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In  this  paper,  a systematic  study  was  conducted  to investigate  a  novel  silica  alumina-based  backfill  mate-
rial composed  of  coal  refuse  and  fly  ash.  The  coal  refuse  and  fly  ash  had  different  properties  under  various
thermal  activation  temperatures  (20 ◦C,  150 ◦C, 350 ◦C,  550 ◦C,  750 ◦C and 950 ◦C). It  is known  that  a
thermal  activation  temperature  ranging  from  20 ◦C  to 950 ◦C significantly  increases  the  flowability  and
pozzolanic  properties  of the  coal  refuse;  however,  the  flowability  of  fly  ash  decreases  when  the  activa-
tion  temperature  is  higher  than  550 ◦C  because  of  a severe  agglomeration  phenomenon  on its surface.  An
optimal  design  for  this  backfill  material  was  determined  to include  an  activated  portion  composed  of  5%
coal refuse  at 750 ◦C and  15%  fly  ash  at 20 ◦C. This  combination  yields  the  best  performance  with  excellent
flowability,  a high  compressive  strength  and  a  low  bleeding  rate.  The  microanalysis  results  corresponded
well  with  the performance  tests  at different  activation  conditions.  In  the  coal  refuse,  kaolinite  peaks
began  to  decrease  because  of their  transformation  into  metakaolin  at 550 ◦C.  Chlorite  peaks  disappeared

◦ ◦ ◦
icroanalysis at 750 C.  Muscovite  peaks  decreased  at 750 C and  disappeared  at 950 C.  During  this  process,  muscovite
2M1 gradually  dehydroxylated  to  muscovite  HT.  Furthermore,  this  paper  examined  the  environmental
acceptance  and economic  feasibility  of this  technology  and found  that  this  silica  alumina-based  back-
fill  material  composed  of  coal  refuse  and  fly  ash  not  only  meets  EPA  requirements  but  also  has  several
advantages  in  industry  feasibility  when  compared  with  hydraulic  backfill,  rock  backfill  and  paste  backfill.
. Introduction

The coal industry has been the fastest-growing fuel industry
ver the last decade because of its role as the primary fuel used
or electricity generation [1].  Coal refuse is one of the largest forms
f waste from the coal mining industry and is generally defined as

 low BTU-value material based on the minimum ash content com-
ined with the maximum heating value [2]. It is estimated that coal
ines in the US generate 109 million metric tons (120 million short

ons) of coal refuse from 600 coal preparation plants in 21 coal-
roducing states annually [3].  Presently, two major methods are
pplied for the utilization of coal refuse: combustion use and non-
ombustion use. However, the utilization efficiency of coal refuse
emains low [2,3].

Backfill refers to any waste material that is placed in voids

ined underground for the purpose of either disposal or perform-

ng engineering functions [4]. The backfill industry is particularly
nterested in technologies that reduce the costs associated with

∗ Corresponding author at: 3601 Pacific Ave, University of the Pacific, Stockton,
A 95211, USA. Tel.: +1 209 946 2767; fax: +1 209 946 2077.

E-mail address: hsun@pacific.edu (H. Sun).

304-3894/$ – see front matter. Published by Elsevier B.V.
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backfilling large open stopes [5]. Previous studies on backfill
using industrial waste have been conducted in the last decade,
including studies on fly ash, blast furnace slag and flue gas desul-
furization gypsum (FGD gypsum) [6,7], and reports on developed
backfill materials have demonstrated their excellent workability
and good mechanical properties [8,9]. Therefore, backfill mate-
rial acts as a suitable solution to current industrial solid waste
challenges [10,11]. However, there have been few studies on
backfill material based on coal refuse, although some research
has been conducted on the cementitious material composed
of thermal activated coal refuse as pozzolanic material. Zhang
et al. have successfully recycled red mud  and coal refuse into
cementitious material by thermal activation at 600 ◦C [12,13],
and Zhang has demonstrated that coal refuse contains good poz-
zolanic properties after thermal activation [14–16].  In this paper,
a systematic study was conducted on a novel, high-performance,
silica alumina-based backfill material, which was  designed by tak-
ing advantage of the pozzolanic property of thermal activated
coal refuse and the good flowability of fly ash. Furthermore, a

detailed microanalysis is performed to illustrate the mechanism
of coal refuse thermal activation and environmental leaching. The
results proved the environmental acceptance of this new backfill
material.

dx.doi.org/10.1016/j.jhazmat.2012.01.059
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hsun@pacific.edu
dx.doi.org/10.1016/j.jhazmat.2012.01.059
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Table 1
Chemical analysis of the coal refuse.

LOD 105 ◦C, Ash 750 ◦C, Volatile matter, Fixed carbon, Total carbon,
w)

Organic carbon, Total sulfate, Total nitrogen, HHV BTU/lb
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value (HHV) was  342 BTU/lb. These results indicated that the coal
refuse was  not suitable for direct combustion use. The loss on dry-
ing (LOD) was 2.21% after being exposed to air at 105 ◦C for 1 h. The
samples were stage ashed to 750 ◦C and held at that temperature

Table 2
Chemical composition and physical properties of the raw materials.

Coal refuse Fly ash Slag Gypsum Cement

SiO2 (%) 48.77 49.54 36.59 0.76 13.71
Al2O3 (%) 14.54 19.11 13.17 0.19 2.66
Fe2O3 (%) 11.12 14.79 0.98 0.17 3.27
CaO (%) 4.34 6.23 35.53 42.29 63.39
MgO (%) 1.68 0.42 7.58 0.71 1.23
SO3 (%) 0.43 0.34 2.03 53.75 2.19
% (w/w) % (w/w) % (w/w) %  (w/w) % (w/

2.21 90.09 7.50 <1 3.43 

. Materials and experimental procedure

.1. Materials

The raw material used in this experiment included coal refuse,
y ash, cement, blast furnace slag and FGD gypsum. The coal refuse
as generated by a mining operation situated within the Central
ppalachian Coal Basin in southwest Virginia, eastern Kentucky
nd southern West Virginia. The coal seams located near these
peration sites were deposited during the Pennsylvania period and
re located in the Pottsville Group from Pocahontas through the
ower portions of the Allegheny formation. The fly ash is a typi-
al combustion byproduct from the coal power plant in Tennessee,
hich was responsible for a catastrophic spill in 2008. According to

he American Society for Testing and Materials (ASTM) C618, the fly
sh used in this test should be designated as Class F [17]. The FGD
ypsum was from Wisconsin, and the cement applied in the exper-
ment was US type I/II, which has sufficient cohesion and strength
o form ettringite in the backfill material.

.2. Chemical, mineral and physical analyses

The chemical analysis was performed using an X-ray fluo-
escence (XRF-1700) analyzer, and the mineral composition was
etected by X-ray diffraction (XRD) with the Rigaku Ultimate. The
article size pattern was measured using sieves and a laser particle
istribution analyzer (Mastersizer 2000).

.3. Thermal activation

Thermal activated oxidation occurred as the raw material (coal
efuse or fly ash, respectively) reacted with oxygen in air. Thermal
ctivation experiments were controlled at different temperatures
150 ◦C, 350 ◦C, 550 ◦C, 750 ◦C and 950 ◦C) inside a furnace (Lindberg
lue M,  Thermo Scientific) for 45 min  per experiment.

.4. Flowability test

According to previous research and an ACI 229 report, ASTM
6103 was used to evaluate the consistency of the controlled low

trength material [18]. An open-ended flow cylinder 6 in. (150 mm)
n length with a 3 in. (76 mm)  internal diameter was  used to test the
owability by measuring the spread diameter when the fresh slurry
as released from the cylinder onto a flat surface. It is important

o immediately measure the largest resulting spread diameter of
he backfill material. Then take two measurements of the spread
iameter perpendicular to each other. The measurements are to be
ade along diameters which are perpendicular to one another [19].

.5. Compressive strength test

For the compressive strength test, 50 mm × 50 mm × 50 mm
ube specimens were cast for each mixture as described in pre-

ious research [9].  The compression tests were performed on six
pecimens of various ages (1, 3, 7, 28, 56 and 90 days). This mate-
ial was carefully demolded for 24 h after it was cast because of its
ow and late increase in strength. However, before this process, the
% (w/w) % (w/w) %  (w/w)

3.05 0.041 0.10 342

samples should be placed in sealed plastic bags to retain humidity.
Each recipe had 12 replicates in these experiments.

2.6. Bleeding test

A high bleeding rate is often observed in fly ash-based cementi-
tious material because of the spherical shape of the fly ash particle.
In this test, as described in ASTM C232, the water bleeding rate was
measured according to the amount of water accumulated at differ-
ent time intervals on the sample surface of an approximately 14 l
cylindrical container with an inside diameter of 255 ± 5 mm and a
height of 280 ± 5 mm [20].

2.7. Microanalysis

In this experiment, X-ray diffraction (XRD) analysis was  con-
ducted using a Rigaku Ultimate, with CuK� radiation, a voltage of
40 kV, a current of 40 mA  and a 2� scan ranging between 5◦ and
60◦. The Nicolet Impact 400 Fourier transform infrared (FTIR) spec-
troscopy was used to record the spectra with a Nicolet sample
processor using KBr-pellets. The microstructures were observed
by a Philips XL30 FEG Scanning Electron Microscope (SEM) with
energy-dispersive X-ray microanalyses. The thermal gravimetric
analysis (TGA) of the coal refuse was conducted between room
temperature and 1000 ◦C at 20 ◦C/min.

2.8. Toxicity characteristic leaching procedure (TCLP)

The contaminant leaching tests for the raw material and 180 day
backfill sample were conducted according to the EPA-TCLP1311-92
procedure. The concentrations of heavy metals were analyzed using
Vista-PRO Varian ICP-OES.

3. Results and discussion

3.1. Characterization of raw material

Tables 1 and 2 summarize the chemical composition and phys-
ical properties of the raw materials. The total carbon in the coal
refuse used in the experiment was 3.43%, and the higher heating
Loss  on ignition (%) 9.91 2.43 2.78 1.98 2.6
Specific gravity (t/m3) 2.69 2.38 2.98 2.91 3.18
Specific surface area

(m2/kg)
564 551 677 579 372
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Table 3
Composition of Backfill Material Group A.

Cement Slag FGD gypsum Activated material Aggregate

Coal refuse Fly ash
Fig. 1. Particle size distribution of the raw materials.

or 8 h to determine the ash percentage, which was  90.09%. The per-
entages of total sulfate and total nitrogen in the coal refuse were
lso very low.

According to ASTM C618, the fly ash used in this experiment was
 class F fly ash because the CaO content was 6.23% [17]. According
o the XRD analysis, the blast furnace slag was a glass-based mate-
ial with a complicated, strong hump in the 15–45◦ 2� region on
he XRD result, indicating that the predominant phase was amor-
hous. The major mineral component of the coal refuse was quartz,
ollowed by chloride, muscovite, kaolinite, hematite and calcite.
he fly ash exhibited very clear principal peaks of quartz, mullite,
ematite and calcite.

The raw coal refuse used in the experiments was an irregular,
ock-like stone with a large size range from 1 mm to 30 cm. In this
xperiment, the raw coal refuse was divided into two categories:
oarse coal refuse as aggregate and coal refuse after milling as poz-
olanic material with a specific surface area of 564 m2/kg when
easured using the Blaine method. As was the case for the raw fly

sh, the particle size was smaller than that of the raw coal refuse,
nd the fly ash after milling had a specific area of 551 m2/kg. The
ndustrial commercial slag, cement and FGD gypsum were in a fine
owder state, with high Blaine values. The aggregate was a mixture
f different size of coarse coal refuse. Fig. 1 illustrates the particle

istribution of the raw materials. Except for the coal refuse aggre-
ate, all of the raw material fell into the range of 1–6 �m,  and more
han 80% of the particles were less than 2 �m.  Most of the coal
efuse aggregate ranged from 1 mm to 16 mm in diameter, with

Fig. 2. Flowability test of coal refuse and fl
A1% (w/w) 1 1 1 20 0 77
A2% (w/w) 1 1 1 0 20 77

the highest frequency distribution being 1–4 mm;  however, there
were still some large particle size distributions in the aggregate,
such as 7% at 12 mm,  1% at 14 mm  and 1% at 16 mm.  All of the raw
material was  below 19 mm,  which meets the ASTM D6103 standard
[19].

3.2. Flowability test for the coal refuse and fly ash

Fig. 2 clearly shows that the fly ash has better flowability than
the coal refuse when they have the same water/solid (W/S) ratio.
For example, when the W/S  was 0.4, the spread diameter for the
20 ◦C coal refuse was only 94 mm,  whereas that of the 20 ◦C fly ash
was 265 mm.  This result is due to the spherical shape of the fly ash
ball, which behaves as a non-Newtonian fluid with a low permeabil-
ity coefficient that reduces pipeline wear (the cylinder wall in this
experiment). On the other hand, the coal refuse after milling is an
irregular particle, which is more abrasive to the cylinder wall. How-
ever, it is interesting to note that the thermal activation of the coal
refuse increased its flowability; however, the thermal activation
did not notably improve the flowability of the fly ash. Furthermore,
when the temperature was  increased to more than 750 ◦C, the
activated fly ash (750–950 ◦C) powder showed an agglomeration
phenomenon that was more intense than that of the activated coal
refuse (750–950 ◦C). Therefore, there was a decreasing tendency in
the flowability at temperatures between 550 ◦C and 950 ◦C for the
fly ash. However, the total flowability of the coal refuse increased
at temperatures of 20–950 ◦C.

3.3. Performance of the backfill material

Generally, the backfill material contained different categories
of raw material, including water, cementitious material, aggregates
and others. The variation in the composition of the backfill material
significantly influenced its performance. To obtain the performance

characteristics of the backfill material, it is necessary to evaluate the
flowability of the fresh backfill slurry and the compressive strength
of the hardened body at different pulp densities (the amount of
solid material of the total backfill material). Table 3 and Fig. 3

y ash: (a) coal refuse and (b) fly ash.
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Fig. 3. Scheme chart of

resent the composition and design scheme of the tested backfill
aterial in this experiment. Generally, the solid part of this back-

ll material is divided into three categories: cementitious material
cement + slag + FGD gypsum), activated material (coal refuse or fly
sh) and aggregates.

Fig. 4(a) and (b) depicts the flowability of the backfill material
t different pulp densities. The fly ash-based backfill material had
etter flowability than the coal refuse-based backfill material at
he same pulp density. For example, when the pulp density was
0%, the spread of the 20 ◦C coal refuse-based backfill material was
01 mm,  whereas that of the 20 ◦C fly ash-based backfill material

as 301 mm.  The various contents of the thermal-activated mate-

ial showed different flowability patterns, and thermal activation
rom 20 ◦C to 950 ◦C significantly increased the flowability of the
oal refuse-based backfill material. However, the flowability of the

ig. 4. Performance of the backfill material. (a) Flowability of the coal refuse-based backfil
f  the coal refuse-based backfill material and (d) compressive strength of the coal refuse-
ackfill material design.

fly ash-based backfill material began to decrease when the activa-
tion temperature exceeded 550 ◦C.

Unconfined compressive strength is another important factor
to evaluate the performance of backfill material. Fig. 4(c) and (d)
shows the compressive strength measured at six different curing
times (1, 3, 7, 28, 56 and 90 days) at a pulp density of 70%. It was
found that the activated coal refuse-based backfill material had a
higher unconfined compressive strength than that of the fly ash-
based backfill material, indicating that the activated coal refuse
has better pozzolanic properties than the activated fly ash. Thermal
activation from 20 ◦C to 950 ◦C increased the pozzolanic property of

the activated coal refuse and was better than the pozzolanic prop-
erty of the activated fly ash at the same activation temperature,
especially in the 90 day sample. For instance, the 750 ◦C coal refuse-
based backfill material had an unconfined compressive strength of

l material, (b) flowability of fly ash-based backfill material, (c) compressive strength
based backfill material.
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Table 4
Composition of Backfill Material Group B.

Cement Slag FGD
gypsum

Activated material Aggregate

750 ◦C coal
refuse

20 ◦C
fly ash

B1% (w/w) 1 1 1 20 0 77
B2%  (w/w) 1 1 1 15 5 77
B3%  (w/w) 1 1 1 10 10 77
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Table 5
Bleeding rates of B1–B5.

B1 B2 B3 B4 B5
B4%  (w/w) 1 1 1 5 15 77
B5%  (w/w) 1 1 1 0 20 77

.94 MPa  after 90 days of curing, which was not significantly differ-
nt from the 2.98 MPa  found in the 950 ◦C coal refuse-based backfill
aterial. The 750 ◦C fly ash-based backfill material had an uncon-

ned compressive strength of 2.02 MPa  at 90 days, and the 950 ◦C
y ash-based backfill material reached 2.31 MPa.

.4. Optimal design of backfill material

As mentioned above, thermal activation improved the poz-
olanic properties and the flowability of the coal refuse; however,
his method was not successful for the fly ash and instead resulted
n decreased flowability caused by fly ash agglomeration beyond
50 ◦C. Considering the economic and environmental factors, the
ptimal design was found when combining the advantages of the
50 ◦C coal refuse and 20 ◦C fly ash because the fly ash slurry had
uch higher flowability than the coal refuse slurry below 550 ◦C.

able 4 lists the composition of Backfill Material Group B (B1–B5),
hich can be used to determine the optimal design for the backfill
aterial with a mixture of 750 ◦C coal refuse and 20 ◦C fly ash.
Fig. 5 illustrates the flowability tests of B1–B5. These tests

ndicated that increasing the content of the 20 ◦C fly ash greatly
mproved the flowability of the fresh slurry. According to backfill

ork experience, ACI regulations and previous research, a range
etween 200 mm and 300 mm is acceptable for mining backfill
pplications [21]. B4 (5% 750 ◦C coal refuse + 15% 20 ◦C fly ash) is
n optimal design for flowability because most of the spread fell
ithin 200–300 mm when the pulp density was  shifted from 70%

o 75%. Although B5 (0% 750 ◦C coal refuse + 20% 20 ◦C fly ash) had

lightly better flowability than B4, B5 is not a good choice when
leeding and compressive strength are considered. High content
y ash-based backfill material has a bleeding problem because

70% 71% 72% 73% 74% 75%
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Fig. 5. Flowability test of Backfill Material Group B.
Bleeding rate (%) 2.45 2.87 3.01 3.29 6.07

of the spherical ball shape of the fly ash [10]. The 5% coal refuse
has better water absorption ability when compared with the same
amount of fly ash. Table 5 illustrates the bleeding rate of B1–B5 at
a pulp density of 73%. The increased amount of coal refuse reduced
the bleeding rate. The bleeding rate difference between B4 (3.29%)
and B5 (6.07%) was significant. Fig. 6 shows that the compressive
strength of B4 at a pulp density of 73% met  the target compressive
strength requirements for 28 days (1 MPa) for the backfill industry
[6]; the 28 day strength was 1.4 MPa, and the 90 day strength was
2.7 MPa.

3.5. Microanalysis results

3.5.1. TGA result
To set up an optimal thermal activation condition for the coal

refuse, a TGA was conducted from 25 ◦C to 1000 ◦C, and the results
are shown in Fig. 7. The weight loss was  approximately 1.2% at a
temperature range of 25–450 ◦C. Comparatively, the weight loss
was approximately 8.6% at a temperature range of 450–900 ◦C.
When the temperature was  above 900 ◦C, the weight loss was less
than 0.1%. The chemical bonding water, which was  defined as the
mass due to decomposition between the boiling temperature and
1000 ◦C accounts for a portion of mass loss after 100 ◦C. In addi-
tion, the major mass loss from 500 ◦C to 700 ◦C was associated with
the decomposition of minerals. For example, the decompositions of
calcite and kaolinite are two  important processes during this ther-
mal  activation stage, and the reactions can be generally expressed
as the following [22,23]:

At 600–780 ◦C,

CaCO3
(calcite)

→ CaO + CO2
(lime)

At 500–700 ◦C,
Al2O3 · 2SiO2 · 2H2O
(kaolinite)

→ Al2O3 · 2SiO2 + 2H2O
(metakaolinite)

1 Day 3 Day 7 Day 28 Day 56 Day 90 Day
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Fig. 6. Compressive strength test of Backfill Material Group B4.
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up to 950 ◦C, which might due to the decomposition of the calcite
Fig. 7. TGA resu

.5.2. XRD and FTIR analysis
The mineral compositions of the activated material changed

t different activation temperatures. Figs. 8 and 9 show the XRD
esults of the tabulated mineral compositions. It was found that
he major minerals in the raw coal refuse were chlorite, muscovite,
uartz, calcite, and kaolinite [24]. Quartz and mullite were the pre-
ominant minerals in the fly ash. Figs. 8 and 9 indicate that the
hange in the mineral phase of the coal refuse was significant, while
he change for the fly ash was slight. These changes are summarized
s follows:
. The kaolinite peaks began to decrease because of their trans-
formation into metakaolin at 550 ◦C, and the kaolinite peaks
disappeared at 750 ◦C.
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Fig. 8. XRD of the coal refuse at different activation temperatures.
the coal refuse.

2. Chlorite peaks began decreasing at 550 ◦C and disappeared at
750 ◦C.

3. Muscovite peaks decreased at 750 ◦C and disappeared at 950 ◦C.
4. At 950 ◦C, the quartz peak was weakened by the thermal acti-

vation and may  have been caused by the decomposition of clay
minerals that formed amorphous silicon-based material.

5. The hematite peaks in XRD peaks becomes more evident after
thermal activation, especially at 950 ◦C.

6. Calcite peaks decreased but still exist when the temperature rise
[25].
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Fig. 9. XRD of fly ash at different activation temperatures.
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by different thermal activation conditions. Fig. 12(a)–(d) shows
the “scale-shaped” layered structure; however, this structure was
destroyed when the temperature reached higher than 750 ◦C. The
Y. Yao, H. Sun / Journal of Hazar

Thermal activation of coal refuse can be considered to include
alcinations at a certain temperature, after which kaolinite dewa-
ers and decomposes, releases the hydroxide radical from Al O
ctahedron, and changes the coordinate number of Al in kaolin-
te from 6 to 4 or 5 [26,32].  Metakaolin is a mineral with good
ozzolanic material, which is generated during the thermal acti-
ation [27]. Previous studies have proved that the metakaolin can
e obtained by the calcinations from 650 ◦C to 800 ◦C [28,29].  Brind-

ey and Nakahira studied the phase transformation of kaolinite in
he process of calcinations, and metakaolin was obtained at the
emperature of 500 ◦C and transform to silicon-spinel at 925 ◦C
nd when the temperature is above 1400 ◦C, mullite is generated
30,31]. And it was noted that the silicon spinel and mullite both
ave low activity, and reaction can be generally expressed as the

ollowing [32].

500 ◦C : Al2O3 · 2SiO2 · 2H2O
(kaolinite)

→ Al2O3 · 2SiO2 + 2H2O
(metakaolinite)

25 ◦C : 2[Al2O3 · 2SiO2] → 2Al2O3 · 3SiO2 + SiO2
(silicon-spinel)

100 ◦C : 2Al2O3 · 3SiO2 → 2[Al2O3 · SiO2] + SiO2
(1:1  mullite) type phase

 1400 ◦C : 3[Al2O3 · SiO2] → 3Al2O3 · 2SiO2 + SiO2
(3:2 mullite) type phase

herefore, in order to get better pozzolanic properties of the kaoli-
ite by thermal activation, the temperature should be controlled
nder 925 ◦C.

At the same time, phase change also happen to the muscovite,
hich can be amorphized at high temperatures and high pressures

33]. Muscovite 2M1 has a major phase transition at approxi-
ately 800 ◦C, and the reaction occurring between 700 ◦C and

000 ◦C is truly a dehydroxylation process, in which the mus-
ovite 2M1 gradually dehydroxylates to muscovite HT [34]. This
uscovite dehydroxylation occurs progressively through a non-

omogeneous reaction process. The coordination change from 6 to
 of Al atoms above 650 ◦C induces some structural changes, and
he silicate layers are modified by the rotation of the tetrahedrons
35]. Thus, the progression of dehydroxylation helps to explain the
ncreased pozzolanic properties of the coal refuse-based backfill

aterial, as described above.
In addition, the decomposition of chlorite and decrease in the

rystallinity of quartz happened during thermal activation, which
lso might explain the increased pozzolanic properties. That is
ecause the previous studies show activated amorphous alumi-
osilicates have good pozzolanic properties, which are excellent for
ementitious material development [36,37]. Furthermore, during
hermal activation, hematite became more evident as the tempera-
ure rose from 20 ◦C to 950 ◦C. Calcite peaks decreased but still exist
hen temperature rise up to 950 ◦C, which might be due to decom-
osition of the calcite into lime and carbon dioxide. However,
he ash carbonation is likely to occur when this thermal activa-
ion is exposed to air. Some portion of the lime from the calcite
ecomposition might react with the carbon dioxide. It is obvious
hat the thermal activation improves the pozzolanic properties of
he coal refuse, but this process is a complicated physicochemical
hange which involves many aspects and further investigation is
till required to discover the function of each specific phase change.

As for the XRD analysis of the fly ash, quartz, mullite, hematite
nd calcite are major four mineral phase. During the thermal

ctivation, the hematite peaks were more evident while calcite
eaks decreased but still exist as it did in the coal refuse. And a
mall quartz peak declined when the activation temperature was
ncreased to 950 ◦C. This result indicated that these mineral phase
Fig. 10. FTIR spectra of the coal refuse at different activation temperatures.

changes might be attributed to the strength increase of the fly ash-
based backfill material.

Figs. 10 and 11 represent the infrared spectra of thermal acti-
vated coal refuse and fly ash. In Fig. 10,  the absorption at 1088 cm−1

is related to the anti-symmetric stretching mode of Si O; the band
at 799 cm−1 is attributed to the symmetric stretching vibration of
Si O Si; and the bands at 1088 cm−1 and 799 cm−1 are indica-
tive of quartz [36]. A sharp peak near 3650 cm−1 is associated with
the O H stretching vibrations in the muscovite and significantly
declines when the temperature increases from 20 ◦C to 950 ◦C [38].
This result corresponds with the XRD results above and indicates
that muscovite dehydroxylation occurs during the thermal activa-
tion of the coal refuse. However, in the infrared spectra of the fly
ash, there is no significant absorption band shift during the thermal
activation at different temperatures, although a slight absorption
decline was observed near 3650 cm−1 and 1088 cm−1.

3.5.3. SEM analysis
The SEM image in Figs. 12 and 13 illustrate the morphological

characteristics of thermal-activated coal refuse and fly ash before
milling. The reason for analyzing the coal refuse and fly ash before
milling was to maintain the original morphological changes caused
Fig. 11. FTIR spectra of the fly ash at different activation temperatures.
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Fig. 12. SEM image of the coal refuse (after milling) activated at different t

ecomposition of minerals, such as chlorite, muscovite, and kaolin-
te, may  have caused the irregular and porous structure (Fig. 12(e)
nd (f)) because of the dehydroxylation and phase change of the
inerals when the temperature was increased. The SEM images in

ig. 12 agree well with the XRD result shown in Fig. 8. Although the
RD result of the fly ash did not show much change when heated

rom 20 ◦C to 750 ◦C, the SEM image in Fig. 13 shows a significant
orphological change in the fly ash. In Fig. 13(a)–(c), the fly ash is

till a smooth and round spherical particle, with or without some
mall irregular particles adhering to the surface, whereas Fig. 13(d)
ndicates that some of the surface cover on the fly ash sphere began
o crack when the temperature reached 550 ◦C. At 750 ◦C, simi-
arly sized small particles relocated to the surface on the fly ash,

s shown in Fig. 13(e). Fig. 13(f) shows an image of a fly ash sphere,
overed with many small particles of relatively similar size, which
ay  have come from the cracked exterior during thermal activa-

ion. This observation in Fig. 13 also explains the agglomeration
ratures: (a) 20 ◦C, (b) 150 ◦C, (c) 350 ◦C, (d) 550 ◦C, (e) 750 ◦C and (f) 950 ◦C.

phenomenon in the flowability test of the fly ash and fly ash-based
backfill test. Therefore, the thermal activation process of fly ash
from 20 ◦C to 750 ◦C showed a “Crack-Agglomeration” process, as
described above.

Figs. 12 and 13 show the morphologic patterns of thermally acti-
vated coal refuse (before milling) and fly ash (before milling). Below
550 ◦C, most of the structure of the coal refuse was  “scale-shaped”
layered and became irregular and porous when the temperature
was increased from 550 ◦C to 950 ◦C. The agglomeration phe-
nomenon was obvious on the surface cover outside the fly ash
sphere. These morphological changes were also observed for the
coal refuse after milling and fly ash after milling, as shown in Fig. 14,
although they are not as clear as those of the coal refuse and fly

ash before milling because mechanical forces in the milling process
destroyed their structure.

The microstructure of the B4 hardened backfill body was  also
investigated by SEM. Fig. 15 shows the different microstructure
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Fig. 13. SEM image of fly ash (after milling) activated at different temp

haracteristics. Fig. 15(a) and (b) shows the 3 day and 7 day
icrostructures of B4, which were composed of needle-shaped

ttringite and rod-like Ca(OH)2. However, the 28 and 90 day
icrostructures had a more amorphous gel outside the fly ash

phere and the matrix of the hardened backfill body. Some sec-
ndary formations of minerals are shown in Fig. 15(c) and (d), when
he curing time reached 28 and 90 days.

.6. TCLP results

Because backfill materials are rather permeable, the environ-
ental effect of the material was also investigated, and the results

re listed in Table 6. The main environmental concern surrounding

he utilization of coal refuse, fly ash, and final products is the pos-
ibility that certain constituents will leach into the groundwater at
oncentrations determined to be potentially hazardous to human
ealth [9].  However, the TCLP results of the raw fly ash, raw coal
res: (a) 20 ◦C, (b) 150 ◦C, (c) 350 ◦C, (d) 550 ◦C, (e) 750 ◦C and (f) 950 ◦C.

refuse and 180 day backfill hydration products B4 are shown in
Table 6 and reveal that none of the metal leaching levels exceeded
the EPA limitations. These results indicate that the backfill mate-
rial is environmentally acceptable. There was also no significant
difference in the leaching results between the raw coal refuse and
the 750 ◦C activated coal refuse. Although some studies have been
recently published on the relevant role of organic carbon on metal
leaching [39–41],  the total effect of organic carbon on metal leach-
ing from the backfill material was not significant in this test. The
mechanism of formation of organic carbon-heavy metal complexes
and the related molecular modeling require further investigation.

3.7. Feasibility for current backfill industry
Backfill industry involves different factors which might influ-
ence the final application, such as backfill material, location of
mine, geometry of the underground space, transportation facilities,
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ig. 14. SEM image of coal refuse (after milling) and fly ash (after milling) activate
nd  (d) fly ash at 750 ◦C.

tc. The performance and requirement of backfill material varies
rom mine to mine. According to Tony Grice from Australian min-
ng consultants, there are currently three major backfill methods:
ydraulic backfill, rock backfill and paste backfill [4].  Although each
f these backfill methods has some unique characteristics, they still
hare some disadvantages when using largely Ordinary Portland
ement as the binder. These disadvantages include the following:
1) a large amount of cement in the slurry is carried away by water
uring the dewatering process, which not only causes environ-
ental problems but also decreases the strength of the backfill
ody. (2) Only the coarse fractions of the tailings can be used as
ggregate to create high permeability in the backfill body. The uti-
ization efficiency of the tailing is less than 40%. The large quantity

able 6
CLP results.

Constituent Raw fly ash (ppm) Raw coal refuse (ppm) 750 coal

Antimony 0.37 <0.05 <0.05 

Arsenic <0.05 <0.05 <0.05 

Barium 0.91 0.547 0.598 

Beryllium <0.025 <0.025 <0.025 

Cadmium <0.025 <0.025 <0.025 

Chromium 0.15 <0.05 <0.05 

Cobalt 0.10 <0.01 0.0116
Copper <0.01 <0.01 0.0133
Lead  <0.05 <0.05 <0.05 

Mercury <0.0001 <0.0001 <0.0001
Molybdenum <0.01 <0.01 <0.01 

Selenium <0.01 <0.01 <0.01 

Silver <0.05 <0.05 <0.05 

Thallium <0.05 <0.05 <0.05 

Vanadium <0.01 <0.01 <0.01 

Zinc <0.01 <0.01 0.0242
0 ◦C and 750 ◦C. (a) Coal refuse at 20 ◦C, (b) coal refuse at 750 ◦C, (c) fly ash at 20 ◦C

of unused fine tailings must be disposed of, which causes environ-
mental problems on mine surfaces. (3) The purchase of sands to
create aggregates is costly if the amount of tailings available is not
sufficient for backfill [6].

Alternatively, the introduced silica–alumina backfill material
controls the pulp density of the backfill slurry at 70–75%, which
provides high flowability and a low bleeding rate. This material uses
mining waste-coal refuse as coarse aggregates and provides a huge
economic benefit to industry. Along with 1% of cement, all materi-
als used in this backfill technology are industrial waste resources,

which means this backfill technology significantly reduces the
cost of the industrial input. The major concern for this technol-
ogy is energy and time input for the coal refuse thermal activation

 refuse (ppm) B4 180 day backfill sample (ppm) EPA limits (ppm)

<0.05 –
<0.05 5.0

0.207 100.0
<0.025 –
<0.025 1.0
<0.05 5.0

 <0.01 –
 <0.01 –

<0.05 5.0
 <0.0001 0.5

<0.01 –
<0.01 1.0
<0.05 5.0
<0.05 –
<0.01 –

 <0.01 –
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Fig. 15. SEM image of the hardened body of backfill material B4 at (a) 3 days, (b) 7 days, (c) 28 days and (d) 90 days.

Table 7
Technical index of the backfill technology.

Technical index Hydraulic/rock backfill Paste backfill Silica alumina coal refuse based backfill

Binder Cement Cement Cement, slag and gypsum
Aggregate Coarse to medium course sand, rock Graded tailings, total tailing, river sand Coal refuse, fly ash, other industry

wastes
Density 55–70% 75–85% 70–75%
Flowability Good Poor Good
Transportation By gravity Using high pressure pump By gravity or using low pressure pump
One-off investment Relatively low High Relatively low
Filling capability >100 m3/h 30–50 m3/h >100 m3/h

cult 
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Processing Complicated Diffi
Evaluation Dewatering

Low strength
No 

Rela

rocess; however, the 45 min  activation time is acceptable for back-
ll application. Additionally, thermal activated coal refuse accounts

or only 5% of the total solid material, which means only a small
mount of energy is consumed. Furthermore, the remainder of the
hermal activated coal refuse is successfully used to produce coal
efuse blended cement. In this case, the binary utilization of the
hermal activated coal refuse makes this technology more realis-
ic when considering economic factors. And Table 7 describes the
dvantages of this silica–alumina-based backfill material over the
raditional backfill material.

. Conclusions
The conclusions of the study are as follows:

1) Coal refuse and fly ash have different pozzolanic prop-
erties when they are thermally activated from 20 ◦C to
Relatively easy
ering
igh strength

No dewatering
Relative high strength

750 ◦C. Coal refuse shows improvements in both poz-
zolanic properties and flowability. Although thermal activation
slightly improves the pozzolanic properties of the fly ash,
it decreases the flowability when the temperature increases
from 550 ◦C to 950 ◦C because of a severe agglomeration phe-
nomenon, as shown by the SEM images.

(2) B4 (5% 750 ◦C coal refuse + 15% 20 ◦C fly ash) presents the opti-
mal  design for this backfill material because of its excellent
flowability and compressive strength and a low bleeding rate,
which meets the requirements for a mining backfill.

(3) Microanalysis shows the mineral phase change of the coal
refuse and fly ash during thermal activation. For the coal refuse,
the kaolinite peaks begin to decrease because of kaolinite trans-

formation to metakaolin at 550 ◦C, and chlorite peaks disappear
at 750 ◦C. The muscovite peak decreases at 750 ◦C and totally
disappears at 950 ◦C, during which muscovite 2M1 gradually
dehydroxylates to muscovite HT. And the hematite peaks in



8 dous M

(

(

A

t
o
C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[40] R. Ludwig, R. McGregar, D. Blowes, S. Benner, K. Mountjoy, A permeable reactive
2 Y. Yao, H. Sun / Journal of Hazar

XRD result becomes more evident after thermal activation,
especially at 950 ◦C. The fly ash did not show any significant
mineral phase change during the thermal activation. This result
agrees well with the SEM study on the microstructure of fly ash
and coal refuse.

4) Toxicity characteristic leaching procedure tests show that none
of the tested elements in the hardened backfill body exceed
the EPA limitations, indicating that the backfill material in this
experiment is environmentally acceptable.

5) In this silica–alumina backfill material, only 1% cement is intro-
duced, the rest of the material is industrial solid waste, which
offers enormous potential for reducing the capital investment
for the backfill industry.
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