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Abstract
The South African Bushveld Complex, Upper Group 2 (UG2) Reef pillar design has been based on a strength formula origi-
nally determined for quartzite. This formula was modified to cater for the weaker UG2 chromitite material. However, there 
is evidence that the pillars are stronger than predicted by the modified formula. In this study, UG2 chromitite samples were 
tested at a wide range of width-to-height ratios to determine the material behaviour and the relationship between strength 
and width-to-height ratio. Such test results on this material have not been published in the past. All testing was performed in 
a servo-controlled stiff testing machine (MTS 815) at a constant deformation rate of 0.08 mm/min. Specially prepared load 
spreader end-pieces were used to minimise any bending effects of the loading platens on the sample behaviour. The analysis 
showed a non-linear strengthening with increasing width-to-height ratio, best described using a power formula. A change 
in failure mode from pure shear to extension was observed at a width-to-height ratio of one, which has been documented 
previously for other materials. The change in fracture mode did not appear to affect the strength of the material. Further tests 
were conducted to determine the critical strain at which extension fractures initiate in chromitite. It was found that exten-
sion fracturing initiated at a critical strain of between − 2.2 mε and 3.0 mε, which was about 10 times the strain calculated 
by existing formulae. This new information has not been previously published for chromitite. An additional useful product 
of the work is an equation that can be utilised to evaluate the true uniaxial strength from samples prepared with a w/h ratio 
of one. Strain softening was observed on all samples up to a w/h ratio of eight. Samples with w/h ratios of three and higher 
were able to sustain high stresses for large strains, but almost all samples finally failed with complete loss of load. The final 
sudden loss of load is believed to be associated with radial cracks observed in these samples after failure.
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Introduction

The design of pillars in the South African Bushveld Com-
plex, Upper Group 2 (UG2) Reef, has been based on a modi-
fied version of the Hedley and Grant formula (Malan and 
Napier 2011). (Eq. 1). The original formula was designed 
on quartzite pillars (Hedley and Grant 1972) and needed 
adjustment to cater for the weaker UG2 chromitite material. 
Martin and Maybee (2000). compared six empirical pillar 
strength formulae for underground excavations. Each for-
mula was developed for a separate rock type and normalised 
to the laboratory strength of the material. In all cases, the 

pillar strength was related to the width-to-height (w/h) ratio. 
The significant variation in the strength results between the 
empirical formulae suggests that a unique formula may be 
required for each set of geomechanical and geotechnical 
conditions. Recent work by Watson et al. (2021a) shows 
that the current, modified Hedley and Grant formula (Malan 
and Napier 2011) is conservative, and smaller pillars may 
be possible without compromising safety. The new for-
mula developed by Watson et al. (2021a) was verified by an 
instrumentation site (Watson et al. 2021b), and is provided 
in Eq. 2. Watson et al. (2021b) showed that the new formula 
would achieve significant revenue creation and could impact 
positively on the life of the platinum mining industry. How-
ever, the formula required further verification, and a range 
of w/h ratio laboratory tests were done on UG2 chromitite to 
achieve this goal. A literature review showed that only one 
set of tests was done previously on this material (Ryder and 
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Jager 2002). Only three samples were tested, and no infor-
mation was provided on how the tests were conducted or on 
the geomechanical behaviour of the rock during testing. This 
implies that the research described in this paper will provide 
new information.

where: we is the effective pillar width and he is the effective 
pillar height.

This paper provides the results of width-to-height (w/h) 
ratio tests conducted in a laboratory on chromitite samples. 
A wide range of w/h ratios was tested to determine a rela-
tionship between strength and w/h ratios ratio. In addition, 
fracture mode and its effect on the geomechanical results 
were studied. All testing was performed in a servo-controlled 
stiff testing machine (MTS 815) at a constant deformation 
rate of 0.08 mm/min following ISRM standards (Ulusay 
2015).

Literature review

Since no literature on w/h ratio testing of chromitite was 
available, a review was conducted on the general effect of the 
w/h ratio on the strength and behaviour of rock specimens.

General behaviour of w/h ratio tests

Jessu and Spearing (2018) conducted w/h ratio tests on 
50 mm and 54 mm diameter samples of moulded gypsum 
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Fig. 1   Distribution of Chromitite strength values at several confining 
pressures, from the Western and Eastern Bushveld Complex

Fig. 2   Load spreader endpieces

Fig. 3   Test setup
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and sandstone, respectively. In that study, an almost linear 
relationship was observed between the w/h ratio and strength 
for both types of samples, within the w/h ratio range of 0.5 
and 2.0. Vogler and Stacey (2016) showed a similar relation-
ship for stabilised soil and anorthosite, but the range of w/h 
ratios and number of tested samples within each range was 
too small to be of statistical significance.

Some studies (Li et al. 2018; Darbor et al. 2018) show 
that for brittle rock and cementitious materials, there is a 
change in failure mode from shear to slabbing as sample w/h 
ratios are increased. A similar observation of failure mode 
change was made by Els and Malan (2023). However, in the 
latter instance, the change of failure mode was a result of 
changing the friction angle on the loading surface during 
the testing of 100 mm cement cubes. The reason for the 
change in failure mode is thought to be the result of exceed-
ing a critical strain (Stacey 1981). Stacey (1981) describes 
how a failure that produces cracks similar to a tensile frac-
ture, can develop under compressive stress conditions. This 
type of failure is strain-based (Stacey 1981) and is known 
as extension fracturing because it develops perpendicular to 
the direction of the greatest negative (“tensile”) strain. Kong 
et al. (2021) indicated that a change in failure mode may also 
affect the size-strength relationship of rock samples. Wes-
seloo and Stacey (2016) claim that critical strains are rock-
type dependent. Further testing was therefore done as part 
of this project, to establish a critical strain for chromitite, at 
which extension fracturing is likely to initiate. The effect of 
this change in failure mode on strength was also investigated.

Extension strain failure criterion

A simple empirical formula was produced by Stacey (1981) 
for extension fracture initiation and development in brit-
tle rock. The criterion explained how an apparent “tensile” 
failure could occur in a compressive environment. It also 
explained how fractures could develop parallel to the major 

and intermediate stresses. For a linear elastic material, Sta-
cey (1981) proposed the following solution:

where: σ1, σ2, and σ3 are the principal stresses (MPa), E 
is Young’s Modulus (MPa) and ν is the Poisson's Ratio. A 
fracture will initiate when:

where: εcr is the critical strain.
The critical strain can be calculated using the following 

formula (Ryder and Jager 2002):
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Fig. 4   Machine stiffness

Fig. 5   Friction angle between the samples and the loading end-piece

Fig. 6   Crystal size in the chromitite samples (each graduation repre-
sents 1 mm)
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where:

(5)�cr =
f × UCS × �

E

f = 0.25 to 0.3 for fracture initiation.
f = 0.7 to 0.8 for crack damage strain.
UCS = Uniaxial Compressive Strength (MPa).
Some recent authors have disputed the calculated values 

for critical strain, for example, Lu et al. (2020). Such find-
ings by previous authors created further interest in including 
tests that will determine the critical strain for chromitite.

Geomechanical testing of UG2 chromitite

Maphosa (2022) performed laboratory tests on UG2 chromi-
tite samples from the western side of the Bushveld Complex. 
The results generally showed a small variation in strength 

Fig. 7   Laboratory results of various w/h tests performed on chromi-
tite. The red dashed line represents a power fit, and the blue dotted 
line shows a straight-line regression analysis

Fig. 8   UCS tests performed on strain-gauged samples of w/h = 0.37. 
The dotted lines represent the strains in the direction of the applied 
stress and the solid lines represent the strains perpendicular to the 
applied stress

Table 1   Results of the chromitite UCS tests

Sample No Strength (MPa) E (GPa) ν (45% UCS)

147C1 w_h = 0.4 103.0 104.4 0.35
147C2 w_h = 0.4 98.9 99.0 0.30
147C3 w_h = 0.4 89.3 129.7 0.28
147C4 w_h = 0.4 80.0 87.3 0.43
147C5 w_h = 0.4 87.3 89.3 0.39
Mean 91.7 101.9 0.35
Standard dev 9.2 17.0 0.06

Fig. 9   Shear failure observed in triaxial tests

Fig. 10   Shear failure observed in uniaxial tests (w/h ratio = 0.4)
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at each confinement (Fig. 1). A curved, second-order poly-
nomial equation provided a better fit than a linear regres-
sion to the strengthening effect of confinement, suggesting 
non-linear behaviour of the material at fairly low confine-
ments. Tests performed on samples from the eastern side of 
the Bushveld Complex were added to the original data in 
Fig. 1 for comparison. The results were similar to Mapho-
sa’s (2022) data set, suggesting that the chromite material is 
similar across the Bushveld Complex. All these tests were 
conducted on samples with a w/h ratio of 0.4.

Sample preparation

Samples of 54 mm diameter were prepared at various w/h 
ratios with loading surfaces of better than 0.02 mm flat-
ness and parallelism as prescribed by the ISRM standards 
(Ulusay and Hudson 2007). Specially prepared end-piece 
load-spreaders (Fig. 2) were manufactured from EN30B 

steel that was hardened to a Rockwell hardness of HRC58 
with a loading diameter surface of 54.0 mm as specified 
by Ulusay and Hudson (2007). The flatness and parallelism 
of the end-piece loading surfaces were better than the pre-
scribed 0.02 mm (Ulusay and Hudson 2007). The test setup 
is shown in Fig. 3.

Transducer calibration

The testing was conducted in a servo-controlled (MTS 815) 
stiff testing machine. Due to the expected high loads on the 
squat samples, the available strain-measuring transducers 
were not used. Instead, axial load and deformation readings 
were obtained from the machine transducers. As a result, no 
lateral strains were made except in the cases where strain 
gauges were attached to the samples to determine the strains 
at which extension fracturing was initiated. The machine 
deformation measurements were influenced by the spac-
ers and stretch in the press. These influences needed to be 
removed from the deformation results. This was achieved by 
loading the spacers and end-pieces configuration without a 
sample and producing a Deformation-load graph (Fig. 4). 
The machine deformation was subtracted from the test data 
using this graph.

Fig. 11   Failure mode change with w/h ratio

Fig. 12   Representative stress–strain curves at each w/h ratio

Table 2   Critical strains were calculated from the material properties 
in Table 1 using Eq. 5

Sample No Critical strain (mε)

147C1 w_h = 0.4 − 0.28
147C2 w_h = 0.4 − 0.24
147C3 w_h = 0.4 − 0.15
147C1 w_h = 0.4 − 0.32
147C1 w_h = 0.4 − 0.31
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The initial loading showed non-linear behaviour, but 
from a load of 182 kN the calibration was linear (Fig. 4). A 
separate factor was determined for the initial section using 
a third-order polynomial fit with a correlation coefficient 
of 0.9989 (Appendix A). A linear regression analysis was 
applied to the linear region, where the correlation coefficient 
was 0.9949 (Appendix A).

Test procedure for the w/h ratio testing

Before testing, samples were checked for compliance with 
preparation standards specified by Ulusay and Hudson 
(2007). The parallelism and smoothness results are provided 
in Appendix B. Several tilt-tests were conducted on each 
sample to determine the average friction angle between the 
sample and the loading end-piece (Fig. 5). Subsequently, 
samples were assembled into a servo-controlled stiff testing 

Fig. 13   Fracture propagation in a Brazilian Test using highspeed photography

Table 3   Brazilian test sample 
details and the critical lateral 
strains

*No strain measurements were made

Sample no Diameter (mm) Length (mm) Mass (g) Strength (MPa) Load (kN) Critical strain (mε)

Braz 1 53.63 26.10 225.2 4.9 10.8 Trial sample*
Braz 2 54.3 26.08 231.3 5.3 11.7 − 2.8
Braz 3 54.2 26.10 231.3 5.5 12.3 − 3.0
Braz 4 54.3 26.08 230.6 5.1 11.3 − 2.2
Average 5.2 − 2.7
Standard Dev 0.3 0.4

Fig. 14   Load as a function of strain parallel (dotted lines) and per-
pendicular (solid lines) to the loading direction. The tensile strains at 
which fracture development was initiated in the Brazilian tensile tests 
are shown by the red arrows
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machine (MTS 815) as shown in Fig. 2 and Fig. 3. The sam-
ples were tested at a constant deformation rate of 0.08 mm/
min following ISRM standards (Ulusay 2015).

Five samples were tested at each of seven different 
w/h ratios, in line with the ISRM standards for minimum 

numbers of tested samples (Ulusay and Hudson 2007). In 
addition, the minimum number of grains (crystals) between 
the loading platens was never less than 20 through the sam-
ple thickness. Ulusay and Hudson (2007) suggest that the 
ratio of sample size to grain size should not be smaller than 
ten. The typical range of crystal sizes is shown in Fig. 6, 
where each graduation between 10 and 20 mm is 1 mm.

Test results

The test results are shown in Fig. 7 and the details are pro-
vided in Appendix B. Individual stress–strain curves are 
provided in Appendix C. Normal UCS tests with strain 
gauges were performed on samples with a w/h ratio of 0.4 
(slender samples). The geomechanical results are provided 
in Fig. 8 and the material properties are shown in Table 1. 
Note that the range in strength shown in Fig. 8 is similar to 
the UCS tests shown in Fig. 1 and the elastic constants are 
also similar. The results in Fig. 7 show that the w/h strength-
ening effects in the laboratory data are better represented 
by a power, rather than, a linear formula. Note that there 
was a change in failure mode from pure shear to extension 
with shear between w/h ratios of 0.4 and 1.1. The literature 

Table 4   Critical strain results 
for cylindrical UCS samples 
with w/h of 1.1

*The test was stopped at various strains to determine if extension fracturing had occurred

Sample no Diameter (mm) Length (mm) Critical strain (mε) Stress at 
critical strain 
(MPa)

C1-0.21mε 54.1 49.00 Not achieved*
C1-0.28 mε 54.1 49.00 Not achieved*
C1-2.92 mε 54.1 49.00 − 2.92 175.9
C2 54.2 49.00 Gauge damaged
C3 54.2 49.00 − 1.69 151.0
C4 54.2 49.00 − 2.12 153.3
Average − 2.2 160.1
Std. dev 0.6 13.8

Fig. 15   Stress–strain results for UCS samples of w/h = 1, showing 
axial strains (dotted lines) and radial strains (solid lines) as a function 
of axial stress. The radial strains at which extension fractures are ini-
tiated are shown by the red arrows

Fig. 16   Photographs of the w/h = 1 samples, showing the fracture condition at various lateral strains
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review suggests that the behaviour of the latter ratio may 
have been influenced by the confining effects of the end 
pieces and the magnitude of the critical lateral strain for 
chromitite. Extension failure was not observed on the slen-
der samples, either during uniaxial or triaxial testing, up to 
a confinement of 40 MPa.

Observed failure modes in the laboratory 
tests

The failure mode for the triaxial tests, from confinements 
of 10 MPa up to 40 MPa, was a single shear plane as 
shown in Fig.  9 (Maphosa 2022). Most uniaxial tests 
performed on slender samples failed with a double shear 
plane (Fig. 10), forming cones adjacent to the loading 
platens (Carpede 2023). At a w/h ratio of 1:1, extension 
fracturing was first observed on the outer edges, just before 
failure. The final failure appears to have been on double-
shear planes through the undamaged centre portion of the 
sample (Fig. 11). Cones were also observed in the samples 
with a w/h ratio of one (Fig. 11). A change in failure mode 
at a w/h ratio of one was also observed by Li et al. (2011) 
on another material. Extension fracturing became promi-
nent in the samples with a w/h ratio of two, and there was 
also evidence of multiple shear planes, which is believed 
to be a secondary formation at the time of final failure 
(Fig. 10). From a w/h ratio of three, extension fractur-
ing became much more dominant with concentric rings 
of extension failure as failure progressed to the centre 
(Fig. 11). Load loss was not observed during the develop-
ment of extension fractures. Zhao et al. (2022) observed 
an increase in plastic deformation between the yield and 
failure with w/h ratio on rectangular-shaped granite tests. 
Such behaviour was not obvious in the chromitite tests 
(Fig. 12).

Multiple shear failure planes and radial extension cracks 
were observed in the damaged chromitite material. A general 
reduction in extension fracturing was observed at the cen-
tre of the specimens with a w/h ratio above three, and at a 
w/h ratio of about eight, a significant central core developed 
(Fig. 11), apparently without extension fractures, but friable 
and not as strong as the pretested sample.

Critical strain for extension fracture 
development

The critical strains at which extension strain damage should 
be visible were determined using Eq. (5) with “f” set to 0.8 
and using the material properties provided in Table 1. The 
results are shown in Table 2.

Li and Wong (2013) suggested that the extension strain 
criterion may be suitable for explaining crack initiation and 
propagation in a Brazilian indirect tensile test. A verifica-
tion process was therefore performed using strain-gauged 
Brazilians and axially loaded samples with a w/h ratio of 
1.1. Samples were carefully prepared from 54 mm diameter 
chromitite cores to ISRM standards for Brazilian Tensile 
testing (Ulusay and Hudson 2007). The two flat Brazilian 
test surfaces were polished to better than 0.02 mm of flat-
ness and parallelism. Vertical and horizontal strain gauges 
of 3 mm in length were attached to the centre of both flat 
surfaces (Fig. 13). Testing was done in a jig and the strength 
calculations were made as per ISRM standards (Fig. 13) and 
the strain at the centre of the disc was monitored in both the 
axial and lateral directions. A loading rate of 0.3 mm per 
minute was used so that failure took place in about 1.4 min 
(ISRM 1978). The results are shown in Table 3 and Fig. 14. 
The critical strains were taken as the lateral strain where 
crack development was initiated.

Fig. 17   Comparison between the normalised strengthening effects of 
w/h ratio on chromitite, moulded gypsum and spotted anorthosite

Fig. 18   Laboratory results of various w/h ratio tests performed on 
chromitite and the Modified Hedley and Grant formula for pillar 
strength calculations on the UG2 chromitite pillars
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The Brazilian tests suggested a critical strain of about 
10 times the calculated strain. However, loading in the 
Brazilian tests took place over an arc which is different 
to the original application of the criterion (Stacey 1981). 
Further tests were conducted on strain-gauged UCS sam-
ples with a w/h ratio of 1.1. The results of this testing 
are shown in Table 4 and Fig. 15. Critical strains were 
where the radial strain exceeded the critical strain. The 
first sample was tested to the calculated critical strain lev-
els initially, but there were no obvious signs of fracturing 
(Table 4). Subsequently, the samples were loaded until 
the strain gauges became unstable. The point at which the 
strain gauge readings became unstable was considered to 
represent the critical strain (Table 4). In these samples, the 
critical strain appears to have occurred just before failure.

Test C1 was stopped at the critical strains predicted by 
Eq. (5), but no signs of extension fracturing were observed 
at these radial strains (Fig. 16a). Finally, the test was stopped 
at a radial strain of 2.92 mε and evidence of extension strain 
was observed (Fig. 16b) This sample was unusually strong 
and appears to have provided an unusually high critical 

strain. However, the critical strains shown by Tests C3 and 
C4 were similar to the values shown by the Brazilian tests 
(Fig. 16c and d).

Discussion of results

The test laboratory provides a controlled environment where 
factors such as the effects of w/h ratio on strength can be deter-
mined. However, the effects of flaws are not properly consid-
ered in 50 mm diameter samples (Hoek and Brown 1980). The 
results are therefore likely to be stronger than the rock mass. 
In addition, the effects of the foundation materials were not 
considered in the laboratory tests performed in this project. 
However, valuable information on the general behaviour of 
chromitite was obtained. Bieniawski and van Heerden (1975); 
Ryder and Ozbay (1990); York and Canbulat (1998) and Wat-
son et al. (2010) found a linear relationship between w/h ratio 
and strength for other hard-rock materials. Such behaviour was 
also observed by Jessu and Spearing (2018) and Vogler and 
Stacey (2016) in their laboratory tests performed on moulded 
gypsum and spotted anorthosite, respectively. The results 
of their investigation are compared to the chromitite tests in 
Fig. 17, by normalising to a w/h ratio of one.

In this study, a curved fit best described the tests performed 
on chromitite (Fig. 7 and 17). The results correspond to the 
nonlinear behaviour in the triaxial tests performed by Maphosa 
(2022) at fairly low confinements. The behaviour of the rock 
under a range of w/h ratios has implications for the type of 
formula that should be used to describe pillar strength. The 
test results in this project clearly show that a power formula 
best describes the strengthening effects of the w/h ratio on 
strength for chromitite (Fig. 7). This finding agrees with the 
results recorded by Watson et al. (2021a) for chromitite pillars.

The currently used Modified Hedley and Grant (Malan 
and Napier 2011) and the Watson et al. (2021a) formulae are 
plotted with the laboratory tests in Fig. 18. There is a signifi-
cant difference between the strength predicted by the Modi-
fied Hedley and Grant formula (Malan and Napier 2011) and 
the laboratory tests. However, there is a much closer match 
when these tests are compared to the Watson et al. (2021a) 
formula. The underground pillars represented by Watson 
et al. (2021a) are weaker than the laboratory test, as expected 
due to the size of the laboratory test samples. The Watson 
et al. (2021a) formula for pillar design allows for smaller 
pillars and greater extraction ratios than the current Modi-
fied Hedley and Grant formula (Malan and Napier 2011). It 
should be noted that the samples at a w/h ratio of eight may 
not give the actual strength of the rock due to their thickness.

The results of the laboratory tests suggest that the load-
ing platens provide a significant confining effect on the 
specimen, even under relatively low contact friction angles 
(Appendix B). The confinement effects can be observed in 

Fig. 19   Stress/strain curves for samples of w/h = 3

Fig. 20   Stress/strain curve for Sample 6C4 (w/h = 8.4)
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the large increase in strength between w/h ratios of 0.4 and 
1.1. The excellent power formula fit to the data in Fig. 7, 
suggests that the equation given in the figure may be used 
to determine the material UCS from smaller samples. The 
equation may be useful when borehole core lengths are too 
small for normal UCS tests. Should it be only possible to 
prepare chromitite samples with a w/h ratio of one, the fol-
lowing formula may be used to determine UCS:

where: �c1 is the strength of a sample with w/h = 1.
York & Canbulat (1998) also reported low contact friction 

angles for their laboratory tests on pyroxenite samples. How-
ever, the contact surfaces underground are expected to be about 
30° (Ryder and Jager 2002). The low friction angle is likely to 
reduce the strength of the laboratory samples and encourage 
early extension fracturing (Els and Malan 2023). Owing to the 
steel platens in the laboratory tests, fracturing was not allowed 
to develop into the foundation (as would be the situation for 
underground pillars). This condition may have had an opposite, 
strengthening effect on the laboratory results (Watson et al. 
2009). Further testing is thus required using rock platens with 
the same material properties and contact surface friction angles 
as the pillar foundation materials. Such rock platens will need 
to be confined with metal rings to avoid the development of 
radial fractures or splitting of the platens. In this way, damage 
will be permitted to propagate into the foundation materials. 
Surface conditions will, however, need to be roughened to 
account for the likely contact friction underground.

All the samples with a w/h ratio of two and less failed 
with complete load loss. From a w/h ratio of 3.0 the samples 
were able to maintain a high strength beyond failure for a 
considerable axial strain (Fig. 19). However, in almost all 
cases, there was a slow deterioration in the ability to carry 
the load, suggesting that some fracturing or extending of frac-
tures was taking place in the samples. A complete load loss 
was observed in most samples at all w/h ratios. The load loss 
appears to have coincided with the development of radial 
cracks, which can be observed in Fig. 11. These radial cracks 
are suspected to have facilitated the final stress drop to zero. 
Only one sample was semi-stable, and a residual strength was 
achieved (Fig. 20). It is not clear why this sample was more 
stable than the others at high strains. The residual strength 
was high on this sample but lower than expected for a w/h 
ratio of 8.4. Work done by Watson et al. (2010) suggests that 
the residual strength of a high w/h ratio pillar is dominated by 
the damaged foundation, which, in this case, was prohibited 
by the steel platens in the laboratory tests.

Several authors have reported a change in failure mode 
from shear to extension at a w/h ratio of one for a variety of 
rock types (Li et al. 2018, 2011; Darbor et al. 2018). A simi-
lar finding was made for the tests conducted for this research 

(6)UCS = �
c1
× 0.4

0.347

project. However, close observations of the samples suggested 
extension fractures on the outer perimeter of the sample and 
shear fractures developed on the inner core of the samples at a 
w/h ratio of 1.1. At higher w/h ratios shear fractures appear to 
have developed as a secondary failure mechanism within the 
slabs formed by extension fracturing (Fig. 11). Tests done by 
Els and Malan (2023) showed a change in failure mode when 
changing the contact friction angle on samples with the same 
w/h ratio. These results suggest that the fracture patterns and 
density of fracturing may change at higher friction angles. It 
is not clear if the change in fracture mode affected the w/h 
strengthening effect shown in Fig. 7. However, no obvious 
load loss or increase in plastic deformation is shown by the 
stress–strain curves in Fig. 12. It should be noted, however, 
that similar fracturing is observed underground in the side-
walls of highly stressed pillars, where w/h ratios are greater 
than one. The theory of extension failure suggests that a frac-
ture develops parallel to the major and intermediate stresses 
when the negative strain in the direction of the minor stress 
exceeds a critical value (Stacey 1981). In pillars, such frac-
turing will occur parallel to the pillar sidewalls because the 
stresses perpendicular to the sidewalls are zero or small near 
the pillar edge. Importantly, the tests show that the presence of 
extension fractures does not mean the sample has failed. This 
finding can also be applied to pillars underground.

Work done by Li and Wong (2013) suggested that the 
extension strain failure criterion may be able to explain crack 
initiation and propagation in a Brazilian test. However, the 
strains measured in the Brazilian tests on chromite did not 
show any damage at the calculated critical strains. Interest-
ingly, the critical strains measured on the axially loaded sam-
ples with a w/h ratio of one were similar to those measured 
on the Brazilian tests. These results suggest that under the 
described loading conditions imposed on the samples, the 
critical strain at which extension fractures developed was 
about ten times the calculated strains. The findings suggest 
that further research is required on the current criterion for 
extension strain fracture development (Eq. 5). The measured 
strains compare favourably with the calculated critical strains 
if the factor (f) in the equation is increased by a multiple of 
10. The difference in the calculated and measured strains 
may be due to a different loading path to what was used when 
the original criterion was developed (Ryder and Jager 2002).

Conclusions and recommendations

The work done by Martin and Maybee (2000) shows a wide 
variation in strength formula developed for different rock 
types. The results suggest a unique empirical formula for 
each rock type and geotechnical setting. Watson et al. (2021a) 
developed a formula for the UG2 chromitite reef in South 
Africa and found that it predicted a much stronger pillar than 
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the traditionally used Modified Hedley and Grant formula 
(Malan and Napier 2011). This finding was authenticated by 
an instrumentation site (Watson et al. 2021b), but laboratory 
tests were needed to validate the formula further. Watson et al. 
(2021b) showed a substantial impact on revenue and the life 
of the platinum mining industry was possible by using this 
formula. The research reported in this paper is the results of 
w/h ratio tests performed on UG2 chromitite in a laboratory.

The strengthening effects of the w/h ratio on chromitite 
have not been previously determined in a test laboratory. The 
strength profile with the w/h ratio is shown by the laboratory 
test results to be best described by a power formula. This 
result agrees with the findings of the underground inves-
tigations for UG2 chromitite pillars (Watson et al. 2021a). 
Tests performed by other authors on different materials have 
shown a linear relationship between strength and w/h ratio. 
The power formula fit to the test data in Fig. 7 is remarkably 
good, suggesting that it could be used to determine the UCS 
of chromitite when specimens have a w/h ratio of one. A 
suitable formula has been provided in the paper.

Changes in the failure mode of chromitite core samples 
were observed at a w/h ratio of one, in line with the findings of 
similar tests on other rock materials and observations on under-
ground pillars. An important finding was that the formula for 
determining the critical strain for extension fracturing underes-
timated this strain by about a factor of 10 for UG2 chromitite.

The development of the extension fractures, parallel to 
the direction of loading, did not appear to result in a measur-
able load loss or increase in plastic deformation (Fig. 12). 
The observed extension fracturing in the laboratory also 
occurs on highly stressed pillars underground. Importantly, 
the results show that the presence of extension fractures does 
not mean sample failure. This finding can also be applied to 
pillars underground.

A significant effect of the loading surfaces on strength 
was observed, particularly at the lower w/h ratios. This 
effect was observed even when the friction angle between 
the loading surfaces was relatively small. Radial cracks 
were observed in the samples from a w/h ratio of 3.0. 
These radial cracks are suspected to have facilitated the 
final stress drop to zero. It is not known if this fracturing 
occurs in underground pillars, where fracturing is allowed 
to penetrate the loading surfaces and the contact friction 
angle between a pillar and its foundations is higher than 
those of the test samples.

The test results suggest the Watson et  al. (2021a) 
strength formula for UG2 chromitite pillars may be cor-
rect. A stronger pillar implies that smaller pillars can be 
cut with a corresponding increase in extraction ratio. The 
higher extraction ratio can provide additional profit and 
increase the life of mines without compromising safety.

It is recommended that further testing of chromitite w/h 
ratio samples be done using appropriate rock platens of 

the same material as the pillar foundations. Such tests will 
allow for fractures to develop into the loading platens.

The effects of sample size on strength need to be estab-
lished for chromitite. A range of sample sizes at a w/h ratio 
of one should be tested in a laboratory setting to determine 
the effects of volume. These tests will be used to establish 
the true “k-value” for chromitite in the power formula for 
pillar strength.

The tests performed in this project have provided a 
valuable contribution to knowledge and similar w/h ratio 
studies are recommended for other rock types to establish 
possible trends. The research shows that further work is 
required on the current criterion for extension strain frac-
ture development (Eq. 5).

Appendix A

The stiffness calibrations of the machine used in the tests 
are provided in Figs. 21 and  22.

Fig. 21   Calibration used up to 182 kN

Fig. 22   Calibration used from 182 kN
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Appendix B

The laboratory w/h ratio test data is provided in Table 5. 
The test numbering system included the planned length of 

the sample, material type (C=Chromitite), sample number 
and the planned w/h ratio.

Table 5   Laboratory test results 
on chromitite

Test number Parallelism (mm) Friction 
angle 
(°)

Diameter (mm) Length (mm) w/h ratio Strength (MPa)

147C1 w_h = 0.4 0.020 46.8 115.0 0.41 103.0
147C2 w_h = 0.4 0.026 54.1 147.60 0.37 98.9
147C3 w_h = 0.4 0.026 54.0 147.40 0.37 89.3
147C4 w_h = 0.4 0.026 54.2 147.20 0.37 80.0
147C5 w_h = 0.4 0.026 54.3 147.10 0.37 87.3
54C1 w_h = 1 0.015 12 54.4 52.65 1.03 125.4
54C2 w_h = 1 0.010 10 54.2 52.65 1.03 119.5
54C3 w_h = 1 0.005 13 54.0 52.40 1.03 145.1
54C4 w_h = 1 0.005 13 54.2 52.40 1.03 124.0
54C5 w_h = 1 0.005 13 54.1 49.00 1.10 153.8
54C6 w_h = 1 0.005 13 54.1 52.40 1.03 155.4
25A0.5 w_h = 2 54.2 26.90 2.01 189.3
25B05 w_h = 2 20 54.2 26.90 2.01 160.2
25C05 w_h = 2 20 54.2 26.90 2.01 186.7
25C1 w_h = 2 0.05 53.7 24.95 2.15 213.3
25C2 w_h = 2 0.03 18 54.3 24.95 2.18 210.6
25C3 w_h = 2 0.03 16 53.8 24.95 2.15 194.4
25C4 w_h = 2 0.01 16 53.7 24.95 2.15 218.7
25C5 w_h = 2 0.02 17 53.6 24.95 2.15 181.0
25C6 w_h = 2 0.03 13 53.8 24.95 2.16 192.8
16C2 w_h = 3 0.01 14 53.8 17.75 3.03 239.1
16C3 w_h = 3 0.015 14 53.8 17.75 3.03 232.5
16C4 w_h = 3 0.025 13 53.8 17.60 3.06 234.7
16C5 w_h = 3 0.020 11 53.8 17.60 3.06 237.3
16C6 w_h = 3 0.01 14 53.8 17.20 3.13 204.6
12C1 w_h = 4 0.02 14 53.8 12.35 4.36 301.5
12C2 w_h = 4 0.01 14 53.8 12.35 4.36 258.2
12C3 w_h = 4 0.01 15 53.8 12.35 4.36 290.8
12C4 w_h = 4 0.03 12 53.8 12.35 4.36 234.3
12C5 w_h = 4 0.04 14 53.8 12.35 4.36 256.4
12C6 w_h = 4 0.005 13 53.8 12.20 4.41 309.7
8C1 w_h = 6 0.005 12 54.1 8.20 6.60 266.7
8C2 w_h = 6 0.005 14 54.2 8.50 6.37 301.3
8C3 w_h = 6 0.005 14 54.1 8.50 6.36 314.4
8C4 w_h = 6 0.005 14 54.1 8.00 6.76 306.2
8C5 w_h = 6 0.005 13 54.0 7.90 6.84 282.5
6C1 w_h = 8 0.006 12 54.3 6.40 8.48 323.9
6C2 w_h = 8 0.02 17 53.8 6.40 8.41 338.6
6C3 w_h = 8 0.01 15 53.8 6.40 8.41 387.0
6C4 w_h = 8 0.005 12 54.2 6.40 8.48 425.1
6C5 w_h = 8 0.015 12 54.3 6.40 8.48 333.5
6C6 w_h = 8 0.01 12 54.3 6.40 8.48 336.3
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Appendix C

The individual stress/strain curves are provided in  Figs. 23, 24, 
25, 26, 27, 28, 29.

Fig. 23   Uniaxial compressive tests with strain gauges (w/h 
ratio = 0.37). The dotted lines represent the strains in the direction of 
the applied stress and the solid lines represent the strains perpendicu-
lar to the applied stress

Fig.24   Uniaxial compressive tests with machine transducers (w/h 
ratio = 1). Only axial strains were measured

Fig. 25   Uniaxial compressive tests with machine transducers (w/h 
ratio = 2). Only axial strains were measured

Fig. 26   Uniaxial compressive tests with machine transducers (w/h 
ratio = 3). Only axial strains were measured

Fig. 27   Uniaxial compressive tests with machine transducers (w/h 
ratio = 4). Only axial strains were measured
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