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Tensile strength is an important parameter in many engineering applications. In loess
slopes, for instance, it governs the development and propagation of tension cracks that
usually ultimately lead to crack–sliding and toppling failures, which are among the most
common modes of slope failure in the Loess Plateau of China. Reliable measurement of
tensile strength of geomaterial is therefore a necessity. Commonly used methods for
tensile strength measurement have important limitations and shortcomings, which
become magnified when dealing with soil and soft rock. This study developed a new
indirect tensile test, the Horizontal Compression test, for use with these materials. The
proposed method not only involves simple sample preparation and test operation, it also
addresses the eccentric force and stress concentration problems that are common in
conventional tensile tests. To evaluate the method’s validity, its performance was
compared with the ISRM-suggested direct tensile test and the closely related Brazilian
test. The tensile strength values from the horizontal compression test strongly correlate
with those from the direct tension test, and are more stable than those obtained with either
of the two conventional tests. Thus, the proposed method can be used and deemed more
suitable for tensile strength determination than these conventional test methods.
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INTRODUCTION

Tensile strength is one of the most important parameters in many engineering and science-based
applications. In geotechnical engineering, the interest in tensile strength is on its role in crack
initiation and propagation in soils and rocks (Griffith, 1921; Tapponnier and Brace, 1976; Stacey,
1981; Haimson and Cornet, 2003), and therefore in the failure of earth structures, such as slopes
embankment, and dams. In loess slopes, for instance, cracking–sliding and toppling are common
failure modes that are usually initiated by the development of tension cracks at the slope crown, then
propagating vertically down from a few to several meters (Li, 2018). These modes of failure are a
frequent occurrence in the Loess Plateau of China, causing an average of 100 deaths per year and
considerable economic loss (Li et al., 2018b). Prevention and mitigation measures are therefore
needed, which, for performance and cost effectiveness, require proper evaluation of the tensile
strength of loess soil. To date, however, there exists no standard test for tensile strength similar to
those for other geotechnical soil properties such as shear strength and compressive strength.
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Tensile strength is the fracture stress under uniaxial pulling
(tension) force. As such, it is ideally determined by direct tensile
testing, whereby a cylindrical specimen is loaded in axial tension
until failure. Tensile strength is calculated by dividing the fracture
force by the cross-sectional area of the specimen under the
assumption that the stress is uniform and purely uniaxial.
However, as Coviello et al. (2005) pointed out, this
assumption is most often invalid since anomalous stress
concentration tends to occur at specimen ends, leading to
early rupture in these parts. Moreover, even when the rupture
occurs in the middle portion of the specimen, the stress
distribution over the entire cross section may not be uniform
owing to the bending moments introduced by small geometrical
imperfections and/or misalignment between the specimen’s axis
and the machine cap axes.

Several solutions have been adopted to address the
aforementioned problems, such as preparing the specimen in a
dumbbell shape (e.g., Tolooiyan et al., 2014; Demirdag et al.,
2019) or etching a notch on the surface to force the specimen to
fracture at the middle portion, using special connectors between
the specimen and the loading frame (e.g. Fairhurst, 1961; Hawkes
andMellor, 1970; Okubo and Fukui, 1996; Perras and Diederichs,
2014), and using a centering apparatus (Zhang et al., 2017). Some
of these techniques are effective, but complicated and expensive
(Mellor and Hawkes, 1971; Butenuth et al., 1993; Coviello et al.,
2005). As a result, direct tensile test is seldom carried out in
laboratories. As alternatives, several indirect test methods have
been developed, including the Brazilian test (Hudson et al., 1972;
ISRM, 1978), bending test (He et al., 1990), hydraulic fracturing
test (Zoback et al., 1977), hoop test (Xu et al., 1988), axial
fracturing test (Fang and Chen, 1972) and ring test (Hobbs,
1964).

Among the indirect tensile tests, the Brazilian test, also known
as splitting tension test, is widely used due to ease of operation. In
this test, tensile failure is induced in a thin, circular disc by
subjecting it to diametrical compression. The principle behind the
test is based on the experimental fact that most rocks in biaxial
stress fields fail in tension at their uniaxial tensile strength when
one principal stress is tensile and the other is compressive, where
the magnitude of the latter does not exceed three times that of the
former (ISRM, 1978; Li and Wong, 2013). The intermediate
principal stress is assumed to have no influence on disc failure
(Fairhurst, 1964). The maximum tensile stress at failure is then
computed by applying the Continuum Mechanics under the
assumption that the specimen is homogeneous, isotropic and
linearly elastic before brittle failure occurs (Mellor and Hawkes,
1971). It is also assumed that this failure occurs at the point of
maximum tensile stress, i.e. at the center of the disc. However, in
many Brazilian tests, crack initiation has been observed at points
away from the center of the disc and near the disc-loading platen
contact where stress concentration exists (Fairhurst, 1964;
Hooper, 1971; Hudson et al., 1972; Swab et al., 2011).
Moreover, similar to the direct tensile test, eccentric force
often appears in Brazilian test due to the difficulty of keeping
the applied force along the vertical diametrical plane of the
specimen throughout the test. Like most tensile tests, the main
application of the Brazilian test is on rock and rock-like materials;

it was recommended by the International Society for Rock
Mechanics (ISRM) as the standard for determining the tensile
strength of rocks (ISRM, 1978). When applied to soil and soft
rocks, said test limitations can be magnified due to greater
geometric tolerances that must be accepted in the specimen
preparation and the difficulty of obtaining samples with
smooth surfaces (Coviello et al., 2005).

Motivated by the need to understand the tensile behavior of earth
materials, particularly soils and soft rocks, and realising the
limitations of conventional tensile tests, we developed and
proposed a new indirect tensile test called Horizontal
Compression test, which is particularly suited to these materials.
The proposed method is easy to use; it does not require special and
expensive techniques in sample preparation and operation of the
apparatus is simple. It generally operates under the same principle as
the Brazilian test but improves on the latter in that the applied
compressive force strictly passes through the central diametrical plane
of the specimen, thereby preventing the development of eccentric
forces.

In the development of the proposed method, we conducted two
major laboratory test campaigns: the first was aimed at establishing
the optimal parameters for use with the method, whereas the second
was to evaluate the method’s performance. This paper presents the
proposed method and the results of the said test campaigns.

TEST METHOD AND DEVICE

The device (Figure 1A) developed for the proposed test method
mainly comprises fracturing rods (Figure 1B), specimen
positioning frame (Figure 1C), load cell, displacement sensor
and data processor. A servo-controlled tension system is adopted,
and a case is used to protect the tensile test frame.

Compression is carried out by the fracturing rods (Figure 1B), one
of which is active (Figure 1D) and the other stationary and fixed on
the frame platform (Figure 1E). The specimen is placed horizontally
between these two rods, which are kept separated at a pre-set distance
depending on the size of the specimen. Driven by the electric cylinder,
the active fracturing rod thenmoves towards the stationary fracturing
rod and fractures the specimen at a specified loading rate. The frame
platform is designed to be smooth such that frictional resistance can
be considered negligible.

The apparatus is equipped with a specimen positioning frame
that is fitted with an operating arm and two guide columns
(Figure 1C). The frame is manipulated through the operating
arm for setting the specimen so that the active fracturing rod, the
stationary fracturing rod and the central axis of the specimen are
aligned in the same vertical plane. This ensures that the direction
of the force strictly passes through the center of the specimen,
minimizing eccentric force.

The load cell with an accuracy of 0.1 N is set up on the active
fracturing rod to detect the pressure from the rod. A linear variable
differential transformer with an accuracy of 0.001mm is installed
between the frame platform and the active fracturing rod to detect the
displacement of the rod. The data processor then receives the data
from the load cell and the displacement sensor. The load cell and the
displacement sensor are easy to replace in case of malfunction.
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The tensile strength of the specimen and corresponding strain
can be evaluated using the same equations for the Brazilian test
(ISRM, 1978):

σt � 2P
πDT

, (1)
εt � δ × v, (2)

where P is the force at failure; D is the specimen diameter; T is the
specimen thickness; δ is the compressive strain (equal to Δd/d,
where Δd is the measured vertical displacement at failure); v is the
Poisson’s ratio of the specimen.

The main procedure of the proposed horizontal compression
test is in accordance with the Chinese Specification of Rock Test
(GB/T 50266, 2013), ISRM Standard (ISRM, 1978) and ASTM
Standard (ASTM C496/C496M-17, 2017).

A requirement of the test is the preparation of the
specimen in a cylindrical form. This study utilized loess
soil as test specimen, which is a strongly anisotropic
geological material in its natural state (Li et al., 2018a).
Thus, the soil was remolded to obtain a more
homogeneous fabric than the intact specimens (Jiang et al.,
2014), and thereby ensure reliable and comparable test data.
The remolded specimens were prepared using a self-made
mold and the universal testing frame. The stipulations of the
Chinese Specification of Soil Test (GB/T 50123, 2019), British
Standard (BS 1377-1, 2016) and ASTM standard (ASTM
D7015-18, 2018) were strictly followed in the sampling and
specimen preparation.

DETERMINATION OF OPTIMAL TEST
PARAMETERS

Test Specimen
For the optimal specimen size determination, specimens with
diameters of 40, 50, 60, 80, and 100mm and respective thickness
of 20, 25, 30, 40 and 50mm (i.e., radius: thickness ratio of 1, following
the 1978 ISRM recommendation for Brazilian test specimen) were
prepared. For each specimen size, five specimens were tested. For the
determination of loading rate, another six sets were prepared, each
corresponding to different loading rates (0.05, 0.1, 0.3, 0.5, 0.7 and
0.9mm/min) and comprising five specimens. All the remolded
specimens had a dry density of 1.32 g/cm3 and zeromoisture content.

Jaw Shape
One of the most important parameters affecting the results of tensile
tests is how the applied load is transferred to the specimen. In this
regard, the shape of the loading jaw plays a major role. Thus, prior to
starting the testing program, extensive trial tests were conducted to
select the most suitable jaw shape for the proposed apparatus. Four
different jaw shapeswere considered (Figure 2). Jaws Ⅰ andⅡ (Figures
2A,B), whichmore or less represent point load contact, were found to
cause initial fracture in the disc-jaw contact area and are therefore
considered unsatisfactory. Jaws Ⅲ and Ⅳ (Figures 2C,D),
representing a curved contact, showed a much better performance
although like Jaws Ⅰ and Ⅱ, Jaw III also tended to penetrate the
specimen.With JawⅣ (Figure 2D), the initiation and propagation of
cracking occurred simultaneously. No jaw penetration into the
specimen was observed.

FIGURE 1 | Horizontal compression test device (A) overview (B) fracturing rods (C) specimen positioning frame (D) active fracturing rod and (E) stationary
fracturing rod.
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To gain further insights into how load is transferred by the
different jaw shapes, a 2D finite element simulation was
conducted using Abaqus Standard 2019. The soil was modeled as
a homogeneous, linearly elastic material with the following elastic
constants: Young’s Modulus = 15,000 kPa and Poisson’s ratio = 0.23.
Themodel wasmeshedwith roughly 6,000 plane stress elements. The
loading jaws were simulated as a rigid body, one of which was fixed
whilst the other was displacement controlled and moved in the +y
direction. There was no bonding between the sample and the jaws. As
shown in Figure 3, the numerical simulation results are generally
consistent with the experimental results. Stress concentration,
particularly at the jaw edges, is noticeable with Jaws Ⅰ and Ⅱ
(Figures 3A,B), explaining the triangular fracture area that
develops at the specimen-jaw contact when these jaws are used.
The stress distribution with Jaws Ⅲ and Ⅳ have the same pattern
(Figures 3C,D), although stress in the former is more concentrated
and higher at the disc-jaw contact. This may explain the observed
penetration of the jaw into the specimen. Of all the jaws, JawⅣ gives
the most homogenous stress distribution pattern, explaining the
simultaneous occurrence of crack initiation and propagation. Jaw
Ⅳ, therefore, was adopted for use with the proposed method.

Specimen Size
A series of tests was carried out to explore how the tensile strength
obtained with the proposed method is affected by specimen size
and to determine the optimal size for use with the method. To this
end, specimens of different sizes with diameters of 40, 50, 60, 80
and 100 mm and respective thickness of 20, 25, 30, 40 and 50 mm
were tested at a loading rate of 0.5 mm/min.

Figure 4 shows typical load-displacement curves for the
different specimen sizes. Clear and sharp peaks can be
observed, indicating the possibility of determining tensile
strength with the horizontal compression test. The load
increases with displacement until a peak is reached after which
the load falls rapidly to zero. The peak load and displacement
increase with increase in diameter.

The average tensile strength (σt) obtained for each specimen
size is shown in Figure 5. The σt values decrease by 46.48% with
increase in diameter from 40 to 60 mm. However, further increase
in diameter did not produce significant variation in the σt values,

indicating that the measured tensile strength is relatively stable at
diameter range of 60–100 mm. Hence, the minimum specimen
size requirement for the proposed method is determined to be
60 mm in diameter and 30 mm in thickness following the method
used by Kuruppu and Funatsu (2012) and Hudson (1969) to
determine the critical specimen size for tensile fracture toughness
test and ring tensile test, respectively. With the method, the point
at which the tensile strength becomes constant may be defined as
the minimum specimen size that yields size-independent tensile
strength. This critical or minimum specimen size is
recommended for use with the proposed method, given that
with larger specimens, the possibility of encountering larger and
more material flaws is increased. Preparing a larger specimen
without disturbance is also difficult. Thus, there exists a
maximum practical size that can be tested in the proposed
apparatus, which was determined to be 100 mm × 50 mm. The
optimal application of the proposed method, therefore, is on fine-
to medium-grained soils and rocks.

Loading Rate
Six loading rates (0.05, 0.1, 0.3, 0.5, 0.7 and 0.9 mm/min) were
considered and following the test results in Specimen Size,
specimens with a diameter of 60 mm and thickness of 30 mm
were used.

As shown in Figure 6, the measured tensile strength gradually
increases with increasing loading rate. The most stable test results,
with aminimum coefficient of variation (Cv) of 3.72%, were obtained
at a loading rate of 0.1 mm/min. Therefore, this loading rate can be
used with the suggested method. With this low rate, problems that
may arise with high loading rates (such as subcritical crack growth)
can be avoided, while allowing for the test to be performed within a
reasonable length of time.

PERFORMANCE EVALUATION

To evaluate the performance of the proposed method, another
test campaign was conducted to compare the tensile strengths
obtained with the method to those obtained with the direct
tension test and the closely-related Brazilian test.

FIGURE 2 | Different jaw shapes (A) Jaw Ⅰ (B) Jaw Ⅱ (C) Jaw Ⅲ and (D) Jaw Ⅳ.
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Test Specimen
For the direct tension test, 50 × 100 mm dumbbell-shaped
specimens were prepared following the method proposed by Li
et al. (2020), where a rotation grooving device was used to create a
15 mm-wide section with a reduced diameter (40 mm) in the
mid-height of the specimen. For the Brazilian test, an
appropriately sized (50 mm diameter and 25 mm thickness)
mold was used. Each of the three test methods was carried out
on seven soil specimens, all with a dry density of 1.38 g/cm3 and
zero moisture content.

Given that the direct tensile test is considered the ideal method for
tensile strength determination, the performance of any indirect test

method is compared andmeasured against this test (Liao et al., 2019).
Insights from the comparison of the proposedmethodwith the direct
tension test is therefore deemed very important. Thus, to further
ensure sample uniformity and data comparability, gypsum-sand
specimens were additionally tested with the two test methods.
Moreover, given that the artificial mixture can be prepared into
stiffer and denser specimens simulating soft rock, its use allows the
evaluation of the capability of the proposed method over a wider
range of tensile strengths. The artificial specimen preparation
followed the method proposed by Li et al. (2020). Specimens were
prepared at four different densities (1.57, 1.73, 1.77 and 1.82 g/cm3)
by mixing predetermined proportions of gypsum, standard sand and

FIGURE 3 | Comparison of vertical stress concentration in the specimen with different shapes of jaws under a load of 40 N (A) Jaw Ⅰ (B) Jaw Ⅱ (C) JawⅢ and (D)
Jaw Ⅳ.
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water. This mixture was put in a container, stirred evenly and placed
in a self-made mold for compaction by static pressing method. The
mold was then put in an oven at 50 C for 12 h and then demolded.
Finally, the specimens were put back in the oven at 50 C and dried to
a constant mass. For each of the direct tension test and the proposed
method, four sets of gypsum-sand specimens were prepared, each set
corresponding to different densities and comprising five specimens.
The properties of the gypsum, standard sand and themixed specimen
are similar to those reported in Li et al. (2020).

Direct Tension and Brazilian Tests
The direct tension and the Brazilian tests were conducted using the
universal testing frame. The direct tension test (ISRM test) was
performed following the procedure suggested by the International
Society for Rock Mechanics (ISRM, 1978). Tensile strength and
averaged tensile strain were calculated using Eqs (3), (4) below:

σt � P

A
, (3)

εt � δ

Hf
, (4)

where P is the maximum applied load, A is the original cross-
sectional area of the crack plane, δ is the measured displacement
and Hf is the height of the free area of the specimen (i.e. the area
outside of the metal grips holding the specimen ends).

For the Brazilian test, a Chinese standard V-shaped loading
strip (GB/T 23561.10, 2010) was attached to the universal testing
machine (Figure 7). Tensile strength and corresponding critical
tensile strain were respectively calculated using Eqs 1, 2.

For both methods as well as the proposed method, a loading rate
of 0.1mm/min was applied following the results of Loading Rate.

Evaluation of Results
To investigate the specimen failure behavior under the different test
methods, a high-speed camera (1,280 × 1,024 pixels) with a filming
rate of 1,000 frames per second (fps) was used, allowing to record the
initiation and propagation of cracks in the specimens. With this,
cracks were observed to develop in the middle part of the grooved
section in the ISRM, whereas in the Brazilian test, cracks were
initiated in the middle and upper parts of the samples, and then
extended gradually to the entire loaded diameter. Penetration of the
loading jaws into the specimen was commonly observed in the latter
test. The observed crack initiation in the middle and upper parts of
the Brazilian test specimen was very similar to the results of Komurlu
and Kesimal (2015) on testing andesitic basalt specimens. In fact, a
major drawback observed bymanyworkers with Brazilian tests is this
premature failure of specimen close to the loading zone (e.g., Aonoa
et al., 2012; Gutiérrez-Moizant et al., 2020), which, depending on the
geometry of the loading jaw and the material tested, may lead to
catastrophic failure (Erarslan et al., 2012; Komurlu and Kesimal,
2015). In the Horizontal Compression test, crack developed
instantaneously along the loaded diameter of the specimen.
Figure 8 presents typical images of a specimen at various stages
of loading in the proposed method: pre-loading (Figure 8A), crack
initiation (Figure 8B) and post failure (Figure 8C). Figures 8B,C are
consecutive images, i.e. they were taken 2/1,000 s apart, which

FIGURE 4 | Load vs. displacement curves for the different specimens
sizes (e.g., 40 × 20 mm refers to diameter × thickness).

FIGURE 5 | Correlation between the measured tensile strengths and
specimen diameter.

FIGURE 6 | Influences of loading rate on the measured tensile strengths
(Cv is coefficient of variation, equals to the standard deviation of the tensile
strength values divided by the average value).

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8390736

Guan et al. Tensile Strength Test: Horizontal Compression

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


therefore show that crack initiation and propagation occurred
instantaneously along the loading axis. No measurable penetration
of the fracturing rod into the specimen was observed.

Figure 9 shows the typical stress-strain curves for each test. All
the curves display a similar trend of tensile stress increasing
nearly linearly with strain until a peak stress is reached, after
which point the stress dropped rapidly to zero, indicating the
brittle nature of tensile failure. In the direct tension test, relatively

bigger strain developed before failure occurred. This is ascribed to
the relative slippage (roughly 0.2 mm as observed with the high-
speed camera) between the fixture and the specimen (Figure 10),
which is a common problem in direct tension test regardless of
the gripping technique used (Alhussainy et al., 2019).

Figure 11 compares the tensile strengths obtained from each
test, indicating that the ISRM test gave the highest value, followed
by the Brazilian test then by the proposed method. This difference

FIGURE 7 | V-shaped loading strip (GB/T 23561.10, 2010) attached to the universal testing machine.

FIGURE 8 | Soil specimen at different loading stages (A) pre-loading (B) crack initiation and (C) post failure. Images in (B) and (C) are consecutive, showing that
crack initiation and propagation happened instantaneously within 2/1,000 s.
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in the strength values is due to the interplay of several factors. For
instance, the above-mentioned specimen-fixture connection
problem in the ISRM test must have contributed to the high
tensile strength obtained with this test. Meanwhile, the
penetration of the loading jaws into the specimen in the
Brazilian test means that the tensile fracture may be shorter
than the specimen diameter. With reference to Eq. (1), this
may cause tensile strength underestimation. Referring to the
Brazilian test and the proposed method, the scale effect may
have contributed to the lower tensile strength obtained with the
latter. This scale effect was originally hypothesized by Griffith
(1921), positing that the bigger the specimen (such as that of the
proposed method relative to that of the Brazilian Test), the higher

the probability of defects. On tensile loading, stress concentration
develops around these flaws, resulting in early failure at lower stress
levels. The scale effect is generally validly assessed on materials of
geometrically similar structure but different sizes (Biolzi et al.,
2001), such as the specimens of the two tests. The tensile strength
values obtained from each test and corresponding coefficient of
variation (Cv) are plotted in Figure 11. As can be seen, the
proposed method gave the most stable results of the three
methods, followed by the Brazilian test and then the ISRM test.

For the comparison of the proposed method with the ISRM
test using artificial specimens, Figure 12 shows the load-
displacement curves obtained from the two tests for each of
the dry density considered. The following can be gleaned: 1) the
shape of the curves from both tests are consistent with each other
and with that obtained using soil specimens. All the curves are
near-linear until the peak load is reached, after which the load
sharply drops; 2) the measured peak load and the corresponding
displacement increase with dry density for both tests; and 3) at the

FIGURE 9 | Typical stress-strain curves for ISRM test, Brazilian test, and
Horizontal Compression test.

FIGURE 10 | Relative vertical slippage between the specimen and the
metal grip determined by comparing the positions of metal grip at pre-loading
and pre-failure stages.

FIGURE 11 | Tensile strength obtained from ISRM test (ISRM), Brazilian
test (BT) and Horizontal Compression test (HCT).

FIGURE 12 | Plot of load vs displacement for artificial specimens at
different dry densities for the Horizontal Compression and ISRM tests, ISRM
test data are from Li et al. (2020).
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same density, the peak load obtained with the Horizontal
Compression test is larger than that with the ISRM test,
whereas the corresponding displacement is smaller.

Results further show that in both methods, the tensile
strength increases with increase in dry density, with their
tensile strength‒dry density plots generally following the
same trend/shape (Figure 13A). At the same dry density,
the tensile strength obtained with the Horizontal
Compression test is lower than that with the ISRM test,
consistent with the results using the soil specimen. Again,
as in the soil specimen, the Cv of the tensile strengths obtained
with the former is significantly lower than that with the latter
(Figure 13A). For instance, at a dry density of 1.73 g/cm3, the
Cv of the former is 7%, compared with the latter’s 25%,
confirming that the horizontal compression test gives more
stable results than the ISRM test.

In Figure 13B, the tensile strengths obtained from the Horizontal
Compression test (σt-HC) are plotted against those obtained from the
ISRM test (σt-ISRM). The σt-ISRM values are strongly correlatedwith the
σt-HC values, with correlation coefficient, R2 of 0.995.

Generally, therefore, results of the performance evaluation using
natural soils and artificial mixture both indicate that the proposed
method can and may even be more suitable for tensile strength
determination of soil and soft rocks. Tensile strength values obtained
are more stable than those obtained with either the Brazilian test or
the ISRM test, which can be ascribed largely to the absence of
eccentric forces in and the simplicity and ease of the proposed
method’s operation. Moreover, these strength values are strongly
correlated with the ISRM test values.

BASIC TEST REQUIREMENTS

The basic requirements of the proposed method are outlined
below on the basis of our experience in using the method and in
accordance with international standards, such as the ISRM
(1978), ISRM (1979) and ASTM C496/C496M (2017).

The diameter of the specimen shall be at least 10 times greater
than the largest grain in the specimen (ISRM, 1978; ASTM C496/
C496M-17, 2017). The end surfaces must be flat at 0.02 mm and

FIGURE 13 | Comparison of test results between the horizontal compression and ISRM tests (A) tensile strength vs dry density and (B) relationship of the tensile
strengths obtained from both methods (Cv is coefficient of variation, and R2 is correlation coefficient), ISRM test data are from Li et al. (2020).

FIGURE 14 | Typical unacceptable failure modes: (A) Central + Twisted fracture plane mode; (B) Non-central mode.
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should not deviate from the plane perpendicular to the
longitudinal axis of the specimen by more than 0.001 radian
or 0.05 mm in 50 mm (ISRM, 1979).

The sides of the specimen should be smooth, free of abrupt
irregularities and straight to within 0.5 mm over the full length of
the specimen (ISRM, 1978), given that unfavorable stress
concentrations may occur at such irregularities.

The diameter D of the specimen should be measured to the
nearest 0.1 mm by averaging three diameter measurements taken at
points six0° apart from each other, one of which must be along the
loading diameter. The thickness T of the specimen must be
determined to the nearest 1mm by averaging three measurements
taken along the thickness of the specimen and at points 120° apart
from each other. The average diameter D and thickness T should be
used for calculating the cross-sectional area.

At least five specimens per sample set shall be tested to obtain a
meaningful average value (ISRM, 1978). If the reproducibility of
the test results is good (Cv < 5%), a smaller number of specimens
is acceptable. Each specimen of a set must be tested under the
same conditions (ASTM C496/C496M-17, 2017).

When the test is finished, the state of the fractured
specimen must be preserved for in-depth observation of the
failure mode. The test should be rejected if the crack surface
deviates from the loading axis by more than 0.05D
(Figure 14). In our test campaign of over 120 specimens,
nearly 6% were deemed unacceptable. Rough preparation,
non-standard operation and inherent defects in the
specimen are responsible for these failures.

Togetherwith the tension test conditions and results, the following
information must be recorded for each test: specimen storage and
preparation process, moisture content and specimen size. Any
macroscopic characteristics of the specimen surfaces, and any
adjustment made with the specimen conditions (e.g., adjustment
in moisture content) must also be reported. The surrounding
environmental conditions must also be recorded, if applicable.

SUMMARY AND CONCLUSION

We developed a new indirect tensile test method, the
Horizontal Compression test, which purports to address the

limitations of commonly used tensile test methods. This new
method involves simple specimen preparation and test
operation, and therefore suitable for routine use. Moreover,
it minimizes the appearance of eccentric force and the
concentration of stresses that are common issues in
conventional test methods. The tensile strength values from
the Horizontal Compression test strongly correlate with those
from the direct tension test, and are more stable than those
obtained with either the direct tension test and Brazilian test.
Thus, the proposed method can be used and deemed more
suitable for tensile strength determination than these
conventional test methods. The Horizontal Compression
test was originally designed for use with soil and soft rocks.
However, the technology can be easily adapted for application
to other types of materials, such as hard rocks, concrete
and steel.
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