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ABSTRACT

This research investigates the utilization of sugarcane bagasse ash (SCBA) mixed with Portland cement, bentonite and crushed salt as
sealing materials to reduce the subsidence in salt and potash mine. The strength and toughness of the mixture are determined here. The
ratio of SCBA-to-cement (cementitious materials) is 20:80 by weight and bentonite-to-crushed salt (bentonite crushed salt mixture) is
30:70 by weight. The mixture ratios of cementitious materials to bentonite-crushed salt are 1:2 (CPB-1) and 1:3 (CPB-2). The constant
saturated brine-to-mixed materials ratio of 0.4 is used for blending. The uniaxial compressive strength (UCS) test, triaxial compression
(TRI) test and Brazilian tensile strength (BZ) test are performed for each curing period of 3, 7, 14 and 28 days. The test results are used
in FLAC program to simulate the time dependent behaviors of salt and potash mine with sealing materials. In this study, the UCS and
BZ of CPB-1 mixture provides 7 MPa and 1.02 MPa while CPB-2 mixture gives 5 MPa and 0.86 MPa at a curing period of 28 days.
The results clearly show that CPB-1 mixture can produce more strength than CPB-2 mixture. The cohesion (c) and internal friction
angle ( ¢) are gradually increased at the first two weeks and then tend to remain constant after 28 days. The elastic moduli and
Poisson’s ratio are slightly increased. From the numerical analysis, the result obtained from the mine opening with the CPB-2 sealing
can reduce the magnitude of subsidence about 46% as compared with that without backfills.

KEYWORDS: Sugarcane bagasse ash (SCBA), Cemented paste backfill (CPB), Strength development, Subsidence
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1. Introduction

The extraction of natural resources from the ground creates large underground voids that will lead not only the
environmental problems such as subsidence, an undeniable consequence of underground mining, but also the foremost effect to
engineering structures and, in the worst cases, injury or loss of life. The range of these underground voids depends on the
magnitude of the in-situ stresses, mining induced stresses, immediate roof characteristics and presence of geological
discontinuities. With time, the superjacent strata moves into the voids, resulting in instability of underground workings and forms
a depression on the ground surface which is commonly referred to as subsidence [1].

Surface subsidence generally implicates both vertical and lateral ground movements. Although rock properties and
geological structure greatly impact the surface subsidence, its intensity counts on a number of factors as diverse as extraction
height, mining depth and method, panel dimensions, overlying strata properties, geological disturbances, surface topography and
more [2]. At first, it may be small and confined but after many years, it extends gradually over large areas.

These underground voids in mine should therefore, be backfilled with the waste tailings in the form of mechanical fills,
pneumatic fills, hydraulic fills, and paste fills to ensure regional stability, minimize ore dilution, control subsidence, facilitate
subsequent excavation and provide a stable platform for the workers and ground support for the nearby regions [3]. Among the
different types of backfill, the use of cemented paste backfill (CPB) becomes an increasingly important component and standard
practice for use in underground mining operations [4, 5]. It ultimately improves the productivity because of ground support to the
pillars and walls, and prevention of caving and roof falls to enhance pillar recovery [6].

In recent years, there have been notable efforts in utilizing a variety of industrial by-products as pozzolanic materials in
formulating CPBs in the mining industry. This utilization can not only increase product performance and technical benefits but
also reduce cement content resulting in reduced carbon emission and, therefore, supporting sustainable development. The
materials incorporating supplementary cementing materials exhibit unique characteristics that often make them more durable
than ordinary CPBs [7].

The utilization of pozzolanic materials as partial replacement of cement in concrete or mortar mixtures provides a
satisfactory solution to some of the environmental and technical concerns and problems associated with waste management.

Many researches had shown that industrial by-products and agricultural wastes have a significant amount of amorphous silica in
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their chemical composition which can be used as pozzolanic materials. When pozzolanic materials are added to the cement, the
presented silica reacts with the free lime from the hydration of the cement and new silicate hydrate products are formed, that can
improve the compressive strength, pore structure, and permeability of the mortars and concretes because the total porosity
decreases with increasing the hydration time [8, 9].

Sugarcane bagasse ash (SCBA) is an agro-industrial by-product of the sugar mills and alcohol factories. It is mainly
composed of silica and other high amounts of aluminum, iron and calcium oxides, enabling to use as a supplementary cementing
material. The results obtained by different researchers indicate that SCBA is an effective mineral admixture with 20% as optimal
cement replacement without any adverse effect on the desirable properties of concrete. The specific advantages of such
replacement are the development of high early strength, reduction in water permeability, and appreciable resistance to chloride
permeation and diffusion [8, 9].

The objective of this study is the suitability of the utilization of SCBA as 20% cement replacement material in the mixture
of SCBA, cement, bentonite and crushed salt. Towards this, the uniaxial compressive strength (UCS) test, triaxial compression
(TRI) test and Brazilian tensile strength (BZ) test are carried out for each curing period of 3, 7, 14 and 28 days to determine the
strength and toughness development of that mixture to use as cemented paste backfill and its efficiency to reduce the subsidence
in salt and potash mine. The test results are used in FLAC program to simulate the time dependent behaviors of salt and potash

mine with sealing materials.

2.  Materials and Methods
2.1 Materials

In this study, four materials were used. The cement (C) used in this study was sulphate resistant Portland cement (ASTM
Type V) [10]. SCBA was collected from Mitr Phol Phu Luang mill in Leoi Province, Thailand. The chemical composition data
for C and SCBA determined using X-ray fluorescence method are compared in Table 1. The data indicate that SCBA has three
times higher silica content than C.

Bentonites, ideal grout materials for sealing or backfilling into the borehole or water-resistant barriers, were also applied
into the mixture because it has low permeability, proper swelling capacity, sorptive and self-sealing behaviors [11]. Crushed salts
(passed through a 40-mesh sieve), prepared from the Lower members of the Maha Sarakham Formation in the Khorat basin,

northeastern Thailand, were used as coarse-grained materials.

Table 1 Chemical composition of C and SCBA (%).

Materials SiO, ALO, Fe,O, CaO MgO Na,O K,0 SO,
C 24.14 7.66 10.01 51.03 1.41 0.98 0.75 4.02
SCBA 76.82 6.25 6.28 2.78 1.99 1.91 3.25 0.72

Ei Ei San' and Decho Phueakphum’ 19



AAINTTUAITAVUIFYBASTWRIUN Y4t 28 atiuft 1 unsrau-Sunau 2560

Engineering Journal of Research and Development Volume 28 Issue 1 January-March 2017

2.2 Sample Preparation

The four materials were mixed according to their weight ratio. At first, cementitious materials were prepared by replacing
C with 20% of SCBA in dry condition. And then the ratio of bentonite to crushed salt with 30:70 was used. These two mixtures
were then mixed with 1:2 and 1:3 composition ratios of cementitious materials to bentonite-crushed salt to form the final
mixture. The saturated brine was used with the W/materials ratio of 0.4. Figure 1 shows the summary of CPB mixtures

preparation.

20% Portland Cement 80% Sugarcane

(Type V), C Bagasse Ash, SCBA 30% Bentonite 70% Crushed Salt
V) )
Cementitious materials Bentinite-Crushed salt mixture
r rine with W/materials = 0.4

1:2 = CPB-1 mixture
1:3 = CPB-2 mixture

Figure 1 Summary of CPB mixtures preparation.

The CPB mixtures were prepared using the professional 600™series 6-Quart stand mixer for a total of three minutes. After
thoroughly mixed, the CPB mixtures were poured into the 54mm diameter PVC mold. The molds were then sealed and cured for
periods of 3, 7, 14 and 28 days. For UCS test, three specimens with length to diameter ratio (L/D) of 2.5 were prepared for both
mixtures. Another three specimens with L/D ratio of 2 for TRI test and ten specimens with 0.5 L/D for BZ test were also
prepared to determine the mechanical strengths of CPB mixtures after curing. Figure 2 shows some of the examples of sealing

material after curing in PVC mold prepared for laboratory test.

BZ test (L/D = 0.5)

TRI test (L/D = 2.0)

Figure 2 Examples of sealing material after curing in PVC mold prepared for laboratory test.
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2.3 Laboratory Tests

At each curing stages, three tests were performed in accordance with the requirement of ASTM standards. The uniaxial
compressive strength (UCS) tests were conducted on both CPB mixtures per ASTM D7012 [12]. The tensile strength was
determined according to ASTM D3967 [13]. The confining pressures of 0.69, 1.28, and 2.07 MPa were used in the triaxial
compression (TRI) test to find the cohesion and internal friction angle [10]. The mean values of each test were presented in the

results. Figure 3 shows three tests set up used in this study.

Figure 3  Test set up to obtained the mechanical properties.

3. Test Results
3.1 Uniaxial Compressive Strength (UCS) Test

The uniaxial compressive strength (UCS) values of CPB mixtures are shown in Table 2. The results clearly show that the
UCS:s of both mixtures are gradually increased with the curing periods and 28-day UCS values are over the minimum requirement of
5 MPa [4]. Three-day UCS values of CPB-1 is equivalent to the 7-day UCS values of CPB-2, whereas other values of CPB-1 are
higher than CPB-2. When CPB-2 provides 5.12 MPa at 28 days, CPB-1 can supports 5.19 MPa at only 14 days. This confirms

that CPB-1 can provide more strength than that of CPB-2.

Table 2  Uniaxial compressive strength of CPB-1 and CPB-2 mixtures.

Mixtures Uniaxial compressive strength (MPa)
3 days 7 days 14 days 28 days
CPB-1 2.01 3.76 5.19 6.87
CPB-2 1.08 2.01 3.22 5.12
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Figure 4 shows the behaviors of the elastic moduli and Poisson’s ratio related with time. According to the figures, both the
trends are slightly increased with the time. Although the elastic moduli of CPB-1 are lesser than CPB-2, the values of Poisson’s

ratio are greater. Therefore the use of CPB-1 is more effective than CPB-2.
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Curing Time (Days) Curing Time (Days)

Figure 4 (a) Elastic modulus and (b) Poisson’s ratio from UCS of CPB-1 and CPB-2.

3.2 Brazilian Tensile Strength (BZ) Test
Table 3 shows the increasing tensile strength values of CPB-1 and CPB-2 mixtures at each curing periods. The results show
that the strength values of 14-day CPB-1 is similar with 28-day strength values of CPB-2. Obviously CPB-1 is also more useful

than CPB-2 from the tensile strength point of view.

Table3 Tensile strength of CPB-1 and CPB-2 mixtures.

Mixtures Splitting tensile strength, 0, (MPa)
3 days 7 days 14 days 28 days
CPB-1 0.519 0.663 0.838 1.115
CPB-2 0.238 0.351 0.547 0.859

3.3 Triaxial Compression (TRI) Test
The normal stress (0,) and confining pressure (0;) of 0.69, 1.28, 2.07, and 2.76 MPa for CPB-1 mixtures are shown in Table
4, and Table 5 for CPB-2 mixture. The relationship between these two stresses can also be clearly seen in Figure 5. The strength

results of both mixtures are steadily increased with curing time. Although the trends of both mixtures’ increasing strength are
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similar, the graphs show that the 28-day strength of CPB-2 mixture with confining pressures of 2.76 MPa is 70.78 MPa which is
nearly equal to the CPB-1 mixture with only confining pressures of 0.69 MPa. When the 2.76 MPa confining pressure is applied,

it can resist up to 90 MPa.

Table 4 Normal stress (0;) and confining pressure (0;) of CPB-1 mixture

Confining pressure, Normal stress, 0, (MPa) at curing time
o, (MPa) 3 days 7 days 14 days 28 days
0.69 39.78 51.00 60.67 70.25
1.28 43.92 56.35 67.06 76.64
2.07 48.99 62.98 72.93 84.62
2.18 53.04 67.56 77.90 90.08

Table 5 Normal stress (0;) and confining pressure (&) of CPB-2 mixture

Confining pressure, Normal stress, 0, (MPa) at curing time
o, (MPa) 3 days 7 days 14 days 28 days
0.69 25.02 33.15 38.32 45.55
1.28 28.95 37.41 45.55 53.68
2.07 33.06 43.92 52.05 62.27
2.18 38.32 49.72 57.48 70.78

The cohesion, ¢ and internal friction angle, ¢ are determined by the Coulomb failure criterion in terms of the principal

stresses (0, 0,) as expressed in equation (1) [14].

0, =2ctan B+ O, tan2 § = 2c tan (45 + @2) + O, tan’ (45 + @2) (1)
The cohesion and internal friction angle of both mixtures at each curing periods are summarized in Table 6 and the relation

are shown in Figure 6. The values are gradually increased in the first two weeks and then tend to remain constant after 28 days.

In spite of not much difference in friction angle of both mixtures at each curing periods, cohesion results are obviously different.

According to the Table 6, the CPB-1 mixtures can yield roughly twice of cohesion strength by CPB-2 mixtures.
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Figure 5 The strength development of CPB-1 and CPB-2 mixtures.

Table 6 Cohesion and internal friction angle of CPB-1 and CPB-2 mixture at each curing periods.

Cohesion, ¢ (MPa) Internal friction angle, ¢ (Degrees)
Curing time (Days)
CPB-1 CPB-2 CPB-1 CPB-2
3 4.79 4.41 60 45
4 5.54 4.94 62 51
14 6.68 5.10 63 55
28 7.11 5.42 65 58
8.0 70
7.0 =0 ¢=10957In(T) +3.5615 O @g
— O™ R2=0.9747 o o ¢ =3.3607In(T) + 55.946
g 1 7 53 P R2=0.986
S 60 e 8 66 e
9 f,-»'m <= ,,-*"'/ .0 $=22317In(T) +57.391
§ so] S 64 PO e Re=0.9958
4 c - . -
g c o
4.0 e © = 0.4908IN(T) +2.3273 S 62 i
O . Qe o ¢ o (;‘(95) 6 5 fﬂf)
,.-"@‘m Lt :‘f
3.0 —o— CPB-1 601 ¢ —o— CPB-1
—0— CPB-2 —0— CPB-2
2.0 58
5 10 15 20 25 30 0 5 10 15 20 25 30
Curing Time, T (Days) Curing Time, T (Days)
Figure 6 Cohesion and internal friction angle of CPB-1 and CPB-2 mixture with curing period.
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The data used in this study are recorded manually so relevant standard deviation factors are used for all tests to obtain the
precise results. The composition of four materials; SCBA, cement, bentonites and crushed salt should be changed and curing

time should also be longer to accomplish the long-term effect on strength and toughness development.

4. Computer Simulations

In this study, the finite difference analysis using FLAC 4.0 with Burger model is used to determine the effectiveness of backfill

materials in salt and potash mines after the mine excavation was completed. This simulation can predict the elastic, visco-elastic,

visco-plastic, strain-softening and dilation behavior of geological materials [15]. The modular components of the Burgers model

used in this computation are shown in Figure 7. Figure 8 expresses an example of the stratigraphic column of rock salt and clastic

rock at Ban Hhao, Muang district, Udon Thani province (borehole no. K-089) [16]. The material property parameters used for the
computer simulations are described in Tables 7 and 8.

GK
6 o WA
WWW—] « —

Figure 7 The modular components of the Burgers model [15].

Depth (m)
0 A
Clastic Rock

200 —

Salt
400 —

Anhydrite

600 —
800 —

Salt
1000 —
1200 — I sandstonerSiltstone

Figure 8 Stratigraphy of borehole no. K-089 at Ban Hhao, Muang district, Udon Thani province [16].
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Table 7 Mechanical properties of clastic rock, rock salt and CPB-2 for FLAC 4.0 simulations.

Rock types
Parameters
Clastic rock" Rock salt’ CPB-2°
Density, o (kg/m’) 2,490 2,150 1,881
Bulk modulus, K (GPa) 1.70 2.22 2.203
Shear modulus, G (GPa) 0.30 1.67 2.961
Cohesion, ¢ (MPa) 3.50 0.50 5.42
Internal friction angle, ¢ (Degrees) 25 50 58
Tension, T (MPa) 0.83 1.00 0.859
** Results obtained from previous study [17, 18]
‘ Presented laboratory test results

Table 8 Visco-elastic and visco-plastic properties of rock salt for FLAC 4.0 simulations [19].

Parameters Values
Elastic modulus, E, (GPa) 1.90
Spring constant in visco-elastic phase, £, (GPa) 5.79
Visco-plastic coefficient in steady-state phase, 77K (GPa.day) 0.34
Visco-plastic coefficient in transient phase, 77M (GPa.day) 0.71
Density, p (kg/mz) 2,150

Figure 9 shows the finite difference mesh constructed to represent vertical model with the mine depth of 280m and opening
depth and width of 10m and 8m. Small elements are provided near the opening boundaries to obtain detailed behavior of the
surrounding rocks and larger elements are used in the region far from the openings because of the lower stress and strain
gradients. The simulation is carried out to predict the deformation behavior with or without sealing materials in mine ground
under long-term interest of 50 years after mining. The time to seal in mine is also considered as CPB mixtures used in this study
can be prepared and placed right away when mine process are finished. The magnitudes of surface subsidence with sealing time
at1,3,6,9, and 12 months are considered in this calculation.

Sealing at different time after mining has different effect on the magnitude of surface subsidence. The calculated surface
subsidence after 50 years of prediction in selected mine with overturn thickness of 250 m and opening height 10 m, and sealing

time at 1, 3, 6, 9 and 12 months are shown in figure 10. According to this figure, if CPB mixtures are applied at 1 month after
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mining, the magnitude of surface subsidence is reduced as good as 46%, from about 54 cm to 29 cm, than without sealing.

Sealing at other times can reduce the subsidence, but the amount of reduction is smaller when compared with 1 month result.

Depth (m)

[@]0]
£250

[@]0]
JO10]

250
253.2

263.2

280

_4m
| 10m |

Figure 9 Finite difference mesh used in this study.

The sealing materials however cannot immediately perform after they are placed into the opening. They are functional
after the roof deflected as a results of inducing the vertical stresses on sealing material then they are expanded around in the
horizontal direction to support or strengthen the pillar. Then the deformations of roof deflection, pillar deformation and
subsidence are reduced with time. For long-term periods, the opening will be falling under hydrostatic stresses conditions. This
evidence can be confirmed by the numerical simulation results that the subsidence still increased at the first five years then it

decreased with time (Figure 10). Table 9 clarifies the different resulted surface subsidence at each considered sealing time. It can

Ei Ei San' and Decho Phueakphum’ 27



AAINTTUAITAVUIFYBASTWRIUN 9 28 atiudi 1 unsAu-Tiunau 2560

Engineering Journal of Research and Development Volume 28 Issue 1 January-March 2017

obviously be described that the sealing time has the specific effect on the reduction of surface subsidence in mining. To acquire

more relevant results, different mine and opening depths should also be suggested.

60

Without Sealing
Sealed at 12 months
50 Sealed at 9 months

Sealed at 6 months

40

—_
£ Sealed at 3 months
RS2
[0}
g 30
g Sealed at 1 month
‘D
Q
>
0 20

10

o+

0 5 10 15 20 25 30 35 40 45 50
Years

Figure 10  Surface subsidence as a function of time with overturn thickness =250 m and opening height = 10 m.

Table 9  Subsidence reduction with the function of sealing time

Sealing Conditions Subsidence (cm) at 50 Years Reduction of Subsidence
Without sealing 54.04 -

Sealed at 1 month 28.92 46%

Sealed at 3 months 38.31 29%

Sealed at 6 months 45.46 16%

Sealed at 9 months 49.74 8%

Sealed at 12 months 52.27 3%

7.  Discussions and Conclusions

In accordance with the present investigation, the use of sugarcane bagasse ash as cement replacement material has merits in the
strength development of CPB mixtures and all the strength values are reasonable when compared with the previous findings. The
remarkable content of reactive silica in sugarcane bagasse ash help the cement reaction with brine to apply more strength in the CPB
mixture. The greater strength can be attained by increasing the amount of cement and SCBA as CPB-1 mixture supports
approximately 75% more strength than CPB-2 mixture. The significant result is the use of CPB mixture as sealing material at early
state after mining has more efficiency than after a long time because it can provide more strength to diminish the deterioration of

pillar and prevent the extension of surface subsidence by supporting safer place in mine area. According to this study, sealing at 1
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month after mining has excellent effect with virtual 46% reduction on the magnitude of surface subsidence while 29% reduction at 3
months and 16% at 6 months. After 6 months, sealing has insignificant effect on the subsidence reduction as the subsidence is
already extend in the mine zone. To adopt the presented CPB mixture as one of sealing materials in practice, more relevant

researches are suggested.
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