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Abstract: The hybrid failure is a coupled failure mechanism under the action of tensile and shear
stresses. The failure is critical in cemented paste backfill (CPB) since there are no visible signs prior to
the failure. Few studies have been conducted on the coupled stress response of CPB. This is most
likely due to a lack of suitable laboratory equipment and test procedures. This paper presents a new
punching shear apparatus to evaluate the hybrid failure of CPB. We harness two-dimensional finite
element analysis (FEA) for supplementing experimental study in providing stress transformation,
deformation, and possible failure mechanisms. Our study suggests that the coupled stress is a
combination of tensile and shear strength in function of the angle of the frustum. The strengths
measured by the coupled stress are comparable to those measured by direct shear and tensile strength
tests, in which the strength properties of CPB are curing time and binder content dependent. The
FEA results substantiate the effectiveness of proposed model for predicting the hybrid failure of CPB.

Keywords: punching shear; cemented paste backfill, geomechanics; tension; hybrid failure;
couple stress

1. Introduction

The geomechanical properties of cemented paste backfill (CPB) and its design have
been the interest of industrial groups and academic communities. CPB plays an increasingly
important role in many modern mines throughout the world, particularly in Canada and
Australia. CPB is a composite backfill technique used as regional ground support. It is a
homogenous mixture obtained from mixing tailings with water and hydraulic binder. The
designs of CPB are based on regional ground conditions, tailing behaviors, and operational
requirements [1,2]. Generally, CPB consists of 70% to 85% fine particles by weight and
incorporates 2% to 9% binder of Normal Portland Cement (NPC) and possibly fly ash or
ground blast furnace slag [3].

The stability of the CPB structure is of great concern in its engineering applications.
Indeed, CPB must remain stable during the extraction of the adjacent stopes to ensure
the safety of the mine operations. Significant progress has been made in understanding
the mechanical properties of CPB including failure mechanism under direct shear [4-6],
uniaxial compression [7], triaxial [8-10], and tensile failure [11-13]. Nevertheless, the
shear resistances under tensile stress—particularly those controlling the sprawling and
caving—are not well understood due to limited testing techniques. The hybrid failure
is a coupled failure mechanism under the action of concentrated loads [14]. The area
surrounding the object is subject to a couple of shear and tensile forces. This type of failure
is critical because no visible signs prior to its occurrence. Due to its brittle nature and the
origin of a progressive collapse, the punching failure mechanism is very dangerous [15].
Thus, the coupled stress response is an important parameter in the design of the sill mat
and the exposed face in cut-and-fill mining. The development of underlying stope requires
the sill mat structure to support the overlying fill and the lateral closure pressure. Likewise,
the extraction of the adjacent ore body requires the CPB to resist shear stress under the low
confining stress.
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A review of hybrid failure studies shows that a majority of the tests are involved
in concrete materials [14,16]. Researchers in the field of concrete study have examined
hybrid failure in the form of experimental tests, analytical models, and finite element
analyses [14-16]. Boulifa et al. (2013) developed a coupled tensile and shear stress testing
method based on plane shear by deviatory deformation [14]. In their studies, the sample
was prepared with a reinforcement cage and two styrofoam molds which created two stress
free zones along the top and bottom. While the studies of Boulifa et al. (2013) contributed
to understanding the impact of this loading condition on concretes [14], there are open
issues on the coupled stress of CPB. The CPB represents a soft material in comparison to
the mechanical properties of concretes. The existing concrete hybrid failure testing setup
cannot address the CPB coupled stress mechanisms. The finite element analysis (FEA) is
essential for supplementing experimental research in providing insights into issues related
to CPB coupled stress behavior, stress propagation, and possible failure mechanisms which
have not been reported yet.

Based on the above literature review, a research program was initiated to study the
hybrid failure properties of CPB. In this study, CPB designs were based on the operational
requirements and regional ground conditions which reflected the current operation at the
mines [2,17-20]. Our objective is to determine the coupled stress and elastic parameters
of CPB. The coupled stress is neither an intrinsic shear nor pure tensile test [14]. It is a
combination of tensile and shear strength in function of the angle of the frustum. We then
proposed that fracture morphology is strongly related to the angle of the frustum, and
the 20 mm, 40 mm, and 50 mm loading plates were selected for this study. The effort
involves the development of punching shear specimen, FEA, measurements of the CPB
shear strengths, and deformability under coupled stress and compression. FEA was utilized
to supplement the experimental research in providing insights into strength behavior and
stress transfer mechanisms. Our study highlights the testing procedure and approach for
CPB, including experimental setup, instrumentation, and the similarity with direct shear
and direct tensile behavior. The backfill design engineers rely on the backfill strength
requirements for ongoing mining, which are often done by laboratory studies to determine
the optimal backfill strengths for various types and combinations of CPB. The results
have important implications on the possibility of allowing mine engineers to design and
optimize the filling strategy, binder content, and curing time of CPB. Our findings may
help improve the design and application of paste backfill in underground mines.

2. Material and Methods
2.1. Sample Preparation

The CPB samples were prepared by mixing tailings, normal Portland cement (NPC),
and process water in a stand mixer to obtain a homogeneous mixture. The tailing samples
were collected from Barrick’s Williams Mine in Helmo mining camp, Ontario, Canada.
The Williams Mine is located in Northwest Ontario, approximately 35 km west of the
township Marathon. The ores are predominately amphibolite-facies Archean load gold
deposits [21]. The deposits were extracted with a mixture of long hole and Alimak stopes
and subsequently backfilled with CPB. The ore is milled to paste consistency with more
than 45% passing 0.020 mm as shown in Figure 1 [18,20]. The tailing stream consists of
silica, quartz, feldspar, and plagioclase. The sulfides in the tailings can be oxidized to alter
the material’s initial gray-to-orange color when exposed to oxygen [22,23]. Table 1 shows
the chemical composition of tailing and binder [20].
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Figure 1. Grain size distribution.
Table 1. Minerology and composition.
Tailing Composition
Composition CaO SiO, SO;3 AlL,O3 MgO Fe; O3 K,O Na,O
Content (wt %) 64.2 20.0 4.1 39 3.1 3.0 0.5 0.2
Binder Composition
Composition SiO, Al,O3 CaO MgO K,O Na,O Fe; O3 S TiO, P,0Os5
Content (wt %) 59.8 12.2 3.6 35 34 32 24 0.6 04 0.2

Studies on the William Mine [17-20] showed that the mechanical properties of CPB
depend upon their physical and chemical characteristics such as the tailings mineralogy,
particle size, water content, and binder type etc. Based on their findings, NPC was used to
reflect current practice at Williams Mine. The 4.2% and 6.9% binder contents were used
to simulate typical mining practice, and the 9.7% binder content was an upper bound
and reflects the maximum concentrations used for critical applications such as undercut
structures. The samples were prepared with 28% mine water content based on a recent
field study which showed mine water content ranged from 26.5% to 29.6% in Williams
Mine [18].

Prior to the test, all samples were cast in the cylinders with 72.6 mm diameter and
20 mm height by specially designed four-part spilt molds shown in Figure 2. The mold
consisted of top cap, base cap, two-side enclosures, O-ring inserts, and seals. The mold was
made of a split acrylonitrile butadiene styrene (ABS) pipe with plexiglass on the top and
base caps. The base and the side enclosures were coated with silicone lubricant to facilitate
the demolding process. After casting, the percolation holes were taped, and the samples
were placed underwater to avoid evaporation.

2.2. Testing Methods

We developed a punching shear apparatus for the couple stress test which transfers
the compressive stress into a concentrated plane shear. Figure 3 shows a cross-section
diagram of the apparatus. The major components consisted of the loading plate, support
ring, and lateral conscription ring. The loading plate and support ring were designed to
generate a preferential failure surface along the frustum. The lateral conscription ring held
the specimen securely inside to provide confining stress so that the extensive shape is not
applied to the specimen. Circular loading plates with diameters of 20 mm, 40 mm, and
50 mm were selected in the test, these dimensions enabled us to study the effect of base



Minerals 2021, 11, 1141 40f11

angle (shown by « in Figure 3), varying from 42° to 71°, on the failure mechanism of CPB
under mentioned loading condition.

Top
enclosure

0O-ring
insert

Side
enclosure

(B) Components of the mold

Figure 2. Punching shear sample mold.

The vertical load was generated by the Wille Geotechnik Tabletop Electromechanical
Apparatus (WGTEA). The vertical pressure from the WGTEA is transferred to the loading
plate to generate a shear force and form a failure surface along the frustum. The horizontal
deformation is controlled by the lateral conscription ring. The samples were loaded at
0.5 mm/min during the test, the test was performed underwater to reduce the effect of
suction. All the testing results were recorded by the computerized data logging system,
and the results were analyzed by the software Geosys.
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Figure 3. Cross-section diagram of punching shear apparatus.
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The stress states were defined by the fracture surface upon the ultimate load as
demonstrated in Figure 4. The stress states involved two elements: a normal component N
that is perpendicular to the fracture surface and a shear component F that is tangent to the
fracture surface. The normal stress is determined from the normal component N:

on = —P(cose)[(n(r1 +12) [(r1 — 12)> + h?]'/2, M
While the shear stress is determined from the shear component F:
T =P(sina)[(n(ry + 1) [(r — 12)* + h* |1/2, ©)

where P is the ultimate vertical load, « is the angle of the frustum, r; is the radius of the
loading plate, ry is the radius of the support ring, and h is the height of the disk.

Fracture Vertical load, P

STf RN

N a7 F
Y 5
_L /\ /)\

&

Side view

Shear zone

Top view
Figure 4. Schematic fracture surface at the ultimate load.

2.3. Numerical Simulation

Since the existing coupled stress testing itself cannot address all the aspects of punch-
ing stress transfer mechanisms, a two-dimensional finite element analysis (FEA) was
performed for supplementing experimental analysis in providing stress transformation,
deformation, and possible failure mechanisms. The numerical simulation was performed
by RS2 v9.0 FEA software to determine the stress distribution. The CPB strength parame-
ters were based on direct shear, unconfined compression strength (UCS), and direct tensile
tests [6,12,23]. The parameters in the finite element simulations are as follows.

a. The Mohr-Coulomb envelope for the strength parameter [24]
Tp = 0 tandp + ¢, 3)

T, = 0 tandy, 4)

where Tp is the peak shear stress, T, is the residual shear stress, o is the normal stress, c
is the cohesion, ¢, and ¢, are the peak and the residual angles of frictional resistance,
respectively.

b. The modulus of elasticity E (material’s resistance to elastic deformation) [25]

E=0/¢, ®)
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where o is the stress and ¢ is the strain in the elastic region.
¢. The shear modulus (material’s resistance to shear deformation) [25]

G= Txy /ny = Fl/AAX, (6)

where G is the shear modulus, Txy is the shear stress, yxy is the engineering shear
strain, and 1 is the gauge length of the shear, F is the total applied force, and A is the
area of shear, and Ax is the lateral displacement.

d. The Poisson’s ratio v (ratio of longitudinal strain to transversal strain) [25]

v = (E — 2G)/2G, @)

where E is the modulus of elasticity and G is the shear modulus.

Figure 5 shows a cross-section diagram of the model. In this model, the elastic-perfect-
plastic criterion was employed as strength parameter, and the failure criterion was defined
as non-convergence. Considering its geometry, we created a two-dimensional finite element
model in which the stress state was analyzed by six-nodal triangle meshes. The mesh
density at the shear zone was refined to emphasize the critical state, and the specimen was
modeled axisymmetrically around the centerline. Three elements including the loading
plate, supporting ring, and the lateral conscription were implemented to replicate the
loading conditions. The loading plate was modeled by the force boundary at the top,
and the support ring was modeled by the pin-pin boundary at the base. To consider the
difference in stiffness, an open joint boundary was designed to allow slippage between the
specimen and the attachment.

| Force boundary

y—v—vy—vy—y—y—y—vy—~y ~— Loading plate
>
— Open joint boundary
P, — Lateral constraint
i A S|
20 mm punching shear
— Open joint boundary jpesrssssag
h _— Typical 6 nodal
y triangle mesh
[ i
1 S// — S [ . | S S )

1 } upport e 40 mm punching shear

o N e

|

[ r - %

| = !

: ~— Pin support

i boundary

|

I

&

50 mm punching shear
Figure 5. The two-dimensional finite element analysis (FEA) model.

A total of 36 trials were conducted with the combinations of three cement contents
of 4.2%, 6.9%, and 9.7%; and four curing times of 3, 7, 14, and 28 days, each combination
was tested three times to assure the repeatability and reproducibility of samples. The
configurations are shown in Table 2.
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Table 2. Punching shear test configuration.

Cement Content (%) Binder Type Curing Time (Days) Trial Per Mix Number of Samples
42 100% GPC 3,7,14 and 28 3 12
6.9 100% GPC 3,7,14 and 28 3 12
9.7 100% GPC 3,7,14 and 28 3 12
3. Results and Discussion
In this study, hybrid failure results are presented by two types of analysis: (a) the
fracture morphology and numerical simulation; and (b) the strength properties. The
combination of three cement contents of 4.2%, 6.9%, and 9.7%; and four curing times of 3,
7,14, and 28 days are presented and compared in each analysis.
3.1. Fracture Morphology and Numerical Simulation
Figure 6 shows the typical fracture surfaces of the 20 mm, 40 mm, and 50 mm diameters
of puncher plates. Under the critical local stress, the CPB samples cannot carry the load
and a fracture occurs. In all the cases, the failure surfaces were characterized by a conic
fracture from the loading plate to the support ring. The specimen was divided into two
intact fragments, a conical central part and a cylindrical external part.
Punching Upper fustrum Lower fustrum
shear Top view Base view ~_Top view Side view

Figure 6. Typical fracture morphology of the 20, 40, and 50 mm diameters of the puncher plates.

The fracture morphologies of the 40 mm and 50 mm puncher plates were similar, but
different from that of the 20 mm. The fractures of the 40 mm and 50 mm punching plates
were characterized by predefined failure planes that follow the angle o, of 59° for 40 mm
and 71° for 50 mm plates. The frustum with the 40 mm plate remained intact, while the
frustum with the 50 mm plate exhibited secondary cracks, despite the radial reinforcement.
By comparison, the fracture of the 20 mm punching plate did not follow the predefined
failure surface, it was characterized by a curved surface which was not possible for the
continuous shear transfer across the failure plane. This failure occurred in the bending of
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Primary shear
zone

Tensile zone

(A) 20mm puncher

the central part of the specimen which simultaneously created fissures at the base of the
specimen.

The results of numerical simulation were consistent with those of the fracture mor-
phology as shown in Figure 7. Upon the punch simulation stress initiated under the loading
plate; further increasing loads led to the development of stress along the failure envelope.
The results showed that the viability of the hybrid failure depend on the aspect ratio. The
stress at a relatively small aspect ratio 42° of the 20 mm puncher plates exhibited a tensile
zone around the center of the sample at the beginning and then led to the formation of the
bending moment resulting in flexure failure, which indicated the development of tensile
stress. The stress at an aspect ratio 59° of the 40 mm plate was well defined as the strain
flow across the failure surface. By contrast, the stress at a relatively large angle 71° of
the 50 mm confinement led to the development of a secondary stress concentration. This
assumption was consistent with the visual observations of the CPB fracture surfaces in
which the size of the punching plate was inversely proportional to the bending stiffness of
the central part of the specimen, while the angle of the shear plane directly influenced the
hybrid failure of the specimen. Our result was consistent with the statement by Boulifa et al.
(2013) in concrete [14]. Our studies showed that FEA was an assessment tool, it provided
insight into punching shear failure and crack formation, which cannot be obtained through
experimental investigations.

Primary shear
zone

Secondary shear
zone

Sigma 1
min (stage): -2.27 MFa
-2.00

-1.40
-0.80
-0.20
0.40
1.00
1.60
2.20
2.80
3.40
4.00
4.60
5.20
5.80
6.40
7.00
7.60
8.20
8.80
9.40

(B) 40mm puncher (C) 50mm puncher Sae e agel s iS5

Primary shear
zone

Figure 7. Punching shear numerical simulation.

3.2. Strength Properties

The failure strengths of CPB under the 20 mm, 40 mm, and 50 mm punching plates at
9.7% binder contents with 3, 7, 14, and 28 days curing times are presented in Figure 8 for
comparison. It can be seen that the load-displacement behavior of punching shear has three
phases: an initial elastic behavior, a plateau region with peak strength around 0.6-0.8 mm
displacement, and a post-peak behavior from onward. The phenomenon can be attributed
to the propagation of cracks generated in the pre-peak and peak regions. Regardless of
the binder contents and curing time, the post-peak behaviors of the 40 mm and 50 mm
plates were different from that of the 20 mm, which was characterized by a brittle response.
By contrast, the post-peak behavior of the 20 mm plate was characterized by a less brittle
behavior, the reason for this was the failure mechanism transitions from shear to flexural
with angles decreases. Indeed, the less brittleness is indicative of flexure failure; and more
brittle behavior is indicative of shear failure. This was consistent with the analysis of the
fracture morphology and the numerical simulation.
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Figure 8. Load displacement curve of 9.7% CPB.

As expected, the CPB strength increased with the curing time and the binder contents.
This influence was illustrated by the fact that the failure strength increases successively
from 4.2% to 9.7% binder contents and from 3 to 28 days curing times, respectively, despite
slight variations of the data due to each trial’s uncertainties and experimental variations
from sample to sample. Regardless of the failure types, either shear or tensile, higher
binder contents and more curing time generated more strength, the reason for this was the
increase in the degree of hydration with time and binder contents. In fact, when the curing
time and the binder contents of the CPB increased, CPB hardened due to the progression
of binder hydration. This hardening resulted in an increased value of the critical stress
to break the sample. The result was consistent with the studies of direct shear by Nasir
and Fall (2008), and Koupouli et al. (2016), and the tensile by Pan and Grabinsky (2021) in
which the shear strengths were related to the binder content and the curing time [4,5,12].

Several mechanisms are account for the failure mechanism of CPB under stress. Shear,
tensile, and the combination of tensile and shear are of three basic failure types [9]. In prac-
tice, a pure tensile or shear stress is too ideal while in most situations the area surrounding
the object is subject to a couple of shear and tensile stresses. For example, the extraction of
the adjacent stopes and the undercut usually introduces differential stresses, subsequently
results in the combination of shear and tensile failures. The coupled stress in our study is
neither an intrinsic shear nor pure tensile stress. It is a combination of tensile and shear
strength in the function of the angle of the frustum. Our design provides a simple means
for determining the hybrid failure strength of CPB. The testing arrangements are both
practical and reliable, as well as rigorous from a mechanics point of view.

4. Conclusions

We developed a new punching shear apparatus to evaluate the shear and tensile
behavior of CPB in this study. We focused on the applications and a closer examination of
the hybrid failure through both laboratory fracture morphology and numerical simulation.
A series of FEA were performed to obtain a suitable specimen geometry which provided
unidirectional coupled stresses under tensile and shear stresses on the same specimen.
We observed that fracture morphology is strongly related to the angle of the frustum,
which is consistent with the numerical simulation. We substantiated that the FEA is
essential in providing stress transformation, deformation, possible failure mechanisms,
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and supplement experimental observations. Our study evaluated hybrid failure strength at
the effects of different cement binder content and curing time. The hybrid failure strength
was determined from the punching shear apparatus, the device was the most fundamental
component in our study. Our results showed that the curing time and the binder content-
dependent nature of the CPB significantly affect the strength properties in all the tests. This
work provides a benchmark for others to test their materials and establish the appropriate
failure envelope for their CPB designs under low confining stress conditions.
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