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Abstract: Blast furnace slag was used as the main raw material to prepare the alkali activated slag
(AAS), a low-carbon binder, for cemented paste backfill (CPB). The optimum parameters for preparing
the AAS binders using an orthogonal experiment were obtained. Under the optimum conditions
(NaOH content was 3 wt. %, Ordinary Portland cement (OPC) content was 7 wt. %, and gypsum
dosage was 4 wt. %), the 28 days compressive strength of the binder was 29.55 MPa. The flow ability
of the fresh CPB slurry decreased with solid content due to the increased yield stress, while the flow
ability increased when rising the binder dosage. A predictive model for the compressive strength
of CPB samples was reached through multivariate analysis and the R2 values were higher than 0.9.
Sensitivity analysis showed that the solid content is the most important parameter which influences
on the development of the CPB strength with a correlation coefficient of 0.826. From the Toxicity
Characteristic Leaching Procedure (TCLP) tests, the leaching concentrations of Pb and Cd were below
the threshold. As a result, the AAS has potential application as an alternative binder and cemented
paste backfill.
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1. Introduction

Mining is the foundation of modern industry. Advanced mining industry is the need of developing
the metallurgical and all other industries at a high speed and realizing the modernization of agriculture,
national defense and science and technology. However, while making irreplaceable contribution
to modern industrial civilization, mining also causes serious damage to ecological environment.
Especially, the accumulation of tailings occupies a large amount of land and causes landslides and
debris flows, resulting in the destruction or damage of vegetation to varying degrees and destroy the
ecological balance of the mining area and even the surrounding areas. Therefore, the comprehensive
utilization of tailings is an inevitable choice to promote the sustainable development of China’s mining
industry and promote the construction of green mines.

With the gradual transfer of mining to deep ore body, deep well mining is faced with the problem
of high in-situ stress. As a result, cemented back filling (CPB), which uses ordinary Portland cement
(OPC) as main binder materials, has become the preferred, safest and most productive mining method
for deep well mining. It has been reported that the production of OPC contributes to at least 8% of
global CO2 emissions because its production requires high kiln temperature (1450–1550 ◦C) which
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could lead to limestone decomposition [1]. As well, the manufacturing process consumes a large
amount of non-renewable resources, such as limestone, and causes significant over-exploitation of
natural reserves. Therefore, it is urgent to develop an alternative binder with lower environmental and
energy costs.

Alkali activated materials (AAM) have been widely identified as a “sustainable cement binder”,
using a silica- and alumina-containing solid precursor mixing with an alkali source at ambient or
elevated temperature [2]. Since many industry by-products, such as blast furnace slag and fly ash can
be used as the raw materials, AAM is considered as an alternative to the OPC [3], which has been used
in many industry aspects including CPB. Blast furnace slag (BFS) seems to be widely used in China
due to the rapidly developed steel industries in recent years [4]. Jiang et al. [5] used blast furnace
slag as aluminosilicate precursor and sodium silicate/sodium hydroxide as alkali activator to prepare
CPB binders and explored the solid content, binder dosage, activator to binder ratio, sodium silicate
to sodium hydroxide ratio, and curing temperature on fresh and hardened properties of CPB mass.
The results showed that for a given backfill recipe and curing time, CPB matrix using alkali activated
slag provided far better workability and compressive strength performance than OPC-CPB matrix.
G et al. [6] investigated the strength and microstructural development of full and coarse sulphidic
tailings CPB using sodium silicate activated slag as binder. The results proved that sodium silicate
activated slag with varying silicate modulus for both full and coarse sulphidic tailings produced
1.5–3.5-fold compressive strengths in the long-term compared to OPC samples. Cihangir et al. [7] used
alkali-activated neutral and acidic blast furnace slags blended with aqueous sodium silicate and sodium
hydroxide as alternative binders to OPC for CPB of high-sulphide mill tailings. Poor mechanical
performance was observed in the CPB samples prepared from OPC. However, CPB samples of alkali
activated slag were found to produce remarkably higher strengths (1.54–4.74 MPa at 360 days) and
stability over 360 days of curing. While Zhao Y. et al. [8] using a new binder called Mine Cement (MC),
mainly consisting of blast furnace slag, OPC, cement kiln dust, gypsum and limestone, for mine back
filling, which shown good feasibility. All these studies revealed the feasibility of using alkali activated
materials as a new binder in the CPB and good performance was observed.

In this study, orthogonal test was used to explore the effect of sodium hydroxide content, OPC and
gypsum dosage on the properties of alkali activated binder and determine the mix proportion the
binder to be used in CPB. The rheological and strength properties including multivariate analysis and
sensitivity analysis were then studied. TCLP tests were used to explore the leaching properties of the
prepared CPB samples.

2. Materials and Methods

2.1. Materials

Materials used in this research include blast furnace slag (BFS), provided by Hanwang group
Fushun, China. Ordinary Portland cement (OPC) and gypsum, obtained from Jinfeng Materials Co.,
Ltd. in Kaifeng, China. The chemical compositions of above-mentioned materials are presented in
Table 1. Fine aggregate used was mine tailings (MT) which is collected from an iron mine located in
the Fushun, China. MT are dried at 105 ◦C for 24 h before used. The particle size distribution of MT
could be found in the Figure S1 in supplementary materials. The leaching concentrations of heavy
metals in original tailings are shown in Table 2.

Sodium hydroxide (NaOH) solution is used as alkaline activator because it is widely available and
less expensive. NaOH pellets of 98% purity are dissolved in distilled water to obtain NaOH solution of
required molarity and stored at room temperature for 24 h before its use.
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Table 1. Main components of raw materials/wt. %.

Materials CaO SiO2 Al2O3 MgO K2O Fe2O3 Na2O BET Surface Area (m2/kg)

BFS 48.83 35.46 8.99 3.07 0.87 0.63 0.51 567.87
OPC 57.21 21.65 5.84 4.79 0.45 1.77 0.86 586.22

Gypsum 38.85 0.29 0.01 2.32 0 0.06 0 521.09

Table 2. Leaching concentration of heavy metals in mine tailings.

Heavy Metals Leaching Concentration (mg/L) GB 16889-2008 [9] (mg/L)

Cu 0.55 ± 0.03 40.00
Pb 0.65 ± 0.06 0.25
Zn 2.68 ± 0.12 100.00
Cd 0.39 ± 0.04 0.15

2.2. Methods

Factorial design was used to determine the optimal binder combination to improve the efficiency
and properties of CPB samples. Orthogonal array, L9 (33) (Table 3) to represent a full factorial
experiment were used in the present study (Table 2). The component variables for each of the mixes
(T-1 to T-9) are presented in Table 4. The effect of NaOH content, OPC dosage and content of gypsum
on the 28 days compressive strength of binder samples were analyzed in this approach by conducting
the range analysis and calculating the K value and range value (R). The most prominent factor has the
highest R value. The mixture ratio was selected based on the range analysis.

Table 3. Factor level table of orthogonal test.

Factors Level 1 Level 2 Level 3

A: NaOH content (wt. %) 3 4 5
B: OPC dosage (wt. %) 7 8 9

C: gypsum content (wt. %) 4 5 6

Table 4. L9 (33) orthogonal array.

No. T-j A B C Compressive Strength/MPa

T-1 1 (3%) 1 (7%) 1 (4%) 29.55
T-2 1 2 (8%) 2 (5%) 26.71
T-3 1 3 (9%) 3 (6%) 22.00
T-4 2 (4%) 1 2 25.91
T-5 2 2 3 22.66
T-6 2 3 1 24.28
T-7 3 (5%) 1 3 26.75
T-8 3 2 1 25.64
T-9 3 3 2 21.68

Kj1 78 82 79 -
Kj2 72 75 74 -
Kj3 74 67 71 -
R 1.8 4.8 2.7 -

Optimal level A1 B1 C1 -

Order B > C > A -
A1B1C1 -

To prepare the samples, BFS, OPC, gypsum and MT were dry mixed for 5 min to obtain a
homogenous mixture. NaOH solution was then poured into the mixture and mixed for another 5 min.
After that, the pastes were poured into molds with diameter of 50 mm and height of 100 mm and
vibrated for 2 min to remove air bubbles and then sealed in plastic bags and cured at room temperature.
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After 24h, demolded and cured at 23 ◦C and 90% relative humidity until testing. It should be noted
that MT was introduced in the samples, expect the samples used for orthogonal tests in Table 4.

Compressive strength tests were performed by using a computer-controlled mechanical press
with a loading capacity of 50 kN and a displacement loading speed of 1 mm per minute, according to
the ASTM D2166/D2166M-16 [10] standard. For each mix formulation, triplicate tests were conducted
and the average values were recorded.

The fragments after compressive strength test were collected and impregnated using isopropanol
to stop the hydration process and then dried under vacuum at 40 ◦C. After that, the treated fragments
were grounded to fine powder. X-ray diffraction (XRD) analysis was carried out using an X’ Pert Pro
XRD (Philips, Amsterdam, The Netherlands) at a scanning rate of 0.1 deg·s−1 in the 2θ range of 10◦

to 70◦.
The flow spread of the fresh CPB samples was determined by the mini-slump test following

the ASTM C1437-15 [11], using a copper cone with standard dimensions of height of 50 mm and
70 mm top and 100 mm base diameters. The CPB samples were filled into the cone and then the
cone was lifted vertically. The diameters of the resulted paste spread were then measured along two
perpendicular directions.

The yield stress of the fresh CPB samples were measured using a Haake rheometer with a
four-blade vane at a low rotational rate (0.2 rpm) due to the accuracy [12].

The water film thickness (WFT) around particles in fresh CPB slurry can be obtained from the
following equations

WFT =
u w − u s

As

where uw is the water ratio of the CPB mix (the ratio of the volume of water to the solid volume of all
the particles). The voids ratio us can be obtained as uw = (1 − Φ)/Φ, where Φ is the packing density of
all the particles. As is the specific surface area of all the solid particles.

The leaching properties of the CPB samples were examined by ICP-OES (iCAP 7200, Thermofisher,
Waltham, MA, USA) according to the standard of HJ/T 300-2007 [13]. During this process, 60 g tailings
or CPB samples were dried at 105 ◦C for 24 h, before mixing with the extraction solution (a mixture of
1 L distilled water and 17.25 mL CH3CH2COOH) at a pH of 2.64. The liquid supernatant was then
collected using a 0.45 mm pore size membranes after vibrating at 30 ± 2 rpm speed for 18 days at 23 ◦C
and analyzed by ICP-OES.

3. Result and Discussion

3.1. Mix Proportion for Binder

Table 4 shows that the OPC dosage has the greatest impact on the compressive strength of the
samples followed by the ratio of gypsum. The weakest impact is the NaOH content.

Previous studies [14,15] reported that AAS enjoys higher shrinkage compared with OPC,
especially when using blast furnace slag as the precursor materials [16]. As a result, a small amount of
OPC was included in the binder in order to reduce the shrinkage of CPB, because higher shrinkage
will lead to the subsidence of the backfilling bodies [17,18]. On the other hand, several findings
reported indicate the influence of OPC inclusion on the mechanical and rheological properties of the
AAS samples. Nath et al. [19] found that both a general decreasing trend in slump and flowability of
AAS mortar were influenced due to the inclusion of OPC, while the compressive strength increase.
The addition of OPC may alter the alkali activated environment, because the hydration of OPC could
generate portlandite which has been found to increase the early strength of the AAS samples [19].
However, excess amount of OPC may be harmful to the mechanical performance result from the
unsatisfactory workability of the slurry.

Alkali activated solution (NaOH solution in this study) has significant effect on both
the compressive strength and structure of C–S–H in the process of alkali activated process.
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Generally speaking, Si4+, Al3+, Ca2+ and other minor ions begin to leach when raw materials come into
contact with NaOH solution and the amount of leaching is dependent on the OH− concentration [20].
The surface hydrolysis of the raw material particles is also found to be relevant to the alkali solution
concentration [21]. The compressive strength of alkali activated materials is reported to be sensitive to
the degree of hydration reaction, which is strongly affected by the soluble ions of the alkali activated
system [22]. On the other hand, the structure of C–S–H is also influenced by the type of the alkali
activator. Compared with the Na2SiO3 solution activated slag, the C–(A)–S–H formed in the NaOH
solution activated slag had a higher structural order and degree of cross-linking [23,24]. While higher
dosage of NaOH could result in a decrease in the compressive strength of the alkali activated samples
and similar results have been reported [25]. On the other hand, it should be highlighted here is that
small dosage of OPC was used in the binder production. It has been reported that minor amounts of
NaOH could improve the compressive strength of the low carbon cementitious materials, including fly
ash, slag, OPC and gypsum [26]. While the high dosage of NaOH is not beneficial for the compressive
strength of the binder samples [26], because NaOH lowers the total volume of hydration product,
especially the volume of ettringite [27].

The compressive strength increase of the samples with gypsum is predominantly governed by
the formation of ettringite [Ca6Al2(SO4)3(OH)12·26H2O, AFt, PDF# 00-041-1451] [28], which results
from the introduction of SO4

2− to the alkali activated environment along with gypsum. Also, it has
been reported that the incorporation of gypsum leads to an increased reaction of C3A and C4AF in the
OPC [29]. On the other hand, the clusters of finer ettringite crystals are found to be more effectively
filled the pore spaces, leading to a denser matrix and higher compressive strength. However, higher
dosage of gypsum decreases the compressive strength of samples. Ettringite possesses positive surface
charge [30], electrostatic attraction can exist between the ettringite and slag particle which possesses
negative surface charge. This could result in the bad workability of the binder slurry, then increase
the porosity of the binder samples and decrease the compressive strength, which has been found to
be dependent heavily on the porosity. Similar results have been reported in [31,32]. Based on the
studies mentioned above, the optimal combination of binder is A1B1C1, the best NaOH content is 3 wt.
%, the optimal mass ratio of OPC is 7 wt. %, and the best gypsum dosage is 4 wt. %. Under these
conditions, the final 28 days compressive strength of the binder is 29.55 MPa.

3.2. Flowability of the CPB Slurry

The flow spread and yield stress results of CPB mortar samples are illustrated in Table 5 and
Figure 1a,b. It is obvious that the flow spread decreased with the increasing of solid content. Water can
cover the surface of binder and tailings particles as a water film, playing a role in lubrication during the
flow of CPB slurry. The increase of solid content can enhance the inter-particle contact [33], which will
increase the force of friction between particles and decrease the lubrication effect of water and then
hinder the flowability. On the other hand, contrary to the influence of the solid content, rising the
binder dosage seems to be beneficial to the workability of CPB slurry. One of the critical factors affecting
the workability of CPB slurry is the reaction of the binders, where dissolution of binders particles
into solution and formation of reaction products in the binders particles surface and solution [12,34].
This will lead to the changing of the inter-particle force through the formation of new bonds and then
the workability.

The yield stress of the CPB mortar samples are illustrated in Figure 1b. From the curves plotted,
this rheological property gradually increased with the increase of the solid content rising. The flow
spread also supported increasing in yield stress of the CPB slurry. A decrease of ~67% flow spread
was observed when solid content increased from 70% to 80% at the 12% binder dosage. The rising in
particle aggregation in the CPB slurry resulted in the determination of hydrodynamic forces through
the inter-particle forces [6,35]. Also, it can be seen that at the same solid content the yield stress
decreased when increasing the binder dosage. Therefore, it can be concluded that the rheological
properties of a CPB sample determine not only the solid content but also the binder dosage.
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Table 5. Flowability of the CPB slurry.

Binder Dosage (wt. %) Solid Content a (wt. %) Flow Spread (cm) Yield Stress (Pa) WFT (µm)

8

70 47.6 1.22 0.3311
73 38.6 3.15 0.2757
76 26.9 6.98 0.2121
80 16.6 11.15 0.1600

12

70 39.6 0.82 0.4230
73 31.1 2.18 0.3268
76 22.1 6.01 0.2609
80 12.9 9.03 0.1762

16

70 39.6 0.65 0.4897
73 31.1 1.39 0.3690
76 22.1 4.19 0.2972
80 12.9 6.71 0.1932

20

70 42.6 0.56 0.5234
73 37.6 1.04 0.4523
76 26.9 2.98 0.3031
80 16.6 5.02 0.2057

a solid includes binder, MT and NaOH.
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(b) Relationship between solid content and yield stress, (c) Relationship between WFT and flow spread.

The water film thickness (WFT) of CPB samples are tabulated in Table 5. To better understand
how the WFT is related to flow spread, the WFT is plotted versus flow spread in Figure 1c. Generally,
from Figure 1c, it can be seen that the flow spread increased with the WFT at almost a constant rate.
Regression analysis has been used to study the effect of WFT, deriving a best-fit curve for the flow
spread-WFT relation. The straight-line form, coupled with the high R2 value of 0.9, reveals that the
flow spread-WFT relation is generally linear. As has been shown by Zhang et al. [36,37], there are two
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types of water in cemented paste: filling water and excess water. The filling water can fill into the
voids between solid particles, which does not contribute to the workability of the slurry. While the
excess water can form a water film on the surface of the solid particles and enhance the flowability
of the slurry. As the particles in the CPB slurry could not easily roll over each other, large WFT can
provide lubrication to the binder and aggregate particles and then the slurry would become quite
flowable [37]. While when the WFT is small, particles are not sufficiently lubricated and the friction
force between inter-particles could hinder the hydrodynamic movement of the slurry, contributing to
the decrease the flow spread.

3.3. Strength Properties

Strength properties of the CPB samples are studied in this section in order to reach a predictive
model for the compressive strength of CPB samples. Table 6 shows the compressive strength of CPB
samples with various binder dosage, solid content and curing periods through experimental studies.

Table 6. Compressive strength of CPB samples.

Binder Dosage (wt. %) Solid Content (wt. %) Compressive (MPa)

3 Days 7 Days 14 Days 28 Days

20%

70 0.69 1.12 2.26 2.72
73 0.94 1.55 2.52 2.85
76 1.15 1.70 2.66 3.40
80 1.68 2.64 3.77 4.87

16%

70 0.51 0.69 1.78 2.13
73 0.65 0.96 1.91 2.36
76 0.89 1.48 2.52 3.03
80 1.03 1.66 2.87 3.85

12%

70 0.64 0.85 0.92 1.15
73 0.84 0.91 1.08 1.26
76 0.91 1.11 1.27 1.66
80 0.96 1.23 1.76 2.20

8%

70 0.26 0.44 0.60 0.90
73 0.46 0.61 0.78 1.17
76 0.59 0.93 0.98 1.26
80 0.89 1.02 1.23 1.61

3.3.1. Multivariate Analysis

The compressive strength of CPB samples is closely related to a single factor, but generally speaking,
the growth of its compressive strength is determined by the combined action of all influencing factors.
The curing period of the CPB samples was set as an invariant to study the compressive strength
characteristics of CPB samples under the combining effect of solid content and binder dosage. Since the
experimental scheme selected in the test process cannot completely cover all the intensity data needed
in the practical application process, the estimation based on the previous test data and experience lacks
objectivity. In order to predict more accurately, MATLAB software (2015b, MathWorks, Natick, MA,
USA) was used to conduct fitting analysis on the test results of different proportion schemes of slag
cementing materials cementing the whole tailings. By using the method of fitting analysis, strength
data are analyzed to determine the fitting equation of strength at different ages, which can be used to
predict the compressive strength of CPB samples. The compressive strength at different curing period
is a dependent variable, set as y, two independent variables are binder dosage and solid content, set as
x1 and x2, respectively. The fitting equation and correlation coefficient R2 values are shown in Table 7.

It can be seen from Table 7 that the correlation coefficient R2 values of the fitted curves at 7,
14 and 28 days are all greater than 0.95, indicating that the fitted curves at these three ages are of high
accuracy and can basically reflect the quantitative relationship between the compressive strength of
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CPB samples and the binder dosage and solid content. Compared with the R2 values at 7, 14 and 28
days, the correlation coefficient R2 value of the fitting curve at 3 days age is about 0.90, and its accuracy
is relatively low.

Based on the formula listed in Table 7, the compressive strength value and the error value at
different binder dosage and solid content are shown in Table 8. From Table 8, it can be seen that the
error values between the predicted and experimental compressive strength of CPB samples maintained
at approximately 0.1 MPa. While this error values for the CPB samples cured for 28 days is larger,
~0.2 MPa. Anyway, the overall predicted values are close to the experimental values, that means the
secondary multivariate fitting equation can used to predict the compressive strength values of CPB
samples at different solid content and binder dosage with various curing periods.

Table 7. Results of fitting analysis.

Curing Period (d) Fitting Equation Standard Errors Correlation Coefficient (R2)

3
y1 = 27.5665 − 19.2973x1

2 +
50.6791x2

2
− 24.0004x1 −

75.1738x2 + 45.9925x1x2

0.1368 0.9016

7
y2 = 60.3656 − 27.5251x1

2 +
105.9263x2

2
− 53.7166x1 −

160.9699x2 + 94.3906x1x2

0.1428 0.9578

14
y3 = 100.3304 − 112.6050x1

2 +
192.4251x2

2 + 5.1676x1 −

282.8351x2 + 64.1722x1x2

0.1807 0.9614

28
y4 = 151.7099 − 129.9277x1

2 +
280.8141 x2

2
− 7.3326x1 −

418.3366x2 + 119.5032x1x2

0.2525 0.9549

Table 8. The predicted value and deviation of AAS-CPB strength.

Binder Dosage
(Wt. %)

Solid Content
(Wt. %)

3 Days 7 Days 14 Days 28 Days

Predicted
Value Deviation Predicted

Value Deviation Predicted
Value Deviation Predicted

Value Deviation

20%

70% 0.620 0.069 0.960 0.160 2.118 0.141 2.432 0.287
73% 0.884 0.056 1.483 0.067 2.369 0.150 2.826 0.024
76% 1.239 0.089 1.896 0.196 2.867 0.207 3.624 0.224
80% 1.854 0.174 2.813 0.173 4.103 0.333 5.408 0.538

16%

70% 0.607 0.097 0.785 0.095 1.854 0.074 2.250 0.120
73% 0.757 0.105 0.873 0.087 1.945 0.035 2.345 0.014
76% 0.996 0.106 1.450 0.029 2.382 0.137 2.945 0.085
80% 1.158 0.128 1.851 0.191 3.204 0.334 4.331 0.481

12%

70% 0.613 0.027 0.705 0.144 1.135 0.215 1.383 0.233
73% 0.792 0.048 0.874 0.036 1.146 0.066 1.427 0.167
76% 0.775 0.135 1.034 0.076 1.403 0.133 1.878 0.218
80% 1.109 0.149 1.477 0.247 2.118 0.358 2.765 0.565

8%

70% 0.340 0.080 0.551 0.111 0.516 0.083 0.805 0.094
73% 0.461 0.001 0.549 0.061 0.579 0.201 0.961 0.209
76% 0.609 0.019 0.738 0.191 0.788 0.191 1.022 0.238
80% 0.948 0.058 1.186 0.166 1.538 0.308 2.089 0.479

3.3.2. Sensitivity Analysis

Based on the above analysis, all factors including binder dosage, solid content and curing period
have great influence on the compressive strength of CPB samples, however, the sensitivity degree is
different. Then the grey correlation analysis method is used to obtain the corresponding correlation
coefficient, aiming at studying the degree of influence of the above three factors on the compressive
strength of CPB samples and judging the primary and secondary influencing factors. Grey correlation
analysis reflects the degree of correlation between two variables in the development process through the
degree of correlation degree. The compressive strength of the CPB samples is set as the mother factor,
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solid content, binder dosage and curing period are taken as sub-factors to establish the corresponding
grey correlation model. The correlation degree between three factors and the compressive strength is
obtained respectively.

According to the orthogonal test design principle of L16(43), 16 groups of test data in Table 9 are
selected for grey correlation analysis. In order to make the data comparable, ensure the accuracy of the
grey correlation analysis model and the accuracy of the system analysis results, the original data need
to be un-dimensioned processed. In this paper, the initial value transformation method is selected for
dimensionless data processing, that is:

Xi = (xi(1), xi(2), . . . , xi(n))

Xi
0 = Xi(k)/xi(1) = ((xi

0(a), xi
0(2), . . . , xi

0(n))

where Xi is behavior sequence of i, and X0
i is the behavior sequence after initialization processing;

The correlation coefficient (ζoi(k)) between the sub-factor and mother factor can be express as:

ζoi(k) =
m + ρM

∆i(k) + ρM

where ρ is the resolution coefficient extending from 0 to 1, and 0.5 is used in this paper.

M = min min ∆i(k)

M = max max∆i(k)

∆i(k) =
∣∣∣x0

1(k) − x0
i (k)

∣∣∣
where k = (1, 2, 3, . . . n) is number of levels, I = (1, 2, 3, . . . m) is the number of factors series, and M
and m are the maximum and minimum in ∆i(k), respectively. Then the correlation coefficient (ζoi(k))
can be expressed as:

ζi(k) =
1
n

n∑
k=1

ζoi(k)

The compressive strength of the 16 groups of CPB samples are taken as the reference sequence,
that is I = 0. I = 1, 2, 3 represent binder dosage, curing period and solid content. The calculation
results using the matrix calculation method in linear algebra are listed in Table 9. It can be seen from
Table 9 that the influence degree of binder content, curing period and solid content on the compressive
strength of the CPB samples is different, and the corresponding correlation coefficient is 0.759, 0.737
and 0.826 respectively, indicating that these factors have important influences on the development of
CPB strength.

Meanwhile, within the scope studied in this paper, the compressive strength of the CPB samples
is the most sensitive to solid content, which enjoys the larger correlation coefficient value. While the
curing period is the least sensitive factor. At the same binder dosage, higher solid content means less
water in the slurry, resulting in a higher pH environment, which will enhance the hydration degree of
the slag and generate higher amount of hydration product. In general, higher hydration product could
enhance the compressive strength of the CPB samples.
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Table 9. Calculation results of correlation degree.

No. ζ01(k) ζ02(k) ζ03(k)

1 1.000 1.000 1.000
2 0.763 0.979 0.769
3 0.584 0.832 0.592
4 0.399 0.638 0.404
5 0.962 0.958 0.949
6 0.923 0.751 1.000
7 0.535 0.888 0.571
8 0.519 0.448 0.548
9 0.831 0.926 0.945

10 0.758 0.879 0.863
11 0.828 0.546 0.923
12 0.752 0.348 0.837
13 0.819 0.933 0.965
14 0.809 0.803 0.939
15 0.846 0.532 0.979
16 0.816 0.333 0.930

Correlation degree 0.759 0.737 0.826

3.4. Leaching Properties

From Table 2 in the Section 2.1, only the Pb and Cd concentration in the leachate exceeds the
threshold according to GB 16889-2008, so in this study, only the leaching properties of Pb and Cd was
explored. The effect of different binder content (12%, 16% and 20%) and curing period (3d, 7d, 28d) on
Pb and Cd concentration in the leachate is displayed in Figure 2.
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According to the GB16889-2008, the limit values of Cd and Pd concentration are 0.15 and 0.25 mg/L.
Obviously, the leaching concentration of Pb was below the threshold with all the binder concentration
and curing period. While for Cd, in general, the leaching concentration decreased with the increasing
of binder content. When using 12% binder content, the leaching concentration of Cd was 0.23, 0.18 and
0.25 mg/L at 3, 7 and 28 days curing respectively, which exceeded the leaching threshold. Increasing
the binder content to 16% and 20% contributed to the reduction of leaching concentration of Cd to
below the threshold. This result can be explained as follows.

Firstly, in the process of alkali activation process, Si and Al ions can leaching from the slag
and polycondensation reaction will happen under the alkali solution, resulting into (SiO(OH)3)−,
(SiO2(OH)2)2−, (SiO3(OH))3− and (Al(OH)4)− and then form amorphous three-dimensional network
structure [38–40]. During this process, the heavy metal ions, such as Pb, Cd, Zn and Cr, can be
encapsulated into the structure resulting from the coating effect of amorphous gels [38]. On the other
hand, the gels generated from the alkali activation, such as C–S–H, C–A–S–H and N–A–S–H, have a
poorly ordered and layered structure. These gels possess higher specific surface area and adsorption
capacity and could adsorb heavy metals onto their surface [41]. Gineys et al. [42] summarized the
potential positions occupied by heavy metals in the structure of C–S–H. Many studies found that



Minerals 2019, 9, 707 11 of 15

the adsorption phenomenon of heavy metals onto the surface C–S–H. The alkali activated materials
were also prepared into adsorbent for removal heavy metals from aqueous solution [43–53]. Then the
adsorption of heavy metal onto the surface of the alkali activated gels could be regards as one of
the mechanisms of the immobilization. As a result, when using higher binder content in the present
study, more gels can generate, enhancing the encapsulation and adsorption effect. Secondly, ettringite
(AFt, 3CaO·Al2O3·3CaSO4·32H2O) is one of the hydration products in the cement system which has a
needle-like structure and also be found in the alkali activated process [54], which has a needle-like
structure. It has been reported that the sulfates in the channels of AFt are tend to be replaced by the
oxyanions with similar structure, such as CrO4

2−, SeO4
2−, VO4

2− and PbO4
4− [55–58]. Compared

with AFt, monosulfate (AFm, 3CaO·Al2O3·CaSO4·12H2O), a conversion product of AFt after one day
hydration [13,59] seems to be more seem to possess better immobilization effects on oxyanions due
to the layered structure [54,60,61]. Furthermore, the structure of alkali activated materials could be
expressed as Mn[–(Si–O)z–Al–O]n·mH2O, where M stands for an alkali metal cation, such as Na, K and
Li [62]. The heavy metal ions (Zn2+, Cu2+, Cd2+ and Cr3+) have also been reported to be a substitute of
the alkali metal cation [63–65], which is deemed to be one of the immobilization mechanisms.

Another phenomenon was noticed was the increased Cd concentration in the leachate after curing
for 28d, similar results has been reported in previous studies [66,67]. In the process of alkali activated
process, the pH of the slurry will decrease due to the hydration of BFS, which will increase the mobility
of Cd and then the leaching concentration will increase.

4. Conclusions

In this paper, a new low-carbon binder, alkali activated slag (AAS), has been prepared.
From orthogonal tests, the influences of NaOH content, OPC dosage and ratio of gypsum on the 28 days
compressive strength of binder samples were studied. Flow spread and yield stress tests were used to
explore the rheological properties of the CPB slurry. A predictive model of the compressive strength of
CPB samples was reached through multivariate analysis. TCLP tests were used to explore the leaching
properties of the toxic elements from the CPB samples. Based on the results of the experimental tests
performed, the following conclusions can be drawn:

(1) Based on the orthogonal tests, the optimal combination of binder was A1B1C1, the best NaOH
content was 3 wt. %, the optimal mass ratio of OPC was 7 wt. %, and the best gypsum dosage was 4
wt. %. Under these conditions, the final 28 days compressive strength of the binder was 29.55 MPa;

(2) Increasing the solid content could increase the yield stress of the CPB slurry and then decrease
the flow ability. While higher binder dosage content decreased the yield stress of the slurry and
increased the flow ability;

(3) The compressive strength predictive model was used through the strength properties analysis.
The correlation coefficient R2 values of the fitting equations were higher than 0.9, indicating a good
predictive efficiency. Sensitivity analysis showed that the solid content is the most important influences
on the development of the CPB strength with a correlation coefficient of 0.826;

(4) The leaching concentration of Pb was below the threshold using AAS as an alternative binder
for cemented paste backfill. The leaching concentration of Cd decreased with tFhe increasing of binder
content. Increasing the binder content to 16% and 20% reduced the leaching concentration of Cd to
below the threshold.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/11/707/s1,
Figure S1: Particle size distribution of tailings, Figure S2: XRD results, Figure S3: Microstructure after curing for
60 days, Table S1: Main components oftailings/wt. %.
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