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Abstract: Solidification treatment of highly cohesive tailings is one of the important means for resource utilization. Highly cohesive 

iron tailings were taken as the object to carry out strength characteristic experiments of solidified tailings using high-calcium 

geopolymer to analyze the impacts of different dosages of chopped basalt fiber and dry-wet cycles. The micro-cementation behavior, 

unconfined compressive strength, and the response parameters after dry-wet cycles (strength, mass loss, and electrochemical 

properties) of the fiber-reinforced solidified materials were discussed. It is concluded that: 1) Adding fiber increased the strength. 

0.5% was the optimal dosage (strength increased by 29.1%), which is equivalent to reducing the dosage of geopolymer by about 2%. 

2) Fiber, hydration products and tailings were bonded by cementation and frictional occlusion. An appropriate amount of fiber could 

reduce pore connectivity and increase the capillary water holding capacity. 3) The dry-wet cycles destroyed the cementation, and the 

damage was stable after the sixth cycle. The fiber has no obvious advantage in improving the dry-wet durability of the solidified 

materials. The above results provide theoretical support and method reference for clarifying the strength characteristics and durability 

of solidified tailings. 

Keywords: highly cohesive iron tailings; chopped basalt fiber; high-calcium geopolymer; micro-cementation behavior; dry-wet cycles 

 

1  Introduction 

The annual output of tailings in China has reached 
1.649 billion tons, of which iron tailings are the solid 
waste generated after the refining of iron ore resources, 
accounting for 51% of the annual output of tailings[1]. 
The comprehensive utilization rate of tailings in China 
is only 18.9% in 2020–2021[1], and it is urgent to 
improve the resourceful reuse of iron tailings. With the 
rapid development of advanced beneficiation and ball 
milling processes, the iron tailings produced have an 
increasingly high content of clay particles and silt 
particles, and the strong water-holding and high cohesive 
properties lead to poor drainage of the tailings agglomerates, 
making it difficult to solidify them. This is not only 
detrimental to the safe and efficient operation of the 
stockpile area, but also increases the difficulty of solidifying 
the tailings for reuse as engineering fill. 

Currently, researchers are mostly using geopolymers 
as an alternative to cement-based materials for solid 
waste disposal, which can reduce carbon emissions 
from cement production (6%–7% of global carbon 
emissions[2]). Tian et al.[3] solidified  tailings of gold 

ore by excitation of fly ash at 10% by mass with 
sodium hydroxide to improve the strength of the 
tailings; Wan et al. [4], on the other hand, constructed a 
geopolymer of sodium silicate-metakaolin system for 
curing/stabilizing zinc tailings to improve strength and 
reduce leaching of zinc contaminants. Sedira et al.[5] 
used granulated blast furnace slag as a precursor to 
cure tungsten ore waste with a variety of alkaline 
solutions (e.g., sodium silicate, sodium hydroxide, 
potassium hydroxide, sodium hydroxide solution with 
spent glass powder) for activation. As described in the 
literature[2−5], the currently developed geopolymer materials 
are mainly alkali-activated “wo-part” materials[6]. The 
“two-part” geopolymer is difficult to apply on a large 
scale due to its high cost, harsh alkali excitation 
environment and high construction hazards. “One-part” 
geopolymers can solve these problems by directly mixing 
the compound with water to form a cementitious 
strength, like the construction process of cement 
materials[7−8]. The current research on “one-part” 
geopolymers is based on the use of solid commercial 
sodium alkali metal materials, which are costly and do 
not meet the requirements of a low-carbon economy. 
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The strength of the solidified materials determines 
the extent to which they can be reused in engineering, 
while the dry-wet durability of the solidified materials 
is tested by the rainfall and groundwater scouring that 
it often faces in service. The addition of fibrous materials 
can improve the strength and durability of the geopolymer. 
By comparing the main properties of representative 
fibers (Table 1), it is found that basalt fibers produced 
from stable igneous minerals have the advantages of 
high strength, high modulus, corrosion resistance, 
oxidation resistance, low thermal conductivity, high 
compressive and shear strength[9], and are significantly 
superior to chemical and plant-based fibers such as 
polypropylene fibers. Wang et al.[10] pointed out that 
basalt fiber cemented soil has greater dynamic elastic 
modulus values and higher strength performance than 
polypropylene fiber cement. In addition, basalt fiber is 
an environmentally-friendly inorganic fiber. However, 
few studies have been reported concerning the 

coupling of basalt fiber with geopolymer for curing 
iron tailing sand.  

This paper focuses on the curing effect of a 
“one-part” compound-activated high-calcium geopolymer 
from the effects of basalt fiber admixture and dry-wet 
cycles on the strength of solidified tailings. Firstly, the 
unconfined compressive strength of the solidified 
materials was tested, and the mechanism of strength 
evolution of the basalt fiber-reinforced solidified materials 
was discussed in conjunction with thermogravimetric 
analysis (TGA) and scanning electron microscope 
pattern (SEM). Secondly, the strength performance, 
mass loss and electrochemical properties (pH, redox 
potential ORP, electrical conductivity EC) of the 
solidified  tailings after dry-wet cycles were analyzed 
to determine the resistance of the solidified tailings to 
dry-wet cycles after fibrous reinforcement. This study 
may provide a new idea for the low-carbon curing 
treatment of high-cohesion tailings. 

 

Table 1  Main performance parameters of representative fibers[8-9, 11−13] 

Fiber type Density /(g·cm−3) Tensile strength /MPa Elastic modulus /GPa Melting point /℃ Ultimate elongation /% 

Basalt fiber 2.6 3.0×103−4.5×103 9.5×101−1.2×102 1.2×103 2.4−3.0 

Polypropylene fibers 0.9 2.2×102−3.4×102 3.8 1.6×102−1.7×102 3.0×101−5.0×101 

Wollastonite fiber 2.8 2.7×103−4.1×103 3.0×102−5.3×102 1.5×103 － 

Straw fiber 0.5 7.0×101 1.1 － 1.5 

Date palm fiber 1.3 2.8×101−2.0×102 6.0 － 5.0～1.0×101 

 

2  Materials and methods 

2.1 Test material 
The physical and chemical properties of the highly 

cohesive iron tailing studied in this paper, which was 
taken from a stockpile in Lianyungang, are listed in 
Table 2. The natural moisture content of this tailing 
was maintained at about 20%, and the plasticity index 
was 14.7. Referring to the Standard for geotechnical 
testing method (GB/T 50123－2019)[14], the tailings 
have good particle gradation ( Cu > 5, 1 < Cc < 3); and 
can be classified as clayey sand in accordance with the 
Standard for engineering classification of soil (GB/T 
50145－2007)[15]. However, due to its high liquid and 
plastic limits, great large plasticity index, and the obvious 
and tight agglomeration of the particles (see Fig.1), it 
can be classified into a low liquid-limit clay if the 
engineering classification is based on the plasticity 
index. 

In order to improve the strength of the solidified 
tailings and the overall utilization of solid waste, we  
 

developed a “one-part” composite excitation of high- 
calcium geopolymer (A alkaline, S slag, F fly ash, 
abbreviated as ASF) based on industrial waste with the 
high calcium content. The specific components of 
ASF included granulated blast furnace slag (grade S95, 
white powder), fly ash (grey-black powder), metakaolin 
(fineness 0.050 mm, light pink powder), gypsum (white 
powder), sodium hydroxide (guaranteed reagent, solid 
bead), and calcium carbide slag (60% of particles less 
than 0.075 mm size, white powder). Industrial slags 
such as slag, fly ash, and metakaolin were precursors 
for ASF geopolymers and had good potential to be 
excited. Gypsum was used as a calcium supplement to 
form a high-calcium system. The solid sodium 
hydroxide and calcium carbide slag acted as alkaline 
excitants to improve the excitation efficiency, and the 
calcium content of the system was supplemented by the 
calcium carbide slag. The ASF geopolymer did not 
exceed the standard for heavy metals and other 
contaminants in each waste fraction. 

Table 2  Physicochemical properties of highly cohesive iron tailings 
Natural 
moisture 
content 

/% 

Relative 
density 

Liquid 
limit 

wL /% 

Plastic 
limit 
wP /% 

Plasticity 
index 

IP 

pH 
(solid-to-liquid 

ratio 1:1) 

Particle size distribution /% 
Uniformity 
coefficient

Cu 

Curvature 
coefficient 

Cc 

Main chemical composition /% 

Clay particles
(<0.005 mm)

Silt particles 
(0.005−0.075 mm)

Sand particles
(0.075−2 mm)

SiO2 Fe2O3 CaO MgO Al2O3

19.6 2.7 31.2 16.5 14.7 9.4 6.8 19.4 73.8 39.1 0.45 35.5 18.3 12.4 21.4 5.5 
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(a) In-situ stockpiling and macro-aggregation of highly cohesive tailing 

 
(b) SEM image of a highly viscous tailing sand 

Fig. 1  Macro-micro characterization diagrams of raw 
highly cohesive iron tailings 

 
When the ASF geopolymer is compounded with a 

solid exciter containing sodium and calcium, its calcium 
ions, as well as calcium ions from precursors and 
calcium supplements, can replace the sodium ions in 
the three-dimensional reticular polymeric gel structure, 
resulting in the transformation from a hydrated sodium 
silicate aluminate gel to a hydrated calcium silicate 
aluminate gel. Compared with the traditional geopolymer 
system, ASF geopolymer has good pore-filling ability, 
denser structure, high cementation strength, and also 
has acid and alkali resistance, low permeability, low 
shrinkage, and low swelling characteristics[16]. In addition, 
the ASF geopolymer developed in this paper can 
significantly reduce the amount of commercial alkali 
metal exciter dosed, reduce construction hazards and 
costs, and enable direct mixing and maintenance of the 
composite ASF material and highly cohesive tailing to 
build strength. 

The reinforcing material used in the test was 3 mm 
long basalt fiber supplied by a company in Liupanshui, 
Guizhou province. The components in the ASF 
geopolymer and the morphology of the basalt fiber are 
illustrated in Fig.2. The main chemical compositions 
and contents of the precursors in the ASF geopolymer 
and basalt fiber were measured by an X-ray fluorescence 
spectrometer (Shimadzu), as shown in Table 3. 

 
(a) Components of ASF geopolymers 

 

(b) 3 mm basalt fiber 

Fig. 2  Photographs of each composition of ASF geopolymer 
and basalt fiber 

 
Table 3  Main chemical composition and content of ASF  
geopolymer precursor and basalt fiber  

Component
Content /% 

SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O

Slag 30.8 14.8 41.1 0.3 8.5 － 0.5

Fly ash 49.5 35.0 4.8 4.7 0.5 － 1.3

Metakaolin 52.2 44.0 0.3 0.7 0.3 0.2 0.7

Basalt fiber 32.7 13.7 10.2 19.9 5.0 7.5 － 

 
2.2 Test methodology 
2.2.1 Specimen preparation and curing 

The application process for ASF geopolymer and 
basalt fiber is shown in Fig.3. The specimen preparation 
process was developed for both indoor testing and 
on-site engineering implementation. The components 
are pre-mixed dry and homogeneous until the color of 
the mixture is consistent; the fiber is uniformly distributed 
and then mixed with high cohesion tailing, pressed 
into shape, and cured. The natural moisture content of 
the tailing provides a good water environment for the 
ASF geopolymer reaction without the need for additional 
rehydration. 
 

 
Fig. 3  Specimen preparation process of tailings solidified 

by geopolymer and basalt fiber 

Moisture in natural tailings provides a 
solvent environment for the reaction 

Aluminosilicate 
cemented  
precursors 

Short-cut 
basalt fiber

Waste-based 
alkaline dry  
powder activator

Bagged for  
transport to  
the test lab  
or for on-site 
use 

Mix evenly  
with superfine 
iron tailings 

Curing

Dry powder 
pre-mixed 
evenly 

Clay particles 

Lamellar structures 

Iron sand particles 

Granulated blast 
furnace slag Metakaolin Fly ash

Gypsum Calcium carbide slag Sodium hydroxide
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The sample preparation process referred to Test 
methods of materials stabilized with inorganic binders 
for highway engineering (JTG E51－2009)[17] and 
Standard for geotechnical testing method (GB/T 50123
－2019)[14]. The specimen size was set at 50 mm× 50 
mm, and the mixture was hydrostatically pressed into 
the sample in one step. The cured iron tailings with 3% 
and 5% ASF dosages (accounting for a percentage of 
the dry mass of the tailings) were used as the test 
control group and were recorded as A3F0 and A5F0. 
Considering the economics of the fiber, the 3% ASF 
cured masses with 0.2%, 0.5% and 1.0% basalt fibers 
(accounting for a percentage of the dry mass of the 
tailings) were studied and were abbreviated as A3F0.2, 
A3F0.5 and A3F1.0 respectively. The samples were 
sealed in plastic bags and cured in a standard oven at a 
humidity of 95% ± 2% and a temperature of 20 ± 1°C. 
2.2.2 Test methods 

To better investigate the strength characteristics 
and mechanisms of fiber-reinforced high calcium 
geopolymer cured high cohesion tailings, the research 
approach adopted in this paper is shown in Fig. 4. The 
strength performance of fiber-cured tailings is first 
investigated, the interface lap behaviors and strength 
performance mechanisms of the fiber-cured bodies are 
analyzed through microscopic interaction tests, and 
finally, the durability of the fiber-cured highly cohesive 
tailings under the influence of dry-wet cycles is discussed 
from a strength perspective. In short, this study attempts 
to answer the question of whether fiber can be used in 
cured highly cohesive tailings from an application 
perspective and how they perform in terms of dry-wet 
durability during service. 
 

 

Fig. 4  Flow chart of research idea in this study 
 
Based on the research idea, the design scheme for 

the object, age and number of specimens maintained 
in this test is shown in Table 4, and the specific test 
methods are described in (1) to (3) below. 

(1) Unconfined compressive strength test 

The unconfined compressive strength test was 
carried out according to ASTM D4219－08[18], The 
sample preparation process referred to Test methods of 
materials stabilized with inorganic binders for highway 
engineering (JTG E51－2009)[17] and Standard for 
geotechnical testing method (GB/T 50123－2019)[14]. 
The test equipment was a digital display hydraulic- 
type pressure tester (Jinan Chenda Testing Machine 
Manufacturing Co., Ltd.) with a controlled axial strain 
rate of 1 %/min. 
 
Table 4  Experimental design scheme 

Test 
classification Test item Studied  

object Curing time Number of samples

Conventional
strength tests

Unconfined 
compressive 

strength 

A3F0, 
A3F0.2, 
A3F0.5, 
A3F1.0, 
A5F0 

7, 14, 28 d 3 per age 

Microscopic 
test  

TGA test 

A3F0, 
A3F0.2,  
A3F0.5, 
A3F1.0 

28 d 1 per studied object

SEM test 
A3F0,  
A3F0.5, 
A3F1.0 

7, 28 d 

1 per age and per 
study subject 

(A3F0 after 7 d of 
curing only)

Dry-wet 
durability 

test 

Unconfined 
compressive 

strength 

A3F0,  
A3F0.2,  
A3F0.5, 
A3F1.0 

2, 4, 6, 8 
cycles 

3 per cycle and per 
studied object 

Strength control
group 

A3F0, 
A3F0.2,  
A3F0.5, 
A3F1.0 

20, 26, 32, 
38 d 

3 per age and per 
studied object 

Mass loss 

A3F0,  
A3F0.2,  
A3F0.5, 
A3F1.0 

8 cycles 1 per cycle and per 
studied object 

Electrochemical 
parameters 

A3F0,  
A3F0.2,  
A3F0.5,  
A3F1.0 

0, 2, 4, 6,  
8 cycles 

1 group of debris 
per cycle and per 

studied object 

 
(2) Micro-mechanism tests 
The hydration of the sample needs to be stopped 

before the microscopic test. The specimens were first 
placed in a 100 mL plastic, anhydrous ethanol was 
poured into container. The specimens were soaked for 
1 d, and then were removed and placed in a vacuum 
drying oven and dried at 50 °C for 48 h. After the 
termination of hydration, the specimens were subjected 
to SEM and TGA tests. 

The SEM test was carried out using a LEO1530VP 
instrument manufactured by American FEI Company. 
The TGA test was carried out using a TGA/DSC 2 
instrument from METTLER TOLEDO, Switzerland, 
with a temperature range of 30−800 °C and a temperature 
rise rate of 10 °C/min. 

(3) Dry-wet cycle test 
After 14 d of curing, the specimens were subjected 

to a dry-wet cycle test, as described in the literature 
[16]. The dry cycle lasted 48 h at 50 ± 1 °C. After the 
dry cycle, the specimens were soaked in deionized 
water and transferred to a standard oven for the wet 
cycle (20 ± 1 °C), which lasted 24 h. This was one 
dry-wet cycle test. The entire dry-wet cycle test was 

Strength feature and mechanism analysis 
of fiber reinforced highly cohesive tailings 
solidified by high-calcium geopolymer 

Dry-wet cycle durability of  
fiber reinforced tailings 

Effect of fiber addition on the unconfined
compressive strength of high-calcium  
geopolymer cured tailings Analysis of the effect of fiber addition 

on the microstructure of cured tailings
through microscopic tests 

Thermogravimetric 
analysis SEM analysis

Microscopic behavior of fiber  
reinforcement, a form of cementation 
of fiber-tailings-hydration product 
interactions 

Strength change: 
strength and mass 
loss 

Electrochemical 
properties  
changes 

Application potential analysis of fiber  
reinforced highly cohesive tailings solidified 
by high-calcium geopolymer: a strength  
perspective 
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carried out for a total of 8 cycles. After each dry-wet 
cycle, the mass of the specimens was measured, the 
mass loss rate was calculated, and the unconfined 
compressive strength was tested after 0, 2, 4, 6, and 8 
dry-wet cycles. During the dry-wet cycle, the control 
group continued to be maintained conventionally. 
After reaching the corresponding curing time, the 
specimens in the control group were removed and 
tested together for strength together with the dry-wet 
tested specimens described above. 

The soaking solution used in the wet cycle was 
Milli-Q deionized water, prepared on an instrument by 
Merck Millipore, Germany. 

The electrochemical tests were carried out by 
collecting dry-wet specimens after strength tests subjected 
to 0, 2, 4, 6, and 8 dry-wet cycles, including pH, 
electrical conductivity (EC) and oxidation-reduction 
potential (ORP). The specific test method is described 
in the literature [19−20]. 20 g of debris was placed in a 
centrifuge tube, 20 mL of deionized water was added, 
and the tube was sealed and placed in a horizontal 
shaker at 20 ± 1 °C for 1 h. After 1 h, the tube was 
removed and centrifuged at 3 000 r/min for 5 min. The 
supernatant was taken to test the electrochemical 
parameters. The pH was measured with the Inlab 
Routine Pro electrode, the ORP with the Inlab Redox 
Electrode and the EC with the InLab710 Electrode 
from METTLER TOLEDO Switzerland. The electrodes 
were connected to the METTLER TOLEDO FE28 
benchtop mainframe to display the data. 

3  Result and discussion 

3.1 Strength evolution 
Figure 5 compares the strength of A3F0, A3F0.2, 

A3F0.5, A3F1.0 and A5F0 after 7, 14 and 28 d of 
curing. It can be found that: 

(1) The unconfined compressive strength increased 
with age. The strength of most specimens varied with 
age. For A3F0 specimens, the 14 d and 28 d strengths 
increased by 6.77% and 49.2%, respectively as compared 
to the 7 d strength; the A3F1.0 strengths increased by 
28.3% and 51.3%, respectively. 

(2) Fiber reinforcement increased the unconfined 
compressive strength. The unconfined compressive 
strength of A3F0 was approximately 0.89 MPa after 7 d 
of curing. The unconfined compressive strength was 
increased by 16.5%, 29.1% and 24.2% when 0.2%, 
0.5% and 1.0% of fiber were incorporated, respectively. 
For 28 d of curing, the strength was increased by 
6.94%, 19.1% and 26.0%, respectively. 

(3) The amount of fiber incorporated did not 
increase as much as possible. After 7 d of curing, the 
0.2% and 1.0% fiber doses had a poorer effect on 
strength than the 0.5% fiber dose. Among the solidified 
materials, A3F0.5 had the highest strength at 14 d of 
curing at approximately 1.75 MPa. 

The strength of A3F0.5 after 14 d and 28 d of 
curing was similar to the strength of A3F1.0 and A5F0 
after 28 d of curing. The strength of A3F0.5 after 28 d 
of curing was slightly lower than that of A3F1.0 after 
28 d of curing, but the increase in strength at 28 d 
from 0.2% to 0.5% (approx. 12.2%) was higher than 
the increase in strength from 0.5% to 1.0% (approx. 
7%). Furthermore, the amount of fiber and curing agent 
used should be kept as low as possible in terms of 
economy. Therefore, a 0.5% dose of basalt fiber is the 
optimum dose, especially for the early strength of the 
solidified materials. The incorporation of 0.5% fiber 
reduces the amount of fiber by approx. 0.5% or the 
amount of curing agent by approx. 2.0%. 

 

 
Fig. 5  Impact of basalt fiber dosage on unconfined 

compressive strength of solidified materials 

 
3.2 Microscopic behavior and mechanisms  
3.2.1 Thermogravimetric analysis 

Figure 6(a) shows the TG curves of the basalt 
fiber-reinforced solidified materials, with the temperature 
of 500 °C being the cut-off point. The mass loss of 
A3F0 before 500 °C was greater than that of the fiber- 
reinforced solidified materials. The mass loss from 30 
to 300 °C was mainly attributed to the evaporation and 
dehydration process of free water and chemically bound 
water in the hydration products inside the specimen at 
high temperatures[21]. The addition of fiber will increase 
the water retention of solidified materials and can 
adsorb water molecules after the destruction of bound 
water; therefore, the solidified materials with fiber 
incorporating had the lowest mass loss rate. A3F0.2 
had a strong water retention capacity in the range of 
30 to 300 °C, especially for the strongly adsorbed 
water that changed after 120 °C. It indicated that a 
small amount of fiber incorporation will fill part of the 
pores and produce a small amount of hydrated gel in 
small pores, thus reducing pore connectivity. In turn, 
the existence of micro-pores composed between these 
particles increases a certain capillary water-holding 
capacity. The increase in fibers tends to link the 
capillary pores to form larger interconnected pores, 
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and the fibers themselves are repulsive, resulting in 
the solidified materials and fibers having a lower 
water holding capacity and increasing the interfacial 
contact gap between the fiber-hydration product and 
the tailings[22]. The cumulative mass loss rate of A3F0 
at 500 °C was approximately 1.91%. After 500 °C, the 
mass loss rate of the fiber-added solidified materials 
was gradually greater than that of A3F0 as the temperature 
increased, and this phenomenon was more obvious 
after 600°C. The high temperature causes the destruction 
of the hydration products and the decomposition of 
calcite (CaCO3) in tailings; the presence and decomposition 
of CaCO3 are illustrated by the strong peak in the 
derivative thermogravimetric (DTG) curve at around 
700°C in Fig.6(b), which ultimately results in a rapid 
loss of mass[23−24]. The different melting points of the 
fiber-hydration product-tailings mixtures[25], as well as 
the agglomeration phenomenon of the fibers, cause 
uncoordinated strains at the fiber cementation interface 
under high temperature or erosive environments, resulting 
in more mass loss due to more exposure of the surfaces 
of the tailings hydration products to high temperatures[26]. 

 

 
(a) Thermogravimetric (TG) change curve 

 
(b) Derivative thermogravimetric (DTG) change curve 

Fig. 6  Thermogravimetric analysis of basalt fiber 
reinforced solidified materials after 28 d curing 

3.2.2 Scanning electron microscope analysis 
Figure 7 presents an SEM image of A3F0 after 7 d 

of curing, showing the complete hydration product− 
tailings cementation interface. At a curing agent of 3%, 
the hydration products were less, and the filling effect 
was poorer. Due to the short curing age, the reaction is 
not sufficient, and the fly ash activity is low, so there 
is still a large amount of fly ash spherical vitreous 
structure that has not yet participated in the reaction [27]. 
As the age of curing increases, the fly ash breaks 
down, and further silicate and aluminate monomers are 
released, which are further hydrated with the calcium 
ions in the solution. This explains the significant increase 
in strength (28 d) in the later stages of A3F0. 

 

 
Fig. 7  Scanning electron microscopy of A3F0 solidified 

materials after 7 d curing 
 

The strength of the solidified materials increased 
with increasing admixture (0.2%, 0.5%) and did not 
necessarily increase significantly at higher dosage (1.0%). 
The fiber reinforcement effect was further analyzed by 
SEM images of typical fiber-reinforced solidified materials 
(A3F0.5 and A3F1.0) after 7 d and 28 d of curing 
(Figs. 8 and 9). The images show that the fibers are 
scattered in single or clustered form within the solidified 
materials, fitting closely to the tailings and hydration 
products to form a whole. 

As shown in Figs. 8(a) and 8(b), A3F0.5 and A3F1.0 
can be combined in clusters in the solidified materials, 
and the outer surface of the clustered fiber fitted closely 
with the hydration products and tailings, forming a 
cementing interface, which was also adsorbed and 
combined with a small amount of hydration products 
on the surface of the clustered fiber, with a certain 
cementing and bonding ability; when the fiber incorporation 
was higher (Fig.8(b)), the arrangement between the 
fibers was more disordered, which had some adverse 
effect on the strength. When the image was magnified 
(Figs. 8(c) and 8(d)), it was observed that the binding 
state of the individual fibers was more tightly cemented 
and wrapped by the hydration products and the tailings. 
As the curing age increased (Fig.9), a large amount of 
cementation products were produced in the solidified 
materials after 28 d of hydration, which encapsulated 
the fibers more tightly, making the fibers−hydration 
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(a) A3F0.5 (100 m scale) 

 

(b) A3F1.0 (100 m scale) 

 

(c) A3F0.5 (50 m scale) 

 

(d) A3F1.0 (50 m scale) 

Fig. 8  Microscopic morphology of chopped basalt fibers in 
A3F0.5 and A3F1.0 after 7 d of curing 

 

(a) A3F0.5 (100 m scale) 

 

(b) A3F1.0 (100 m scale) 

 

(c) A3F0.5 (50 m scale) 

 

(d) A3F1.0 (50 m scale) 

Fig. 9  Microscopic morphology of chopped basalt fibers in 
A3F0.5 and A3F1.0 after 28 d of curing 
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products−tailings form a denser whole and increasing 
the strength. Figure 9(b) shows that the large amount 
of hydration products wrapped around the clustered 
fibers resulted in a more regular fiber arrangement and 
denser bonding in A3F1.0 compared to the 7 d curing, 
as a result, a slightly higher strength than that of 
A3F0.5. Figures 9(c) and 9(d) illustrate that the 
hydration products were more abundant, but detailed 
observations revealed that the cementation of the 
fiber−hydration products was still weak and that 
hydrolysis, damage and even fracture may occur 
preferentially along this interface when the solidified 
materials were damaged by dry-wet cycle induced erosion. 

The interfacial contact of the fiber−tailings−hydration 
products is cementation and frictional occlusion[28], 
and the concept of this interfacial contact mechanism 
can be seen in Fig.10. Due to the different properties 
of the various substances in the mixture, when the 
force and deformation of the fiber, tailings and hydration 
products are not coordinated, it will affect the interfacial 
forces on the cementation interface so that the solidified 
materials are prone to shear damage at the interface 
bond. Under the action of cementation and friction, the 
right amount of fiber can restrain the deformation of 
the tailings and provide higher shear strength than the 
tailing particles, which causes higher strength growth 
by bearing part of the force for the curing body. 
However, excessive dosage may cause a disorderly 
arrangement of fibers, affecting the filling effect of 
hydration products. With the increasing age of curing, 
a large amount of hydration gel products are generated, 
which can also improve the mechanical relationship of 
the interface. This effect is more reflected in the 
increased ability of the hydration products to wrap 
fibers and tailings, increasing the cementation and 
frictional occlusion of fiber−hydration product−tailings[29]. 
Specifically, the original surface of the basalt fibers is 
relatively smooth, and the hydration gel wrapped 
around them can improve the frictional effect of the 
fibers. It is important to emphasize that there are still 
some ungelled voids at the fiber−hydration product 
interface. 
 

 

Fig. 10  Conceptual model of interface interaction between 
basalt fiber, highly cohesive tailings, and  

hydration products 
 

3.3 Effect of dry-wet cycles 
3.3.1 Strength change and mass loss rate  

Figure 11 presents the pattern of change in the 

unconfined compressive strength of specimens after 
dry-wet cycles. The specimens in the control group were 
not subjected to dry-wet cycles and were conventionally 
cured. Compared to conventional curing (Fig.11(a)), 
Fig.11(b) shows that the dry-wet cycles significantly 
weakened the strength of the solidified materials. 
Comparing the strengths after 0, 2, 4, 6, and 8 cycles, 
meaning 14, 20, 26, 32, and 38 d, it was found that the 
strength of the individual solidified materials decreased 
rapidly in the first 2 cycles tests and then fluctuated 
and increased slightly as the number of cycles increased. 
In the early stages of dry-wet cycles, the destruction of 
solidified materials prevailed, i.e., rapid destruction of 
the skeletal structure; in the middle and late stages of 
dry-wet cycles, the dry-wet cycles induced damage 
reached stability, with the formation of some secondary 
products and even a slight increase in strength[30]. The 
strengths of A3F0, A3F0.2, A3F0.5 and A3F1.0 were 
0.95, 0.92, 0.97 and 0.99 MPa when subjected to 8 
cycles, with little difference in strength between the 
individual solidified materials after a total of 8 dry-wet 
cycles. In addition, a comparison of the strength of the 
solidified materials without dry-wet cycles (Fig.11(a)) 

 

 
(a) Strength of the solidified materials after conventional curing age 

corresponding to the number of dry-wet cycles 

 
(b) Strength of the solidified materials after dry-wet cycles 

Fig. 11  Unconfined compressive strength of highly cohesive 
tailings solidified materials after dry-wet cycles and  

control strength 
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showed that the strength of the fiber-reinforced solidified 
materials was significantly reduced, and the presence 
of fibers affected the long-term durability of the solidified 
materials. The effect of different fiber dosing levels on 
the dry-wet cycle durability of the solidified materials 
was not significant, and the advantages of fiber adding 
were not obvious. 

Figure 12 shows the rate of mass change of solidified 
materials with different doses of basalt fiber after various 
dry-wet cycles. The mass of each solidified material 
tended to decrease as the number of dry-wet cycles 
increased. The mass loss rate of each solidified material 
was basically stable after 6 cycles, with a total loss 
rate ranging from 2% to 3%. A3F0.2 and A3F0.5 had 
a slightly lower total loss rate, demonstrating that the 
appropriate amount of fiber adding had a restraining 
effect and reduced particle stripping. However, the mass 
loss paths of the solidified materials differed slightly 
during the cycle. A3F0 and A3F1.0 showed a large 
variation in the loss rate during the first 6 cycles, 
especially in the first 2 cycles, while A3F0.2 and 
A3F0.5 showed a uniform decrease in mass loss rate 
during the first 6 cycles. 

 

 
Fig. 12  Mass change rate of solidified materials with the 

increase of dry-wet cycles 

 
The SEM pattern revealed that the surface of the 

basalt fiber was relatively smooth, and its interface 
with the solidified materials was mainly based on the 
cementation and frictional occlusion between the 
fiber−hydration products and the tailings particles. The 
cementation was mainly the development and covering 
of the hydration products, while the frictional occlusion 
could also roughen the fiber surface through the hydration 
products, which in turn exhibited some overall frictional 
effect. In a long-term dry-wet cyclic erosive environment, 
the interfacial bonding pattern in the fiber solidified 
materials gradually weakened as the hydration products 
gradually decreased. During the early stages of long-term 
erosion, the fibers still had some restraining and 

reinforcing effect, but the hydration products were 
significantly reduced as erosion increased, resulting in 
more exposure to the smoother surfaces of the fibers. 
And the erosion solution can erode the inside of 
solidified materials through the voids created by 
fiber−hydration product−tailings damage, which makes 
its resistance to erosion insignificant. 
3.3.2 Changes in electrochemical parameters  

The changes in pH, EC and ORP values of the 
solidified materials after dry-wet cycles at cycles of 0, 
2, 4, 6 and 8 are shown in Fig.13. Figure 13(a) shows 
that the pH of all specimens decreased significantly 
after erosion of 8 dry-wet cycles and that the adding of 
fiber promoted a reduction in the pH of the solidified 
materials, which contributed to a reduction in the 
degree of environmental contamination from the alkaline 
leachate of the solidified materials during service. 
When the number of dry-wet cycles increased from 0 
to 8, the pH of A3F0.2 decreased from 11.12 to 9.25, 
A3F0.5 from 11.26 to 9.15, A3F1.0 from 10.99 to 9.34, 
and A3F0 from 11.15 to 9.50. Meanwhile, the dry-wet 
cycles reduced the pH of the specimen and also stalled 
the hydration reaction of the solidified materials, which 
increased the destruction of the hydration products[31]. 
The gradual stabilization of the pH change after 6 
dry-wet cycles reflected the fact that erosion damage 
reached damage equilibrium. The destruction of hydration 
products and surface erosion of fibers and tailings can 
be reflected by the EC values, as shown in Fig.13(b). 
In the first 2 levels of wet-dry cycles, the damage of 
the solidified materials was more severe and a large 
number of ions leached out, resulting in higher EC 
values, which was consistent with the results of strength 
loss in early stage of dry-wet cycles. The EC values of 
the individual solidified materials were stable and not 
significantly different after 6 cycles, indicating that the 
degree of damage was similar across the solidified 
materials and that the fiber incorporation did not 
significantly improve the dry-wet resistance of the 
solidified materials. The change in ORP values shown 
in Fig. 13(c) reflected the chemical reaction of the 
solidified materials[32]. The ORP value of the solidified 
materials after adding fiber was higher, particularly 
A3F0.2 and A3F0.5. Combining with the data on the 
reduction in strength after dry-wet cycles, it indicated 
that the fiber adding promoted the occurrence of 
decomposition and destruction reactions of the hydration 
products to some extent, causing a significant reduction 
in strength of the fiber-reinforced solidified materials 
after dry-wet erosion. The ORP value of the solidified 
materials was relatively stable and decreased slightly 
after 6 cycles, indicating that the erosion damage had 
reached stability at this point. 
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(a) pH change 

 
(b) Changes in electric conductivity (EC) 

 
(c) Changes in oxidation-reduction potential (ORP) 

Fig. 13  Changes of typical electrochemical properties of 
solidified materials after dry-wet cycles 

 

4  Conclusion 

This paper investigated the mechanism of the 
effect of basalt fiber incorporation and dry-wet cycles 
on the strength of highly cohesive tailings cured by 
high calcium geopolymer. The main conclusions are 
drawn as follows: 

(1) In terms of unconfined compressive strength, 
the addition of basalt fibers increase the strength. The 
A3F0.5 specimen has the highest strength at 14 d, 

approximately 1.75 MPa, indicating that 0.5% is the 
optimum dosage. Moreover, the long-term strength of 
A3F0.5 is close to that of A5F0, and the 0.5% fiber 
reduced the amount of curing agent by approximately 
2%. 

(2) In terms of microscopic cementation, single or 
clustered basalt fibers are dispersed in the solidified 
materials, and the interface of fiber−tailings−hydration 
products is cemented and frictionally occluded. In 
addition, the proper amount of fibers can restrain the 
deformation of the tailings, fill the pores, and also 
partially withstand the forces for the cured tailings in 
case of damage. 

(3) In terms of dry-wet cycles, the first 2 levels of 
cycles are more intense, and the damage reaches 
equilibrium and stability after 6 cycles. The strength 
of each solidified material does not differ significantly 
after the complete cycle, with a relatively large reduction 
in the strength of the fiber-reinforced solidified material. 
The advantage of fiber adding after the dry-wet cycles 
is not significant. 
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