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ABSTRACT

A novel large-scale geomechanical laboratory testing program is developed to provide full characterization of the
strength and deformational response of cemented rockfill (CRF) material for use in exposure stability analyses.
Uniaxial compressive strength (UCS), direct shear, and three-point bending tensile tests are performed on large-
scale samples that require the use of novel processes and laboratory equipment. For the first time, the shear
properties of large-scale CRF samples have been investigated using direct shear tests under constant normal
stiffness (CNS) boundary conditions. Large-scale three-point bending tests are also conducted to obtain true
tensile strengths without having to infer them from UCS test results. For up to 28 days curing time, the effects of
particle size distribution and binder quantity are experimentally examined for each compression, tension, and
shear failure mode through a study of the full stress-strain response. In order to obtain accurate laboratory
results, findings are compared against published large-scale tests from various mine sites. The results show that
the large-scale samples completed herein provide a reliable UCS estimate with standard deviations of less than
one. It is also found that the direct shear responses are substantially larger for simulated CRF: Sidewall contacts
than CRF: CRF contacts, and tensile strength responses are higher than previously estimated at 10% of the UCS
strength. The effect of particle size distribution on the geomechanical response of the CRF material is highlighted
through the large-scale sample testing. The findings of this research study provide increased technical under-
standing for the development of CRF structures in underground mines that are cost-effective, safe, and durable.
Additionally, this research study establishes a practical testing methodology that overcomes the challenges that
occur in collecting quantitative geomechanical data from large-scale CRF samples for design purposes.

1. Introduction

sequence in stoping operations is presented in Fig. 1.
The most common methods for increasing the strength of the stabi-

Ground instability is a major concern for narrow, irregular shaped
ore bodies and orebodies in weak or highly stress environments. In each
of these cases, a stoping mining method is usually employed to limit
ground displacement and waste rock generation. The stoping mining
method creates a continuous sequence of underground excavations
(stopes) - the stability of which becomes critical for subsequent mining
activities. Filling the stopes with the generated waste rock material re-
duces the environmental impact of mining through a reduction in sur-
face waste-dump requirements. For many stoping operations, a
stabilized waste material is commonly used to maximize extraction ra-
tios [1]. It is also routinely used for the provision of access/re-entry
requirements, passive hangingwall support, and the retainment of
loose fill material [2-8]. A typical mining, waste backfill and exposure
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lized waste fill material (e.g., backfill) includes stabilization with addi-
tives such as lime, Portland cement [9], waste/recycled materials (e.g.,
shredded tire) [10], and nanoscale/fibre stabilizers [11-15]. Among the
stabilization methods, the inclusion of cement is the most widely used
technique for stoping mines [1,9,16], and has been a ground improve-
ment technique in geotechnical engineering for many years [15]. Even a
small cement addition can make noticeable improvements in the sta-
bility of waste rock aggregate behaviour [1,17].

Cemented rockfill (CRF) is a stabilized fill material that is made by
crushing waste rock, building debris or other waste solid materials
before bonding with cement and water [1,9,16]. In some cases, the
material is screened for particle size first. Fill mining with CRF is a green
mining technology that not only solves the waste of land resources
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caused by waste dumps on the surface, but also effectively reduces strata
movement. As a result, it provides significant economic, environmental,
and engineering safety benefits.

CRF is the most operationally flexible and cheapest stabilised back-
filling material to implement when infrastructure requirements are
considered at established stoping operations [18,19]. CRF is preferred at
many operations over other backfill materials (e.g., cemented paste
backfill and hydraulic fill) due to its higher strength [7,20-24], increased
stiffness, fast curing rate and lower capital cost [21]. It is also easily
implemented once operations have commenced and can be of benefit to
increase the extraction ratio [1]. These benefits are delivered by CRF
with no additional binder cost when compared to other stabilised
backfill materials [1,25,26].

The primary goal of CRF design optimization is to decrease the cost
of backfill materials in mines. Optimization of CRF performance in-
cludes the modification of the ratio of water, cement, and waste rock to
establish a ‘mix recipe’ that provides an adequate strength for the lowest
possible cement addition. Reducing the cement content by as little as
0.5% can save operations millions of dollars a year [1] - not to mention
benefits of increased availability of mobile equipment (e.g., agitator,
loader etc.), and better working conditions (e.g., decreased heat pro-
duced and decreased circulating cement dust). An efficient CRF mix can
also provide significant benefits to a mine in relation to costs and
exposure stability [9].

The geomechanical performance of backfill materials are frequently
obtained using a combination of analytical methods [27,28], empirical
designs [29,30], experimental [31-33], and numerical modelling
[31,34,35]. Analytical and empirical approaches generally consider the
backfill as a homogeneous material simplifying the property parameters
to include only the UCS strength and static ground stresses [26]. As such,
it is generally agreed that in-situ testing is the most accurate for char-
acterising the geomechanical response of a material. The challenge with
in-situ stress and modulus measurements is that they are difficult and
expensive and only establish the current stress-strain state of the ma-
terial. The entire stress-strain path must be determined from combined
experimental and numerical modelling [35,36]. For these reasons, it is
recommended that in-situ testing must be coupled with a laboratory
investigation program and numerical modelling to predict the scale-
dependant, ultimate and in-situ performance of the backfill material.

As such, the results from both laboratory investigations and routine
quality control testing are essential in delivering an optimized CRF
exposure strength [26,27]. The required CRF strength is a function of the
geometry of the excavation, mining method, backfill sequence and
possible failure mechanisms [27]. Failure mechanisms are determined
by the strength of the CRF and by the means of exposure (vertical or
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horizontal) and the order in which the exposure occurs. Some CRF
materials can be exposed up to five times (sides, top and bottom) during
the mining sequence. In each of these exposures, the failure mechanism
may evolve differently due to the variance in stress paths that will affect
yielding/damage within the fill mass [26,37]. Historical failure mech-
anisms of placed CRF include caving, shearing, flexing, sliding, and
rotation [27,38,39]. Sliding occurs due to the low frictional resistance
between the backfill and the rock sidewall. Flexural failure occurs when
the exposed fill mass fails in tension. Caving can occur because of stress
arching or rotational collapse due to the low shearing resistance at the
rock sidewall [40]. The exposure and typical in-situ failure modes are
presented in Fig. 2.

To provide adequate strength while minimising costs, a thorough
understanding of the mining geometry, exposure sequence and host rock
characteristics is required. Previous CRF optimizations have been ach-
ieved through the consideration of the following rules-of-thumb: 1)
vertical exposures require less CRF strength than horizontal exposures,
2) lenticular exposures require less CRF strength than square exposures,
3) longer CRF curing times prior to exposure require less early-age
strength, 4) sub-vertical dipping stopes require increased CRF strength
compared sub-horizontal stopes 5) softer rock masses with convergent
sidewalls require increased CRF strength / stiffness to maintain stability
[1].

Routine laboratory testing of a backfill material provides an
improved understanding of the critical factors influencing the strength,
deformation, and post-failure response under a controlled stress envi-
ronment. Backfill strength and curing rates have been historically
characterised by UCS testing [17,41], and in some cases large-scale
specimens were used [17,35,41-43]. However, there is currently no
unique testing procedure that can correctly reproduce all of the unique
stress paths that CRF is subjected to in-situ in the laboratory. Many re-
searchers have employed triaxial and UCS testing to explore certain
features of CRF behaviour [8,17,36,44]. However, these stress condi-
tions provide only an estimate of the resistance of the material to one-
dimensional crushing. Of all the observed failure mechanisms of CRF
in-situ, the occurrence of crushing is the most unlikely during horizontal
(overhead) and/or vertical exposure in an extraction sequence [1,39].
Compression testing of CRF material is often used since the required
equipment and methods are easily available, and the samples are
straightforward to prepare. As such, the majority of existing literature
focuses on exploring compressional responses of backfill material.

Depending on the size of the samples, several compressive strength
test equipment and measurement methodologies have been employed
for UCS testing of granular material [17,25,36]. However, as discussed
previously, compression is not a likely failure mode for CRF material in-

Fig. 1. Typical mining backfills and exposure geometry in underground stoping operations.
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Fig. 2. Observed backfill exposure and failure modes in underground mines. Flexure presented after [40].

situ. This suggests that past research findings are insufficient to provide
a thorough knowledge of CRF mechanical behaviour. Based on observed
failure modes and numerical models, the shear and tensile strength of
large granular materials are the most critical parameters for design of
structures such as rock fill embankments, railroad sub-bases [45,46] and
CRF [25]. However, due to the large-scale specimens required to char-
acterise the in-situ response, the number of laboratory facilities equip-
ped to test these materials are few. And, as such, to date, the shear and
tensile behaviour of large-scale CRF samples have not been investigated
by direct shear and three-point bending test methods.

In this research, cost-effective experimental design is documented for
large-scale CRF material containing particle sizes up to 100 mm. Reli-
able experimental procedures are demonstrated for a range of stress
paths that include compression, tension, and shear to obtaining quali-
tative and quantitative data. A total of 119 unconfined compressive
strength (UCS) tests, 8 direct shear tests, and 4 three-point bending (3
PB) tests are conducted to obtain the large-scale performance of CRF in-
situ. To date, direct shear and three-point bending tests have not been
completed on CRF samples of such a scale. Furthermore, reliable data on
the tensile and shear deformation behaviour of CRF and how it is
impacted by aggregate gradation, and binder content are also presented
that have not been previously considered.

2. CRF performance contributing factors
Contributing factors for the geomechanical performance of CRF have

been previously studied and are summarized below to provide context
for the current research that is presented herein.

2.1. Particle size distribution (PSD) and sample size

Large particles, either from crushed rock or mining debris, are
frequently used in the development of CRF. Particle size has been pre-
viously shown [47,48] to have the most significant impact on CRF

strength and stiffness since it controls the porosity/density of the mix
[49,50]. For example, a mix that has a low fines content will have an
increased porosity reducing the strength and stiffness since it is relying
on the discrete point-to-point contacts of the granular assemblage (there
is minimal surface area in contact). On the other hand, a mix that has
increased fines will have a larger particle surface area, lower porosity,
and result in a stronger and stiffer material. We note here that it is also
likely to require more cement to bind the particles together.

Usual mine waste has variable geology and has a relatively large
maximum particle size (~500 mm) based on drill and blast practices
[1,6]. This poses a challenge for testing, both in the size of the sample
required to achieve a Representative Element Volume (REV) and
because large particles give unrepresentative interactions at the limited
laboratory scale. Examples of waste particle size variation in operations
that are used for the development of CRF are presented in Fig. 3.

The large particle size implies that typical sample sizes cannot be
used to reliably assess the laboratory strength of CRF. Small diameter
samples may result in spurious outcomes owing to large particles
dominating the strength response of a sample or impeding the flow/
fracture of the material. As such, different experimental programmes
have been established by researchers to investigate the effect of sample
size on UCS.

At the Cosmos Nickel Mine large samples were prepared and tested
(500 mm x 1000 mm - diameter x length), and were compared to the
response of 150 mm, 240 mm, 300 mm, and 400 mm diameter samples.
It was found that as the sample size increased the strength decreased
[16]. In order to produce accurate geomechanical property data, it is
clear that specific conditions for the sample size must be achieved. This
is sometimes problematic since the particle size and sample mould size
cannot be considered separately [51]. Removing oversized aggregate
(larger than 1/3 of the diameter of cylindrical mould) significantly
modifies the mix design and may result in increasing the cement-
aggregate ratio [52] and increasing the apparent strength [53]. It has
been shown that through sieving out oversize particles, the increase in
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Fig. 3. Typical waste particle size variation at mine sites used in CRF development.

sample strength is directly proportional to the amount of large aggregate
removed [52]. Marachi [54] found that through reducing particle size
distribution parallel to the original sample size, accurate laboratory
results can be achieved on a smaller scale. However, this hypothesis may
be too simple since scale effects also alter behavioural characteristics
[55]. Previous research studies [16] found that a sample diameter size of
400 mm provides the most reliable design basis in the laboratory for
mine-based particulate matter. However, in general, the diameter of the
test specimen should be (a) as large as possible and (b) at least five times
the average particle size [56,57]. The ideal grading for a CRF in-situ has
been previously described by Stone [48].

2.2. Particle shape

CRF materials are produced from blasting the rock and resulting
particles are usually angular or sub-angular in shape [1,6]. The angu-
larity of the waste rock particles can significantly influence the material
response; not only through the consideration of porosity, but the effec-
tiveness of the point-to-point contacts/bonds that the cement grout is
able to achieve [1,6]. In general, an increased number of point-to-point
contacts will increase the stiffness/strength of the mix, and an increased
surface area associated with the point-to-point contacts will increase the
stiffness/strength of the mix. If the particle shape characteristics of the
waste rock used for the development of a CRF mix differ significantly
across a site, it is recommended to blend the waste in a stockpile and/or
optimize the recipe for each waste rock separately. In either option,
rigorous quality assurance and quality control [26] during the waste
rock selection/stockpiling and mixing is required to ensure the desired
strength of the CRF is achieved.

2.3. Particle intact strength and micro-flaws

Historically, the strength of the waste rock material used for CRF has
not been considered significant in the overall design performance. This
assumption is only valid, so long as the waste rock is stronger than the
grout mix used, and it doesn’t include significant micro-defects flaws/
anisotropy that may cause intact block failure and/or a preferred

orientation of weakness. It is also assumed that the waste rock does not
include clay material that will degrade over time. Laboratory testing
[58] shows how the introduction of a relatively weak waste material
produces more fines during the mixing process resulting in a stronger
mix (due to a higher bulk density and lower void ratio). As a result of
this, it is critical to identify and characterize the waste rock strength as
part of the laboratory testing program [26]. As a general guideline,
Stone [59] suggests that aggregates for CRF have a UCS value of 70 MPa
or higher.

2.4. Moisture content

The moisture content of waste rock can be highly variable; both
underground and during the transportation and storing in partially
sealed containers in the laboratory. To minimize the impacts of a vari-
able moisture content, waste rock is must to be blended prior to
batching. The moisture content in sub-samples within the laboratory
should be determined prior to batching and mixing and considered
during the development of the batch-mix [1,59].

2.5. Water/cement ratio

The water-to-cement ratio has an impact not only on CRF strength,
but also on the workability of the backfill material during placement.
Traditional concrete has a water-to-cement ratio of 0.4 to 0.5, whereas
most cemented rockfills have a ratio from 0.7 to 1.2 [1]. Generally, the
lower the water-to-cement ratio, the higher the strength of the fill;
however, at lower water contents, the resultant backfill can appear to be
very dry and segregates easily. It can also be harder to place in stopes
that are sub-vertical [1,59].

CRF mixes with a water: cement ratio of 0.8 are recommended for the
design specification with an additional proportion of water able to be
added during placement (up to a water: cement ratio of 1.0) to achieve
the desired flow characteristics. Additional water that can be added in-
situ during mixing/placement and is usually defined in litres per loader
bucket of mixed CRF [1,6,59].
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2.6. Water quality, cement content, and curing time

Since many of the strength-dependent factors of CRF are unable to be
modified (e.g., quality of raw materials, particle shape and size) the
cement content is the most direct way to vary the strength performance.
It has also the highest cost and therefore optimization of its inclusion is
necessary.

The effect of water salinity on the strength development of CRF is
well documented [58]. Increased total dissolved solids [58] provides a
negative impact on CRF strength development. As a result of this, it is
critical to use representative mine water to mix the laboratory samples.
However, when mine water is used, it is possible that chemical reactions
may result in corrosion/oxidation and decrease the strength of the mix
over time. Pierce [60] has previously characterized the decrease in
strength with curing time in humid-curing conditions of paste fill sam-
ples at the Golden Giant Mine due to oxidation. Testing with mine water
at 7, 14, 28 and + 28 days is recommended to determine the long-term
strength characteristics [7,9,60]. Cemented backfill is typically designed
to achieve its maximum compressive strength after at least 28 days
curing [61]. It has previously been shown by researchers that the
strength of CRF remains unchanged, beyond approximately 28 days
[7,9,17]. It is also likely that exposure of the material in-situ will also
occur around this timeframe.

3. Laboratory testing program

A robust and comprehensive laboratory testing program of CRF is
outlined herein that address each of the contributing factors outlined in
Section 2. The results provide geomechanical characterisation of the
expected CRF performance (strength and deformation) that can be used
to assess large-scale exposure stability. CRF performance has been
characterized through three distinct laboratory stress paths that include
UCS, direct shear and Three-Point Bending (3 PB) tensile tests. A sum-
mary of the CRF waste rock material, mix design and laboratory tests
performed are detailed in Sections 3 to 6.

3.1. Materials

3.1.1. Waste rock aggregate

Waste rock aggregate in this research study were derived from a
number of mine sites in Australia. The UCS of the intact rock particles
ranged between 50 and 100 MPa. The variability of the CRF material has
been limited by the removal of clay components and by screening out
particles larger than 400 mm in all cases [1].

3.1.2. Binders

Binders are selected based on the strength and durability re-
quirements of each mining operation. It is generally made from a com-
bination of cement clinker and calcium sulphate (usually gypsum).
Because of its availability and adaptability, ordinary Portland cement
(OPCQ) is the most commonly utilised binder agent at mines. The physical
properties of Portland cement are provided in Table 1.

OPC has been used in the development of all CRF samples prepared,
tested, and presented herein.

3.1.3. Water
Water functions as a lubricant, improving the workability of CRF and
creates the essential ingredient for cement hydration. Impurities

Table 1
Physical properties of Portland cement [15].
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(dissolved or suspended) in the mixing water can lower the strength of
any form of minefill [62,63]. Herein, for CRF mixing, the relevant mine
water has been used for the development of all samples and strengths
tested at different curing ages to determine the impact of corrosion/
oxidation.

3.2. Mix design

CRF samples for testing can be prepared underground (Fig. 4a) or in
a laboratory (Fig. 4b) [1,6]. Sample preparation methods can have a
significant effect on test results. In each of these cases, there are several
issues that need to be considered when interpreting the test results.

If the CRF samples are mixed underground in ‘mine conditions’, they
are likely to develop cracks and fractures when being transported to the
testing facility. As a result of this induced damage, the strengths
measured in the laboratory may under-estimate the true in-situ
response. If the CRF is mixed and cured in a laboratory, it will not be
at typical ‘mine conditions’ that usually include elevated temperature
and humidity. However, limited damage to the samples will be induced
during a transportation event. To ensure the most accurate results, it is
recommended that mixing be undertaken within the laboratory. Sam-
ples can be batched and placed into a curing chamber. Laboratory
mixing also provides the opportunity for an accurate particle size dis-
tribution to be conducted and ensure consistency between sample re-
sponses and testing procedures. Relationships between laboratory mixed
and mine-conditions may be derived.

In order to obtain accurate test results for the current research, a
consistent mixing method was used for all specimens. All samples were
developed in general accordance with ASTM [64]. The required weight
of aggregate and cement (by weight of dry rock aggregate) were mixed
in a drum concrete mixer with a maximum capacity of 0.5 m>. Based on
estimates of in-situ CRF densities a homogeneous starting testing density
of 2000 kg/m® was defined. Mixing was performed at a rate of 12 rev-
olutions per minute, with the tilt of the mixing bucket being adjusted
numerous times to ensure optimum blending. To create the appropriate
CRF mixture, water was then added to the cement and aggregate and the
material was homogenised for ~ 10 min. The homogenous CRF mixture
was then placed into both cylindrical and cubical moulds, depending on
the test procedures to be undertaken. The specimens were cured at a
temperature of 25° + 2 °C and relative humidity above 90% for 7, 14,
21, and 28 days prior to testing.

3.3. Particle size distribution (PSD) analysis

The difficulties in laboratory tests on cemented rockfill materials
usually lay in determining aggregate particle size and selecting a suit-
able sample size. The American Society for Testing and Materials
(ASTM) [56] proposed that the minimum diameter of a cylindrical
specimen is three times larger than the aggregate maximum particle size
to eliminate the size effect. Wu et al. [57] suggested that the specimen
diameter is at least five times larger than the maximum particle size. To
determine the particle size distribution of the CRF samples presented
herein, a 200 kg material sample of each mine waste was sieved into
various size intervals of 12.5, 25, 50, 75 and 100 mm. The resulting
particle size distribution (PSD) of each mine waste is provided in Fig. 5.

Talbot and Richart [47] have previously developed an equation for
the optimisation of waste rock grading for CRF [65] that is presented in
Equation (1).

Blaine (cmz/g) Expansion (autoclave) (%)

Specific gravity

Compressive strength (kg/cm?)

3 days 7 days 28 days

5808 0.05 3.1

185 295 397
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Fig. 4. a) Sample preparation underground, b) batch mixing in a laboratory, c¢) samples prior to capping, d) sample capping.
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Fig. 5. Characteristic particle size distribution (PSD) of waste tested and indication of minimum sample size diameter.

d n
P(d) =100 ( d,m) @

where P is the percentage of aggregate which passing the sieve size d
by weight, d. is the maximum aggregate size, and n is an experimen-
tally defined constant. Swan [65] established an optimal n value for
cemented backfill and Fig. 5 displays the aggregate size gradation that

satisfies the recommended technique [66] for estimating the particle
distribution of cemented backfills (solid red line).

The PSD results reveals that the waste aggregate used transitions
from a fine to coarse size more quickly than the optimal theory of CRF
aggregates suggests [65]. Given that rock aggregate particles with a
diameter of less than 10 mm are considered fine aggregate, the experi-
mental rock aggregate used in this study is composed of approximately
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> 85% coarse and < 15% fine aggregate by weight. The maximum
average particle size (dsg) is observed to be ~ 75 mm. To ensure scale
effects are minimised, a sample width of five times the average particle
size is required [57]. e.g. > 375 mm diameter.

4. Unconfined compressive strength (UCS) testing

The unconfined compressive strength (UCS) test is the most common
method for determining backfill strength, and it is often utilised for
quality assurance and quality control at mining operations. UCS testing
provides an estimate of the CRFs material to withstand crushing. In-situ,
crushing may be caused by imposed loads (driving over it) and/or
sidewall convergence. Although crushing is the most unlikely failure
mechanism underground [1,6], UCS tests are the easiest to conduct in
the laboratory and shear and tensile strengths can be inferred from their
results.

4.1. Sample preparation

Cylindrical samples with a height to diameter ratio of 2.0 were
prepared in general accordance with ISRM standards [67]. A sample size
of 406 mm diameter x 812 mm height was chosen for the UCS testing.
This size is greater than the required 375 mm diameter determined from
the PSD analysis (Section 3.3). A cement cap was applied at both ends of
the sample to provide a smooth testing surface and ensure homogeneous
distribution of the load during testing [68] (Fig. 4c, d). Through this
geometry and capping, the samples are able to fulfil test criteria asso-
ciated with the statistical validity of test results, integrity, parallelism,
and perpendicularity.

Sub-sampling of the bulk waste material can result in samples being
created with a significant variance in PSD. In the case presented in Fig. 6
each of the samples were generated from the same mine site, have the
same cement content (6% by weight) and dimensions (400 mm x 800
mm). However, the UCS strengths generated range from 0.2 MPa
(largest average particle size) up to 3.0 MPa (smallest average particle
size). These findings are consistent with experimental results provided
in previous investigations [16,69]. As such it was critical to ensure the
PSD was clearly identified for each sample and considered in the results
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analysis.
Samples have been tested at curing times of 7, 14 and 28 Days and
cement contents ranging from 2% to 8% (by weight).

4.2. Testing apparatus

A 600-kip, manual-hydraulic driven, stiff-frame test machine was
used to test the UCS cylinders. An Amsler compression load frame with
an axial load capacity of up to + 5000kN was used to apply the static
load on the large-scale samples. The tests were carried out at a constant
rate of deformation of 2 mm/min (computer controlled). This loading
rate was determined based on a series of tests that were conducted on
6% CRF samples that were been cured for 14-days. The effect of loading
rate on the CRF sample failure is illustrated in Fig. 7. With increased
loading rates, the stress—strain curve presents different failure mecha-
nisms. At a high loading rate, the sample appears to have a higher peak
strength. Higher loading rates cause a dynamic ‘shock’ response and
post-peak brittle behaviour. This phenomenon is well documented
through numerical analysis [70]. A loading rate of 2 mm/minute was
applied to all UCS samples for the current study samples since local-
isation and post-peak brittleness is not observed at this value.

An electronic acquisition system was used to automatically record
the axial loads and deformations. The axial strain on the samples was
measured using two linear variable differential transformers (LVDT)
which were attached to the base plate. To ensure minimal damage to the
samples they were placed within the loading frame prior to the form-
work being removed (Fig. 8).

4.3. Test results

A relationship between cement content (cc%), UCS and Deformation
Modulus is derived for the 28 days cured results (Fig. 9 and Fig. 10
respectively). The UCS and modulus values were determined according
to the ISRM methodology [71]. A R? fit of 80% and 70% is achieved for
each respectively.

These results show that a higher cement content leads to a rapid rate
of strength and stiffness gain during the early stages of curing (up to 28
days). Due to hydration, the CRF sample strength rises in proportion to

Fig. 6. Decreasing average particle size versus UCS.
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Fig. 7. Consideration of UCS loading rate for large-scale CRF samples.

the quantity of cement utilised. e.g., 8% cement content samples provide
a faster rate of strength increase than 3% samples for up to 28 days
curing. It is also observed that with increased curing time, the CRF
samples present less ductility or plastic behaviour. Selected character-
istic stress-strain curves for each of the cement contents tested are
provided in Fig. 11.

During the early stages of loading, cracking of the cement bonds was
clearly audible. With increased load the sample entered the brittle/
ductile transition phase where the rockfill particles were observed to
rotate and interlock. In the post-peak phase, the interlocking particles
could be observed to dislocate in a controlled manner. The sample
maintained approximately 50% of its peak UCS load after 1% of post-
peak straining in the 3%-7% cement samples. The 8% CRF sample
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failed in a violent brittle manner. In fact, the full stress—strain curves in
Fig. 11 show that as cement content increases, so does the post-peak
brittleness, transitioning from characteristically ductile responses at
3% cement to perfectly brittle at 8% cement content. This is a significant
new finding that can be used directly in strain-softening numerical
models for exposure stability analysis.

4.3.1. Validity and repeatability of the experiments

To examine the validity and repeatability of the current large-scale
UCS laboratory test results, the strength variation of 3% (cement by
weight) samples based on sample size, along with standard deviation
were compared to equivalent published data from different mine sites.
The results are presented in Fig. 12.

The findings show that 400 mm diameter samples provide less
fluctuation in UCS strength (Fig. 12a, b). In addition, except for the 400
mm diameters samples, the standard deviation increases with curing
time for all sample diameters. This reduction in variation for the 400 mm
samples suggests the larger sample size provides better representation of
the CRF mix. E.g., the samples are large enough in relation to the
average particle size [56]. With increasing sample size, CRF samples
show a general decline in strength (see Fig. 12a) and therefore provide a
more accurate testing results for the in-situ CRF placement [9,16,74].

Specimens’ tests from published mix designs [16] and the current
results were also compared (Fig. 12c) to determine the validity of the
current results. As can be seen, despite the variation in mixture design
from different mine sites, the 400 mm and 500 mm samples show less
UCS variation than the smaller samples. As a direct result of these an-
alyses, the current test findings are considered accurate, valid, and
repeatable since the average error between the current study and pub-
lished results from sample sizes of 400 mm and 500 mm [16,69] was less
than 5%.

4.3.2. Effect of sub-sampling

The variation in UCS and modulus responses from specimens sub-
sampled from two-tons of waste are presented in Fig. 13a, b. In each
of the cases the average particle size of each specimen was recorded. For
fixed 400 mm x 800 mm samples, and a variation in cement content
from 3% to 8%, it can be observed that as the average particle size in-
creases, the variation in the UCS and modulus decreases — regardless of
the cement content. This suggests that the average particle size of the
waste material may have more impact on the strength of the sample than
the cement content when the dsg is above 75 mm. In-situ, this can
suggest that ungraded CRF material placed in a stope may be less strong
than expected but have a more consistent strength.

Fig. 13d shows a plot of modulus vs UCS for CRF samples from the
Cannon, Stillwater, and CHUG Mines [9,72] compared to the current
test results. Despite the inconsistent sample preparation processes and

Fig. 8. a) Sample seating, b) & ¢) mold removal d) test setup e) loading.
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Fig. 10. Modulus versus cement content and curing time.

testing methodologies between sites and samples, the current study is
consistent with other published findings. UCS experiments for large
diameter cylinders, in-situ testing, instrumentation investigations, and
numerical back-analysis of observed displacements were all used to
derive these elastic modulus values presented in Fig. 13d. It can be seen
from this chart that, the elastic modulus of a CRF sample reduces as the
sample size rises, demonstrating that sample size and particle size have
an impact on the modulus. In addition, there is a clear relationship be-
tween elastic modulus and UCS.

The influence of the curing period, as well as the size and particle
distribution on the UCS of CRF samples from reference [17] and the
current study is shown in Fig. 13c. The experimental results reveal that,
regardless of the particle gradation, the UCS of CRF samples increases
with increased curing time. Indeed, a longer curing period results in
more cement hydration products, which contributes to a better

hydration-bonded aggregate structure. However, it is shown that the
rate of strength development decreases as curing time increases. In re-
ality, the in-situ CRF should continue to increase in strength over time
since most underground mines provide ideal curing conditions with the
humidity rarely falling below 80% or the temperature falling below
freezing [75]. However, most exposures occur within weeks to months
of placement [1].

The time-dependent variations in the UCS are also seen to be a
function of the particle size, as seen in Fig. 13c. The CRF sample with the
largest grain size variability (e.g., smallest average particle size) pro-
vides higher UCS values than those with a lower particle size dispersion
(e.g., higher average particle size). This can be attributed to the impact
of the larger particle on the packing density of CRF mixes. A higher
packing density results in a reduced void ratio in the CRF, which opti-
mizes the CRF strength. The density of the samples can be influenced by
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Fig. 11. UCS stress-strain curve, for 3%, 5%, 6%, 7% and 8% cement samples with 28-day curing.

a variety of parameters, including the fines concentration and the
compaction obtained during casting/placement. The inclusion of fine
grain material (e.g., less than 10 mm) component also affects the
strength of the CRF samples as highlighted in Fig. 13. This implies that
the proportions of aggregates and fine grain (soil) components in CRF
mixes could be adjusted to increase compressive strength. This can be
achieved through the drill and blast practices and/or screening the
waste material prior to placement.

4.3.3. Effect of curing time

The impact of curing time and cement content has been considered
on the UCS strength in Fig. 14a. Here the results for various curing times
(+28 days) are presented. The maximum, median and minimum values
are considered. These UCS test findings show that the strength of CRF
increases with time, but the rate of strength development slows down as
the curing time increases. Based on the laboratory results, as cement
content increases so does the maximum, median and minimum values of
the UCS measured. It is clear that curing + 28 Days increases the min-
imum, median and maximum UCS values of the sample. This is observed
to be more pronounced as the cement content increases.

The UCS of 153 mm x 305 mm CRF samples from the TRJV mine
[18] that were cured for 5,927 days, and 708 days (more than 2 years
and 16 years) were compared to the results of the current UCS tests, as
well as the results of tests conducted at another mine after 7 and 28 days
of curing [9,73]. The results in Fig. 14b reveal that all of the CRF samples
have a similar trend in terms of time-dependent strength gain i.e., a fast
increase in the UCS until 28 days, followed by a more gradual increase.
The rate of strength increase is faster at earlier ages, but it slows down as
time passes [73]. According to Seymour et al. [73], the UCS strength of
CRF samples under controlled curing conditions increase over time in
the same way that concrete does.

5. Direct shear testing

Large-scale direct shear testing has been previously completed on
paste-fill samples to understand the internal and sidewall shear
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interactions [76,77]. Through this research study, the shear interactions
between the CRF and rock sidewall and primary and secondary CRF
stope interactions were considered through direct shear testing which is
considered to be an appropriate method for this failure mode [25]. The
constraints of the in-situ rock mass and fill material are easily repre-
sented through the shear box and a constant normal stiffness boundary
condition [78]. Direct shear testing has been shown to provide an ac-
curate estimate of the behaviour of CRF when subjected to shear strain
[25,78].

5.1. Sample preparation

Two different direct shear test sample preparations have been
completed that include CRF on CRF (CRF: CRF) and CRF on cured
concrete (CRF: Sidewall) to represent the in-situ and sidewall contact
interface [79]. Direct shear test samples have been prepared in moulds
to provide a tight fit in the shear box. Moulds have been prepared with
dimensions of 200 mm x 300 mm x 137 mm which have a diameter-to-
length ratio of 0.67 which fulfils the required sample size for the
maximum aggregate size [75]. In each of the cases, the direct shear
samples were prepared with a thin mortar base and cap to ensure solid
contact with the shear box, minimising point loading on the sample
during shearing (Fig. 15a). They were cured in dry, indoor conditions to
simulate in-situ conditions, which includes dry particle bonds due to air
exposure [80,81]. After curing, samples were removed from the moulds
and placed into the shear box. Direct shear samples have been tested
after 28 days curing with 6% cement content. An example of a cured
sample being prepared for testing is provided in Fig. 15.

5.2. Testing apparatus

Different loading conditions can be applied to a sample during direct
shear testing. The sample can be subjected to constant normal stiffness
(CNS) or constant normal load (CNL) boundary conditions. Shrivastava
and Rao [85] and Poturovic et al. [86] designed a large-scale direct
shear test apparatus employing a hydraulic servo-valve to replicate CNS
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boundary conditions. Thiel and Zabuski [87] conducted direct shear
experiments in the field to determine the shear strength of Carpathian
flysch. The shear tests were conducted using jacks under constant
normal load (CNL) conditions. Afridi et al. [88] performed laboratory
direct shear testing on intact Salem Limestone samples with a visible
plane of weakness, and concrete-rock interfaces. The shear tests were
carried out under CNL conditions, with normal stress applied to the
sample ranging from 4 to 14 MPa [89]. Based on these historical results,
it is reasonable to infer that there is no one laboratory approach that is
ideally suited for examining the behaviour of CRF. It is agreed that direct
shear testing, like all testing, is better conducted in-situ, however, pre-
paring sufficient samples and conditions can be difficult and expensive.
As such, the choice of testing apparatus becomes one of availability.
According to research [78], boundary conditions with constant normal
load (CNL) and constant normal stiffness (CNS) can significantly affect
the interpreted shear properties of discontinuities. A sheared CRF will
normally dilate as a result of the rock blocks rotating or sliding on joints.
Depending on the circumstances, the surrounding rock mass may or may
not resist this dilation. Testing under constant normal load (CNL) cir-
cumstances would be suitable if there is no resistance to dilation.
However, this situation may apply to rock slopes that collapse. In many
circumstances, the dilating rock compresses the neighbouring rock
mass, which might be considered as a spring. The normal stress level
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rises as the amount of dilatation increases. As such, testing under con-
stant normal stiffness (CNS) settings may be more appropriate in this in-
situ scenario [78] and have been applied herein to determine the shear
strength of CRF.

A shear apparatus capable of shearing rock mass samples under CNS
or CNL conditions, has been used in this study [82-84]. Hydraulic ac-
tuators are used in the direct shear apparatus to apply normal and shear
stresses. The load cells coupled to the actuator ram had a static capacity
of up to 250 kN and an accuracy of 0.5 kN. For testing with very low
initial normal stresses (e.g., 100 kPa), the vertical actuator of the load
cell was replaced with a 50 kN load cell with an accuracy of 0.04 kN. The
actuators were driven by hydraulics and were servo-controlled by an
Instron 8800 dual digital controller. In this apparatus, shear loads can be
applied by load control or displacement control, and under either cyclic
or monotonic loading conditions. CNS conditions are imposed by putting
the vertical actuator in load control and imitating a spring with stiffness
K, using a feedback mechanism (see Fig. 16).

The shear load for the tests described in this research study was
delivered using monotonic single ramp waveforms and the horizontal
actuator was controlled by displacement. Two internal and three exte-
rior linear variable displacement transducers (LVDTs) were used to
measure displacements (Fig. 17). Internal LVDTs were installed within
the actuators and used to measure actuator displacement. To measure
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vertical displacement (e.g., dilation), two external LVDTs were
employed. Each was installed on the top of shear box and measured the
distance to a reference plate located on the bottom of shear box. Shear
displacement was measured using an external LVDT. The magnetic base
of this LVDT was attached to the frame of the shear apparatus, and the
tip is put against the end of the shear box. Roller bearings were utilised
by the vertical piston that applied normal stress to the sample to restrict
rotation of the top and bottom sections of the shear box and to reduce
friction losses.

The shear box itself is constructed from two steel plate sections that
hold the sample with size of 600 mm length, 200 mm height, and 160
mm depth. Steel plates on the sides, top, bottom, and rear of the shear
box hold the sample in place, while 20 mm thick perspex constrains the
front. The perspex front is supported with steel to minimise any outward
deflection caused by sample dilation during shearing. The CNS shear
equipment is connected directly to the shear box. External LVDTs and
reference plates were installed after the separator strips connecting the
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top and lower parts of the shear box. Under CNS settings, the upper part
of the shear box was permitted to dilate. The bottom half of the shear
box can displace up to 60 mm allowing measurements of the pre-peak
and post-peak behaviour.

At the start of each test, the sample was subjected to an initial
(vertical) normal stress. The normal stress increased or reduced
depending on the amount of dilation and the defined normal stiffness
after the test commenced. The sample was sheared by lateral displace-
ment of the bottom of the shear box and vertical dilation of the top of the
sample against a specified stiffness. A shear rate of 0.5 mm/min was
applied. Apart from boundary conditions, Bahaaddini [90] found that
the size of the gap zone between the upper and lower shear boxes has an
influence on the shear mechanism. During the testing, 40 mm dilation of
the sample was common which is directly related to the particle size of
the samples.
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Fig. 15. a) b) Direct Shear cured sample, c¢) d) e) sample seating, and f) test set-up.

Stiffness K

Fig. 16. Schematic for NCS boundary condition [82-84].
5.3. Test results

Direct shear test results were successfully conducted for a total of
eight samples, seven samples of CRF: CRF and one sample of CRF:
Sidewall. The seven CRF: CRF samples were completed for normal
stresses of 50, 100, 200 kPa. The CRF: Sidewall test was completed with
100 kPa normal stress. An example of sample dilation during shearing is
presented in Fig. 17.

An increasing shear strength is observed for the CRF: CRF samples as
the normal stress is increased. In each case, the first yield can be
attributed to locally degrading cement bonds and matrix deformation,
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while the rise in strength to the second yield (and subsequent failure) is
considered to be induced by particle interlocking and dislocation. This is
described as strain-hardening behaviour that is typical of granular ma-
terial [91]. Similar tendencies were detected in in-situ shear experi-
ments conducted by Coli et al. [92]. A difference is observed between
CRF: CRF and CRF: Sidewall direct shear test results. Example results for
each of the sample types are presented in Fig. 19 along with records of
the sheared surface conditions at the completion of the tests.

In both instances, a surface fracture profile occurs that passes
through the cementitious bonds following the contour of the rock
aggregate particles. However, the surface profiles of each CRF samples
are different due to the heterogeneous stress distribution within the
mass that is frequent in direct shear experiments and determined by the
particle contacts [78]. The lower strength of the CRF: CRF sample sug-
gests that a change in failure mechanism is observed between the con-
tact surfaces. If sliding was the pre-peak behaviour, it is expected that
changes in the CRF contact surface would have no effect on the pre-peak
process. Thus, there is a possibility that a shear failure mechanism (and
hence peak strength) may also be influenced by rotational behaviour of
the particles. In the case of CRF: Sidewall contact, strain-hardening
behaviour is observed at the peak strength of the CRF: CRF samples.
An interpretation of the CRF: CRF, and CRF: Sidewall direct shear results
are presented in Fig. 20. The results of the direct shear testing have been
interpreted to provide both peak and residual effective strength pa-
rameters cohesion (c) and friction angle (¢).

The large-scale testing has shown that the direct shear responses
between the CRF and excavation sidewalls are significantly higher
(~150%) than CRF on CRF contacts. A linear Mohr-Coulomb interpre-
tation of the shear strength parameters has been made for minor prin-
cipal stresses up to 0.2 MPa within the fill-mass. For a 6% CRF, peak
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Fig. 17. a) Direct shear sample set-up b) dilation after testing.

Fig. 18. Direct shear stress-strain results.

cohesion and friction of 0.079 MPa and 40° can be used. Residual values
of 0.036 MPa and 28° have been determined. This result is particularly
important for exposure stability studies and provides material properties
for the CRF: Sidewall contact interface for numerical exposure analysis
models.

6. Three-Point bending tensile testing

Previous research studies demonstrated the significance of CRF
tensile strength due to blast-induced vibrations in the topmost region of
an exposed CRF stope [21]. Tensile test results are also important for
overhand exposures since they represent the most common in-situ fail-
ure mode. Furthermore, when extraction occurs adjacent to CRF pillars,
the tensile property of CRF become increasingly critical. However, few
tensile laboratory tests have been completed on CRF [27,93] and, as
such, similar to rock, a tensile to compressive strength ratio of 10% is
typically assumed [1]. The drawback of not measuring tensile strength
of CRF directly, is that, in most in-situ cases, the tensile capacity is the
critical limiting design case [94]. Mitchell and Wong [95] conducted a
series of tensile strength tests on cemented tailings sands using both the
three-point bending (3 PB) method and direct tension testing. Tensile
strengths from both tests gave similar results; the average tensile
strength was found to be 12% of the UCS. Through these experiments on
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stabilised backfill material, it was found that three-point bending tests
provided a reliable estimation of the tensile strength [96], and as such
has been applied herein.

6.1. Sample preparation

A number of large-scale three-point bending tests have been
completed on 6% (wt.) CRF samples have been cured for 28-days. The
testing procedure and sample size are consistent with the standard
ASTM procedures to satisfy simple beam theory [97]. Samples were
prepared and cured in custom-made moulds with dimensions 300 mm x
300 mm x 1200 mm. A thin concrete ‘cap’ was placed in the centre of
the sample at the loading point to ensure that point loading of the
sample did not occur. The size and weight of the samples make these
tests especially challenging within the laboratory. Fig. 21 provides an
overview of a three-point bending sample being prepared for testing.
The sample side wall moulds are removed after seating the sample. Once
in place, the base of the mould is also removed prior to loading.

6.2. Testing apparatus

A 600-kip, manual-hydraulic driven, stiff-frame testing machine was
used to test the 300 mm x 300 mm x 1200 mm cubical samples. An
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Amsler compression load frame with an axial load capacity of up to +
5000kN was used for the static three-point bending testing of the large-
scale samples. The tests were carried out with the aid of computer-
controlled loading at a rate of 0.05 mm/min. The load at failure was
translated into a tensile strength through the relationship presented in
Equation. (2).
3 FL
2 we?

where F is the applied force at failure (N), L is the length of the

sample (m), w is the width of the sample (m) and ¢ is the thickness of the
sample (m).

(2)

6.3. Test results

The load-displacement results of four 3 PB tests are presented in
Fig. 22. For each sample the particle size distribution is observably
different. Sample (c) has the greatest average particle size, sample (a)
has the smallest average particle size.

The pre-peak strength-displacement trend is similar for all tests with
the stress—strain curves exhibiting a non-linear concave upwards section
at the commencement of loading. This is due to the porous texture of the
specimens and closure of voids. This early non-linearity becomes more
apparent in specimens with a higher particle size distribution (e.g.,
coarser average particle size — Fig. 22 sample c). The majority of CRF
samples deformed between 3 and 4 mm. The observed tensile strength
for the 6% (wt.) was approximately 200-370 kPa which is approxi-
mately 20% of the measured UCS in this study for the same particle size
and cement content. This finding has also been observed at other mine
sites (Fig. 23).

The test results indicate that the “12% of the UCS” [95] rule-of-
thumb for cemented tailings sand may be conservative when applied
to the tensile strength of CRF. This result is particularly significant since,
in most exposure stability analyses tension has been the limiting factor
for design of CRF strength (based on UCS) [1]. It is therefore proposed
that the cement content of CRF mixtures may be significantly reduced
when the results of stability analyses can accurately predict the stress-
path and material response. In addition, it has to be accepted that the
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Fig. 21. a) Three-point bending sample, b) schematic test set-up, c) sample seating, and d) annotated testing set-up.

Fig. 22. Three-Point Bending test results, for CRF samples with 6% cement.

PSD is extremely important to analyse the tensile test results, and in this
case, may be more critical than cement content to determine the ma-
terial response. With the same cement content, a higher tensile strength
obtained for smaller average particle size (Fig. 22 sample (a)), this
behaviour is also observed in UCS test results (Figs. 12, 13).

Fig. 23 also compares the current three-point bending test results to
splitting tensile strength tests for various mine sites. It is true that the
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average tensile strength of CRF samples can be related to their average
compressive strength, as illustrated by the dotted line in Fig. 23. How-
ever, it is observed that most of the three-point bending test results are
more than 10% of the average UCS. Combined with the current 3 PB test
results, splitting tensile strength (STS) test findings for CRF samples
from the TRJV, CHUG, and Stillwater mines demonstrate that the
average tensile strength of CRF is at least 15%-20% of its UCS. Despite
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results in the current study.

the variance in mix design, particle size distribution, and tensile testing
methodology, all of the experimental data agree and show a similar
trend that 10% of the UCS is a conservative estimate of the tensile
strength of CRF structures at mines. This may be resulting in the over-
design of these structures causing unnecessary cost.

7. Conclusion and future works

A rigorous experimental testing program for CRF material must
include the characterization of all three failure modes; crushing,
shearing and tension at large sample sizes. To characterize these failure
modes, UCS, direct shear and three-point bending tests are all required
to be completed to replicate these specific stress paths.

The results of large-scale UCS, tension and direct shear tests are
provided herein to provide geomechanical data for CRF for exposure
stability analysis. The results of the large-scale testing show that an
increased cement content increases the UCS strength, stiffness, and post-
peak brittleness of the CRF mixture. The full stress—strain curves show
that as cement content increases, so does the post-peak brittleness,
transitioning from characteristically ductile responses at 3% cement to
perfectly brittle at 8% cement content.

It must be acknowledged that conducting physical tests on large-
scale CRF samples with constant normal stiffness (CNS) boundary con-
ditions is quite challenging [78]. However, herein we prepared and
tested large-scale CRF samples under CNS boundary conditions. Results
measure the peak and residual shear properties of CRF at cohesion
0.079 MPa, ¢ = 40° and cohesion 0.036 MPa, ¢ = 28°, respectively.
Testing has shown that the direct shear responses between the CRF and
excavation sidewalls are significantly higher (~150%) than CRF on CRF
contacts. This result is particularly important for exposure stability
studies.

In addition, the large-scale testing has shown that tensile strength
responses are significantly higher, at up to 20% of the UCS strength than
previously estimated. This result is particularly significant since, in most
exposure stability analyses [1] tension has been the limiting design
factors. It is therefore proposed that the cement content of CRF mixtures
may be significantly reduced for specific stress paths (exposure
histories).
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7.1. Future works

Due to the size restrictions of most monitoring equipment, quanti-
fying sample deformations using classic strain monitoring techniques
such as LVDTs is often difficult. Furthermore, misalignment is a common
source of uncertainty during deformation measurements. Therefore, a
more flexible measuring instrument based on digital image correlation
(DIC), is recommended. Digital image correlation (DIC) can be used to
determine damage (particle bond breakage) within a CRF sample during
failure within the laboratory and correlated with in-situ observations of
stability.

A vibrating table [98] or a vibrating compaction hammer [99] may
be used in the preparation of CRF samples to develop more consistent
compaction or density values for CRF. However, in in-situ conditions,
there is little control on these parameters during placement.

The maximum particle size of waste rock aggregates after screening
is usually bigger than the screen size. Due to the fact that these devices
only screen in one dimension, elongated and tabular aggregates with
diameters larger than the bar spacing can pass the screen. If the CRF
aggregate is screened more thoroughly using perpendicular bars, more
consistent test results may be achieved through the consideration of
particle shape.

The inclusion of additives or stabilisers that may be classified as
‘waste’ at a mining operation (e.g., tyres) could also be considered to
increase the flexural and energy absorbing capacity of the backfill ma-
terial while also minimising landfill and waste dump requirements.

The shear response of CRF may be further investigated using a
combined direct shear and triaxial approach [25,45,46]. A compre-
hensive understanding regarding the advantages and disadvantages
each of direct shear and triaxial testing can be found in references [100-
103]. It is recommended that further shear testing should focus on in-
ternal CRF particle deformation, interlocking and dilation and/or the
response of CRF when mobilised along the sidewall rock contacts. In-
ternal interactions between CRF particles with high variability in size
has been shown to be characterised most efficiently through triaxial
testing [25,45,46]. However, limitations associated with the size of the
triaxial cell required (400 mm dia.) remains a challenge [45].
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