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Abstract

Due to the heterogeneity of rocks, their tensile strength is around 10% of their compressive strength, which means that breakage is mainly
caused by tensile stress. The measure of tensile stress is very difficult due to rock fragility, so it has usually been measured by indirect
measurement methods , including the Brazilian test. However, recent works indicate that the tensile strength values obtained through the
Brazilian test must be increased by almost 26%.

To understand this divergence, indirect tensile tests have been monitored. The aim is to know the material deformation and load increase
by means of stepwise regression. Stress fields in slightly deformed samples are analyzed and modeled (3D finite differences) with loads
applied on flat and curved plates and different Young's modulus. Finally, the results are analyzed and compared with strength values
reported using Timoshenko theory and Hondros' approximation.

Keywords: Brazilian test; test monitoring; numerical simulation.

Analisis numérico de la influencia de la dureza de la muestra y la
forma de placa en el ensayo Brasileno

Resumen

La heterogeneidad de las rocas hace que su fuerza tensora sea un 10% de su fuerza de compresion provocando roturas principalmente por
tension. Sin embargo la resistencia a tension es muy dificil de medir debido a la fragilidad de la roca, por lo que normalmente se emplean
métodos de medida indirecta entre los que destaca el ensayo Brasilefio. Sin embargo trabajos recientes indican que este ensayo reduce en
un 26% los valores de resistencia.

Para entender esta divergencia, se han monitorizado ensayos de tension indirecta. El objetivo es conocer la deformacion del material y la
carga discontinua incrementada. Se han analizado y modelado los campos de tension de muestras ligeramente deformadas mediante cargas
aplicadas en platos curvos y planos y con diferentes Modulos de Young. Los resultados se analizan y comparan con los valores obtenidos
con la Teoria de Timoshenko y la Aproximaciéon de Hondros.

Palabras clave: Ensayo Brasilefio; ensayo de monitorizacion; simulacién numérica.

1. Introduction meaning that the tensile strength is lower than the

compressive strength. Most of the efforts have been focused

Rocks and artificial materials are not generally in calculate the compression strength of the materials [1,2],

homogeneous and contain numerous micro-cracks, show but rock breakage is mainly due to its low tensile strength
anisotropy and grain-matrix resistance differences, this (approximately 10% of its compressive strength).
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Great efforts have been focused on determining rock
tensile strength. However, due to rock fragility, no direct
tensile tests can be completed, so techniques developed until
now have always been focused on the development of
indirect measurement methods.

In 1971 Mellor & Hawkes [3] thoroughly researched the
Brazilian test, also known as the diametrical compressive
test. As a result, they presented a formula that allows rock
tensile strength to be calculated. Several years later, the
International Society of Rocks Mechanics (ISRM), proposed
that the Brazilian test be made the standard method to
determine rock tensile strength [4]. Due to the ease of its
implementation, this method has been widely adopted in
many fields and countries over the last 20 years. For instance,
China included it among its engineering regulations in the
1980s [5], as well as in State regulations and specifications
for water storage and hydroelectric power in 1999 and 2001
[6,7]. The Brazilian test, although with slight variations, is
currently applied to measure tensile strength in concrete [8],
rock materials [9], concrete and ceramic materials [10],
pharmaceutical materials [11], and other fragile materials.

For the tensile test, a testing sample extracted from the
material to be analyzed is used. This sample can be of either
disc or cube-shaped; however, the disc-shaped type is more
widely used since probes are easy to obtain and it demands
almost no mechanizing. According to the literature [3-7], the
disc diameter usually ranges from 48 to 54 mm, and the disc
thickness-radius ratio ranges from 0.5 mm to 1 cm.

Some researchers have recently completed works on the
Brazilian test [12], proposing new formulae to estimate
tensile strength, starting with the formula contributed by
Timoshenko & Goodier [13]. Yong et al. [14] and Yong et al.
[15] completed their correction of the test by maximizing the
initial expression with a coefficient which, in the first work,
depends on disc shape and dimensions and, in the second,
depends on the sample's Poisson coefficient. In both cases,
the coefficient is obtained by numerical simulations with
finite 3D elements. The result is increase of over 26% and
30%, respectively. Jonsen et al. [16] obtain 25% higher
tensile results. These authors consider experimental methods
and fracture energy in compressed materials (pressed metal
powders). Other authors such as Jianhong et al. [17] make an
estimate for the rock tensile elastic module and propose a
formula based on the tensile strength in rocks obtained from
the Brazilian test. Es-Saheb et al. [18] analyze, by means of
finite elements, the influence of materials such as flat
grounds and soft pads on stress distribution. It seems clear
that the current trend considers a higher tensile strength value
than that obtained with the Brazilian test.

To be able to understand variation in tensile strength values
and, more precisely, the tendency that started last years to
consider values over 20% of those obtained in Brazilian tests,
numerous indirect tensile tests have been monitored. This
monitoring is aimed at observing how materials deform
throughout time and under increasing loading values. Once this
behavior is analyzed, the values are calculated and modeled by
means of 3D finite differences with loads applied on flat and
curved plates and with varying Young's modulus. Finally,
results are analyzed and compared to the strengths obtained
with the Timoshenko theory and Hondros' approximation.
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Figure 1. Test of diametrical compression by “points‘ loads.
Source: Alvarez Fernandez et al.

2. Methods

2.1. Stress fields in diametrical compression by “points”
loads

Diametrical compression by “points” loads involves a
tensile stress perpendicularly to the compressed diameter
which depending on the theory followed- holds sensitively
constant in a wide-enough area of the disc center [8,11].
Under these conditions and applying Timoshenko theory, the
stress fields at all points in a disc with radius R, thickness t,
and subjected to actual loads of magnitude P in extreme
points within the same diameter (Fig. 1) [13,19] are given by:

o, ()= Q[ﬁ—xz (R (o) + R (x,y))}

1

2R
7, (62) = Ox[ (R-¥) B/ (r.3)~(R+y) Ri(x.y)]

o, (xy)= Q[ ~(R-y) R (x.)—(R+y) Ri(x,y)} (1)

Where:
0 2P
Tt
. R-
R (oy)=— T
[x2+(R—y) } (2
Ri(xy) =t
[x2+(R+y) J
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Eq. (1) allows for stresses to be obtained n along axes x
eq. (3) and y eq. (4) by annulling variable y or x, respectively.

1 2x*R
0, (x,0)=0| —-——"—
2R (x2+R2)
o (x,0)=0 L_i 3
R 2R (x2+R2)2 ( )
7,(x,0)=0
0 P
o (0,y)=—=—-
xx( Y) 2R 7Rt
1 2R
0, 0)=0| - o
Yy 2R R2—y2
Txy(O,y):0

In eq. (4), the horizontal stress is deduced to be constant
along the vertical diameter and vertical line to tend to infinite
in the extreme points of the diameter. Likewise, in eq. (1), the
strengths at the disc center can be deduced equaling variables
x and y to zero:

3P

=-30
TRt

pod

P
c.(0,0)= ot O (0,0)=- Q)

Disc center stresses eq. (5) show that upon breakage,
vertical compressive stress is three times higher than
horizontal tensile stress. If the Mohr's circle corresponding to
this stress state is drawn, and considering that breakage
occurs at the point of the circle tangent which is on the
envelope of Fig. 2, an error in estimating the tensile strength
would be made. This error would be around 40%, but yes, the
side of safety.

TA

-
(o}

1
-3 Oxx Oxx Otdirect

Figure 2. Tensile breakage in the Brazilian test.
Source: Alvarez Fernandez et al.
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Figure 3. Tensile test monitoring: onset.
Source: Alvarez Fernandez et al.

W o \ IR -
Figure 4. Tensile test monitoring: deformation throughout time.
Source: Alvarez Fernandez et al.

To understand what happens in an indirect stepwise tensile
test, numerous indirect tensile tests have been monitored. 50 mm
diameter samples with approximately the same thickness as the
sample radius were used in all tests and tensile stresses was
applied at a speed of approximately 200 N/s [20].

Fig. 3 shows the onset of a test on methacrylate (left-
hand) and concrete (right-hand) samples, while Fig. 4 shows
deformation throughout time. The methacrylate test is not
exactly a Brazilian test since it changes from tensile to simple
compressive, yet this work is reported because it allows clear
observation of the deformation process throughout time.
These tests allow for it to be deduced that in the earliest
moments of the test (Fig. 3), samples present linear contact
with the machine's clamps along a generatrix. However, an
increased applied load leads to sample deformation and
transforms initially linear contact into superficial contact,
that is until breakage occurs (Fig. 4).

Therefore, the initial linear diameter compressive defined
by Timoshenko [11] occurs, and as time goes by and load
increases, compression is applied on horizontal strips, similar
to yet slightly different from Hondros' approximation [8].
This considers that contact occurs on 20 amplitude curved
areas.

2.2. Field of compressive stresses by loads on diametrically
opposed arches

The application of Hondros' theory gives rise to stress
fields along the horizontal and vertical diameters, defined by
eq. (6), (7), respectively Fig. 5.
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Figure 5. Compression on diametrically opposed arches.
Source: Alvarez Fernandez et al.
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loads, yet and similarly, maximum tensile stress is found at
disc center, eq. 8.

0,.(0,0)= 27;] (sin2a —a) (®)

The applied force P can be expressed as P=q 2Rt and,
small o values with maximum fracture strength coincide with
what was obtained applying Timoshenko theory. Therefore,
at the disc center, both Timoshenko's and Hondros' theories
are equivalent. Strength calculation is completed on a non-
deformed sample in both theories. However, tensile test
monitoring Fig. 3 shows that the sample progressively
deforms as time goes by and the load increases. Therefore,
this load is not applied on a curved surface but on a slightly
flat surface due to deformation.

2.3. Stress Fields in compression by loads on deformed
surfaces

Analysis of the stress fields in compression on slightly
curved surfaces was completed by means of numeric
simulation by applying explicit finite differences using the
Flac3D software package.

Studies were completed with flat and curved plates (Fig.
6) using a 50 mm diameter cylinder, thickness equal to
radius, 2500 kg/m3 density, and 104N applied force. Young's
modulus values that were applied ranged from a minimum of
0.3375 GPa up to maximum of 67.5 GPa, which allows the
influence of rock stiffness on sample strengths to be
analyzed.

Model geometry was divided into 36351 nodes, and
33920 areas, and each element was assigned a linear elastic
behavior model. Sample press plate contact was simulated
by means of the interface logic with a 10° friction (Fig. 7).
The stress-deformational estate of the model was solved by
consecutive approximations, by recalculating the
distribution of stresses and deformations in each

calculation stage. In each stage, the unbalanced forces in
each node produced acceleration and displacement. These
thus

were limited by the adjoining nodes, force

redistribution was produced.

In this case, compressive stress in the extreme points on  Figure 6. Plate shapes that were used.

the vertical axis is not infinite, as is true in the case of actual
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plate

interfaces

Figure 7. Geometry of calculus.
Source: Alvarez Fernandez et al.
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Figure 8. Horizontal stress with flat (upper) and curved (lower) plates.
Source: Alvarez Fernandez et al.

The representation of the field of horizontal stresses for a
sample of 6.75 GPa of stiffness (Fig. 8) shows very similar
stress distributions for both plate types. However, the values
in the extremes of the sample, that are in contact with the
plates, are higher for the curved than for the flat plate.
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Figure 9.,Vertical stress with flat (upper) and curved (lower) plates.
Source: Alvarez Fernandez et al.
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The same behavior was observed for a similar sample to
that in Fig. 8 for vertical stresses (Fig. 9). Again, the curved
plate shows higher stress values around plate-contact.
However, the maximum point in this case is not in the
extremes, as with the flat plate, but in its environment.

Tables 1 and 2 (flat and curved plates, respectively) report
the numeric values obtained from the completed tests. They
show Ar or radius shortening in mm due to deformation, o or
deformation angle in sexagesimal degrees, and horizontal
and vertical stress obtained by means of 3D numerical
simulation (cFxx, cFzz) as well as through the application of
the approximation developed by Hondros (cHxx, cHzz) (8).
This is according to the load-application angle, which is
considered equal to the deformation angle.

For low stiffhess values below 13.5 GPa, the values of both
horizontal and vertical stress, obtained in numerical simulation
and flat plate (Table 1), are higher than those obtained with
curved plate (Table 2). However, for stiffer samples, strengths
do not depend on plate shape. The same occurs when stress is
calculated with Hondros' approximation. However, in this case,
low stiffness values give rise to higher stress with a curved plate,
compared to with a flat plate; this is unlike what occurs with
numerical simulation.

The value of horizontal and vertical stress calculated from
Timoshenko's formulation (5) are 5.093 and 15.28 MPa,
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respectively. Both values are slightly higher than the highest
values obtained with both numerical simulation and Hondros'

approximation.
Moreover, with stiffness values below 13.5GPa,
increased sample stiffness leads to reduced sample

deformation, thus giving rise to lower shortening and
deformation angle values. In this case, the values obtained
with flat plate are below those obtained with curved plate.
However, for high stiffness values, deformation is similar
regardless of plate shape.

Table 3 reports the values of average deviations among the
strength values calculated with the three approximations that
were considered. The lowest deviations for the flat plate occur
between the strengths calculated according to Timoshenko’s
theory and those provided by the numerical simulation, while
for the curved plate, the lowest deviations are observed with
Hondros' approximation and the numerical simulation.

3 Conclusions

e  Monitoring numerous tests allowed us to become more
informed of sample behavior over time. Deformation is
observed to cause surface sample-testing machine contact.

Table 1.

Numerical results of strengths for flat plates.

test E Ar 03 oFxx oHxx oFzz oHzz

(GPa) (mm) (@) (MPa) (MPa) (MPa) (MPa)
1 0.34 1.712  21.51 491 4.17 14.71 14.34
2 0.67 1.006  16.31 5.12 4.54 15.45 14.72
3 3.37 0.259 8.25 4.94 4.94 15.07 15.11
4 6.75 0.152 6.32 4.97 4.99 15.13 15.17
5 13.50 0.080  4.57 4.97 5.04 15.15 15.21
6 20.25  0.053 3.73 4.97 5.05 15.14 15.22
7 67.50 0.016 2.04 4.96 5.07 15.12 15.24

Source: Alvarez Fernandez et al.

Table 2.

Numerical results of strengths for curved plates.

test E Ar 03 oFxx oHxx oFzz oHzz

(GPa) (mm) (@) (MPa) (MPa) (MPa) (MPa)
1 0.33 1.516  20.05 4.70 4.27 14.54 14.45
2 0.67 0.871 15.17 4.77 4.61 14.66 14.79
3 3.37 0.023 7.85 491 495 15.01 15.13
4 6.75 0.134 594 493 5.01 15.06 15.18
5 13.50 0.080  4.57 4.97 5.04 15.15 15.21
6 20.25  0.053 3.73 4.97 5.05 15.14 15.22
7 67.50 0.016 2.04 4.96 5.07 15.12 15.24

Source: Alvarez Fernandez et al.

Table 3.

Average deviations between strengths values.

Horizontal strengths
Plate Timoshenko - Hondros - Hondros -
simulation Timoshenko simulation
flat 0.12 0.26 0.23
curved 0.21 0.23 0.14
Vertical strengths
Plate Timoshenko - Hondros - Hondros -
simulation Timoshenko simulation
flat 0.21 0.28 0.21
curved 0.32 0.25 0.10

Source: Alvarez Fernandez et al.
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e The deformation observed in samples causes sample

lengthening along the OX axis and sample shortening
along the OZ axis.

The relationship between tensile and compressive
stresses in numerical simulation has a theoretical value of
around 3.

Sample strengths and deformations depend on the sample
material's stiffness.

o Low stiffness values lead to large deformations and
therefore greater vertical-axis shortening and greater
deformation angles. Also, they give rise to lower
strength values for both vertical and horizontal ones.
Conversely, stiffer materials show very small
deformations, and have strength values approximate
to the values obtained with Timoshenko's
formulation, which do not depend on the sample's
material.

Strengths and deformations with flat plates are higher
than those obtained with curved plates for materials with
low stiffness values. However, for stiffness values over
13.5 GPa, plate shape has no impact on results.

The strengths obtained according to Timoshenko theory
are greater than those obtained by using numerical
simulation.

Finally, the strengths obtained from both 3D numeric
simulation and Hondros' formulation in slightly deformed
samples are lower than those obtained by using
Timoshenko's formulation.
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