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Abstract

This study presents uniaxial and triaxial compression tests on large-scale cemented rockfill (CRF) core samples from a Canadian
hard-rock mine. Stress—strain curves indicate heterogeneity in strength and deformation properties at various depths. Segregation causes
uneven cement and aggregate distribution, affecting uniaxial compressive strength, which decreases with proximity to the discharge point.
Findings confirm CRF column strength variability, aiding stability assessment and optimization.
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1 Introduction

Cemented rockfill (CRF) is a backfill material in under-
ground mining, composed of waste rock and Portland
cement. The cement binds aggregate particles, creating a
weak concrete-like structure. Extensive testing, including
uniaxial, triaxial compression, and direct shear tests, helps
assess CRF’s mechanical properties.

Backfill materials exhibit elastoplastic behavior; cemen-
ted gangue backfill (CGB) shows ductile failure, while CRF
shows brittle failure. Strength and deformation depend on
particle size distribution, chemical composition, and in-situ
conditions. Segregation during backfilling alters cement
and aggregate distribution, affecting uniformity and uniax-
ial compressive strength (UCS) variations across the col-
umn. Studies on artificial specimens reveal that
segregation influences UCS at different column depths.

However, lab conditions differ from underground
stopes, limiting applicability. Few studies use field-drilled
specimens, though they show greater heterogeneity.
Research on field cores provides a more accurate assess-
ment of temperature, humidity, and stress effects on
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CRF. This study extracts CRF cores from a Canadian
hard-rock mine, analyzing strength and deformation prop-
erties to understand variability across depths and
orientations.

2 Material and methodology

Field CRF core samples were collected from a hard rock
mine in the Northwest Territories, Canada.

2.1 Field cemented rockfill

A single backfilled stope (30 m X 7.5 m X 30 m) was used
for diamond drilling of two boreholes, Bl and B2, drilled
to 21 m horizontally and vertically with a 15.24 cm diame-
ter. The extracted CRF cores were cut into 16 and 12 cylin-
drical specimens, respectively, and numbered by depth. The
samples were drilled from the CRF discharge point, within
a fully dewatered and consolidated CRF column at a stope
located 200 m underground. The CRF material consists of
granitic aggregate and Portland cement, with a dry unit
weight of 2281.8 kg/m>. It has a cement-to-aggregate ratio
of 8.0%, a water-to-cement ratio of 1.0, and a water-to-
solid ratio of 9.6%. The granitic aggregate particle size dis-
tribution includes twelve size intervals.
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The uniformity coefficient (C,) and curvature coefficient
(C.) are 12.0 and 0.81, respectively. Compared to Swan’s
optimal theory (Swan, 1985), the exponent value (n) of
0.35 indicates a faster transition from coarse (40%) to fine
(60%) aggregate, slightly below the optimal 0.5 for backfill
materials.

2.2 Specimen preparation

CRF samples were cut into cylindrical specimens using a
diamond saw and labeled based on depth and orientation.
The top and bottom surfaces were polished for uniform
testing conditions. Each specimen had a 15.24 cm diameter,
over three times the maximum particle size, and heights
between 304.8 and 335.28 mm, maintaining a 2:1 aspect
ratio per ASTM standards (Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens,
n.d.). Specimens were cured at 25 °C and 95% humidity.

2.3 Testing method

Uniaxial and triaxial compression tests were performed
using a 1000-t INSTRON loading frame with a maximum
axial pressure of 6230 kN. Axial pressure was applied at
0.5 mm/min until failure. Uniaxial tests used linear variable
differential transformer (LVDT) for radial deformation mea-
surement. Triaxial tests simulated in-situ stress using a Hoek
triaxial cell with hydraulic confining pressures of 1.5 and
2.5 MPa. A 260D Syringe Pump ensured saturation, and
data were recorded via the MTS Series 793 Control System.

2.3.1 Uniaxial compressive strength

Figure 1 presents UCS, Young’s modulus (E), and Pois-
son’s ratio (p) distributions in CRF core samples. The aver-
age UCS of 15 groups was 6.69 MPa, fluctuating between
4.95 and 8.78 MPa due to segregation, which causes fine par-
ticles to concentrate at the top and coarser aggregates to set-
tle. UCS increases with depth due to consolidation but
decreases horizontally with distance from the CRF discharge
point due to reduced compaction and increased porosity.

2.3.2 Young's modulus

Figure 1(b) shows that the average E for 15 groups of
the CRF core specimens is 4.45 GPa, with a standard devi-
ation (sq) of 0.82 GPa and a coefficient of variation (¢,) of
18%. Thus, it depicts that £ of the CRF specimens drilled
along the vertical and horizontal directions fluctuated and
distributed dispersedly. However, E of the horizontal-
drilled CRF specimens can distribute more uniformly, with
a lower ¢, of 15%, than the CRF specimens drilled along
the vertical direction. It means that the multi-stage pouring
of the fresh CRF material can exert less influence on the
distribution of £ along the horizontal drilling direction in
the backfilled stope. Meanwhile, compared with the UCS
distribution, the distribution of E of the CRF specimens
is more uniform.

2.3.3 Poisson’s ratio

Figure 1(c) shows that the average value of Poisson
Ratio p for 15 groups of the CRF specimens is 0.24, with
a sq of 0.17 and a ¢, of 70%. This average value is within
the reasonable range for concrete-like materials such as
cemented rockfill, cemented paste backfill, and cemented
coal gangue (Sepehri et al., 2017). Whether for the CRF
specimens drilled along the vertical or horizontal direction
at the borehole locations, no evident regularities of the dis-
tribution in p are found. Both the values fluctuate dramat-
ically due to the individual difference of the specimens
caused by the ununiform particle size distribution of the
CRF material and the segregation phenomenon inside the
CRF column. Another critical cause for these distribution
irregularities is the errors from the measuring apparatus for
the radial strains of the CRF specimens during the uniaxial
compression tests. Due to the relatively large dimensions of
the CRF specimens, the LVDTs adopted the point mea-
surement method, of which the probes were placed at
two opposite points at the mid-height of each CRF speci-
men diametrically. Suppose one point is located at the fail-
ure zone or at a sizeable granitic aggregate particle on the
CREF specimen. In that case, the instability and asymmetry
of the measurement can be generated, leading to a high ¢,
and inconsistent results of p of the CRF specimens.

2.4 Strength under triaxial compression

Five triaxial and five uniaxial tests at confining pressures
of 1.5 and 2.5 MPa showed that axial stress (o) increases
linearly with confinement. The Mohr-Coulomb strength
criterion yielded cohesion (1.45 MPa) and an internal
friction angle of 51.13°, aligning with previous studies
(Wei et al., 2022).

2.5 Fuailure patterns

Uniaxial tests revealed columnar splitting, Y-cone shear,
and diagonal shear as primary failure modes. Triaxial tests
consistently exhibited diagonal shear failure with an
observed failure surface orientation of 68.5° (Fig. 3),
matching theoretical predictions.

3 UCS comparison between field and artificial CRF

Field and lab-made CRF samples with 8% cement con-
tent had similar UCS values. Field samples averaged
6.69 MPa, closely matching the interpolated lab UCS of
7.1 MPa. Despite non-uniformity, field CRF meets
strength requirements. Figure 2 compares the average
UCS of Lingga’s (Lingga & Apel, 2018) artificial CRF
specimens with the field CRF specimens in this study. To
study how the cement content impacts the strength charac-
teristics of the CRF material at the same Canadian hard-
rock mine, Lingga et al. (2019) made two types of CRF
specimens in the lab with different cement contents. The
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Fig. 1. Distribution of the mechanical properties of the CRF specimens along the drilling directions. (a) UCS, (b) Young’s modulus E, and (c) Poisson’s

ratio p.

recipes for the laboratory-made CRF specimens are shown
in Table 1.

According to previous research (Pu et al., 2020; Wei
et al., 2022), the average UCS of the artificial CRF speci-
mens with different cement contents of 4.5% and 10.5%
are 3.39 and 9.22 MPa, respectively. Previous studies on
the cemented soil (Jongpradist et al., 2010) show that the
average UCS can linearly increase as the cement content
increases within a slight variation of cement content. Thus,
the average UCS of the artificial CRF specimens when the
cement content is 8% can be calculated as 7.1% using the
interpolation method. As can be seen, the average UCS
of 15 groups of the field CRF specimens is 6.69 MPa when
the cement content is 8%, with an error of 5.8%, compared

with the expected value calculated from Lingaa’s artificial
CRF specimens. It indicates that the strength requirement
of the CRF column is still met at the hard-rock mine,
although a significant non-uniform distribution exists in
the UCS at different parts of the CRF column.

Failure pattern of the field CRF specimen

Figure 3 indicates different failure modes of the repre-
sentative CRF specimens under uniaxial and triaxial com-
pressions at o3 of 0, 1.5, and 2.5 MPa. For the CRF
specimens under the uniaxial compression, several typical
failure modes of concrete or concrete-like materials
such as the cemented rockfill, cemented paste backfill,
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rock-concrete mixture, or cemented soil have been

observed by previous studies (ASTM International, 2021;
Liu et al., 2017) including the diagonal shear, X-cone shear,

Table 1
Recipes for artificial CRF specimens made by Lingga and Apel (2018) and
Wei et al. (2022).

Category Specimen A Specimen B
Aggregate size (mm) <50 <50
Cement to aggregate ratio 4.5% 10.5%
Water to cement ratio 2 1

Water to solid ratio 0.087 0.096

Dry density (kg/m> 6.69 4.95

single or columnar split, and Y-cone shear modes. Addi-
tionally, a failure mode called corner fracture pattern is
also discussed in ASTM Standard C39 for the concrete
specimen under the uniaxial compression (Standard Test
Method for Compressive Strength of Cylindrical Concrete
Specimens, n.d.).

In this study, among 15 groups of the CRF specimens
under the uniaxial compression, seven groups of the CRF
specimens show columnar failure mode (Fig. 3(b)), which
is the most typical mode among these CRF specimens.
Moreover, the Y-cone shear mode appears in six groups
of the CRF specimens (Fig. 3(a)). Two groups of the

Fig. 3. Failure modes of the representative CRF specimens under the uniaxial and triaxial compressions. (a) Corner failure mode, (b) columnar failure
mode, (c) diagonal failure mode under the uniaxial compression, and (d) diagonal failure mode under the triaxial compression.
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CRF specimens showed a failure mode of diagonal shear
(Fig. 3(c)), while no X-cone shear mode was observed
among the CRF specimens. During the uniaxial compres-
sion tests, as the same as the cemented paste backfill and
concrete materials, the CRF specimens also show a brittle
behavior when it reaches failure, with the stress—strain
curves indicating the strain-softening effect. Meanwhile, it
can be observed microscopically from the failure surface
of these CRF specimens that micro-cracks mainly occur
at the interface of coarse granitic particles of the CRF
material and then converge into fractures with crushed
fragments on the CRF specimens. Compared with other
concrete-like materials such as the cemented paste backfill
and cemented soil, failure modes of the field CRF material
under the uniaxial compression depict more change due to
the non-uniform particle size distribution.

As for triaxial compression tests, the diagonal shear is
the most typical failure mode for brittle materials such as
rock, concrete, and concrete-like materials under all levels
of confining pressures (Xu et al., 2022). In this study, all
eight groups of the CRF specimens under the triaxial com-
pression at g3 of 1.5 and 2.5 MPa show a failure mode of
diagonal shear (shown in Fig. 3(d)). Through microscopi-
cal observation of the failure surface of these CRF speci-
mens, the breakage and crushed fragments of the coarse
granitic particles of the CRF material can be found along
the surface. The microstructure and micro-cracks inside
the CRF specimens under the triaxial compression are con-
stricted to develop along the diagonal shear failure surface
due to the confining pressure. Meanwhile, the effect of the
confining pressure on the micro-fissure convergence is
much more significant than the effect of the uniform parti-
cle size distribution of the CRF material.

4 Findings

This study involved uniaxial and triaxial compression
tests on large-scale cylindrical specimens created from
field-collected CRF core samples. These samples were
extracted via horizontal and vertical boreholes within a
backfilled stope at a Canadian hard-rock mine. Key obser-
vations and conclusions from these tests are as follows:

(1) The field CRF from the Canadian hard-rock mine
exhibits typical characteristics of a brittle, weak,
and concrete-like material. Under uniaxial compres-
sion, it demonstrates an elasto-plastic stress—strain
behavior with four stages: pore compaction, elastic
deformation, micro-crack propagation, and strain-
softening post-failure. The failure patterns observed
in uniaxial compression include columnar splitting,
Y-cone shear, and diagonal shear. Under triaxial
compression, all specimens consistently exhibit diago-
nal shear failure, with failure surfaces closely aligning
with predictions based on the Mohr-Coulomb
strength criterion.

(2) The strength characteristics and deformation proper-
ties of the CRF column at the Canadian hard-rock
mine are significantly influenced by the segregation
and effects of multi-stage compression and consolida-
tion during backfilling process. Segregation within
the CRF column causes uneven distribution in both
cement and aggregate particles, resulting in varying
UCS values, with higher UCS at shallower depths
due to increased cement concentration from segrega-
tion. Along the horizontal drilling direction in the
CRF column, UCS shows a downward trend with
increasing proximity to the CRF discharge point
due to multi-stage compression and consolidation.
In the CRF column, Young’s modulus fluctuates ver-
tically but remains more consistent horizontally,
while Poisson’s ratio lacks a clear distribution pattern
in both directions.

Recommendations

At the Canadian hard-rock mine, although the UCS dis-
tribution within the CRF column varies across different
areas, the column’s overall strength still exceeds the stabil-
ity thresholds defined by Lingga and Apel (2018) and the
modified Mitchell model, ensuring structural stability.
The minimum UCS of the field-collected CRF specimens
remains considerably above the necessary threshold, indi-
cating no immediate failure risks even with observed segre-
gation effects. It is recommended to consider reducing
cement content to achieve more cost-effective CRF without
compromising stability.

5 Conclusions

e CRF exhibits brittle behavior with stress—strain behav-
ior divided into four stages.

e Segregation affects mechanical properties, with UCS
highest at shallower depths and decreasing horizontally
from the discharge point.

e Despite variability, UCS remains above stability thresh-
olds, suggesting that cement content reduction could
optimize cost without compromising integrity.
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