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 Based on Krstulovic-Dabic model, this paper modifies the center particle hydration 

model according to the features of copper tailings, and then simulates the hydration 

process of cement-based composite binding system mixed with copper tailings. The 

hydration exothermic features were analyzed under different dosages, and different 

temperatures. Then, the simulated parameter values of the hydration process were 

compared with those measured in experiments. The results show that: the mixing of 

copper tailings powder can reduce the hydration heat release and slow down hydration 

rate of the composite binding material, and improve the thermal performance of the 

concrete; the prepared copper tailings powder is active enough to replace fly ash and 

ground-granulated blast furnace slag (GGBS) as cement admixtures; When the dosage 

surpasses 40%, the copper tailings can be applied to mass concrete projects.  
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1. INTRODUCTION 

 

In cement production, the mixing of fly ash and blast 

furnance slag can increase the yield and variety of products 

and improve cement performance. However, traditional active 

admixtures like fly ash need to be partial replaced, in response 

to the optimization of energy structure, the rise of new energy, 

and the pursuit of energy saving and waste reuse. It is 

necessary to lower the production cost of cement using cheap 

and abundant mineral admixtures, and to produce “green 

cement” through full use of industrial waste. Copper tailings 

is a high-yield industrial waste with a small particle size. It is 

discharged in copper smelting after the extraction of useful 

metals like copper and gold.  

Many scholars have explored the addition of mineral 

components as cement admixtures. Based on the 

characterization method of Ca (OH)2 content, Li et al. [1] 

studied the role of fly ash in composition binding system, and 

suggested that a high dosage of fly ash boosts cement 

hydration. Han et al. [2] examined the hydration properties of 

the slag-cement composite binding system under low 

temperature, and discovered that different low temperature 

conditions have different effects on the hydration of the system. 

In conventional building structures, the hydration of cement 

creates a temperature gradient in the concrete. Then, the stress 

induced by the temperature difference will result in cracking, 

which in turn threatens the mechanical properties and 

durability of the structure [3]. If a concrete structure is 

constructed in winter, the construction period will be extended, 

because the hydration is slowed down in the ultracold 

environment; in this case, the hydration heat helps to speed up 

the hydration reaction. For mass concrete, the cracking in the 

construction phase can be forecasted and mitigated effectively 

by studying the exothermic mechanism and cooling measures 

for the hydration of binding material [4]. In actual construction, 

it is difficult to control the cracks, due to the heat release of 

cement hydration, as well as the interaction between 

temperature and stress fields. The effective crack control 

requires accurate calculation, analysis, and simulation of the 

temperature and stress of cement-based concrete [5]. 

Zhang [6] pointed out that adding fly ash or mineral powder 

can reduce the hydration heat and delay the hydration rate of 

binding material. Xie [7] found that the hydration heat of 

binding material can be very effectively lowered, when the 

dosage of fly ash-mineral powder surpasses 30%. 

The relevant literature, such as those mentioned above, has 

not tackled the application of copper tailings as cement 

admixture. Taking copper tailings as cement admixture, this 

paper focuses on analyzing the rate and exothermic features of 

cement hydration under the effect of copper tailings. Based on 

Krstulovic-Dabic model, the authors proposed an improved 

hydration model for the composite binding material of copper 

tailings-cement. The research provides the theoretical basis for 

applying copper tailings and similar industrial waste (e.g., 

quartz tailings, iron tailings, and steel slags) as cement 

admixtures. 

This paper will be organized as follows. In Section 2, the 

relationships of parameters such as hydration heat, hydration 

time, hydration degree, and particle size are created based on 

Krstulovic-Dabic model. In Section 3, Proposes hydration 

model of copper tailings-cement composite binding material. 

In Section 4, through experiments, the hydration rate and 

hydration heat of the composite binding material are measured. 

In Section 5, calculated and experimental values are compared 

and analyzed in detail. In Section 6, the conclusions are given. 

 

 

2. HYDRATION KINETICS MODEL FOR 

COMPOSITE BINDING MATERIAL 

 

Krstulovic and Dabic [8] is a mainstream model for the 

hydration kinetics of cement-based materials. The model 
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divides the hydraiton reaction into 3 basic phases: nucleation 

and crystal growth (NG), interactions at phase boundaries (I), 

and diffusion (D). On this basis, researchers have mainly 

studied the hydration kinetics of conventional cement 

admixtures like fly ash, ground-granulated blast furnace slag 

(GGBS), and silica fume. 

According to Krstulovic-Dabic model, the kinetic equations 

between hydration degree (α) and reaction time (t) of the three 

phases and the corresponding differential equations can be 

expressed as: 

Phase NG: 

 

 
(1) 

 

 
(2) 

 

Phase I: 

 

 
(3) 
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Phase D: 
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where, KNG, KI, and KD are the hydration rate constants of the 

three phases, respectively. 

Then, the authors further established the relationship 

between the hydration process and heat release of the binding 

material. The heat release of hydration can be expressed as a 

function of the hydration degree α [9]: 

 

 
(7) 

 

Thus, 

 

 
(8) 

 

where, α is the hydration degree of cement; QT is the total heat 

release after the binding material is fully hydrated. 

The total heat release of Portland cement can be determined 

by the Knudsen equation [10]. The relationship between heat 

release and hydration time of cement can be described as:  

 

 
(9) 

 

where, th is the time for the hydration to release half of the total 

heat releasable; t0 is the start time of hydration after the 

induction period of the cement. 

The hydration degree of cement can be described as the ratio 

of cement heat release to the final total heat release of cement. 

Suppose the mineral components are uniformly distributed in 

cement particles, and the heat release of cement particles is 

proportional to the particle size [11]. Then, the hydration 

degree α of cement particles with initial radius of R0 can be 

expressed as: 

 

 
(10) 

 

where, Q is the heat release of cement particles after being 

hydrated for time t; QT is the final total heat release of cement 

particles; R(t) is the radius of cement particles with initial 

radius of R0 at time t. 

Substituting formula (10) into the Krstulovic-Dabic cement 

hydration formula, the variation of cement particle radius per 

unit time of hydration can be obtained as: 

 

 

(11) 
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where, dRNG, dRI, and dRD are the radius reduction of cement 

particles with initial radius of R0 in the three phases of 

hydration, respectively; n is a constant related to the mineral 

composition of cement. 

In this way, the expressions for the relationship among the 

following factors were derived from the Krstulovic-Dabic 

model: hydration heat, hydration time, hydration degree, and 

cement particle size. 

 

 

3. HYDRATION MODEL FOR COMPOSITE BINDING 

MATERIAL OF COPPER TAILINGS-CEMENT 

 

3.1 Center particle hydration model for pure cement 

 

So far, there is no research that explore or verify the 

composite binding material of copper tailings based on 

Krstulovic-Dabic model. For comparison, the center particle 

hydration model porposed by Tomosawa [12] was introduced. 

Taking cement as the only binding material, this model 

assumes that the cement particles are immersed in an infinite 

water environment, and neglects the impact of water cement 

ratio on the hydration process. On this basis, Park et al. [13] 

put forward a more practical hydration kinetics equation for 

pure cement, in view of mineral contents in cement, water 

cement ratio, cement particle diameter, and curing temperature, 

etc.: 
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where, α is the hydration degree of cement; t is the hydration 

time; Wag is the mass of physical bond water in calcium silicate 

hydrate (C-S-H) gel; ρc is the density of cement particles; w/c 

is theoretical water-cement ratio; kr is the surface reaction rate 

coefficient of cement; r0 is the initial radius of non-hydrated 

cement particles; kd is the dominant reaction control 

coefficient: 

 

 
(15) 

 

where, A and B are the coefficients of temperature impact on 

hydration rate. 

De is the effective diffusion coefficient of water in the 

hydrated product, which depends on the curvature of capillary 

pores and hydration radius: 

 

 
(16) 

 

De0 is the effective diffusion coefficient when the C-S-H gel 

is still loose in the early stage; Cw-free is the mass of free water 

within capillary pores of the C-S-H gel, which changes with 

the hydration process: 

 

 
(17) 

 

where, C0 and W0 are the mix ratios of cement and water 

(mass), respectively. 

 

3.2 Hydration model for composite binding material of 

copper tailings-cement  

 

(1) Influence of copper tailings on hydration process 

After analyzing the microstructure of the ordinary Portland 

cement-fly ash-cement binding system, Escalante et al. [14] 

discovered that hydrated products of the cement are adsorbed 

on the surface of non-hydrated cement particles; small cement 

particles could easily react with water, and remain in the weak 

sleep state in the early stage of hydration; large cement 

particles exist in the deep sleep state in the early stage of 

hydration. Zhang [6] concluded that the final hydration degree 

of cement-based material is proportional to its effective water-

cement ratio; with the growing dosage of copper tailings, the 

effective water-cement ratio increases, and thus delays the 

hydration process of the composite binding system; this 

phenomenon is known as the dilution effect. 

Copper tailings as an admixture can improve the filling 

effect and lubrication effect of cement-based material. It exerts 

two physical effects on cement hydration: delaying the 

hydration in the early stage; increasing the ratio of cement 

particles participating in hydration. The chemical impact of 

copper tailings is mainly manifested as follows: Copper 

tailings contain lots of active substances; during the hydration, 

cement and copper tailings need water to complete the reaction; 

if the dosage of copper tailings is too large, there will be a 

spike in water consumption, which hinders cement hydration. 

(2) Hydration model with admixture impacts 

Based on the Park et al.’s hydration model for pure cement, 

this paper refers to Saeki et al.’s method [15], depicts the 

dilution, physical, and chemical effects of copper tailings on 

hydration in the form of correction coefficients, and modifies 

the hydration kinetics equation of the copper tailings-cement 

composite binding system into: 

( )

( ) ( )

1

0

--
1 2

3 30 0 0

3

1 1

eCT dCT CT

eCT dCT
CH w free CTCT C

CH CT CT CT CT CT

eCT rCT

D k r

D km t C md

dt P m r r

D k



  

−

− −

− 
 
 

=  
− − 

+ +
 
 

 
(18) 

 

where, P0 is the mass percentage of copper tailings in the 

system; mCH is the mass of Ca(OH)2; mCT is the mass of copper 

tailings; rCT0 is the initial particle radius of copper tailings; ρCT 

is the density of copper tailings; mCH(t) is the mass of Ca(OH)2 

in the copper tailings-cement composite binding system per 

unit volume: 

 

𝑚𝐶𝐻(𝑡) = 𝛼𝐶𝑒0(0.42𝑤𝐶3𝑆 + 0.20𝑤𝐶2𝑆

− 0.28𝑤𝐶4𝐴𝐹) − 𝛼𝐶𝑇𝑃𝑚𝐶𝐻−𝐶𝑇 
(19) 

 

where, mCH is the mass of Ca(OH)2; Ce0 and P are the masses 

of cement and copper tailings in the mixture, respectively; αCT 

is the hydration degree of copper tailings, i.e., the heat release 

of copper tailings as a proportion of total releasable heat; mCH-

CT is the mass of Ca(OH)2 in the copper tailings reaction; WC3S, 

WC2S, and WC4AF are the mass percentages of minerals C3S, 

C2S, and C4AF, respectively. 

In formula (18), the variation in Ca(OH)2 mass is 

determined by two aspects: the Ca(OH)2 generated in cement 

hydration, and the Ca(OH)2 consumption induced by the 

activity of mineral admixture. 

Based on the hydration model proposed by Koichi et al. [16], 

and takes into account the difference of calcium content in 

copper tailings, in formula (19), the coefficient values are 

adjusted. The following experimental verification shows 

adjustment of the coefficient values is reasonable. 

In addition, the reaction between copper tailings and Ca 

(OH)2 needs to consume water, and the pozzolanic reaction of 

copper tailings needs to consume physical bound water and 

chemical bound water. Therefore, the relationship between the 

mass of water in capillary pores of C-S-H gel Cw-free and 

hydration degree can be described as: 

 

 
(20) 

 

where, C0 and W0 are the mix ratios of cement and water 

(mass), respectively. 

kdCT and DeCT0 are the reaction rate coefficient in the static 

period, and the initial diffusion coefficient, respectively: 

 

 
(21) 

 

 
(22) 

 

where, K1CT and K2CT are the coefficients of temperature 

impacts on hydration rate. 

 

 

4. EXPERIMENTAL MEASUREMENT OF 

HYDRATION RATE AND HEAT RELEASE OF 

COMPOSITE BINDING MATERIAL 

 

After filter pressing, the selected copper tailings were 

calcinated in a rotary kiln at 1,300-1,500℃ for 1.5-3min, and 

then ground into copper tailings powder with a specific surface 
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area (SSA) of 476-512m2/kg. The selected cement is Portland 

cement of grade 42.5. Chemical titration shows that copper 

tailings had similar chemical composition as cement, except 

for a relatively low content of calcium (Table 1). 

 

Table 1. Chemical compositions of cement and copper tailings (wt%) 

 
Composition SiO2  CaO MgO  Al2O3 Fe2O3  TiO2 SO3 P2O5 K2O Loss Density 

Cement 21.06 63.55 1.85 5.77 2.67 0.29 2.28 0.25 0.38 0.59 3.16 

Copper tailings  28.20 31.76 5.37 6.78 8.53 0.08 11.32 0.11 1.31 2.88 2.62 

4.1 Measurement of hydration rate and heat release  

 

In a thermostatic closed environment, the temperature of the 

material was kept at the ambient temperature, and the water-

cement ratio was set to 0.32. Then, the selected copper tailings 

powder was mixed evenly with Portland cement, and further 

stirred after adding water. After that, the mixture was relocated 

in a TAM Air isothermal calorimeter (TA, US), which had 

passed baseline correction before the experiment (i.e., all 

parameters of the instrument are normal, when the baseline is 

greater than 10h, and the temperature drift is eliminated). 

Following the test procedure, the hydration heat release of 

each sample was measured. The hydration time was counted 

from the moment the sample was placed into the calorimeter. 

The rate and amount of heat release of the binding material 

were measured at fixed time points during the hydration 

process. 

 

 
 

Figure 1. Hydration exothermic rates of the composite 

binding system of copper tailings-cement under different 

temperatures 

 

Figure 1 compares the hydration rates at the dosage of 

copper tailings of 30%, under three different temperatures: 

5℃, 15℃, and 30℃. As the ambient temperature rose from 

5℃ to 30℃, the hydration reaction sped up, resulting in a 

shorter induction period, an earlier exothermic peak, a faster 

maximum exothermic rate, and a larger heat release in the 

early stage.  

Under a high temperature, the hydration reaction picks up 

speed, and soon deplete the water in the system. The lack of 

water hinders the hydration reaction, causing a quick decline 

in the exothermic rate. Hence, a sharp and narrow exothermic 

peak comes into being. After the hydration enters the diffusion 

phase, the reaction continues slowly, still accompanied by an 

obvious heat release [17]. It can be seen from Figure 1 that the 

temperature rise can significantly spur the hydration of 

composite binding material in early and medium stages, but 

cannot change the final hydration degree of the material. As a 

result, the rising temperature has a limited impact on the late 

stage of the hydration. 

 
 

Figure 2. Hydration exothermic rates of the composite 

binding system of copper tailings-cement under different mix 

ratios 

 

Figure 2 compares the hydration exothermic rates at the 

dosage of copper tailings of 15%, 30% and 45%, with the 

water-cement ratio of 0.32, and under the temperature of 15℃. 

In the composite system with 15% copper tailings, the second 

exothermic peak appeared at around 15h, despite the small 

dosage; meanwhile, the exothermic peak of pure cement was 

observed earlier than 10h. Hence, the addition of copper 

tailings obviously delays the hydration process. The initial and 

final settings were delayed, the acceleration period was 

extended, and the deceleration period was also lengthened, due 

to the secondary hydration of the mineral admixture [18]. 

After 30h of hydration, the hydration exothermic rates at 

different dosages all exhibited a stable trend. 

When a large proportion of copper tailings were mixed into 

cement, the third exothermal peak was observed. The most 

prominent third peak appeared at the copper tailings dose of 

45%. When the composite binding material of 15% copper 

tailings entered the deceleration period, the composite binding 

material of 45% copper tailings did not enter that period, but 

met with the third peak, indicating an obvious extension of 

hydration. The main reason is that the tailings have a low 

content of active substances; the addition of copper tailings 

extends the hydration induction period of the composite 

binding material, reducing the overall hydration rate and 

extending the hydration time. Therefore, this dosage of copper 

tailings is not suitable for general structures [19]. Nevertheless, 

it befits mass concrete projects, thanks to its reduction effect 

on early exothermic rate and amount. 

Figure 3 compares the heat released by hydration at the 

dosage of copper tailings of 0%, 30%, and 45%, under the 

temperature of 15℃. When the dosage of copper tailings was 

high, the binding system only released half the amount of heat 

as that of pure cement. This is because of the low content and 

poor activity of binding material in copper tailings. Through 

the 80h hydration process, the cumulative heat released by the 

composite binding material in each period was always smaller 

than that by pure cement. This means the mixing of copper 

20



 

tailings can reduce the heat release during the hardening of the 

composite binding material, and lower the probability of 

cracking, making the concrete more durable [20]. If only 

cement is used, cracking will occur under the heat stress 

induced by the large heat release and poor dissipation. 

 

 
 

Figure 3. Cumulative heat of the composite binding system 

of copper tailings-cement under different mix ratios 

 

4.2 Micro-morphological differences 

 

To disclose the impact of copper tailings dosage on 

hydration process, pure slurries of the binding material were 

performed, and observed under the scanning electron 

microscope (SEM). From the SEM images, it was learned that 

the pure cement produced lots of C-S-H gel, Ca(OH)2, and 

ettringite (AFt) in the early stage, creating a cross-linked 

continuous mesh (Figure 4(1)). After mixing a certain amount 

of copper tailings, the hydration products became more diverse, 

but the integrality of the binding system was weakened (Figure 

4(2)). After mixing lots of copper tailings, the structural 

density decreased, and the amount C-S-H gel was reduced [21], 

while more non-gel materials appeared (Figure 4(3)). 

 

 
(1) Pure cement slurry 

  
 (2) 15% copper tailings           (3) 45% copper tailings 

 

Figure 4. SEM images on the composite binding system after 

70h hydration 

 

With the growing dosage of copper tailings, the C-S-H gel 

and AFt contents in the system decreased, compared with 

those in the system with a lower dosage of copper tailings 

during the same period. In the meantime, the cement slurry 

became less dense and looser in structure. Although the 

strength would increase in the late stage, the overall strength 

of the binding system eventually decreased. If copper tailings 

are applied to large volume concrete, this defect could be made 

up by stepping up grinding and extending calcination, so as to 

enhance the activity of the materials [22]. Further research is 

needed to fully overcome this defect. 

 

 

5. COMPARISON BETWEEN MODELING AND 

EXPERIMENTAL RESULTS  

 

5.1 Calculation results of Krstulovic-Dabic model and 

experimental results 

 

The model parameters (n, KNG, KI, and KD) after mixing fly 

ash could be looked up in the literature [23]. Here, the linear 

relationship between ln[-ln(1-α)] and ln(t-t0) is fitted by 

Krstulovic-Dabic equation (1), whose slope is the number of 

reaction phases n, and intercept is nKNG; on this basis, the 

authors computed the value of KNG [24]. Similarly, the linear 

relationship between [1-(1-α) 1 /3] and (t-t0) was fitted by 

formula (3), whose slope is the value of KI (Figure 5(1)); the 

linear relationship between [1-(1-α) 1 /3]2 and (t-t0) was fitted 

by formula (5), whose slope is the value of KD (Figure 5(2)). 

In this way, the hydration kinematics parameters of different 

dosages of copper tailings were obtained (Table 2). 

 

 
(1) 

 
(2) 

 

Figure 5. Linearly fitted values of kinematics parameters of 

copper tailings 

 

Table 2. Hydration kinematics parameters for composite 

binding material of copper tailings-cement (15℃) 

 
Dosage n KNG KI KD 

0% 2.121 0.0622 0.0149 0.0016 

15% 2.014 0.0573 0.0134 0.0017 

30% 1.992 0.0512 0.0121 0.0016 

45% 1.783 0.0489 0.0108 0.0014 
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Substituting the values into formulas (2), (4), and (6), the 

authors obtained the time history of hydration degree. The 

hydration degree α was converted from the measured heat 

release by formula (10) (Figure 6). 

Next, the hydration rate was characterized by the reduction 

of hydration particle radius, and the time history of hydration 

rate was obtained by formulas (11)-(13) (Figure 7). 

 

 
 

Figure 6. Calculated and measured values of hydration 

degree 

 

 
 

Figure 7. Calculated and measured values of hydration rate 

 

Figure 6 compares the calculated and measured values of 

hydration degree for the composite binding material 

containing 45% copper tailings at the temperature of 15℃ and 

water-cement ratio of 0.32. When the hydration degree curve 

entered the deceleration period, the fitted curve deviated far 

from the experimental curve. The reasons are as follows: the 

deceleration period starts when the cement hydration is 

controlled by diffusion; the hydration products wrap the 

surface of cement particles, and impedes the hydration inside 

these particles, thereby hindering the hydration process. 

Figure 7 compares the calculated and measured values of 

hydration rates of the C50 concrete prepared with the 

composite binding material containing 45% copper tailings, at 

the water-cement ratio of 0.4. It can be seen that, the high-dose 

copper tailings widened the gap between the fitted hydration 

rate curve and the experimental curve, indicating that the 

admixture does affect cement hydration. 

According to the theory of Krstulovic-Dabic model, the 

binding system with high-dose mineral admixture has a large 

reaction resistance in Phase NG, which delays the initial 

setting and slows down the hydration; the slow hydration rate 

will in turn delay the final setting, and extend the acceleration 

period. In Phase I, the hydration rate is relatively fast, and the 

secondary hydration of the mineral admixture begins to 

dominate the reaction. In Phase D, the hydration rate is still 

fast, causing an extension of the deceleration period. 

The above experimental results indicate that the hydration 

features of the composite binding material of copper tailings-

cement are basically the same as those predicted by the theory 

of Krstulovic-Dabic model. However, the results calculated by 

this theory have a large difference from the experimental 

results. 

 

5.2 Calculation results of center particle hydration model 

and experimental results  

 

The values of all parameters in Table 3, namely, K1CT20, 

K2CT20, DeCT20, and krCT20, satisfy the Arrhenius law [25, 26]. 

According to the Arrhenius equation [27], the influence 

coefficients K1CT, K2CT, DCT, and kCT were computed, and 

substituted into formula (21) to obtain the dominant reaction 

control coefficient kdCT; the mass of Ca(OH)2 mCH(t) was 

computed by formula (19). Then, the change law of hydration 

rate dα/dt with hydration degree α can be obtained by the core 

formula (18) of our model for the composite binding material 

of copper tailings-cement at different dosages of copper 

tailings. 

 

Table 3. Parameters of the hydration model for the composite binding material (20℃) 

 
w/b Dosage K1CT20 K2CT20 DeCT20 krCT20 Β1CT Β2CT Β3CT ECT/R 

0.25 0 0.010 0.382 4.621 6.195 9 804 6000 6000 

0.25 30% 0.010 0.279 5.101 6.195 9 804 4500 5000 

0.25 45% 0.010 0.218 7.551 6.195 9 804 4300 3000 

Figure 8 compares the model results and experimental 

results on the hydration rate-hydration degree curve at the 

copper tailings dosage of 30%, water-cement ratio of 0.25, and 

temperatures of 5℃, 15℃, and 30℃. The experimental data 

were obtained from Li’s research [28]. The model results agree 

well with the experimental data, indicating that the proposed 

hydration kinetics model can accurately simulate the kinetics 

of the composite binding system of copper tailings-cement in 

the hydration process, including both acceleration and 

deceleration periods. 

It can be seen from Figure 8 that, with the growing dosage 

of copper tailings and falling hydration temperature, the 

hydration exothermic rate of the composite binding system 

continued to drop; a relatively low construction temperature 

could effectively suppress the heat release, without affecting 

the hydration degree and strength growth in the late stage. 

Figure 9 compares the model results and experimental 

results on the hydration rate-hydration degree curve at the 

copper tailings dosage of 45%, water-cement ratio of 0.25, and 

temperatures of 5℃, 15℃, and 30℃. The experimental data 

at the dosage of 45% were not provided in Li’s research [28]. 

Thus, the situation at that dosage is not compared here. 

Comparing Figures 8 and 9, the hydration at the dosage of 

45% was slower than that at dosage of 30%, both in the early 

stage and the entire process. From the curve trends, it can be 

seen that, when the cement was replaced by high-dose copper 

tailings, the effective water-cement ratio increased due to the 

sharp decline in cement content; because of the low calcium 
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content of copper tailings, the composite binding material was 

weakly alkaline, making it difficult to stimulate the hydration 

activity of copper tailings powder in the early stage of 

hydration. With the progression of hydration, the cement in the 

binding material was hydrated to a greater degree. Then, the 

binding material became more alkaline, which stimulates the 

pozzolanic reaction of copper tailings powder. As a result, a 

growing volume of copper tailings powder was activated for 

hydration. Under different temperatures, the hydration rate 

eventually reached around 0.8. 

 

 
 

Figure 8. Hydration process of the composite binding 

material with 30% copper tailings at different temperatures 

 

 
 

Figure 9. Hydration process of the composite binding 

material with 45% copper tailings at different temperatures 

 

The parameters of the above hydration model were 

calculated based on the parameters of the fly ash experiment 

conducted by Chen et al. [26]. The calculated values were 

highly consistent with the measured values provided by Li [28]. 

Therefore, our model and formulas are in line with the reality, 

and the copper tailings processed in this research have similar 

hydration activity as fly ash. 

 

 

6. CONCLUSIONS 

 

(1) Krstulovic-Dabic model can simualte the hydration 

process of the composite binding system of low-dose copper 

tailings-cement. When the dosage is greater than 40%, the 

hydration features of the composite binding system of high-

dose copper tailings-cement can be accurately simulated by 

the center particle hydration model modified agaisnt the 

factors affecting copper tailings. 

(2) High-dose copper tailings can lower the hydration heat 

release, slow down hydration rate, improve thermal 

performance, and reduce cracking probability of the entire 

hydration process. In the induction period, the mixing of high-

dose copper tailings hinders the hydration, and extends the 

initial and final settings; in the deceleration period, the 

pozzolanic reaction takes place, giving rise to the third 

exothermic peak. 

(3) The copper tailings powder properly processed under 

high temperature and grinding is active enough to effectively 

replace fly ash and GGBS as cement admixtures. When the 

dosage surpasses 40%, the copper tailings can be applied to 

mass concrete projects. 
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