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Abstract: Mechanical characterization is important to the design and analysis of cemented paste
backfill (CPB) structures. Unconfined compressive strength (UCS) tests have been widely used owing
to their relative simplicity to characterize a material’s response to unconfined compressive loading.
However, the UCS represents a single strength parameter and does not fully describe the material’s
strength (or failure) envelope. In this study, we analyzed UCS tests with direct shear and uniaxial
tensile strength tests conducted on the same CPB materials to provide mechanical characterization of
CPB under a more complete range of loading conditions. The results demonstrate the Mohr–Coulomb
failure envelope provides a consistent description of strengths arising from the three different test
methods. Furthermore, a better estimate of the tensile strength is UCS/4, which is considerably
higher than the conventional assumption that the tensile strength is equal to USC/10 or UCS/12. This
has a significant impact on the assessed required strengths particularly for undercut designs using
Mitchell’s sill mat analysis method and suggests that in future the conventional UCS tests should be
complemented with direct tension and direct shear tests to improve underground designs using CPB.

Keywords: unconfined compressive strength; cemented paste backfill; shear strength; tensile strength;
Mohr–Coulomb envelope

1. Introduction

Cemented paste backfill (CPB) plays an increasingly important role in underground
mines due to its rapid delivery rate, reduced rehabilitation costs, safe disposal of mine
wastes, and environmental benefits [1,2]. CPB is a composite backfill technique used in
hard rock mining, in which mine tailings are mixed with hydraulic binder and placed
underground to form a self-support structure [1,2]. The mixture designs are based on
regional ground conditions, tailing behaviors, and operational requirements [1,3–5]. The
stability of CPB structures is of great concern in engineering applications that are integral
to ground stability [6,7].

CPB enables operations to implement sequential extraction techniques that eliminate
ore pillars and enable greater recovery yield [8,9]. It also supports operations in poor ground
conditions [8,9]. CPB has been demonstrated as an effective technique to address rock
bursts in both Canada and the US, including Red Lake Mine in Ontario and Lucky Friday
Mine in Idaho [8,10]. CPB reduces tailing surface disposal volumes, surface subsidence, and
reduces risks associated with above-ground facilities which reduces rehabilitation costs and
associated environmental impacts [2,11]. CPB has become an area of focus for both academic
research and industry interest [1,2]. Research has enhanced CPB properties such as density
and strength through mix design, admixtures, and optimized water contents [1,2,7,11].

Mechanical characterization is crucial in the design of CPB structures, which is of prac-
tical importance in mine safety [6,12]. A significant number of studies have focused on the
mechanical properties of CPB which include direct shear, triaxial, and tensile tests [7,12–15].
UCS remains one of the most widely used parameters in the design of CPB due to its
simplicity and historical practice [6,12]. In 1982, Mitchell et al. (1982) performed physical
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model studies and field tests that led to the Mitchell Analytical Solution for Sidewall Stabil-
ity [6,12]. In the Mitchell’s Analytical Solution, the backfills were conducted with sidewall
exposure, the observed failure was interpreted by a wedge failure mechanism based on
the UCS, which gained wide acceptance and is still practiced in many operations [1,2,9].
In his subsequent publication, Mitchell (1991) developed a sill mat design for undercut-
ting [16]. His design has been refined by several researchers and adopted in numerous
operations [5,10,17]. However, the analysis method is based on tensile strength, and this is
then converted to a UCS using the common assumption that the tensile strength = UCS/10
or UCS/12 [2]. This assumption should be challenged, because if the tensile strength is
found to be proportionately higher, then it will have a direct impact on the mine’s binder
consumption, and therefore operating costs.

Although previous studies contributed to understanding the mechanical properties of
CPB, there are limited studies on the relationship between the UCS, direct shear, and tensile
strength [18,19]. Veenstra (2013) conducted extensive testing using the UCS and direct
shear demonstrated that the strength properties of CPB followed a continuous strength
envelope [18]. Veenstra (2013) suggests UCS alone is inadequate to quantify the mechanical
properties of CPB, in particular the tensile strength [18]. In 2021, Pan and Grabinsky
developed Castable Rectangular Dogbone Specimen and Compression to Tension Load
Converter to directly quantify the tensile strength of CPB with a UCS less than 500 kPa [20].
The purpose of this work is to consider a wider range of CPB with a UCS approaching
1 MPa, and to determine if the strengths obtained using direct tension, direct shear, and
unconfined compression test methods can be consistently described using the conventional
Mohr–Coulomb failure criterion. If so, this will add confidence to the validity of all test
results, and the resulting UCS to tensile strength ratio can then be used with greater
confidence in future CPB designs.

2. Materials and Methods

The tailing samples were collected from Barrick’s Williams Mine, Ontario, Canada.
Normal Portland Cement (NPC) was used as the basic binding agent, reflecting mine
practice. The chemical compositions of samples were analyzed with Phillips Sequential
X-ray fluorescence (XRF), and particle size distributions were analyzed using a hydrometer
in accordance with ASTM Standard D7928 [21–23]. Table 1 shows the chemical composition
of the tailing and binder, Table 2 shows the binder minerology, and Figure 1 shows the
particle size distribution of the tailing [21,23].

Table 1. The tailing and binder composition [21].

Tailing
Composition SiO2 Al2O3 CaO MgO K2O Na2O Fe2O3 S TiO2 P2O5 Ba

Content (wt.%) 59.8 12.2 3.6 3.5 3.4 3.2 2.4 0.6 0.4 0.2 0.1

Binder
composition CaO SiO2 SO3 Al2O3 MgO Fe2O3 K2O Na2O

Content (wt.%) 64.2 20.0 4.1 3.9 3.1 3.0 0.5 0.2

Table 2. The binder mineralogy [21,23].

Minerology Content (w.t. %)

Tricalcium silicate 63
Dicalcium silicate or belite 11

Tricalcium aluminate 9
Tetracalcium aluminoferrite 7
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Figure 1. Mine tailing grain-size distribution [21]. 
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Figure 1. Mine tailing grain-size distribution [21].

Three Normal Portland Cement (NPC) binder contents of 4.2%, 6.9%, and 9.7% by
percent weight of solid were selected based on mine practice. The 4.2% and 6.9% binder
contents represent typical mining practice, and the 9.7% binder content represents the
upper bound used for critical applications. Mine process water was used to maintain ion
balance. The samples were prepared with 28% mine water content which has elevated
sodium levels of 9.16 millimole per liter [21]. Table 3 shows the test configuration.

Table 3. Test configurations.

Binder
Content, % Binder Type Curing Time,

Days
Number of

Trials
Number of

Samples

Bulk
Density,

g/cm3

4.2 100% NPC 3, 7, 14, 28 3 9 1.884
6.9 100% NPC 3, 7, 14, 28 3 9 1.897
9.7 100% NPC 3, 7, 14, 28 3 9 1.911

The samples were prepared with 4-part spilt molds as shown in Figure 2. The sample
apparatus consisted of a top cap, 2 side enclosures, and a base plate. The side enclosures
initially hold a small excess of material, and the top cap contains several holes so that the
excess material is extruded as the top cap is attached. This method ensures the sample’s
ends are smooth and parallel. The specimens were 70 mm high and 35 mm in diameter, in
accordance with ASTM Standard D2166 for Unconfined Compressive Strength of Cohesive
Soil [24]. The specimens were sealed and cured in water to preserve the sample’s water
content and simulate the saturated, high relative humidity condition that is known to exist
in the field based on extensive field sampling and bulk property testing [20,25,26].
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Figure 2. UCS mold assembly. (A) Mold schematic. (B) Mold photograph.
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The experiments were conducted with a Wille Geotechnic Tabletop Electromechanical
Consolidation Apparatus as shown in Figure 3. The test was conducted at 0.5% strain rate
in accordance with ASTM Standard D2166 [24].
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3. Results and Discussion

The effect of the curing time and binder contents on the strength and stiffness of CPB
are assessed using direct shear, unconfined compression, and tensile strength test methods.
Figure 4 shows the stress–strain properties follow three phases: a. an initial elastic behavior,
b. yield at 0.5% strain with a plateau region and peak strength, and c. post-peak behavior
from 1% onward. The yield point is consistent with direct shear, which can be attributed to
the propagation of cracks generated in the pre-peak and peak regions [25].

Figure 5 shows the UCS with the cement content and curing time. The UCS in-
crease between 3 to 28 days’ curing time can be characterized by the power relationship
(Equation (1)) as shown in Figure 5A.

P = a tb (1)

where P is the compressive strength, a is the constant coefficient, t is the curing time in
days, and b is the power coefficient. The coefficient of the determination R2 value is greater
than 0.9 for all 4.2%, 6.9%, and 9.7% CPB trials. The results are consistent with a cohesion
increase with direct shear [25]. The results show a more obvious trend in 9.7% CPB than
those of 4.2% and 6.9%, which can be explained by the fact that higher binder hydration
with time will lead to the formation of more hydration product. The trend is consistent
with the shear behavior reported by Fall et al. (2007) [12].

Figure 5B shows the UCS with the binder contents. The results show the strength
increase between the 4.2% to 9.7% binder contents can be characterized by the linear
relationship.

P = a cs + b, (2)

where P is the compressive strength, a is the coefficient, cs is the binder contents, and b is
the power coefficient. The R2 value is greater than 0.95 in all 4.2%, 6.9%, and 9.7% CPB tests.
The trend is consistent with the cohesion in direct shear [27]. The trend is more obvious
in the 28-day curing time than those for 3, 7, and 14 days, which could be attributed to
a higher cement content resulting in a more pronounced hydration effect. The result is
consistent with direct shear in which the degree of strength gain is proportional to the
binder percentage in CPB with a binder content between 3 to 10 percent [6,27].
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Figure 4. The stress–strain properties of UCS. (A) 3 Day curing interval. (B) 7 Day curing interval.
(C) 14 Day curing interval. (D) 28 Day curing interval.

The effect of the binder content and curing time are reflected on the stress–strain
properties. At lower binder contents and early curing time, the stress–strain curves show
more plastic behavior. By contrast, the higher binder contents and longer curing time have
a more defined response, which could be attributed to more developed cement bonds.
The post-peak stress–strain response of CPB is due to accumulated energy which leads to
a quick propagation of cracks in the failure zone, and subsequently, the stress decreases
sharply [12]. The trend is reflected in the stiffness.

Figure 6 shows the modulus of elasticity with the curing time and cement content. The
modulus of elasticity with the curing time and binder content of CPB can be empirically
expressed by:

E = c td, (3)
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where E is the modulus of elasticity, c is a constant coefficient, t is the curing time in days,
and d is a power coefficient. As expected, as the curing time and the binder contents
increase, CPB tends to harden due to more developed cement bonds. This hardening will
result in an increased stiffness. The result is consistent with the studies by Fall et al. (2007),
Nasir and Fall (2008), Pan and Grabinsky (2021) [12,25,27].
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Figure 5. UCS strength properties with curing time and binder content. (A) UCS strength with curing
time, (B) UCS strength with binder content.
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Figure 6. Modulus of elasticity. (A) Modulus of elasticity with curing time, (B) modulus of elasticity
with binder content.

Figure 7 shows the comparison of the UCS with the direct shear and tensile strength
results in Mohr’s stress space [20,25,28]. The direct shear and direct tension test results
are from published testing results using the same materials [20,25]. Note that the direct
shear test results are plotted in Figure 7 using markers (triangles, squares, and circles),
with each marker corresponding to the normal stress at which the test was conducted, and
the peak shear strength obtained in that test. The Mohr’s failure circle for the UCS and
tensile tests are plotted in Figure 7 for direct comparison with the linear Mohr–Coulomb
failure envelope fit to the direct shear tests. The tensile strength with a cement content less
than 6.7% and curing interval shorter than 3 days were not analyzed due to the softness of
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the specimen [20]. The UCS and uniaxial tensile Mohr’s circles are tangent to the linear
strength envelope from the direct shear data, demonstrating that the Mohr–Coulomb
criterion appropriately quantifies the strengths arising from all test methods. The strength
behavior of CPB can be characterized by the Mohr–Coulomb envelope [29]:

τ = σn tan φp + c (4)

where τ is the shear stress, σn is the normal stress, φp is the angle of frictional resistance,
and c is the cohesion. The shear resistance increases linearly with stresses with an R2 value
over 0.9. The strength envelope is shown to extend to uniaxial tension with 6.9% and 9.7%
CPB at 7-, 14-, and 28-day curing intervals.
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Figure 7. UCS with shear and tensile strength. (A) 3 Day curing interval. (B) 7 Day curing interval.
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Figure 8 shows the comparison of the measured and calculated compressive and
tensile strengths from the Mohr–Coulomb parameters for envelopes fit to the direct shear
data. The UCS is calculated as [29]:

σc = 2c/ tan(45 − ϕ/2) (5)

The tensile strength is calculated as [29]:

σt = 2c/ tan(45 + ϕ/2) (6)

where σc is the compressive strength, σt is the tensile strength, c is the cohesion, and ϕ is the
angle of frictional resistance. The calculated UCS results are consistent with the measured
values in trials of the 4.2, 6.9, and 9.7%, and the back-analyzed tensile results are consistent
with all measured values in the 6.9% and 9.7% test results. These results show the tensile
strength is significantly greater than 1:10 or 1:12 of the UCS [16,17]. The back-analyzed
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UCS strength is compatible with the experimental results in all of the 4.2%, 6.9%, and 9.7%
trials shown in Figure 7. These results are valid for the strength properties obtained over
the full range of the studied curing time and binder contents.
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Figure 8. UCS and tensile strength back-analysis. (A) Compressive strength with curing time.
(B) Tensile strength with curing time.

These results illustrate the relationship between the compressive, shear, and tensile
strengths. While the UCS has provided a long-standing insight into the unconfined strength
properties of CPB, the UCS should be complemented with direct shear and direct tensile
tests for a fuller understanding of CPB’s strengths over the range of confining stresses
relevant to design. Our study shows Mohr–Coulomb parameters are better at indirectly esti-
mating the tensile strength and suggests the long-held assumption that a tensile strength of
approximately 1:10 or 1:12 of the UCS is overly conservative from an economic perspective
(i.e., it will over-estimate the CPB’s required binder content, and therefore unnecessarily
inflate backfill costs). However, it should be noted that both the Mohr–Coulomb estimation
and the 1:10 to 1:12 ratios are empirical, and so the tensile strength should be quantified
through direct measurement whenever possible. We recommend that mine operations
integrate direct shear and direct tensile testing in the mechanical characterization program
to enable more reliable data, and therefore more economic design that allows for greater
efficiency.

4. Conclusions

This paper presents the results of an experimental investigation of the strength proper-
ties of CPB. The UCS behavior was assessed with direct shear and direct tensile strengths
through four curing time intervals and three binder contents. The results show that Mohr–
Coulomb parameters provide a better indirect determination of the tensile strength and
suggest the tensile strength estimate of 1:10 or 1:12 of the UCS is overly conservative from
a cost perspective. However, the Mohr–Coulomb approach also represents an empirical
correlation, and so the tensile strength should be quantified through direct measurement
whenever possible. Mechanical characterization is crucial to the rational design of CPB
structures. Our study indicates that the current design approach for undercut CPB using
Mitchell’s sill mat method could be optimized through direct tensile tests combined with
UCS and direct shear tests, which may provide significant operational savings and enhance
wider adoption of CPB.
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The study was conducted for a specific tailing stream and binder type. It should not
be assumed for other tailing and binder combinations. However, it provides a baseline for
mine operators and researchers to quantify their materials and optimize backfill design.
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