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Properties of cemented backfill prepared on the basis of selected
Coal Combustion Products (CCPs)
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SUMMARY: The article presents the results of research on the physico-mechanical proper-
ties of Cemented Paste Backfill mixtures (CPB) produced from low-calcium fly ash from
a conventional boiler and from slag taken from a fluidized bed boiler with the addition of
metallurgical cement in the amount of 5-15 wt%. Fly ash and slag were mixed in big quantities
in various proportions. The tested mixtures with a constant concentration of solids to water
of 62 wt% were characterized by a wide range of consistency: from paste to very liquid. The
conducted research demonstrates that the best results were obtained for the mixtures with ash
to slag ratio of 75:25 wt%.
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1 INTRODUCTION

Wastes generated by power industry or mining industry have been widely used in civil
engineering for many years, i.e. in road engineering, construction, land reclamation, as
well as in mining. Wastes from the energy sector are of particular technological import-
ance for Polish hard coal mining industry. They are most often used in the backfilling tech-
nology of goafs and to eliminate inactive workings, usually dog headings. And post-
mining waste in the form of crushed gangue is used by Polish hard coal mines only in trad-
itional hydraulic backfill, which is applied infrequently. In contrast, in ore mining industry
they use both typical hydraulic backfill (for example KGHM Polska Miedz) and solidified
backfill (for example ZG “Trzebionka”). In room-and-pillar systems used by ore mining
industry, massive pillars, which were left behind to ensure stability, limit mining oper-
ations. The use of solidified backfill allows for safe extraction of ore remaining in the pil-
lars and ensures long-term stability of the mined-out areas (Jung & Biswas, 2002).
A typical hydraulic backfilling is made of sand. And the solidified backfill is usually made
of dehydrated post-flotation waste and cement, forming the so-called cemented paste
backfill (CPB). Other additives that are used in that type of backfilling are: lime, fly ash
and metallurgical slag (Belem & Benzaazoua, 2004). The paste-type solidified backfills are
usually pumped over large horizontal distances (1 km) using concrete pumps. However,
more frequently the feeding of the mixtures to the void to be filled up is done by gravity,
using mixtures of liquid consistency (Brackebusch, 1995).
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2 MATERIAL AND METHODS

The following wastes from power-generation plants were used to produce CPB mixtures:

» fly ash from conventional boilers (code 10 01 02),
* slag from fluidized bed boilers (code 10 01 24).

The used wastes were from selected power plants located in southern Poland where hard
coal is burned.

The metallurgical cement CEM III/A 42.5N - LH/HSR/NA was used as the binder. It is
characterized by low content of alkali (NA) and high resistance to corrosive agents (HSR)
(Shi, 2003). Its application states to reason due to the use of slag from fluidized bed boilers,
which is generally characterized by a high content of sulfates (Qian et al., 2008), (Z. Zhang
et al., 2012). Another aspect of using this type of cement involves the presence of acid and
saline waters in the mines (PluTa, 2006), (Singh, 1988)(Skoczynska-Gajda & Labus, 2012),
which is a highly corrosive environment.

Fly ash and slag were mixed in large volume in various proportions, replacing one compo-
nent with another with a step of 25 wt%. To the wastes and mixtures thereof, cement was
added in the amount of 5, 10 and 15 wt%. In this way, ash-cement, ash-slag-cement and slag-
cement mixtures were produced. In total, 15 CPB mixtures were investigated. Table 1 presents
the proportioning of the mix for all CPB samples.

Dry components (fly ash, slag, cement) were homogenized in a mixer for 3 min before being
combined with water. Then water was added and the whole was further stirred for 2 min. The
prepared mixtures had a constant solids/water concentration of 62%. The proportions of
water and solids (W/S ratio = 0.38) were selected so that the resulting mixtures had mainly
a liquid consistency, as well as that of pastes. Liquid consistency results from the fact that the
transport of mixtures from the surface to an underground working, in line with the conditions
of Polish mining, takes place in a gravitational way (Palarski et al., 2014). The fluidity of the
mixture determines, among others, their transport and penetration capabilities (Piotrowski &
Mazurkiewicz, 2006) (Palarski et al., 2005).

The tests on the chemical composition in oxide form of ash and slag were carried out using
the X-ray fluorescence (XRF) method, with the application of the spectrometer Epsilon 1 by
PANalytical.

The tests of CPB mixtures were carried out in line with the backfill Standard PN-
G-11011:1998 in force in Poland “Materials for solidified backfill and caulking of goafs.

Table 1. Cemented paste backfill (CPB) mixture formulations.

Proporcja Fly ash/Slag Fly ash [wt%)] Slag [wt%] CEM III [wt%]
- 0 95 5
1:3 23,75 71,25 5
2:2 47,5 47,5 5
3:1 71,25 23,75 5
- 95 0 5
- 0 90 10
1:3 22,5 67,5 10
2:2 45 45 10
3:1 67,5 22,5 10
- 90 0 10
- 0 85 15
1:3 21,25 63,75 15
2:2 42,5 42,5 15
3:1 63,75 21,25 15
- 85 0 15

Source: own study.
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Requirements and tests” (Norma PN-G-11011:1998). The above Standard should meet the
following requirements:

flowability test - minimum 90 mm,

density - minimum 1.2 Mg/m?,

volume of supernatant water - maximum 7%,

setting time - individually determined for local conditions of using solidified backfill,
compressive strength - minimum 0.5 MPa,

slaking - maximum 20%.

Al

The paper presents the basic parameters such as melt flowability and compressive strength.
In order to map typical climatic conditions occurring in underground mine workings, the pre-
pared samples of mixtures were seasoned in the LTB 650 RV climate chamber by Elbanton, the
Netherlands. The seasoning conditions in the chamber were as follows: temperature 25°C+ 1°C,
humidity 90% * 2%.

The consistency of tested mixtures was determined by flowability tests. To measure the con-
sistency of paste-type backfill mixtures, the cone slump test method is often used, which con-
sists in measuring the decrease in the height of the mixture accumulated in the measuring
cylinder (cone) (Clayton et al., 2003). This test is of no use for mixtures with liquid consist-
ency. In such a case, all the mixture accumulated in the measuring cylinder flows out of it and
does not create the typical slump cone, but it creates a flow cake. The diameter of the resulting
flow cake is a measure of flowability test, as illustrated in Figure 1. Thus, the measurement of
consistency using the cone slump method after obtaining the maximum (limit) slump height
corresponding to the height of the used measuring cylinder can be carried out just by measur-
ing the flowability. The flowability tests were carried out using a cone of the dimensions: top
D = 35 mm, base D = 63 mm, height H = 60 mm, which is in line with the Polish backfill
Standard PN-G-11011:1998.

A peculiar (atypical) parameter for the Polish mining area is setting time. For this reason, it
requires a broader presentation. According to the Polish standard PN-G 11011:1998 (Norma
PN-G-11011:1998, n.d.) setting time is the time required to obtain a load capacity of 0.51
MPa. The measurement is made with a modified Vicat apparatus. It consists in measuring the

Figure 1. Exemplary flow cakes being a measure of flowability.

Source: own study.
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immersion depth of a 1 cm? penetrator into the sample under the specified weight exerted by
the moving part of the apparatus. The sample of the tested material is placed in an identical
ring which is used in the traditional cement setting time test. The setting time is assumed to be
the time after which the penetrator has immersed in the sample to a depth not lower than
3 mm with a moving part weight of 5.0 kg, which corresponds to the load capacity of
0.51 MPa.

And slaking is the percentage change in compressive strength caused by the impact of
water. Usually, it refers to its loss. For this purpose, the samples of the tested CPB mixtures,
after 28 days of seasoning in a humid air environment (climatic chamber) are subjected to
water impact by immersing them for 24 hours. After that, the hydrated samples are subjected
to a compressive strength test which is referenced to the strength obtained after 28 days of
seasoning in the humid air environment. The compressive strength tests and slaking tests were
tested on cylindrical samples of the height and diameter of 100 mm.

3 RESULTS AND DISCUSSION

3.1 Chemical composition

The chemical composition in oxide form applied in the tests of ash from a conventional boiler
and slag from a fluidized bed boiler is presented in Table 2.

The ash and slag used for the tests differ primarily in the content of CaO and SOs, and to
a lesser extent in the content of Al,O;. Ash contains more aluminum. In contrast, slag con-
tains much more lime, in particular its free form, as well as more sulfates. This is due to the
fact that the slag comes from a fluidized bed boiler, where the dry flue gas desulphurization
method is used. LOI is also very diverse. The content of free lime, sulfur or LOI in the ashes
increases their demand for water, i.e. their water demand increases (Tsimas & Moutsatsou-
Tsima, 2005). Bearing in mind the guidelines of the American ASTM C618 standard in terms
of the content of silicon, aluminum and iron, fly ash can be classified into class F (LCFA)
(ASTM, 2012). Taking into account the content of lime, including its free form in relation to
the combined content of silicon, aluminum and iron, i.e. the hydraulic module (M) (Sitko,
2016) (Wirska-Parachoniak, 1968) amounting to 0.23, we can state that this slag has low bind-
ing properties (Pierzyna, 2017). For example, for Portland cement, the hydraulic module is in
the range 1.7-2.4 (Nakano et al., 2007)

Table 2. Chemical composition of ash from a conventional
boiler and slag from a fluidized bed boiler.

Chemical ingredient Fly ash Slag
[% by mass] [% by mass]
SiO, 50,61 43,83
AL O3 26,03 19,85
Fe,O3 6,30 4,79
CaO 3,20 15,68
MgO 1,77 1,74
Na,O 0,93 1,09
K,0 2,89 2,03
SO; 0,70 9,08
TiO, 1,09 0,68
P,Os 0,47 0,09
CaO free 0,21 3,21
LOI 5,17 0,77
Total 99,16 99,63

Source: own study.
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3.2  Grain size

The grain size of ash and slag applied in the study was determined using the traditional sieve
analysis as presented in Figure 2.

The grain size of fly ash is below 1 mm, with approximately 80% of the fraction being
below 0.063 mm. For example, ash with similar grain size was used in the studies presented in
(X. Zhang et al., 2017). And the slag used in the studies had the grain size lower than 4 mm.
However, the share of fraction below 0.063mm in the slag is small compared to ash, being
below 2%. Taking into account the fraction below 1mm, which is the total grain size of ash,
we can observe that in the slag it is around 83%. Yet, the content of grains below 0.125 mm in
the ash is at the level of 90%, while in the slag it is about 10%. According to the granulometric
classification recommended by the USDA (United States Department of Agriculture) (NRCS,
1993) or WRB (World Reference Base for Soil Resources) (WRB, 2015), the slag presented in
its entirety can be classified as sand fraction. The said waste in the Polish nomenclature relat-
ing to the Waste Catalog is referred to as bottom sand (code 10 01 24). And the fly ash accord-
ing to the above classifications can be classified to a significant extent as dusty fraction (about
75-80%), and the rest as sandy fraction.

3.3 Flowability of mixtures

For gravity transport, a sufficiently fluid consistency is required, which can be characterized
by the flowability test of the mixture. In the conditions of Polish mines, and in terms of instal-
lations and pipelines applied in them, the gravitationally transportable mixtures are the ones
that reach the flowability higher than about 140 mm (Jendrus et al., 2008). It is often 300 mm
or higher. The fluidity of the mixture, and thus its flowability, is related to the transport dis-
tance as well as the range of its spread in the excavation and the penetration capacity into the
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Figure 2. Grain composition curves of the ash and slag used in the study.

Source: own study.
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goaf debris (Palarski et al., 2005; Piotrowki & Mazurkiewicz, 2006; Yin et al., 2012). Along
with the change in the flowability of the mixtures, their rheological properties change: first of
all the yield strength and density (Plewa et al., 2006; Strozik, 2010, 2018). These parameters,
in turn, depend on the chemical composition, specific gravity of the particles and their size,
i.e. grain size of individual components, and ultimately that of the CPB mixture (Clayton
et al., 2003). The flowability of the tested CPB mixtures having the constant index w/s = 0.38
is presented in Table 3.

The flowability was determined for all mixtures except for two slag-cement mixtures
with the addition of 5 and 10 wt% cement. In that case, no regular shape of spread cake
was obtained, in contrast to the slag-cement mixture with the share of 15 wt% cement, as
illustrated in Figure 3. The slag used in the test is characterized by grain size typical for
the sandy fraction. Thus, its sedimentation is immediate, which is obvious. The share of
cement in the amount of 5 and 10 wt% was insufficient to form a suspension which would
not undergo sedimentation in the short time of flowability testing. The suitable suspension
which could be subjected to flowability testing was ensured by the share of 15 wt% cement,
with 85 wt% slag.

The conducted studies demonstrate that the flowability of the tested mixtures depends pri-
marily on the proportion of slag and ash, and to a lower extent on the share of cement.
Depending on the proportion of slag and ash, the rise of the share of cement from 5 wt% to
15wt% brings about a slight decrease or increase in flowability, by a maximum of 15 mm.
However, taking into account the impact of the slag and ash ratio, we can state that the rise of
ash share brings about a very significant decrease of flowability from about 215 mm to about
140 mm. In the case of ash-cement mixtures, it may be too exaggerated to state that they have
liquid consistency, which is measured by flowability. The obtained spread cakes have regular
shapes (Figure 4). Yet, referring to their dimensions: diameter about 100 mm and height
about 20 mm, it would be more appropriate to state that these mixtures have paste-

Table 3. Flowability of the tested CPB mixtures.

Fly ash [wt%] Slag [wt%] Flowability [mm]
5% CEM 10% CEM 15%CEM
0 100 not determined not determined 217
25 75 217 213 215
50 50 195 190 185
75 25 141 145 153
lack of flowability lack of flowability lack of flowability
100 0 (94 mm) (100 mm) (102 mm)
slump height=36 mm slump height=39 mm slump height=40 mm
pasta pasta pasta

Figure 3. Obtained shapes of spread cakes of the ash-cement mixtures.

Source: own study.
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Figure 4. Uzyskane ksztalty plackow rozptywowych mieszanin popiotowo-cementowych.

Source: own study.

like consistency. In that case it would be appropriate to use the slump cone test as a measure
of consistency. The cone slump height of ash-cement mixtures, depending on the cement, was
changing a little only, in the range from 94 mm to 102 mm.

3.4  Compressive strength

The compressive strength test was carried out after 7, 14, 28 and 90 days of seasoning of the
samples in the climactic chamber. The compressive strength of CPB mixtures depending on
the proportions of ash and slag and the proportion of cement are presented in Figure 5.

The presented research results demonstrate that regardless of the curing time, slag-cement
mixtures (without ash) are always characterized by the lowest strength, while the highest
strength have the mixtures with the ash to slag ratio of 75:25 wt%. And the ash-cement mix-
tures (without the share of slag) have similar strengths to the slag-cement mixtures. Figure 6

@7days O1l4days E28days BE90days

E‘ 30

S 25

~ 20

&

B 15

2 10

w

2 Jﬂi'] rrﬂ rfﬂ

S 100 75 100 75 50 25 0
€

S 0 25 50 75 100 O 25 50 75 100 O 25 50 75 100

5 wt% CEM Il 10 wt% CEM III 15 wt% CEM I

Mass share of individual waste components:
Slag (100124), [%]
Fly ash (100102), [%]

Figure 5. Compressive strength of CPB mixtures depending on the proportions of ash and slag and
cement share.

Source: own study.
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Figure 6. Compressive strength of CPB mixtures after 90 days, depending on proportion of ash to slag
and the share of cement.

Source: own study.

presents the compressive strength of the investigated CPB mixtures after 90 days of curing,
depending on the ash to slag ratio and the share of cement.

Having analyzed the obtained results of strength tests, depending on the proportions of ash
and slag, we must say that the rise of the share of ash within the range of 0-75 wt% results in
a systematic increase in strength. The rise of ash content to 100 wt% (exclusion of slag) results
in a drastic decrease of strength to the level achieved by the slag-cement mixtures.

Such a behavior is characteristic for all cement shares, and it occurs in all research time
periods (Figure 5). The mixtures of the ash to slag ratio of 75:25 wt% with respect to two-
component mixtures (slag-cement and ash-cement) reached after 90 days about 4 times (for 5
wt% cement) and about 2 times (for 10 and 15 wt% cement) higher compressive strength.

4 CONCLUSIONS

The carried out studies demonstrate the impact of ash and slag proportions and the share of
cement in the range of 5-15 wt% on the mechanical parameters of the developed CPB mixtures
of the mass share of water to solids being W/S = 0.38.

As to compressive strength, the rise of the share of fly ash at the expense of slag in the range
up to 75 wt% results in its significant increase. But further rise of the share of ash content to
100 wt% (exclusion of slag) results in a drastic decrease in strength to the level achieved by the
slag-cement mixtures (without the share of ash).

Two-component mixtures achieve similar compressive strengths, but the slag-cement ones
are characterized by almost two times higher flowability than ash-cement mixtures.

The conducted studies show that the best results were obtained for the mixtures with the ash to
slag ratio of 75:25 wt%, which is consistent with the results of the work (Z. Zhang et al., 2012).
They are characterized by the highest compressive strength after 90 days, reaching 24 MPa.
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The requirements set by the Polish standard PN-G 11011: 1998 for the materials regarded
as solidified backfill (CPB) within the scope of the described physical parameters are met by
all the tested mixtures.
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