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Gold tailings (GTS) are solid wastes from gold mining operations by 

mining enterprises. At present, China's GTS are basically in a state of 

tailings storage. According to statistics, from 2014 to 2018, the nation-

al GTS emissions reached 920 million tons, which brought serious 

environmental and safety problems to the mining area. Therefore, it 

has become a top priority to conduct secondary development and utili-

zation of resources for the GTS [1]. Due to its high silicon content, the 

GTS can be used as the admixtures to prepare autoclaved aerated con-

crete (AAC). This can effectively absorb a large amount of GTS, 

which makes it one of the key projects of the 12th Five-Year Plan for 

comprehensive utilization of bulk industrial solid wastes [2]. 

AAC is a porous building material, and one of its most outstanding 

advantages is light weight, while the porosity is the cause of its light 

weigh [3,4]. Some literatures show that the reason why the AAC’s 

strength can be ensured under light weight is that during the autoclav-

ing process, the hardened aerated concrete produced a large amount of 

well-crystalline tobermorite and crystalline phase calcium silicate 

hydrate (CSH), which cross-grow with gel-like substances to compact 

the structure and thus improve product strength and performance [5-

12]. After crushing, grinding and beneficiation, the fine-grained GTS 

are rich in silicate minerals. They differ greatly in the physical and 

chemical characteristics from acid materials such as fly ash and river 

sand that are commonly used in the production of aerated concrete 

[13,14]. The active ingredients of silicate minerals, such as Al2O3 and 
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SiO2, are susceptible to hydration reactions in high-temperature and 

high-pressure alkaline hydrothermal environments, producing hydra-

tion products such as the CSH gels, etc. The use of silicate-rich miner-

al tailings produced by metal mines to produce aerated concrete has 

already been successfully applied in China. In view of the above, this 

study uses the GTS as the siliceous material, cement and lime as the 

calcium materials to prepare the AAC. 

The batching is an important procedure in the AAC production pro-

cess. The purpose of batching pouring is to make the pores in the slur-

ry meet the requirements and form a good green body. For the AAC, 

under the condition of certain siliceous materials, the choice and con-

tent of calcium materials have different effects on its performance. 

Generally, calcium materials mainly include cement and lime. When 

using cement alone, not only a large quantity is needed, but the green 

body is hardened slowly at a low strength; the use of lime alone is not 

convenient for quality control. Compared with the single calcium ma-

terial, the use of a mixed calcium material can ensure a better casting 

performance of the slurry and higher strength of the product at an ap-

propriate mixing ratio. Therefore, in this study, the tests were conduct-

ed to study the content of calcium materials (cement, lime) in the AAC 

doped with the GTS, and testing methods of X-Ray diffraction (XRD), 

scanning electron microscope (SEM) were used to analyse the hydra-

tion mechanism of such AAC. 
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Figure 1. XRD spectrum of GTS  

The AAC samples were prepared using the following raw materials: 

GTS, lime, 42.5 ordinary Portland cement (OPC) and the gypsum of 

flue gas desulfurization gypsum (FGDG). The chemical compositions 

of the raw materials are listed in Table 1. 

(1) GTS. The siliceous material of the secondary tailings after re-

mineralization by extracting the residual gold-bearing sulphides and 

magnetite. The original ore type of the GTS is altered rock, and the 

genetic type is hydrothermal immersion type. Although a certain fine-

ness has been reached during the beneficiation process (13% of the 

0.08 mm square-hole sieve), the fineness of the tailings discharged 

from the beneficiation plant still fails to meet the requirements for pro-

ducing the aerated concrete, and further grinding is required before use. 

The main mineral constituents are quartz, sericite, microcline, albite 

and cancrinite (Fig. 1). 

(2) OPC. 42.5 ordinary Portland cement, with a specific surface area 

of 355 m2·kg-1, an initial setting time of 125 minutes, a final setting 

time of 220 minutes, and a water consumption of normal consistency of 

24.2%. 

(3) Lime. The digestion time of lime 15 min, the digestion tempera-

ture 65 ºC, the effective CaO content > 60%, and the sieve residue of 

0.08 mm sieve 12% to 15%. 

(4) FGDG. The flue gas desulfurization gypsum produced by desul-

furization process in thermal power plant, with the specific surface area 

(SSA) of FGDG for 216 m2·kg-1, and the 0.08mm sieve residue of 8%. 

(5) Other materials. Using the aluminium powder as foaming agent; 

preparing the foam stabilizer from oleic acid, triethanolamine and water 

at a certain ratio under room temperature. 

The total amount of calcium materials and the relative content of 

cement and lime have a significant effect on product performance. 

Based on this, the test was mainly designed to study the effect and then 

determine the Ca/Si ratio. 

The GTS was first dried to a moisture content of less than 1%, and 

then placed in a 5 kg laboratory ball mill (SMφ500 mm × 500 mm) for 

grinding. The rotation speed of the mill was 48 r·min-1, the grinding 

medium was steel balls and steel forgings, and the loading capacity of 

the grinding medium was 100kg. Among them, the steel balls were 60 

kg; the quality gradation was Φ70 mm accounting for 19.7%, Φ60 mm 

33.1%, Φ50 mm 29.6%, and Φ40 mm 17.6%; steel forgings were 40 

kg, Φ25 mm × 30 mm in size. The grinding time and the correspond-

ing SSA are shown in Fig. 2. 

According to the requirements of GB/T 12957-2005 Test Method for 

Activity of Industrial Waste Slag Used as Addition to Cement and GB/T 

17671-1999 Method of Testing Cements-Determination of Strength, the 

tests were conducted on the ground GTS. Combining the test results 

with the actual energy consumption during the mechanical activation of 

the GTS, the activation time is set to 30min, and the corresponding 

specific surface area is 367m2 ·kg-1. 

Based on the optimal mixture ratio obtained in the preliminary labor-

atory test, firstly mix the GTS, cement, lime and gypsum at a mass ratio 

of 60:25:10:5, and add hot water (at 55 ℃) for about 61% of the total 

mass of dry materials; then add 0.06% aluminium powder and 0.0256% 

from the dry materials, and stir for 40 s; next, pour it into a mould of 

100 mm × 100 mm × 100 mm; finally, autoclaved aerated concrete 

samples were finished after the static curing, demoulding, and auto-

claving. The ambient temperature for gas generation and static curing 

was 55 ℃, lasting for 3 hours; the autoclave curing conditions included 

1.25 MPa steam pressure, 185 ℃ temperature, and 8 hours autoclave 

constant holding time. The powder samples after grinding were taken 

for X-ray diffraction (XRD) test; samples were used for the scanning 

electron microscope (SEM) test, and they must have a complete pore 

structure (the test surface is a natural cross-section, without wear). 

A Rigaku D/Max-RC powder crystal X-ray diffractometer from Ja-

pan was used for XRD analysis, with the Cu target, a working voltage 

of 40 kV, a current of 100mA, a scanning speed of 4°/min, a scanning 

range of 10° to 90°, and step length of 0.02; S250 SEM was adopted, 

with the working voltage of 20kV. The test process was mainly per-

formed in secondary electron (SE1) mode. 
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Figure 2. Relationship between grinding time and SSA of GTS  

Table 1. Chemical composition of raw materials (mass fraction, %)  

Materials SiO2 Al2O3 Fe2O3 FeO MgO CaO K2O Na2O SO3 LOI 

GTS 73.83 12.16 0.77 0.60 2.08 1.68 4.24 2.89 0.21 1.69 

OPC 22.19 4.15 3.19 0.36 1.35 63.87 0.71 0.54 - 2.97 

Lime 10.98 3.85 0.90 0.08 3.59 68.76 1.25 0.39 0.45 6.83 

FGDG 2.85 0.79 0.26 0.02 0.48 40.23 0.13 0.08 33.22 - 
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Figure 3. Effect of OPC content on AAC samples properties  
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Figure 4. Effect of lime content on AAC samples properties  

Cement is one of the important calcium materials to produce the 

AAC. It can be used as a calcium material in the AAC alone or as a 

mixed calcium material with lime. Its role in aerated concrete is mainly 

to provide CaO, which can react with free SiO2 and Al2O3 in iron tail-

ings under autoclaving conditions to produce minerals such as the CSH 

and hydrated calcium aluminosilicate. With the fixed ratios of other 

materials, the author explored the relationship between different ce-

ment content and the AAC strength doped with the GTS in Fig. 3. 

It can be seen from Fig.3 that when the OPC content increased from 

7% to 13%, the strength of the product increased, but when it continued 

to increase, the compressive strength decreased instead; under this con-

dition, the compressive strength decreased first and then increased. The 

main reason for this is that the excessive content of cement and too 

many calcium materials can easily lead to CaO residue, and form a 

dual-alkali hydrate in the entire system, which eventually results in a 

reduction of the strength of the AAC sample, for the strength of the 

dual-alkali hydrate is higher than that of the single alkali hydrate. 

Therefore, the optimal cement content is selected to be 9%. 

Lime is a calcium material for the AAC production. Its main role is 

to provide effective calcium oxide through the AAC matching, so that 

it can interact with SiO2 and Al2O3 in siliceous materials under hydro-

thermal conditions to generate the CSH and hydrated calcium alumino-

silicate, thereby enhancing the product strength. Also, lime can increase 

the alkalinity of the AAC slurry, provide the conditions for the aeration 

of the aluminium powder, and then promote its aeration reaction. Fig. 4 

shows the influence curves of different lime content on the AAC 

strength when the ratio of GTS, OPC and FGDG was 60:10:5. 

It can be seen from Fig. 4 that as the lime content increased, the com-

pressive strength of the AAC increased, and the bulk density decreased; 

when the lime content was 24%, the compressive strength and bulk 

density reached the optimal. After that, as the amount of lime increased 

continuously, the compressive strength began to decrease, and the bulk 

density turned to increase. This indicates that when the content of lime 

is too much, the lime shall release a lot of heat during the digestion 

process, increase the temperature of the slurry, and accelerate the thick-

ening speed, which may cause obstacles to the gas generation of alu-

minium powder and the smooth expansion of the slurry, and even 

cracks on the surface of the slurry, unfavourably affecting the product 

strength. Conversely, with too little lime added, the limited heat re-

leased during the lime digestion process, and the slow thickening of 

slurry thickens can easily lead to large bubbles and the overflowing of 

the slurry out of the mould, and in severe cases, cause the mould to 

collapse, which also affects the strength of the product. Based on the 

above analysis, the optimal lime content is determined to be 24%. 

The effect of the calcium materials (cement and lime content) on the 

performance of the product is mainly reflected in the pouring stability. 

With too much cement used, the green body hardens slowly, shrinks 

and sinks easily; with too much lime, the slurry thickens quickly, and 

the green body is prone to cracks, resulting in the insufficiency in the 

later strength. 

In this study, the mixed calcium materials were used for the AAC. 

The formation of this ideal structure makes its contribution to higher 

strength and lower bulk density of the AAC in two aspects: one is to 

form a good pore structure during the pouring process, which requires 

the consistency between the aeration speed of aluminium powder and 

the slurry thickening speed; the second is that a good crystal structure is 

formed during the autoclaving process. 

The low-alkali CSH has many covalent bonds and few ionic bonds 

with small crystal size and large specific surface area. The crystalline 

continuum produced by such crystals has many contact points, and the 

particles are firmly connected with each other and have strong binding 

force, ensuring the high strength of the product; on the contrary, the 

high-alkali CSH leads to a low strength of the product. Therefore, in 

the mineral composition of the product, it’s better to have more low-

alkali hydrate minerals, and form a multi-mineral gelling substance 

composed of two or more CSHs and other hydrated minerals, thereby 

achieving a more compact microcrystalline structure. 

The lime in the slurry reacted with the GTS and cement under high 

temperature and high pressure to form various CSH. Because the sili-

ceous material used was more than the calcium materials, a large dis-

persity of the calcium material might enable the lime in the slurry to be 

completely combined into C2SH(A)(C2SH2); as the autoclaving process 

continued, the SiO2 concentration in the liquid phase increased, and the 

C2SH(A) that was formed cannot exist stably so that the existing crys-

tals and their continuum began to decompose and destroy, and form 

low-alkali CSH under the new conditions, such as CSH (B) and tober-

morite. 

Based on the above analysis, the effect of the total amount of calci-

um materials on the product performance is as follows: if the total 

amount of calcium materials is too small, it cannot generate sufficient 

hydrates and ensure the sufficient depth of the hydration layer; if it’s 
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too large, it shall fail to form low-alkali CSH smoothly, and has the 

hydrate with insufficient crystallinity. The ideal practice is to intertwine 

an appropriate number of coarse crystal continuum with various fine 

crystal hydrates, such as the well-crystallized tobermorite in the weakly 

crystallized CSH(B), which can significantly improve the product 

strength. The analysis of the hydration reaction product shows that the 

test products are more in line with the ideal structure described above, 

and therefore has higher strength. 

Due to limited conditions, the tests did not consider the effect of 

different autoclaving systems on product performance. It can be imag-

ined that in actual production, due to the large total volume of the body, 

the constant temperature time needs to be more than 8 hours when con-

sidering the time difference between the inside and outside of the green 

body. Whereas, the test mould was small, generally 5-hour constant 

temperature can meet the requirements. If it’s too long under the con-

stant temperature time, most CSH(B) may be transformed into tober-

morite with large crystals, which destroys the ideal structure of crystal 

cross-growth, and reduce the strength. This needs to be verified specifi-

cally through experiments. 

XRD was used to analyse the composition of the AAC sample, e.g., 

qualitatively analyse various hydrated minerals dominated by calcium 

silicate to determine the type of hydration products, and semi-

qualitatively analyse their amount of formation, which has a decisive 

influence on the performance of the AAC. Fig. 5 shows the XRD spec-

trum of the AAC sample under the optimal blending of various factors. 

It can be seen from Fig. 5 that the main phases of the AAC products 

after high temperature and high-pressure curing were the hydration 

products such as tobermorite and CSH (B), as well as the anhydrite, 

quartz, and sericite. 

In the initial stage of autoclaving, the dissolution rate of lime in the 

raw materials system was different from that of quartz with crystalline 

characteristics. Quartz was dissolved in the liquid phase and combined 

with the Ca(OH)2 to generate different types of CSHs. Such hydrate is 

hardly soluble in water and easily forms a saturated solution. Therefore, 

compared with lime, quartz is easier to dissolve out. CSH was the first 

to be formed on the surface of the sand grains; the single alkali CSH 

was formed near the sand grains, C2SH(A) was formed far away from 

the sand grains, and free CaO that has no time to bind existed farther. 

As the autoclaving curing temperature increased, the SiO2 activity in 

iron tailings increased, and more SiO2 reacted with Ca(OH)2 to form 

CSH gels. When more and more SiO2 was dissolved, the C/S in the 

liquid phase would decrease, and the bi-alkali CSH gels formed in the 

early stage of cement hydration would react with SiO2 to form a low-

alkali CSH gels and tobermorite. The autoclaving process is essentially 

the reaction of active SiO2 and Al2O3 components with lime and cement 

gels under superheated steam pressure. The strength of the AAC was 

obtained by the hydration products CSH (B) and tobermorite which 

were produced by the reaction of the active ingredients with Ca (OH)2. 

The reaction of active SiO2 and Al2O3 with Ca (OH)2 are shown in 

formula (1) and (2). 

 

 
 

Under autoclave curing conditions, the Si-O bond and Al-O bond in 

the SiO4 tetrahedron of GTS were broken in an alkaline environment, 

which is conducive to the dissolution of more SiO2 and Al2O3, and 

combination with Ca(OH)2 to produce more CSH gels and tobermorite 

etc. 

Anhydrite was formed in the XRD pattern of the finished sample, as 

the residue after the reaction of FGDW in the system. Compared with 

Fig. 1, the diffraction peaks of quartz and sericite were significantly 

reduced, indicating that they both partly participated in the hydrother-

mal reaction of the system, while microcline, albite, and cancrinite 

were decomposed completer after the reaction. The remaining minerals 

quartz, sericite and anhydrite acted as aggregates in the product to sup-

port it, so that the AAC product obtained a sufficiently high strength. 

 
 OmHSiOxCaOOmHSiOxCa(OH)

222
→++

22 (1) 

 
OnHOAlyCaOOnHOAlyCa(OH)

222
→++ 3232 (2) 

 

Figure 5. XRD spectrum of AAC samples  

 
 

Figure 6. SEM micrographs of AAC samples. (a) internal section of 

hole wall, (b) Outer surface of hole wall 
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Fig. 6 and Fig. 7 show the SEM images and energy dispersive spec-

troscopy (EDS) spectra of the internal section and external surface of 

the AAC pore wall. The hydration products inside the pore wall (Fig.6 

(a)) were densely clustered, and the gel-like hydrated products and a 

large number of acicular or willow-shaped tobermorite were inter-

twined with each other to form a cohesive structure, and on the outer 

surface (Fig. 6 (b)) were relatively high-purity leaf-shaped tobermorite 

(clear grain boundary, and uniform size) which were intertwined to-

gether to form crystal continuum [14-17]. Combined with the XRD 

pattern, with the progress of autoclave curing process, the hydration 

products inside the product changed in stages, further leading to the 

changes in the microstructure [18] due to the limitation and synchronic-

ity of tobermorite crystals. In addition, owing to the existence of the 

pore structure, the crystals had different compositions and growth spac-

es on the inside and outside surfaces of the pore walls, which also 

caused large differences in their microstructures. Fig. 7 shows the EDS 

data of calibration regions 1 and 2 marked in Fig.6 (a) and Fig.6 (b), 

respectively. The analysis concluded the calcium-rich CSH crystals, 

and the lamellar tobermorite crystals. 

Under autoclaving conditions, Ca (OH)2 (formed from the hydration 

of calcium materials) in the mixed slurry hydrated with free SiO2 and 

Al2O3 in the GTS to obtain hydrated minerals such as tobermorite and 

CSH(B). In the early stage of autoclaving curing, the ettringite crystal 

phase formed in early cement hydration, and the excess gypsum in the 

system reacted with Al2O3 in the GTS under steam curing environment 

to produce the foliated single-alkali AFm crystals. At this time, the 

surface of the mixture particles was fully hydrated to form well-

crystalline and more hydrated products. With the number of crystals 

constantly increasing, the interval between crystals became smaller, 

and there were more contacts between them. Thus, the continuum was 

continuously formed between the crystals, and then formed a huge 

crystalline network structure, which is completely stronger than the 

condensed structure, with better performance. 

(1) The GTS can be used as the main siliceous materials to prepare 

the qualified products of A3.5 and B06 AAC in accordance with na-

tional standards. The optimized ratio is determined: the specific surface 

area of the GTS is 362 m2·kg-1, the mass ratio of GTS, lime, OPC, 

FGDG is 62:24:9:5, the water-to-material ratio is 0.61, and the amount 

of aluminium powder and foam stabilizer added is 0.06% and 0.0256% 

of the total dry materials respectively. 

(2) Under autoclave curing conditions, Ca (OH)2 formed by hydra-

tion of the calcium materials in the mixed material reacted with free 

SiO2 or free Al2O3 in GTS, quartz sand to generate the tobermorite. The 

crystal clusters of the hydration product were intertwined with the ag-

gregates to form a good network dense structure, which has a positive 

effect on improving the strength of the product. 

(3) At normal temperature and pressure, the GTS is an inert industri-

al waste residue, and after milling and activation it can show good ac-

tivity under high temperature, high pressure and alkaline environment. 

The dissolved free SiO2 or free Al2O3 is active and participates in 

chemical reactions, which is conducive to improving the crystallinity of 

hydration products. 
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Figure 7. EDS spectrums of marked region 1 and 2 in Fig. 6  
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