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Abstract: Based on the strength and microstructure tests, the effects of the hydantoin epoxy resin content and curing
time on the mechanical properties and microstructure of copper tailings specimens were studied. The results showed
that the strength of the solidified specimens was increased to 20.84 MPa with 30 wt.% addition of hydantoin epoxy
resin. When the specimens with 10% hydantoin epoxy resin were cured for 7 and 14 d, the strengths were 6.33 and
6.67 MPa respectively, which met the requirements as foundation filler and building materials. The microscopic tests
showed that the agglomeration was enhanced and the porosities of the solidified specimens were reduced with increase
in the hydantoin epoxy resin content, which could greatly enhance the strength of solidified specimens.
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1 Introduction

With yearly increase in the scale of mining, the
quantity of tailings produced during mining is
continuously increasing. Tailings are generally
exposed to the surface environment for an extended
period. Owing to the effect of surface water and
groundwater seepage, the metallic minerals in the
tailings enter the underground water and soil,
creating a potential environmental problem [1—4].
In recent years, more than 40 tailings safety
accidents and 9 environmental pollution accidents
have occurred in China, resulting in 354 deaths [5].
According to the report of Ministry of Ecology and
Environment of China, the total tailings production
was 1030 Mt in 2019. However, owing to the single

utilization method or insufficient recycling of
tailings, the comprehensive utilization of tailings
is 280 Mt, accounting for only 27% of the total
production. Therefore, it is imperative to follow
effective treatment and comprehensive utilization of
tailings [6].

Solidification/stabilization (S/S) is one of the
most used methods to handle tailings, which utilizes
the physicochemical reaction between inorganic gel
materials and tailings to obtain excellent physical
properties and increase the environmental safety
characteristics [7—9]. At the same time, the strength
characteristics of solidified tailings are the most
important mechanical parameters to evaluate the
effect of the treatment, and are essential to
determine their utilization in engineering. Many
countries have stipulated the requirements for the

Corresponding author: Ke-ping CHEN, Tel: +86-15974263943, E-mail: 1354995204@qq.com

DOI: 10.1016/S1003-6326(22)66003-5

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



3066 Yong HE, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3065-3076

mechanical parameters regarding the utilization of
solidified tailings (for example, as base filler or
building material) [10,11].

Numerous studies have been conducted on the
mechanical properties and resource utilization
based on the solidification of tailings. Gold
mine tailings were solidified by using calcium
sulfoaluminate—belite cement by KIVENTERA
et al [12], and it was concluded that increasing the
mine tailings content up to 50 wt.% of the total
binder amount yielded the strength of 7.337 MPa of
the specimens after 28 d. In addition, the tailings in
blast furnace slag were solidified, and it was
concluded that the compressive strength of the
solidified product was more than 10 MPa despite
the addition of 70% tailings [13]. It was reported
that tailings solidified with cement and
geopolymers have good physical properties and
immobilize harmful components [8,14,15]. However,
cement and geopolymers had poor solidifying
effects when the tailings excessively
compatibilized [16,17]. At the same time, Ordinary
Portland Cement (OPC) will consume large
amounts of energy and be responsible for high CO;
emissions [12,18,19]. Therefore, the research and
development of new solidifying materials are
particularly critical.

Heretofore, several researchers have developed
new materials for solidifying tailings with excellent
solidifying effect, excellent stability, and reasonable
economy [20,21]. In recent years, the gel system
utilizing hydantoin epoxy resin has provided a
high-strength three-dimensional polymer network
structure  with excellent early strength and
long-term stability, which can be applied to the
treatment of hazardous wastes such as tailings and
slag [22,23]. Currently, the application of hydantoin
epoxy resin is mainly focused on the preparation of
ceramics [24—26]. The SizNs green body was
prepared by ZENG et al [27], who found that with
increase in the hydantoin epoxy resin content from
Swt% to 20 wt.%, the flexural strength of the
SisNs green body was enhanced from 5.3 to
31.6 MPa. Similarly, XIE et al [28] used the
hydantoin epoxy resin system to obtain alumina
ceramic raw blank with a strength of up to
43.4 MPa. Previous studies rarely focused on
solidifying tailings with hydantoin epoxy resin;
especially, the mechanical properties and micro-
mechanism of tailings solidified with hydantoin
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epoxy resin have not been comprehensively
investigated [29,30]. Generally, the mechanical
properties and microstructure evolution of solidified
materials are the main parameters to assess the
suitability of a solidified body as base filler and
building material [31-34]. MUHAMMAD et al [35]
found that the chromite ore processing residues
(COPRs) were effectively solidified in composite
based geopolymer and strength of 33 MPa was
obtained. Similarly, ZHAO et al [36] found that the
strength of solidified bodies added with 70 wt.%
lead—zinc tailings (LZTs) decreased to 21.68 MPa,
the microstructure of the solidified bodies was
studied, and their action and mechanism were
discussed by means of modern detection measures
such as SEM and XRD. Therefore, it is of immense
engineering significance to study the strength
and micro-mechanism of tailings solidified using
hydantoin epoxy resin to promote their recycling.
This study investigated the effect of hydantoin
epoxy resin on the mechanical properties and
micro-mechanism of solidified copper tailings.
Using tailings from the Pulang Copper Mine in
Yunnan Province, China, the mechanical properties
and micro-mechanism of solidified samples with
different contents of hydantoin epoxy resin and
different curing time were measured. In addition,
the effects of hydantoin epoxy resin on the
characteristics and solidification mechanism were
studied relative to the microstructure and mineral
composition of the tailings solidified body.

2 Experimental

2.1 Materials and specimen preparation
2.1.1 Materials

The tailings were sampled from the tailings
pond of the Pulang Copper Mine in Yunnan
Province, China. Prior to the experiment, the copper
tailings were dried at 105 °C in an electrothermal
constant-temperature dry box for 12 h. The physical
and mechanical properties of the tailings were
tested in accordance with the ASTM E1856—
97(2002) standard. The results are presented in
Table 1. The hydantoin resin epoxy N,N- dicyclo-
propyl dimethylacetimide (CoHioN>O4RiR>, Wuxi
Meihua Chemical Solvent Co., Ltd., Wuxi, China)
and the solidifying activator 3,3’-diamino-
dipropylamine (DPTA) (CsHi7N3, Tokyo Chemical
Industry Co., Ltd., Japan) form a gel system.
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Table 1 Basic physical and mechanical properties of

tailings

Property Value

Specific gravity, G 2.69

Natural water content/% 15.22

Natural void ratio 0.63

Cohesion, c/kPa 1.76

Internal friction angle, ¢/(°) 11.55
Angle of repose/(°) 33.08

2.1.2 Specimen preparation

The compositions of the S/S specimens are
presented in Table 2. The quantity of additional
hydantoin epoxy resin was between 0 and 30 wt.%
in this study, and the DPTA/hydantoin epoxy resin
mass ratio of 1/20 was chosen. The DPTA/
hydantoin epoxy resin mass ratio was kept constant
in all formulations. Distilled water was used
throughout the experiment. The water/tailings mass
ratio (0.29) was kept constant in all specimens. The
S/S specimens were prepared using the following
steps.

(1) Hydantoin epoxy resin and distilled water
were fully mixed, and the cooper mine tailings were
added to the mixture.

(2) After a homogeneous mixture was
achieved, it was fully mixed with distilled water,
tailings, and hydantoin epoxy resin. The DPTA was
added to the mixture after 5 min of mixing.

(3) The homogeneous mixture was molded
into cylindrical molds with 100 mm in height and
50 mm in diameter. The specimens were cured
in an electrothermal constant-temperature dry box
at 60 °C for 1, 3, 5, 7 and 14 d, respectively before
the characterization [37].

Table 2 Chemical compositions of specimens
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2.2 Test method
2.2.1 Grain size, XRD and XRF measurements

The grain size distributions of the tailings
specimens were obtained using the wet laser
method. An automatic laser particle size analyzer
(MS2000), operated at 50 Hz and 200 W, was used
along with a He—Ne gas laser source (A=633 nm).
The measuring range was 0.02—2000 pm, and the
maximum detection angle was 135°.

The copper tailings and solidified body
specimens were placed in stainless steel specimen
holders for the X-ray diffractometer (XRD) analysis.
A 9 kW rotating anode X-ray diffraction source,
Smart Lab (Science and Technology Co., Ltd.,
Japan), operated at 30mA and 40kV, was
employed. The XRD analysis was performed with
Cu K, radiation (4=0.15416 nm) with 26 values
from 10° to 90° at a scanning speed of 5 (°)/min.
The JCPDS PDF database was used for the phase
identification.

The tailings specimens were pressed into a thin
sheet for the X-ray fluorescence (XRF) analysis. A
4 kW rotating anode X-ray fluorescence source,
Axios mAX (Panalytical, Netherlands), operated
at 160 mA and 60kV, was employed. The
element analysis was focused on Na-U, and the
reproducibility of the angle measurement
equipment was 0.0001°,

2.2.2 Mechanical properties test

The mechanical properties of the specimens
were tested in accordance with the Chinese
National Standard GB/T 50123—2019. The average
compressive strengths of three replicates after
specific curing periods were determined using a
universal testing machine (XBD53056, Shanghai
Xinbiao Testing Instrument Manufacturing Co.,
Ltd., China) operated at the speed of 1 mm/min.

Specimen Tailings (TS) Hydantoin epoxy resin (HER) DPTA content Water/ Ts
content/wt.% content (mugr/mts)/% (mppra/muer)/% mass ratio
TS/HER 0 100 0 5 0.29
TS/HER 2 100 2 5 0.29
TS/HER 5 100 5 5 0.29
TS/HER 10 100 10 5 0.29
TS/HER 20 100 20 5 0.29
TS/HER 30 100 30 5 0.29
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2.2.3 Microstructure test

The microstructure of the specimens was
studied by using scanning electron microscopy
(SEM). The reaction of the crushed specimens was
restricted using acetone, and then the specimens
were impregnated into an epoxy resin under
vacuum. The hardened specimens in the epoxy resin
were polished and coated with carbon before SEM
analysis. The morphological observations were
performed using SEM (Tescan, Mira3 LMH, Czech
Republic) at an accelerating voltage of 10 kV and
working distance of approximately 8 mm.

3 Results

3.1 Characterization

The grain size distributions of the tailings and
solidified specimens used in this work are
illustrated in Fig. 1, which indicates that the
specimens were mainly composed of silt and fine
tailings. Furthermore, fine-grained soil (smaller
than 75 um) comprised 84.3% of the total specimen.
The uniformity coefficient was greater than 5, and
the curvature coefficient was less than 1. According
to the particle size distribution, the tailings used in
the test were fine tailings. After solidification, the
grain size distribution curve of TS/HER 10 (Fig. 1)
was similar to that of the tailings. The number of
fine particles with size <50 um decreased slightly
and the characteristic medium diameter (Dso) fell to
64% compared with those of the tailings. These
results were an indication of homogenization for the
tailings and solidified body.

The XRD patterns of the tailings and solidified
specimen used in this work are illustrated in Fig. 2.
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Fig. 1 Grain size distributions of tailings before and after
solidification
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Fig. 2 XRD patterns of tailings and solidified

TS/HER 10 (A: Anorthite; M: Microcline; Q: Quartz)

The major mineral phases of the tailings and
TS/HER 10 were quartz, anorthite, and microcline.
The above three minerals were found in all
specimens. With higher content of hydantoin epoxy
resin, the main phases of the initial mine tailings
remained unchanged and there were no changes in
the phase compositions of the specimens. After
solidification, the mineral phase reflections
decreased significantly, especially for the silicate
minerals such as anorthite and microcline (Fig. 2).
The chemical compositions of tailings and the
TS/HER 10 were determined using XRF, and the
results are shown in Table 3. The main chemical
components of tailings were SiO,, Al,Os3, K0, and
CaO, which constituted up to 87.314% of the
material. Similarly, the main chemical components

Table 3 Main chemical compositions of tailings and
TS/HER 10

Chemical Content/wt./%
composition Tailings TS/HER 10
Si0; 64.876 56.536
AlLO; 13.946 10.972
K,O 4.42 7.941
CaO 4.072 5.874
Na,O 2.936 1.482
MgO 2.874 2.254
P,0Os 1.122 0.937
CuO 0.086 0.024
MnO 0.030 0.023
Cr0s 0.022 0.018
NiO 0.014 0.004
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of TS/HER 10 amounted for 81.323%. With higher
content of hydantoin epoxy resin, the main phases
of the initial mine tailing powder continued to occur.
However, the contents of SiO; and Al,O3 decreased,
whereas the contents of K,O and CaO increased in
TS/HER 10, which supported the inference that the
solidification process changes the main chemical
compositions of tailings. Moreover, some heavy
metals such as Cu, Mn, Cr, and Ni were found in
TS/HER_10.

3.2 Effect of hydantoin epoxy resin content on
strength of solidified body
The stress—strain curves of the solidified body
with 0, 2, 5, 10, 20, and 30 wt.% hydantoin epoxy
resin are shown in Fig. 3. The curing time of the
solidified body was 7 d.

0.12

—— TS/HER 0
—O— TS/HER 2
——TS/HER 5

(b)

|8 —=— TS/HER_10
—o— TS/HER 20

o/MPa

Fig. 3 Stress—strain curves of solidified body with
different additions of hydantoin epoxy resin: (a) 0, 2, and
5 wt.% hydantoin epoxy resin; (b) 10, 20, and 30 wt.%
hydantoin epoxy resin

As shown in Fig. 3(a), the curves were steep in
the early stage, which indicated that the rate of
stress growth was much greater than that of strain.

Compared with Fig. 3(a), Fig.3(b) shows gentle
curves in the early stage. Moreover, the stress—
strain curves of specimens were very different, and
when the solidified body reached the ultimate stress,
the specimen failed, and the curves dropped sharply.
By comparing the stress—strain curves of the
solidified bodies with different compositions, it was
found that with gradual increase in the hydantoin
epoxy resin content, the declining portion of the
stress—strain curves became steeper, indicating the
increase in the brittleness of the solidified body and
the decrease in its plasticity.

At the same time, it was concluded from Fig. 3
that the stress—strain curves could be divided into 3
stages. The first stage was compaction, where the
stress—strain curves were concave; the pores were
closed by the action of pressure, and the
deformation of the solidified body was larger. The
second stage was elastic deformation, where the
stress—strain curves were approximately a straight
line. The stress increased linearly with the increase
of the strain and reached its peak, because the
porosity of the solidified body decreased and a
dense structure was gradually acquired. The third
stage was specimen failure, where the stress—strain
curves dropped sharply, and the solidified body
conspicuously displayed the phenomenon of stress
reduction. The main reason was that the stress
exceeded the yield stress of the solidified body,
resulting in the destruction.

The relationship between failure strain and
compressive strength of the solidified body with
different hydantoin epoxy resin contents are shown
in Fig. 4.

| —o— Failure strain 120
—o— Compressive strength 118
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Failure strain/%
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—_
T
L

SN A~

0—0—0 E
I 1 1 1 1

0 5 10 15 20 25 30
Hydantoin epoxy resin content/wt.%

Fig. 4 Failure strain and compressive strength of
solidified body with different hydantoin epoxy resin
contents
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As shown in Fig. 4, with the increase in the
hydantoin epoxy resin content, the compressive
strength and overall trend of failure strain increased.
When the content of hydantoin epoxy resin
increased from 0 to 5wt.%, the compressive
strength increased from 0.03 to 0.11 MPa, and the
failure strain increased from 1.02% to 1.25%. The
results showed that the compressive strength of the
solidified body increased by about 2.7 times, but
the range of increase was small. The compressive
strengths of the 0, 2, and 5 wt.% solidified
specimens were small, because the effect of the
hydantoin epoxy resin gel system on the stress—

strain characteristics of the tailings was not obvious.

When the hydantoin epoxy resin content increased
from 5 to 30 wt.%, the compressive strength
increased from 0.11 to 20.84 MPa, and the failure
strain increased from 1.25% to 6.66%. The results
showed that the compressive strengths of the
solidified increased by about 188.5 times. The
compressive strengths of the 10, 20, and 30 wt.%
solidified  specimens increased significantly,
because with increase in the content of hydantoin
epoxy resin, the hydantoin epoxy resin gel system
became increasingly reactive with tailings. The
granulation of the gel system and tailings was
strengthened. The gel system and tailings formed a
stronger skeletal structure and provided a better
overall structure of the solidified body. Similar
phenomenon was observed by WANG et al [38].
Thus, higher hydantoin epoxy resin content resulted
in a stronger solidified body, which alleviated the
effect of the reaction of the hydantoin epoxy resin
gel system on the compressive strength. Therefore,
low content of the hydantoin epoxy resin should be
avoided in the actual solidification treatment of
tailings, as it is detrimental to the strength of the
solidified body. Considering the strength and
economy of the solidified body, the appropriate
hydantoin epoxy resin content is about 10 wt.%.

3.3 Effect of curing time on strength of solidified

body

The stress—strain curves of the solidified
specimens at different curing time are shown in
Fig. 5. The specimen with 10 wt.% hydantoin
epoxy resin was selected.

As shown in Fig. 5, the stress—strain curves of
the solidified specimens at different curing time

were very different. The curve of the specimen with
curing time of 1 d was relatively flat. This indicated
that the curing time of 1d was relatively short;
therefore, the hydantoin epoxy resin gel system was
unable to fully respond, and the strength growth
was delayed. The curves for the specimens with
curing time of 3, 5, 7, and 14 d were steep. When
the curing time was more than 1 d, the gel system
increased gradually with increase in the curing time.
The peak value of the stress—strain curve increased,
and the changes in the rising and falling stages of
the curves were more significant. The strength of
the solidified body increased faster at the curing
time of 7 and 14 d. In addition, based on the
comparison of the curves in Fig. 5, it was found that
the stress—strain curves of 3 and 5 d, and 7 and 14 d,
showed similar trends, respectively. Among them,
the difference in compressive strength between the
solidified body cured for 3 and 5 d was small,
because the reaction speed of the gel system slowed
down and the strength increased slowly during the
curing time of 5 d. However, the difference for 7
and 14 d was smaller because at 7 d, the gel system
reaction entered the end stage; the strength of the
solidified body increased slightly when the curing
time was increased to 14 d. It was concluded that
the curing time was also a controlling factor for
compressive strength.

7
‘ ——1d
B 5 \ ——3d
¥ \ ——5d
5| : «\ 74
o 14d
& 4 L jxr;)&;i\‘
a 7R
S
83
7 8 9

curves of
(TS/HER _10) at different curing time

Fig. 5 Stress—strain solidified body

The variations in the failure strain the and
compressive strength of the solidified body
(TS/HER _10) at different curing time are shown in
Fig. 6.

As shown in Fig. 6, with the increase in the
curing time, the compressive strength increased,
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Fig. 6 Failure strain and compressive strength of
solidified body (TS/HER 10) at different curing time

and the failure strain decreased at first and then
increased, which indicated that the hydantoin epoxy
gel system had excellent early strength and fast
hardening. The compressive strength of the
specimen with shorter curing time (1—5 d) increased
from 0.95 to 4.22 MPa, which was increased by
3.44 times, and the failure strain decreased from
4.66% to 1.76%. The compressive strength of the
specimen with longer curing time (5-7d) was
increased by 0.5 times from 4.22 to 6.33 MPa, and
the failure strain increased from 1.76% to 3.71%.
The reason was that gel reaction between the
hydantoin epoxy resin and solidifying activator
occurred on the tailings. The agglomeration and
hardening reaction between them are complex and
time consuming. Similar findings were observed
by LI et al [39,40]. When the curing time was
less than 5 d, the reaction between the epoxy resin
and solidifying activator occurred continuously.
Therefore, the compressive strength was larger and
failure strain was smaller at the curing time of 5 d.
With increase in curing time, the aggregates
generated during the early reaction connected the
soil particles to form a planar mosaic structure,
which reduced the pores in the solidified body and
further increased the cohesive force between the
soil particles. Owing to the increase in curing time,
the gel reaction gradually extended to the latter part.
Therefore, when the curing time increased from 7 to
14 d, the compressive strength increased slowly,
and the failure strain exhibited the same tendency.

3.4 Microstructure of solidified specimens
Microstructures of the solidified specimens

added with 0, 2, 5, 10, 20, and 30 wt.% hydantoin
epoxy resin are shown in Fig. 7.

From Fig. 7(a), when the hydantoin epoxy
resin content was 0, there was no cementation in the
solidified body, and the entire body was composed
of regular layers stratification.
Because of the absence of hydantoin epoxy resin,
the gelation reaction did not occur. The degree of
cementation between the soil particles was weak,
which resulted in low compressive strength. From
Fig. 7(b), when the hydantoin epoxy resin content
was 2 wt.%, a small amount of cementation was
formed on the surface of the solidified body, which
encapsulated the soil particles and gradually made
the layered structure compact. Moreover, the
difference in the surface particle size was obvious,
i.e., irregular block and granular particle, with a
number of pores, and the overall structure of the
solidified body was loose. From Fig. 7(c), when the
hydantoin epoxy resin content was 5 wt.%,
cementation increased continuously, and the soil
particles were tightly wrapped. Irregularly shaped
aggregates were distributed on the surface. Pores of
large sizes were obviously reduced, and some small
pores existed. Massive cement particles were
scattered on the surface of the solidified body, and
some particles were stacked in clusters to form
large blocks. From Fig. 7(d), when the hydantoin
epoxy resin content was 10 wt.%, the cementation
in the solidified body was overlapped and arranged
closely. The pores of the soil particles were sealed,
and the overall surface was smooth. The cement
particles closely adhered to each other to form a
connected whole, which limited the deformation of
the soil particles in the solidified body. Thus, the
integrity and stability of the entire solidified body
were improved, resulting in a significant increase in
the strength. From Fig. 7(e), when the hydantoin
epoxy resin content was 20 wt.%, the resin gel
system generated excessive gel material on the
surface of the solidified body. This excessive gel
material was a lump-shaped aggregate, irregularly
distributed and stacked on the surface of the
solidified body. From Fig. 7(f), when the hydantoin
epoxy resin content was 30 wt.%, the superfluous
gel material generated by the hydantoin epoxy resin
gel system formed a cluster, which was closely
arranged on the surface of the solidified body. The
presence of the gel material in the solidified body
further enhanced the strength of the solidified body.

with obvious
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Fig. 7 Microstructures of solidified specimens: (a) TS/HER 0; (b) TS/HER 2; (c¢) TS/HER_5; (d) TS/HER 10;

(e) TS/HER_20; (f) TS/HER 30

From Figs. 7(e) and (f), it was concluded that the
morphology and distribution of the gel material had

considerable influence on the compressive strength
of the solidified body.

4 Discussion

The grain size distributions of the tailings and
TS/HER 10 revealed the gelation reaction between

hydantoin epoxy resin and tailings (Fig. 1). The
gelation reaction made the particle size increase
slightly. The patterns revealed that the increase of
the particle size of the solidified body provided a
precondition for the improvement of the mechanical
properties. The XRF result revealed that the gel
reaction would change the chemical compositions
of the tailings and form the clusters. And the
clusters ensured the mechanical properties of the
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solidified body.

The XRD patterns revealed that the raw
tailings and solidified body had high crystallinity
(Fig. 2). The major mineral phases of the tailings
were quartz, anorthite, and microcline (Fig. 2).
After solidification treatment, the major mineral
phases of the solidified body (anorthite and
microcline) were changed. The decrease in the
mineral phase reflection intensity was a
manifestation of the amorphization. It was
concluded that the reaction of the hydantoin epoxy
resin gel system could change the mineral phases of
tailings. However, the gel system cannot create new
substances. The compressive strength of the
solidified body originated from the gelling reaction
between the hydantoin epoxy resin gel system and
tailings.

From the microstructure of the solidified body,
it was concluded that with the increase in the
hydantoin epoxy resin content from 0 to 30 wt.%,
the tailings particles and gel systems became
closely interrelated. Most of the debris particles
were surrounded by the gel system, formed stable
aggregates, and filled the pores. Thus, strong
structural bonds were created. In addition, the
“granular-mosaic-cementation”  structure = was
produced, which had higher strength and
significantly improved the strength of the solidified
body. In addition, when the hydantoin epoxy resin
content was 10 wt.%, the cementation increased
gradually, and the granulation was strengthened.
The cementation significantly improved the
bonding force between the soil particles and
promoted the deformation resistance ability of the
solidified body. Moreover, the compressive strength
of TS/HER 10 reached 6.33 MPa, thus meeting the
requirement for its application as subgrade bed
filling [5]. Further, the compressive strengths of
TS/HER 20 and TS/HER 30 were 9.52 and
20.84 MPa, respectively. This phenomenon was
attributed to the formation and accumulation of
clusters (Figs. 7(e) and (f)), which greatly improved
the strength of the solidified body. However, in the
treatment process of actual tailings, it is not
recommended to use the hydantoin epoxy resin
contents of 20 and 30 wt.%, considering the
economic benefits.

It can be concluded from Figs. 5, 6, and 7(d)
that the reaction of the hydantoin epoxy resin gel

system requires certain curing time to ensure the
completeness of the reaction and formation of a
connected mass. Moreover, the strength of the
solidified body specimens cured for 14 d was only
0.34 MPa higher than that of specimens cured for
7 d. In the case of TS/HER 10 specimen with 7 d
of curing time, the compressive strength was
6.33 MPa, which could satisfy the Specifications
for Design of Highway Subgrades defined by JTG
D30-2015. Although the strength of the specimens
with 14 d of curing time was slightly improved, the
process requires more time and energy. Therefore,
from the perspectives of economics and mechanical
strength, the optimal curing time was chosen to be
7d.

The reaction between the hydantoin epoxy
resin and the solidifying activator has resulted in a
reduction in the pores between the particles of the
tailings. The pore structure distribution has been
optimized, forming a solidified body to facilitate
the formation of the macro strength. The strength of
the cement-solidified tailings is mostly dependent
on the C—S—H gel generated by hydration of the
cement.

For the same tailings, the solidifying cost of
hydantoin epoxy gel system is 1.78 times that of
cement and specific results are shown in Table 4.
Moreover, WAN et al [5] found that the strength of
tailings solidified body with 50% P.C 32.5 cement
was only 0.6 MPa, which could not be put
into engineering practice. To achieve the same
mechanical strength as the hydantoin epoxy gel
system, a substantial increase in cement addition
is required. However, increasing the amount of
cement will not only lead to the compatibility of
solidified body, violate the principle of reducing the
utilization of tailings, but also increase the
Based on the engineering
application and economic benefits, the optimal
mixing ratio of the hydantoin epoxy gel system can
be explored in engineering practice.

economic  cost.

Table 4 Cost comparison of different solidified materials

Solidifying Mixing o/ Cost/
material content/%  MPa (RMB¥-t!)
Hydantoin epoxy 10 633 800
resin gel system
PC32.5 50 [5] 0.6 450
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5 Conclusions

(1) The characterization revealed nearly no
difference between tailings and TS/HER 10. The
grain size distributions, mineral phases, and
chemical compositions were similar.

(2) The hydantoin epoxy resin significantly
improved the mechanical properties of the
solidified body. When the hydantoin epoxy resin
to 30 wt.%, the
compressive strength of the solidified body was
increased by 188.5 times, and the failure strain
increased from 1.25% to 6.66%.

(3) The reaction of the hydantoin epoxy resin
gel system requires certain curing time to ensure
full reaction. With the increase in curing time, the
peak value of the stress—strain curve increased
significantly. When the curing time increased from
1 to 5 d, the compressive strength was increased by
3.44 times, and the failure strain decreased from
4.66% to 1.76%.

(4) The tailings particles and gel systems were
closely interrelated. With the increase in content of
hydantoin epoxy resin, the
cementation” structure was produced, which greatly
enhanced the strength of the solidified body.

content increased from 5

“granular-mosaic-
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