPs per unit surface area of cement. As the AM value 

of a cement system increased, more surfaces of NPs were available for the seeding of CSH 

nucleation. As a result, the slope of the acceleration region and the max rate of heat generation 

all increased and the time to reach the max. rate of heat generation decreased linearly, reflecting 

a linear acceleration effect.  

(5) Compared with other NPs used in this study, the pastes containing nA did not follow the linear 

relationships between the calorimetry parameters studied and AM. It implies that in addition 

to the seeding effect, the chemical reaction of nA contributed substantially to cement hydration 

and heat generation. 

(6) NP replacement for cement slightly increased the apparent Ea of cement pastes at a low 

replacement level. At the same time, it noticeably reduced the apparent Ea of cement pastes at 

a high replacement level. This might mainly be affected by the enhanced reduction in the rate 

of diffusion-control hydration at high replacement levels. In general, apparent Ea reduced with 

an increase in AM.  
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Figure Captions 

Fig. 1. SEM images of nanoparticles 

Fig. 2. A typical calorimetry curve of Portland cement hydration 

Fig. 3. Arrhenius plot for calculation of Ea (paste containing nS) 

Fig. 4. Rate of heat generation and cumulative heat profiles of cement paste with nS 

Fig. 5. Rate of heat generation and cumulative heat profiles of cement paste with Col nS 

Fig. 6. Rate of heat generation and cumulative heat profiles of cement paste with nA 

Fig. 7. Rate of heat generation and cumulative heat profiles of cement paste with nL 

Fig. 8. Effect of NP replacement level on the hydration curve parameters (Example of nS) 

Fig. 9. Effect of temperature on the rate and cumulative heat of cement-NPs paste (Example of 
nS) 

Fig. 10. Area multiplier of Portland cement for different types and replacement levels of NPs 

Fig. 11. Filler effect of NPs on hydration parameters explained in terms of area multiplier 

Fig. 12. Correlation between τ and time to reach the max. rate of heat generation 

Fig. 13. Apparent Ea values from (a) linear approximation; (b) modified ASTM method 

Fig. 14. Effect of area multiplier of NPs on apparent Ea of the cementitious system 

Fig. 15. Comparisons of equivalent age and the time to reach equivalent age for pastes with 0% 
NP (control) and 5% nS 
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Table Captions 

Table 1. Properties of materials used in this study 

Table 2. Area multiplier (AM) of cement-NP pastes 

Table 3. Parameters and apparent Ea determined by the modified ASTM method 
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