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Abstract: Tensile strength is a crucial parameter involved in the design and analysis of cemented
paste backfill (CPB). The ability of CPB to withstand tensile forces is essential for the stability of
the backfilled stopes, particularly in areas with high stress or deformation. The tensile strength is a
critical design parameter used in sill mats to perform underhand cut-and-fill operations. This study
presents a novel technique that utilizes rectangular dog-bone specimens and compression to tensile
load converters to perform the direct determination of tensile strength. This study indicates that
the prevailing assumption regarding the ratio of unconfined compressive strength (UCS) to tensile
strength (i.e., 10:1 or 12:1) underestimates the strength. The results suggest a ratio closer to 3:1 or
4:1. The findings indicate that the ratio varies with the curing interval. Specifically, the tensile-to-
compressive strength ratios were higher in early-age specimens, as tensile strength values do not
increase at the same rate as those of compressive strength. This disparity has notable implications,
as underestimating tensile strength via traditional UCS-to-tensile strength ratios could potentially
inflate binder consumption. Our study underscores the importance of using direct tensile strength
measurements to optimize mining operations.
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1. Introduction

Cemented paste backfill (CPB) is a composite backfill technique used in hard rock
mining as regional ground support and an aspect of mine waste management [1]. It has
emerged as a cost-effective method of addressing mine tailings while providing ground
support in underground operations [1,2]. Mine tailings are mixed with hydraulic binders,
which are typically made of cement and slag, to create a homogenous mixture [3]. The
mixture is placed into underground stopes and solidifies to create a stable and load-bearing
mass, which aids in preventing ground subsidence and improving mine safety [4,5].

The strength and stability of CPB are crucial to its engineering applications [6,7]. The
ability of CPB to withstand tensile forces is essential for the stability of the backfilled stopes,
particularly in areas with high stress or deformation [8-10]. The tensile strength is a critical
design parameter used in sill mats to perform underhand cut-and-fill operations [8,11,12].
Accurate tensile measurement is vital to optimize CPB mixtures and mitigate potential
geo-hazards [13-15]. The direct tensile measurement of CPB has been a longstanding
challenge [16]. The tensile strength of CPB is typically assumed based on unconfined
compressive strength (UCS), having a ratio equal to UCS/10 or UCS/12 [1,7,11].

The challenges associated with the direct determination of tensile strength have been
well documented in rock mechanics [10,17]. The fracture should occur in the central re-
gion of the specimen, i.e., away from the ends [17]. A small geometric imperfection or
misalignment could introduce a bending moment, causing stress non-uniformity [17]. Var-
ious techniques have been developed to limit the stress concentrations and encourage
the fracture in the central portion [14]. Dog-bone specimens and machined notches have
been trialed [10]. Given their expensive and challenging nature, direct tensile tests are
not routinely carried out [10,17]. These challenges are compounded by soft rocks and
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geomaterials, as the geometrical tolerances, preparation methods, and smooth techniques
are impractical [10,17].

Historically, the tensile strength of CPB has been determined using indirect methods,
such as the Brazilian test, which correlates with the tensile strength by diametrically
applying a compressive force to a cylindrical specimen [12,18]. While it has been widely
used in research, it has limited industrial applications due to challenges associated with the
soft and brittle responses of CPB [1,12,18]. As a result, researchers sought to develop direct
tensile testing techniques through the dog-bone specimen [19], which involves directly
applying the tensile force to the sample, thus providing a more accurate and reliable
assessment of the tensile strength [20,21].

Despite the advancements in tensile strength measurements, there is limited work
on CPB with tensile strengths greater than 1 MPa. Moreover, there are no detailed pro-
cedures and setups. Our study presents a direct tensile technique for CPB, including
sample preparation and test apparatus. By utilizing improved dog-bone geometry, mold
designs, a compression to tensile load converter, and stiffness analysis, we enhanced the
testing setup to achieve more accurate results. This paper details these advancements and
their applications.

2. Materials and Methods
2.1. Materials

The materials were sourced from the Macassa Mine, which is a high-grade gold mine
located in Kirkland Lake, Ontario, Canada, approximately 500 km from Toronto. The mine
employed long-hole stoping and underhand cut-and-fill methods [22,23]. The deposit
consisted of a gold-bearing quartz vein, which was hosted within the Archean-age volcanic
and Abitibi greenstone belt sedimentary rocks [24,25]. The ore body contained pyrite,
chalcopyrite, sphalerite, and gold, as well as traces of sulfide minerals [23].

The CPB was composed of mine tailings, sand, and binder. Sand was added to enhance
the grain size distribution and binder efficiency. The binder consisted of 10% cement
and 90% slag. The mineralogy of the mine tailings and sand was analyzed via Rietveld
Analysis using a Philips X'PERT Pro X-ray MRD diffractometer (Philips, Amsterdam,
Netherlands) [26]. The specimens were grounded with mortar and pestle to create a
powder and oven dried at 40 °C. Next, 10% lithium fluoride was added into the samples
as the baseline. The particle size distribution of mill tailing was determined via laser
diffraction using a Beckman Coulter LS 13 320 at the Saskatchewan Research Council (SRC),
Saskatoon, Canada. Table 1 shows the chemical composition of the binder from the Mill
Report conducted by Lafarge Canada, and Tables 2 and 3 show the mineralogy of the mine
tailing and sand, respectively. Figure 1 shows the Rietveld analysis of mineralogy, and
Figure 2 shows the grain size distribution.

Table 1. Binder chemical composition.

Chemical Composition CaO SiO; Al,O3 MgO SO;3 Fe, O3 Na,O K,O
Portland cement, wt% 61.1 19.4 4.6 3.3 2.3 2 2 0.7
Blast furnace slag, wt% 37.1 36.1 10.4 13.2 3.4 0.7 0.4 0.5
Binder, wt% 39.5 345 9.8 12.3 3.3 0.8 0.6 0.5

Table 2. Mill tailing mineralogy.

Mineralogy Volume, %
Microcline 40.00%
Dolomite 12.90%
Quartz 11.00%
Albite 5.30%
Clinochlore 3.20%
Pyrite 0.30%

Amorphous 27.20%
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Table 3. Sand mineralogy.

Mineralogy Volume, %
Quartz 41.20%
Microcline 40.80%
Albite 6.30%
Chlorite 2.60%
Muscovite 0.80%
Amorphous 8.40%
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The specimens were prepared based on mine practice with 10% binder content and
a 2:1 ratio of sand to tailings based on the weights of solids with 28% water content by
total weight. The constituents were mixed using an electric hand mixer for 10 minutes
until a homogeneous paste with no segregation was formed [27]. The specimens were then
cast in the sample enclosure. The samples were cured in water at 22 °C to preserve the
sample’s water content and simulate the saturated and high relative humidity conditions
in the stope [14,28].

2.2. Test Apparatus

The test setup consisted of a four-part rectangular dog-bone mold (RDM) and a
compression to tensile load converter (CTLC). The split mold was utilized to prepare the
rectangular dog-bone specimen (RDS). The CTLC was used to convert the compression
load to the tensile load.

2.2.1. Rectangular Dog-Bone Mold

The RDM was created to assess the RDS. The mold ensured that a uniform necking
region was present in the sample. The mold was designed via AutoCAD 2024 V4.3, which
is computer-aided design (CAD) software (San Francisco, CA, USA). The design file was
exported as a stereolithography (SLT) file. The STL file was input into the Dremel DigiLab
3D Slicer V1.2.3 (Dremel, Breda, Netherlands), which transmitted the digital model into the
printer instruction, G-code, as illustrated Figure 3.

AutoCAD 3D

Dremel DigitLab 3D Slicer

* Create 3D model in the
CAD software

¢ Export the achitecture

into stereolithogaphy

* Import the
stereolithography file
into the silcer program

* Generate printer specific

G-Code file

¢ Import file into the 3D
printer
* Print the component

Figure 3. Additive manufacturing process schematic.

The molds were printed using Dremel 3D45, which is a fused deposition modeling
(FDM) printer. The mold was printed with a PETG filament. The mold consisted of a base
plate, two side enclosures, and a top cap, as shown in Figure 4. The mold was designed to
minimize sample disturbance during demolding.

Top cap

Side enclosure

¥ / Base plate

<

Figure 4. Rectangular dog-bone mold.
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2.2.2. Compression to Tensile Load Converter

The apparatus comprised a load platform and a support platform, as shown in Figure 5.
The load on the load platform was transmitted through the RDS to the support platform.
The apparatus converted the compressive forces into the tensile load. The setup incorpo-
rated a self-aligning mechanism that limited bending moment and torsion and ensured a
uniform and axial load on the CPB specimen [10,19-21].

(a) (c)

Figure 5. Compression to tensile load converter. (a) Assembly schematic. (b) Load platform schematic.
(c) Support platform schematic.

The load platform consisted of the load plate, four rods, and two split load brackets.
The support platform comprised the same setup with 2 split support brackets, as shown in
Figure 6. The top and base brackets were made of aluminum to minimize the weight. The
rods connecting the top and base brackets were made of stainless steel to enable stiffness
and corrosion resistance. An alignment groove was cut into the bracket at a depth of
3.175 mm (1/8”) to assist with the assembly process.

Figure 6. Compression to tensile load converter components.

2.3. Experimental Protocol

A test procedure was developed to enhance reliability and accuracy. This procedure
encompassed sample preparation, sample extraction, and test strategy. A pouring technique
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was developed to create a uniform section across the necking region. The sample extraction
method and assembly procedure were developed to minimize sample disturbance.

2.3.1. Sample Preparation

CPB mixture was prepared by mixing the mine tailings, sand, binder, and process
water until a homogeneous paste was formed. The material was cast into the mold. The
CPB mixture was poured from the base up toward the necking region, as shown in Figure 7.
The necking portion was continuously filled to avoid voids or defects.

7 e l
o —] [=
=

Figure 7. Filling strategy.

2.3.2. Demolding Process

An extraction method was developed to limit sample disturbance, as shown in Figure 8.
The base plate was detached by applying even pressure around its perimeter. The top cap
was removed via lifting at the side enclosures. The side enclosures were then removed
from the specimen.

Figure 8. Demolding strategy.

2.3.3. Test Procedure

The assembly process consisted of three steps, as shown in Figure 9. The load split
bracket was placed onto the specimen and fitted around the necking region. The bracket
provided a connection between the specimen and the load converter, allowing the proper
application of tensile forces. The support split bracket was positioned around the opposite
end of the specimen and aligned with the load split bracket. The split bracket was then
placed onto the load platform and attached to the support platform. Once secured, the load
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platform with the specimen was flipped and positioned on top of the support platform.
The test was conducted using a compression frame with Wille Geotechnic Tabletop Elec-
tromechanical Consolidation Apparatus, as shown in Figure 10. The specimen was loaded
at 0.5 mm per minute.

Il

Figure 10. Test setup.

3. Results and Discussion

The tensile strength was calculated using the applied load, the weight of the load
platform, and the specimen. This process is shown as follows [20]:

_ P+W, +W,/2

Ot A (1)

where P is the applied load, W, is the weight of the upper loading apparatus (the upper
section of CTLC), W; is the weight of the sample, and A is the area of necking. The direct
tensile strength is analyzed using the UCS strength. The UCS tests were conducted in
accordance with ASTM Standard D2166-06 Standard Test Method for the Unconfined
Compressive Strength of Cohesive Soil [29]. Figure 11 shows the comparison between
the direct tensile strength and the UCS strength. The results suggest that the current
assumption of a tensile to UCS ratio of 1:10 or 1:12 underestimates the tensile strength.
The data indicate that the ratio of compressive strength to tensile strength varies with the
curing interval, ranging from one-fourth to one-third of the compressive strength. This
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outcome can be attributed to the fact that the tensile strength does not increase at the same
rate as compressive strength after the early ages.
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Figure 11. Comparison between tensile strength and UCS.

The stress displacements of the direct tensile of 10% CPB at 3-, 7-, 14-, and 28-day
curing intervals are shown in Figure 12. The fracture is characterized by a linear elastic
response to fracture, which is consistent with pure tensile failure [10]. The results show the
first reported direct tensile strength at a 3-day curing interval and a tensile strength greater
than one megapascal at a 28-day curing interval, which illustrates the effectiveness of the
testing approach [30].

3 day
1600
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Figure 12. Stress displacement of the direct tensile test.
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The fracture morphology is perpendicular to the direction of the tensile load, as shown
in Figure 13. The fracture is consistent with the expected tensile failure at the necking of the
specimen [10,17]. Even though the setup has enhanced the tensile mechanism, the bending
moment is still present in the necking portion, as shown in Figure 13. To ensure statistical

significance, the test should be conducted in a series of three.
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Figure 13. Fracture morphology.

The study reports the first direct tensile measurements found at a 3-day curing inter-
val, and the first tensile strength is greater than one megapascal. These measurements are
realized through two quantitative improvements, namely the optimized geometry of the
dog-bone specimen and the stiffness analysis of the loading apparatus. These enhance-
ments encompassed more accurate measurement techniques, refined the testing methods,
improved material preparation, and advanced the testing apparatus.

3.1. Geometric Design

The dog-bone geometry was refined to limit the bending moment from the lateral load,
increase the shear resistance in the flange, and distribute the load across the contact surface.
This outcome is achieved by decreasing the necking length from 50.8 mm to 25.4 mm,
increasing the flange depth and width by 6.4 mm, as shown in Figure 14.

'
50.8 mm 3.1 mm
G 254 mm ’ 284 mm
1942mm 926 mm 25.4 mm 1942 mm 118.0 mm 50.8 mm
T '
L __ kmm 508mm
5u.¢1mm 201 s
f
|—— 101.6 mm ——| L 88.9mm J
(a) (b)
i-; 1016mm ——=
t -
Tu?mm [ —— INCREASED AREA
50.8mm ; }
I i’
| bt f
64 mm 1 L— J ‘J\' RS0.8 mm
264 mm ™ | f 483mm 58.9mm
i ,,,,! !
126mm J o -
— 25.4mm
REDUCED AREA
(©

Figure 14. Geometric comparison. (a) Revised specimen. (b) Original geometry. (c) Geometric
comparison.

The revised geometry of the dog-bone specimen reduced the bending moment from
lateral forces by 42.8% [20]. The decrease in the bending stress contributes to a more
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uniform stress distribution through the specimen and minimizes the potential of premature
failure resulting from bending.

M =2 x Mg =2 x PL @)
L,P — L,P . 589 — 46.3 . .
Mcomp - T X 100 /0 - 2 X W X 100 /0 - 428 /O (3)

The revised dog-bone geometry also increased the shear resistance in the flange. The
block shear resistance increased by 66.7%, which enabled the specimen to withstand higher
tensile forces.

S = FurA = Fyptw 4)
ZFulth2W*2Fulth1W 2h2 — 21‘11
= 100% = ———
comp 2Fu1th1w % 21’11

By optimizing the flange shape and dimensions, the load was more uniformly dis-
tributed across the contact surface, which reduced stress concentrations and the risk of
premature failure. This outcome contributes to more accurate and reliable strength mea-
surements.

x 100% = 66.7% (5)

Iy = wt (6)

2wyt — 2wt ., 2%254—2x19.05 o
ot X 100% = o0 x 100% = 66.7%  (7)

lw— comp —

Figure 15 shows the geometry of the dog-bone specimen. The geometric drawings,
stereolithography (STL), and drawing exchange format (DXF) of the CTLC and RCDM are
included in the supplementary file.

50.8 mm 50.8 mm

33.6mm

R50.8 mm

194.2 mm 254 mm 92.6 mm
25.4mm

84.4 mm L «—j
50.8 mm

50.8 mm

101.6 mm 254 mm

Figure 15. Dog-bone geometry.
3.2. Stiffness Analysis

A stiffness analysis was developed to ensure the strength and stiffness of the loading
apparatus. Euler’s buckling theorem was employed to examine the metal rod’s buckling
potential, and the shear theorem was used to assess the bracket’s shear resistance.

3.2.1. Critical Buckling Analysis for Rods

The rods are considered to be slender members. Euler's buckling theorem was used
to determine the critical buckling load required to ensure rod stability under compressive
loads [31,32].

’El  7°ED*
Critical buckling load = T =

=—— 8
12 6412 ®



Minerals 2023, 13, 1218

110f13

where L is the length of rod, E is the modulus elasticity, I is the moment of inertia, and
D is the diameter of the rod. The critical load for the load platform can be determined

as follows: - -
ED ED

> X 4rod = 0.6 5

64L 16L

where P is critical compressive load, and ¢ is the resistance factor (set at 0.6).

= )

3.2.2. Shear Analysis

The shear theorem was used to calculate the maximum shear force experienced by the
bracket during tensile testing. This theorem is shown as follows [31]:

S = (pFultA = 0-6FultA (10)

where S is the critical shear load, ¢ is the resistance factor (set at 0.6), F is the shear strength
of material used to construct the bracket, and A is the minimal cross-sectional area of
the bracket.

4. Conclusions

Accurate tensile strength measurement is crucial for the design and analysis of sill
mats in underhand cut-and-fill operations and ensuring mine safety. This paper presented
a mechanically rigorous method for the direct determination of CPB tensile strength. The
test setup incorporates a rectangular dog-bone specimen and compression to tensile load
converter with a self-aligning mechanism. The results indicate that the current assumption
of tensile strength being 1:10 or 1:12 of UCS underestimates the tensile strength. The results
show a ratio of 1:3 or 1:4 of UCS to tensile strength.

The results indicate that the ratio of tensile to compressive strength is not a constant
value. Specifically, early-age tensile strengths display strength ratios that are higher than
those observed in more mature specimens. This result can be attributed to the fact that
tensile strength values do not increase at the same rate as compressive strength values
after early ages. These findings highlight the need for revised guidelines, particularly to
emphasize the importance of conducting tensile strength tests at different stages of material
maturity to achieve a more accurate assessment. This disparity has notable implications for
the design of and costs associated with CPB, specifically the binder content estimation for
strength. Underestimating tensile strength via traditional UCS-to-tensile strength ratios
potentially inflates binder consumption, resulting in unnecessary financial burdens. By
adopting direct tensile testing, mine operators could significantly reduce their operating
costs. This technique offers valuable insights into the mechanical properties of CPBs and
has the potential to contribute to more efficient and sustainable mining practices. It has
already been adopted by two mining companies and the backfilling consultancy firm
Paterson and Cooke.

The tensile strength values represent intrinsic material properties and do not account
for cold joints, shrinkage cracks, or micro-fractures that may occur in real-world applica-
tions. Further research is needed to better understand the effects of cold joints, shrinkage
cracks, and micro-fractures on CPB performance.

Supplementary Materials: The supporting information can be accessed via the following link:
https://www.mdpi.com/article/10.3390/min13091218/s1. The supplementary files include the
drawing exchange format (DXF) and stereolithography (STL) files used in the rectangular dog-bone
mold (RDM) and the DXF file used in the compression to tensile load converter (CTLC). We encourage
mine operators and researchers to utilize our design to further their work. However, we do not
provide a warranty for the design and cannot be held liable for any misuse or errors within the files.
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