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The unconfined compressive strength (UCS) development of cemented backfill materials for lead-zinc mine tailings with sulphide
was studied. The results showed that the UCS of the cemented backfill body with ordinary Portland cement (OPC) as binder
decreased in the later curing days, regardless of particle size. Under the same conditions, the higher the OPC content, the higher
the UCS of the cemented backfill body, and the UCS of the cemented backfill body began to decrease at the longer curing days.
Under the same conditions, the finer the tailings, the lower the UCS of the cemented backfill body at each age, and the UCS of the
cemented backfill body began to decrease at the earlier curing age. X-ray diffraction analysis (XRD) showed that the reduction of
the UCS of the cemented backfill body was related to the formation of an expansive substance (expansive gypsum) in the cemented
backfill body, which led to the cracking of the test sample. In the cemented backfill materials of coarse tailings of lead-zinc mine,
the composite binder formed by OPC and calcined kaolin (CK) containing metakaolin was used; the amount of calcium hy-
droxide, the hydration product of cement, was reduced or eliminated due to the pozzolanic reaction of metakaolin; and the
amount of expansive gypsum was reduced or eliminated, so the UCS of the cemented backfill body increased within 360 days

of curing.

1. Introduction

With the sustained and rapid growth of China’s national
economy, the mining industry has developed rapidly [1-3].
While the mining industry provides raw materials for the
national economic construction, it also causes a series of
problems that have a negative impact on the natural ecology
and social economic life; for example, a large area of land is
damaged, a large amount of solid waste is stacked on the
earth’s surface, and there are many underground goafs,
which have become a major problem to be solved at present
[4-7]. According to the modern mining concept, the solid
waste filling technology is the most effective way to solve the
series of problems caused by mining activities. The mining
technique with filling has the function of eliminating ground
depression caused by mining and improving the mining
stress environment; the function of low dilution and loss

exploit, improving efficiency of integration of resource; the
function of hypothetical resources protection by “exploiting
the abundant, preserving the poor”; the function of reducing
solid waste discharge of waste rock and tailings and others,
or even fundamentally eliminating mining end handling to
achieve no-waste mining; and the function of adapting to the
exploitation of various complicated and hard-to-mine de-
posits [8-11].

For nonferrous metal ore tailings, especially the tailings
of lead-zinc mine, the sulphide (mainly pyrite, FeS,) is usually
contained. The sulfur compound tailings have been used in
the preparation of cemented backfill materials, and the long-
term UCS of the cemented backfill body maintenance begins
to decrease [12-16]. Benzaazoua et al. [11] produced various
paste backfill mixtures by three tailings, that is, sulfur rich
(32% wt. and 24% wt. sulfur, resp.), medium grade for sulfur
(16% wt.) and low grade for sulfur (5% wt.), six binder types,
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and six mixing-water types. It is found that the chemical
properties of tailings, binders, and mixing water all affect
the strength of solidified bodies; for low and medium sulfur
tailings, the slag-based binder has stronger cementing
ability than Portland cement and fly ash cement. Fall et al. [15]
studied experimental characterization of the influence of
tailings fineness and density on the quality of the cemented
paste backfill. The sampled tailings were reprocessed to create
several grain size classes corresponding to fine (20 yum par-
ticles >60 wt.%), medium (35-60 wt.% of 20 um particles),
and coarse (15-35wt.% of 20 um particles) tailings. The finer
the tailings material used, the greater the overall porosity of
the CPB becomes.

In China, generally, the tailings coming out of the ore
treatment plant (with solid content of about 20%-30%) is
transported to the tailings stock bin of the filling plant [17].
Coarse tailings (i.e., classified tailings) is released from the
bottom of the stock bin (with the solid concentration of
about 75%) and mixed with the binder or piled up in open
spaces (with the solid content up to 90%) and then mixed
with the binder and right amount of water, used for mining
filling. The overflow tailings produced at the top of the stock
bin (generally fine particles of less than 38 ym) are dis-
charged into the tailings ponds [18]. With the construction
of the green mines, the tailings ponds cannot be built any
more, and the low-concentration overflow tailings must be
subjected to the dense technology so that the solid content
reaches about 60%-65% of paste, and then the binder is
added to fill. In this paper, aiming at the features of coarse
tailings and fine tailings in the sulfur compound lead-zinc
ores that are unique to our country, by mixing the binder to
form the cemented backfill material, the author makes a test
research of the development rules of the long-term UCS of
the cemented backfill body (i.e., the long-term stability of the
cemented backfill body).

2. Test Raw Materials and Test Methods
2.1. Test Raw Materials

2.1.1. Tailings. The tailings selected in this paper are divided
into coarse tailings (also known as classified tailings) and
fine tailings (also known as overflow tailings), which are
taken from a lead-zinc ore in South China. The essential
minerals of coarse tailings and fine tailings are quartz, pyrite,
limestone, dolomite, and white mica (Figure 1(a)). The
particle size distribution of tailings was obtained by adopting
the laser image analysis method; its physical and chemical
properties are shown in Tables 1 and 2, in which the SSA is
the specific surface area and Gq is the specific gravity. Big
differences are there for both the particle size distribution
and chemical content of coarse tailings and fine tailings. The
sulfur content of coarse and fine tailings are, respectively,
12.95% and 19.07%, which belongs to middle content tailing
[19]; the specific surface area of fine tailings is the largest in
raw materials. The water contents of coarse and fine tailings
transported from the mine to the laboratory are also dif-
ferent: the solid content of coarse tailings is 88.5% and that of
fine tailings is 63%.
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Figure 1: XRD profiles of tailings (a), OPC (b), and CK (c).

2.1.2. Binder. Cement is chosen as the binder in this paper.
The physical and chemical properties of ordinary Portland
cement (OPC) of 42.5 are shown in Tables 1 and 2. Other
physical and mechanical properties of cement conform to
national standards.

2.1.3. Supplementary Cementitious Material. The calcined
kaolin is chosen as the supplementary cementitious material
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TaBLE 1: Chemical properties of the binder and tailings used.
Chemical composition SiO, ALO5 FeO CaO MgO Pb Zn Cu S Loss
Coarse tailings 32.07 3.59 12.28 18.14 1.58 0.50 0.65 0.07 12.95 11.38
Fine tailings 25.37 5.88 14.28 12.47 0.15 0.84 0.54 0.28 19.07 19.97
OPC 25.26 6.38 4.05 54.67 2.68 — — — 0.06 —
CK 43.13 45.17 1.25 1.75 0.10 — — — — 7.70
TaBLE 2: Physical properties of the binder and tailings used.
Physical properties SSA (mzlkg) G (—) >90pm (%) >45um (%) D10 (um) D60 (um) Cu(—) Cc(—) <20um (%)
Coarse tailings 98 3.00 30.67 60.64 12.67 74.25 5.86 1.31 12.86
Fine tailings 633.8 3.00 1.07 7.28 1.50 14.68 9.8 0.94 73.67
OPC 461.9 3.08 — 5.67 5.12 18.28 3.6 0.90 65.65
CK 588.1 2.62 1.44 13.11 1.31 17.97 13.72 0.98 68.69

in this paper. Calcined kaolin (CK) is a commercially
available product which is produced by roasting coal
property kaolin. The pozzolanic activity of this product is
demarcated 1050 mg Ca(OH),/g CK by the factory. Other
physical and chemical properties are shown in Tables 1 and 2.
X-ray diffraction (XRD) diagram of CK is as shown in
Figure 1(c), in which a lot of not fully calcined original kaolin
and small amounts of quartz crystal are in CK; amorphous
material metakaolin (MK) is also obvious (the baseline of XRD
figure rises).

2.1.4. Mixing Water. The mixing material reaches the
designed slump and needs to be replenished. The supple-
mentary mixture water in this paper is the urban tap water.

2.2. Test Method

2.2.1. Mixture Proportion and Test Sample Preparation. The
mix proportion and partial performance of the mixture are
shown in Table 3. A total of 132 CPB samples were subjected
to UCS tests after 3, 7, 14, 28, 56, 90, 120, 150, 180, 270, and
360 days of curing periods.

(1) Test Sample Preparation. Put the wet tailings, cement,
supplementary cementitious materials, and water into the
agitating pan in accordance with the specified requirements
and proportion and use the mortar agitator for self-motion
stirring (at low speed for 60s, high speed for 30s, stop
for 90, and again high speed for 60s; 240s in total) for
the preparation of the sample. And then pour it into
a 70.7mm x 70.7mm x 70.7 mm test die, the surface being
covered with fresh-keeping membrane (extra water can
come off between the side face and bottom of the test die), let
it stand at 20°C +5°C indoor for three days before taking
apart the die, and place the naked test sample into the
standard curing box (20°C +1°C, humidity is greater than
90%) for maintenance until the stipulated curing age for the
performance test.

(2) Unconfined Compressive Strength (UCS). Proceed
according to the method stipulated in cement mortar

strength test methods (ISO) (GB17671-1999), but the actual
compression area of the test sample should be measured.
C20CKO in Table 3 is set according to the requirements
(i.e., fresh filling body is transported mine goaf by self-flow
and UCS of 3.0 MPa at curing 3 days) of filling body adopted
in a mine in China, so the slump of slurry is set 260 mm. The
goal is to observe the long-term UCS of C20CKO in the lab.

2.2.2. XRD and MIP Analysis. When the test sample comes
to the specified curing age, after the UCS is tested, select
a representative sample (from both the surface and the
center of the test samples), soak with acetone for 24 hours to
end the hydration reaction of the binder, and then put it into
a drying oven of 60°C to go on with drying for XRD analysis
and mercury intrusion porosimeter (MIP) studies.

The XRD analysis conditions adopted in this paper is as
follows: the instrument is an XRD analysis meter of D/Max-
2500 PC with a copper target on that is made in Japan,
scanning angle 26 ranging from 4° to 60°, and the scanning
speed is 2°/min.

The MIP used in this study is AutoPore IV 9500 V1.05.
Applying pressures ranged from 0 to 414 MPa (60,000 psi),
allowing throat pore diameter measurements down to
0.003 yum. MIP is analyzed according to the ISO 15901-1:
2005 standard. In this study, mercury surface tension ¢ and
mercury contact angle 6 are taken as 485dynes/cm and
130°C, respectively.

3. Results and Discussion

3.1. Property of Mixture. It can be seen from Table 3 that only
7% OPC (counted by total solid mass) is added in the coarse
tailings, and the bleeding rate of the mixture reaches 20.2%
when the slumps are controlled at pumpable 180 mm. Con-
tinue to increase OPC to 20% (counted by total solid mass),
and the bleeding rate of the mixture reaches 26.3% when the
slumps are controlled at a gravity transportation of 260 mm.
The result shows that only OPC is mixed in the coarse tailings;
both pumping transportation and gravity transportation can
be used, but the bleeding rate is too large, and the mixture is
not cement paste filling material. When 7% OPC and 10%
(counted by total solid mass) supplementary cementitious
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TaBLE 3: Mix proportions and partial properties of the mixtures.
Proportion of mixture Partial properties of mixture

Number Wet coarse Wet fine OPC CK Water Solid Wet density Slumps  Bleeding rate

sailings (g) sailings (g) (g) (g) (g)  concentration (%) (kg/m3) (mm) (%)
C20CKO0 904 — 200 — 211 76.0 2073 260 26.3
C7CKO 1051 — 70 — 166 77.7 2210 180 20.2
C7CK10 938 — 70 100 142 80.0 2235 180 0.5
XC20CK0 — 1111 200 100 176 63.0 1785 180 0.8
materials (calcined kaolin) are mixed in the coarse tailings and 16
when the slumps are controlled at 180 mm, the bleeding rate of
the mixture is only 0.5%. It is cement paste filling the material; 3
the wet density increases significantly; the result is relevant to s
that the particle fineness of calcined kaolin (CK) is approxi- &
mately lower than that of the cement particle; the fine particles 5:)
may fill the gap between the comparatively coarse particles, S
thus the particle composition is more reasonable, and wet 3
compactness increases. The solid concentration of the fine 248 L
tailings used in this paper is 63%, which appears to be pasty 0 : e ———
fluid, and when 20% OPC is mixed, the slumps of the mixture 0 60 120 180 240 300 360
are 180 mm and the bleeding rate is only 0.8%, which is a kind Curing days
of cementing paste filling the material. —e— C20CKO C7CK10

—— C7CKO —*— XC20CKO

3.2. Law of Development of the UCS of the Cemented Backfill
Body. The relationship between the UCS and curing age of
the cemented backfill body is shown in Figure 2.

It can be seen from Figure 2 that when only 7% OPC is
added into the coarse tailings and the slumps are controlled at
pumpable 180 mm at 28 d, the UCS of the cemented backfill
body improves with extension of the curing age, but then the
UCS decreases till 360 d; the UCS of the cemented backfill
body drops from 1.733 MPa (at 28 d) to 1.026 MPa (at 360 d),
falling at a rate of 40.8%. When only 20% OPC is added into
the coarse tailings and the slumps are controlled at the gravity
transportation of 180 mm at 120 d, the UCS of the cemented
backfill body improves with extension of the curing age, but
then the UCS decreases till 360 d; the UCS of the cemented
backfill body drops from 13.880 MPa (at 120d) to 9.30 MPa
(at 360 d), falling at a rate of 33.0%. When only 20% OPC is
added into the fine tailings and the slumps are controlled at
pumpable 180 mm at 90 d, the UCS of the cemented backfill
body improves with extension of the curing age, but then the
UCS decreases till 360 d; the UCS of the cemented backfill
body drops from 2.755 MPa (at 90 d) to 0.321 MPa (at 360 d),
falling at a rate of 88.3%. However, when only 7% OPC and
10% supplementary cementitious material (calcined kaolin)
are mixed into the coarse tailings and the slumps are con-
trolled at 180 mm, curing the cemented backfill body for 360 d,
the UCS does not decrease; the UCS increases quickly in the
curing age of 28 d; during the curing age from 28 d to 360d,
the UCS slightly grows; the UCS of the cemented backfill body
increases from 3.336 MPa (at 28 d) to 4.067 MPa (at 360d),
increasing at a rate of 21.9%.

The above results show that for the tailings of the sulfur
compound lead-zinc ore, no matter it is coarse fillings or
fine fillings, only mixed with OPC as the binder, the UCS of
the cemented backfill body decreases in the later period.

FIGURe 2: Relationship between UCS and curing days of the
cemented backfill bodies.

Compared with the cemented backfill bodies with the low
cement content, for those with the high cement content, the
UCS of each curing age is higher and the UCS begins to
decline with a longer curing age. When the cement content is
the same, compared with the coarse tailings cemented backfill
bodies, for the fine tailings cemented backfill bodies, the UCS
of each curing age is lower and the UCS begins to decline at an
earlier curing age, and the decrease rate of UCS is even greater.
In the coarse tailings, in addition to the cement binder, adding
calcined kaolin which contains metakaolin is beneficial to the
long-term stability of the tailings cemented backfill body in
sulfur compound lead-zinc ore.

3.3. Theoretical Analysis

3.3.1. Cracking of Cemented Backfill Body. The cracking of
the cemented backfill body is shown in Figure 3.

As can be seen from Figure 3, for the tailings in sulfur
compound lead-zinc ore, no matter it is coarse fillings or fine
fillings, only by being mixed with OPC as the binder and
curing the cemented backfill body for 360d, there will be
visible cracks on all cemented backfill bodies, and the
cracking of the fine tailings test samples is the most serious;
in the coarse tailings, in addition to the cement-mixed
binder, by again mixing in the cemented backfill body of
calcined kaolin that contains metakaolin and having it cured
for 360d, the cemented backfill body test sample will be
intact, without visible cracks. The result has congruent re-
lationship with the law of development of the UCS of the
cemented backfill body. There is crack in the test sample
whose UCS decreases in the later stage of the cemented
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FIGURE 3: Visual appearance of cemented backfill bodies at 360 d.

backfill body; for the noncrack test sample, the UCS in the
later stage is of stable development, which indicates that the
decrease of the UCS of the test sample is caused by the crack
of the test sample.

3.3.2. XRD Analysis. XRD figure (360 d) of cemented backfill
bodies C20KO0 (a), C7K0 (b), C7K10 (c) and XC20KO0 (d) are
shown in Figure 4.

As can be seen from Figure 4, for the tailings in sulfur
compound lead-zinc ore, no matter it is coarse filling or fine
filling, only by being mixed with OPC as the binder and
curing the cemented backfill body for 360d, there will be
XRD diftraction peak of dihydrate gypsum for all cemented
backfill bodies, and the XRD diffraction peak of dihydrate
gypsum of the fine tailings test sample is the highest; in the
coarse tailings, in addition to the cement-mixed binder, by
mixing in the cemented backfill body of calcined kaolin that
contains metakaolin and having it cured for 360d, there
will be no XRD diffraction peak of dihydrate gypsum in the
cemented backfill body test sample. This result is consistent
with the cracking pattern of cemented backfill bodies, which
indicates that the crack of the test sample is caused by the
production of dihydrate gypsum in the test sample.

In order to find out how the dihydrate gypsum in the test
sample is produced, in this paper, the product of the hy-
dration within 3 d of OPC paste (water cement ratio of 0.35)
is analyzed first, and the results are shown in Figure 5.

It can be seen from Figure 5 that the characteristic peak
of the XRD figure of the OPC paste sample hydrated for 1 h
is mainly gypsum and mineral clinker in cement, but no
hydration products such as calcium hydroxide and ettringite
and others are present. In the XRD figure for 6 h of hydration
reaction, the characteristic peak of ettringite and calcium
hydroxide crystals begins to appear, which indicates that the
hydration reaction of the cement gets under way after 6 h.
After 1d of hydration, the characteristic peak of calcium alum
and calcium hydroxide crystals has obviously appeared, and
the characteristic peak intensity of Ca(OH), is significantly
enhanced compared with that of 6 h, while the peak strength
of original mineral clinker and gypsum decreases significantly.
Therefore, by comparing the X-ray diffraction diagrams at four
time points of OPC, it can be seen that as the processing of
hydration reaction (6 h-7 d), the mineral clinker and gypsum
in cement reduces gradually, and the amount of hydration
products of ettringite and calcium hydroxide crystal is on
the rise. According to the transformation law of hydration
products of OPC hydration alone, it can be concluded that
by mixing OPC in the sulfur compound coarse and fine tail-
ings, curing for 360d, a large number of dihydrate gypsum
(i.e., secondary gypsum) is formed in the curing process of the
cemented backfill body.

A series of complex chemical reactions occur after the
tailings containing pyrite (FeS,) are mixed with OPC and
water. First, cement and water react to produce the main
hydration products like hydrated calcium silicate gel and
calcium hydroxide crystals, a small amount of gypsum and
ettringite, and others. Figure 4 shows that no matter coarse
tailing or fine tailing, ettringite is not checked out in the
cemented backfill bodies that mixed in with OPC, and the
peak value of a small amount of hydrated gypsum and
ettringite of OPC cannot be checked out, which probably
because it is too small. Second, the pyrite in the tailings is
decomposed, and Fe,O5 and sulphuric acid are generated
under the joint action of water and oxygen, in which the
sulfate radical reacts with the hydration products of cement
calcium hydroxide of cement and produce calcium sulfate
dihydrate [20]. The reaction equations are as follows:
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FIGURE 4: X-ray diffraction of the cemented backfill bodies at 360 d.
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4FeS, + 150, + 8H,0 — 2Fe,0, + 850,” + 16H" (1)

Ca(OH), +S0,”” + 2H,0 — CaSO, - 2H,0 + 20H"  (2)

According to the above reaction, for the dihydrate gyp-
sum formed by the sulfate radical from the tailings and the
cement hydration product calcium hydroxide, after the so-
lidification of the slurry, dihydrate gypsum is formed (called
as the secondary gypsum). The formation of secondary
gypsum is a volume expansion process; at the beginning stage
of the cemented backfill body, the secondary gypsum fills the
small openings of the cemented backfill body, which is good
for strength. When the amount of gypsum formed is over-
much, the expansive force generated overpasses the extension
strength of the cemented backfill body, then the test sample
cracks, and the UCS reduces. In the tailings, if the amount of
ordinary cement is increased, the UCS and extension strength
of the cemented backfill body are both increased, so the curing
age for the reduction of the UCS of the cemented backfill body
is prolonged. The finer the tailings particles are, the easier they
are to oxidize; the higher the sulfate radical concentration is,
the higher the amount of secondary gypsum produced is; the
larger the swelling force is, the more severe the cracking is and
the greater the reduction of the UCS of the test sample is.

When a certain amount of calcined kaolin that contains
metakaolin (CK) is mixed in the slurry of coarse tailings,
cement and water, the metakaolin has a strong adsorption
and reaction (pozzolanic reaction) ability with calcium
hydroxide, thereby reducing or eliminating the amount of
cement hydration products of calcium hydroxide; as a result,
the amount of dihydrate gypsum formed is reduced or
eliminated. The conclusion is that in the cemented backfill
material, the composite binder that is formed by being mixed
with OPC and calcined kaolin that contains metakaolin is
beneficial for the long-term stability of the cemented backfill
body of the sulfur compound tailings.

3.3.3. MIP Analysis. The changes in cumulative Hg intrusion
porosity and incremental pore size distribution (PSD) curves
for 28-day cured CPB samples are plotted as shown in Figure 6.
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FiGure 6: The relationships between Hg intrusion porosity and
pore diameter.

Figure 6 shows that an increase in the amount of fine tailings in
CPB mixture (C7CKO and XC20CKO comparison) increases
the total porosity and the incremental PSD curves shift toward
smaller diameters with adding fine tailings. These results are
consistent with previous research findings [15]. Combined with
the results of XRD analysis (Figures 4(b) and 4(d)), there is
a conclusion that an increase in the amount of fine tailings in
CPB mixture increases the total porosity, which aggravates the
oxidation of sulphide tailings with a consequent increase in
strength loss. However, Figure 6 also shows that adding 10%
CK in CPB mixture (C7CKO0O and C7CK10 comparison) de-
creases the total porosity and the incremental PSD curves shift
toward smaller diameters with adding CK, which prevents the
oxidation of sulphide tailings with a consequent decrease in
strength loss. These findings suggest the pore-filling and
pozzolanic effect of the ground CK.

4. Conclusion

(1) For the tailings of the sulfur compound lead-zinc ore,
no matter it is coarse fillings or fine fillings, only
when mixed with OPC as the binder, the UCS of the
cemented backfill body decreases in the later period.

(2) Under the same conditions, the higher the OPC
content, the higher the UCS of the cemented backfill
body, and the UCS of the cemented backfill body
began to decrease at the longer curing days. Under
the same conditions, the finer the tailings, the lower
the UCS of the cemented backfill body at each age,
and the UCS of the cemented backfill body began to
decrease at the earlier curing age.

(3) The reduction of the UCS of the cemented backfill
body was related to the formation of an expansive
substance (expansive gypsum) in the cemented backfill
body, which caused the cracking of the test sample. In
the cemented backfill material, the composite binder
that is formed by being mixed with OPC and calcined
kaolin that contains metakaolin is beneficial for the
long-term stability of the cemented backfill body of the
sulfur compound tailings.
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