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Abstract. Constitutive models are mathematical formulations capable of describing the macroscopic
behaviour of an ideal medium. These models result from the application of simplifying hypotheses
about the behaviour of the real environment. Therefore, the selection of the constitutive model to be
used must be related to the problem to be solved, since it would not be trivial to obtain a single
formulation that would allow reaching the general solution for the material behaviour. In this sense,
modelling is a feature that describes the behaviour of materials subjected to real stress states, such as
uniaxial tests performed in the laboratory. Modelling of this type of test is generally performed
through models that describe the shear behaviour of the sample, such as Mohr Coulomb and Drucker-
Prager models. However, when observing some experiments in the laboratory, it was verified that
there are local tensile zones in the samples, which allows a reduction of the material resistance. In this
sense, this article presents a study of a rock sample that was submitted to the Uniaxial laboratory test
and its resistance was reduced by the tensile zones. Furthermore, in this work the numerical modelling
of this test will be presented and the impact of considering these zones of damage in the sample, the
constitutive model adopted in these simulations was the tensile damage.
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Analysis of Local Tensile Rupture Influencing Shear Strength on Uniaxial Test Modelling

1 Introduction

Throughout Soil and Rock Mechanics evolution, several studies have been developed to study
the geomechanical behaviour of soils and rocks. Thus, several authors have been investigating the
behaviour of these materials through numerical tests and modelling of compressive scenarios
(BLAZEJCZAK; SNIEG; SLOWIK, 2018; FAKHIMI; HEMAMI, 2017; MATHEUS MONTES
PIMENTA; ANDRE CEZAR ZINGANO; FERNANDO ALVES CANTINI CARDOZO, 2016).

Therefore the uniaxial compression test is an essential assay for investigating several rock
parameters, such as compressive stress strength, Poisson module and indirect tensile stress strength
(KAKLIS et al., 2017).

Therefore, materials resistance parameters has been investigated, besides the influence of
geometry (RODRIGUES MARQUES et al., 2017), of cyclic loading (MATHEUS MONTES
PIMENTA; ANDRE CEZAR ZINGANO; FERNANDO ALVES CANTINI CARDOZO, 2016) and
different materials (KAKLIS et al., 2017). However, it is necessary to pay attention to the presence of
tensile stresses in the sample, which can reduce its compressive strength by causing detachment in
some regions and reducing the section of the sample. This fact can be observed in (FAKHIMI,
HEMAMI, 2017), who treated this phenomenon as lateral dilatance and radial stresses.

According to Fakhimi & Hemami (2017), different causes can be attributed to the material’s
dilatance behaviour, such as the existence of defects, pores and micro-cracks, attributing a non-
uniform behaviour, generating axial splitting in the sample. Not only Fakhimi & Hemami (2017), but
also Holzhausen & Johnson (1979) had investigated this behaviour in samples submitted to uniaxial
compression test, these authors cited the occurrence of axial splitting due to induction of lateral tensile
stress.

This tensile behaviour in the uniaxial test is not well discussed so far, as the main interest of
the test is the investigation of the shear behaviour under compression stresses. Thus, this work
presents a numerical modelling of the uniaxial rock test in order to discuss the emergence of tensile
stresses during the application of uniaxial compression.

2 Constitutive Model of Traction Damage

Based on the mechanics of continuous damage, proposed by Simé & Ju (1987), the damage is
a degradation of the rigidity of the material. Therefore it is understood that the model is based on the
irreversible thermodynamic processes and is proposed in a way that describes the previous mechanism
of the formation of macro fractures.

Concerning the Traction Damage, Oliver et al. (2008) introduced it to the damage model,
treating the material differently when subjected to a state of traction or compression. The formulation
described in this work can be found more broadly in Sanchez et al. (2014).

When the damage is in the regime of tensile stress to the constitutive equations will be
described introduced the concept of effective tension of damage in order to describe the behavior of
the damaged environment.

As described by Sanchez et al., (2014), the constitutive law of this model is described as
follows:

o=(01-d)a (1)

Since o is the effective stress, d is the damage variable (0 < d < 1) and & is the effective

stress of damage, which is given by:
=C:¢ )

Where C is the tensile constitutive elastic. Thus, the constitutive law for this model can be
expressed by:

c=0-d)a, ifo, >0 Tensile state.

o =a, if 6,<0 Compression state. 3
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Therefore this model is capable of capturing tensile-induced degradation zones.

3 Finite Interface Elements and Strong Built-in Continuities

The fragmentation technique consists of inserting high aspect ratio elements into the regular
finite elements, in order to simulate fracture opening when the medium tensions are in the tensile
regime. The peculiarity of the interface element used is a high aspect ratio linear triangle whose
kinematics is compared to the kinematics of the approximation of strong discontinuities in mechanical
problem modelling, and several works have used this technique (MANZOLLI, et al., 2012; SANCHEZ
et al., 2014; MAEDO, 2015; SEIXAS, 2015; CLETO, 2016; MACIEL, 2017 and ARAUJO, (2019).

The incorporated elements are used to simulate discontinuities in the region. This technique
inserts discontinuities into the continuous finite element with deformations located in narrow bands,
called weak discontinuities, and the displacements are concentrated as the degradation of the material,
in zones of fracture processing, until the complete rupture of the discontinuity, then it develops a
discontinuity in the field of displacement, and it is called strong discontinuity (BESERRA, 2015).

4 Numerical Simulations Test Uniaxial

For this article, simulations of the uniaxial compression test were performed using the

constitutive model of tensile damage, with the intention of verifying zones of damage caused by
traction or dilatation effect, as discussed in (FAKHIMI; HEMAMI, 2017). For this, a finite element
mesh was generated using the high aspect ratio and strong discontinuity element techniques.
Then the results are divided into four steps, in the first and second analysis, was inserted in the high
aspect ratio finite element mesh a left and right discontinuity successively (section 4.1 and 4.2,
respectively), the third analysis the discontinuity was inserted into the lower and upper region of the
sample (section 4.3) and finalizing the analyses, a conjugated pair of discontinuities were inserted
(section 4.4). Remembering that all discontinuities were inserted using the built-in strong
discontinuities technique.

The geometry used for the analysis was the same, changing only the positioning of the
embedded elements. This geometry was represented by a vertical section of diameter (D) of 0.04 m
and height (H) 0.07 m, Figure 1. Following are the parameters of the material modulus of Elasticity
(E), Poisson (v), Tensile Strength (5,,) and Fracture Energy (Gy), see Table 1.

Incorporated

Finite element mesh with triangular elements i
with 1 Gauss point on each element and a total of
1059 nodes and 1228 elements. [

Figure 1. Finite Element Mesh, Uniaxial left Incorporated Element test.
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Fracture Tensile
Materials Modulus of Elasticity | Poisson Energy Strength
(E)MPa v) (GN/m (6,)MPa
Rock 11675.00 035 | - Eléstico.
High aspect ratio
element 77.00 0.45 500.00 0.0005
Incorporated 77.00 0.45 500.00 0.05

Table 1. Properties of Materials used in the uniaxial test model, incorporated on the left side.
The boundary conditions were the same for all analyses and can be observed in Figure 2.

0.66 mm/min

Du =

) |

Figure 2. Boundary conditions.
4.1 Uniaxial Scenario 1

In this first scenario the analyses with the vertical discontinuity (Figure 2) on the left side of
the sample will be detailed, aiming to verify if in these regions there will be traction zones.

Figure 3 illustrates the field of horizontal 3(a) and vertical 3(b) offsets. In this same figure, it
is clear that the displacement field changes with respect to the analysis of Section 4.4, because the
discontinuities represent a plane of weakness and these, in this scenario, are positioned vertically.

Thus, it is noted that the sample shows a tendency to negative and positive displacement, in
Figure 3(a), representing a tendency to deform the elements in the region near the discontinuity.

W%

Figure 3. Field of displacement (a) Horizontal and (b) Vertical.
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Figure 4 shows the horizontal 4(a), vertical 4(b) and shearers 4(c) stress fields. In this figure it
can be observed that the horizontal and vertical tensions are evenly distributed in the elements of the
continuum, however, due to the presence of the vertical plane of weakness, Figure 4(b) can be
observed the concentration of tensions in the incorporated elements highlighted in red.

Sw-SreseG Syy-StressG Sxy StressG
15882 19208 N
13.113 016704 oae
10334 2 857 72205
75558 ' 4 3603 s
4777 B 45T

¥ 19083 ‘ £ 5536 |
0.78044 10.65

Irs 5592 I 12747 >
63379 14.844
91166 (a) 16.94 (b) 062

S O)
Figure 4. Stress range (a) Horizontal, (b) Vertical and (c) Shearers.

Figure 5 illustrates the effect of damage on the simulation and shows that there were tensile
zones in which the material reaches a total rupture (damage = 1). Figure 6(a) shows the evolution of
the damage during the simulation, with points taken near the degradation region, it is noticed that it
evolves during the simulation until it reaches the complete degradation of the material. Figure 6(b)
shows the evolution of the fracture opening variable (hjump n).

: —
I ©
f
I+ ©

Figure 5. Damage (a) damaged elements, (b) deformed mesh at 30x scale and (c) opening detail.

damage 1 1 1 1 I 1 1 1 1 1 1
0.504 — =

0432 — —
0.36 — —
0.288 — —
0216 — —
0.144 — —

0.072 — r/ -

0 — -

-0.072 — —
Q 14 22 3.3 4.4 5.5 6.6 77 88

9.9 11
TIME_ANALYSIS  (g)
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hjumpn 1 1 1 L L 1 1 L 1 1 1
216607 -

1.62e07  — —
1.08e07  — —
5.4e-08  — —
0 _ -
54008  — '\\-\ -
-1.08e-07  — —

-162e-07 — —

-216e-07  —

0 11 22 33 44 55 6.6 77 88 a9 11
TIME ANALYSIS ()

Figure 6. Evolution of (a) Damage and (b) evolution of aperture variable (hjump n) over time.

Figure 7 shows the incorporated discontinuity that is reactivated in elements that reach the
value 2 for the “crack elem” variable, that is, material degradation occurs, which mean that there was
the dilatance effect. It is noteworthy that in the region where the elements were reactivated is exactly
where the effect of fracture dilatation and fracture opening arises, possibly where fractures would arise
in the simple compression test in the laboratory. The Figure 7(b) highlights the elements that were
analysed in Figure 6(a) and 6(b), it is highlighted that these same elements were analysed in all
scenarios.

crack elerr

0
0
(
(

Iﬂ‘*‘""(a)

Figure 7. (a) Incorporated elements and (b) elements analysed.

4.2 Uniaxial Scenario 2

For this scenario, a plan of weakness similar to the previous scenario was devised, but on the
right side of the sample, Figure 8.

¥y

i~

Figure 8. Position incorporated elements.
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Figure 9 shows the field of displacements, 9(a) horizontal displacements and 9(b) vertical
displacements, it is clear that the displacement field is larger in the region of the incorporated

discontinuity. Figure 10 illustrates the stress field, 10(a) horizontal stresses, 10(b) vertical stresses and
10(c) shear stresses.

1.24440.05
24888e 05
37332605

5

;&2%0 06
. I 385012 06 ()
Figure 9. Field of displacement (a) Horizontal and (b) Vertical.
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&

Sx StressG

* Syy-StressG
0.062637

31148
2615 ‘ -2.8458
21151 5.7542
16.152 8.6626
11,153 11571
Beisie ‘ N 12479

1.1548

-17.388
-20.206
-23.205

-26.113 (b)
Figure 10. Stress range (a) Horizontal, (b) Vertical and (c) Shearers.

3.6441
8.643
13842 (a)

Figure 11 analyses the effect of damage on the simulation, shows that even though in a small
amount there were tensile zones (Figure 11(a)) and consequently the material reaches a total material

rupture (damage = 1) also highlights a region of degradation close to discontinuity which leads to
fracture opening (Figure 11(b) and (c)).

damage

0.88589
0.77778

0.66566
55

)
)
I )
)

(©)

o

=

@)

Figure 11. Damage (a) damaged elements, (b) deformed mesh at 30x scale and (c) opening detail.

o

(b)
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And Figure 12(a) shows that the incorporated discontinuity is reactivated in localized regions,

which means that there was the dilatance effect of the material. fracture opening, see Figure 12(b)

called (hjump n).
damage

0.602 o — =

0.516 — -
0.43 — -
0.344 - -
0.258 - -

0.172 — —

0.086 — bf —
0

-0.086 — —
0 1.7 3.4 51 6.8 8.5 10.2 1.9 13.6

15.3 17
TIMEANALYSIS  (3)
hjumpn . . . ‘ . . . . . . .
852007 — -

71e-07 — —
5.68e-07 — —
4.26e-07 — —
2.84e-07 — —
142e-07 — —
0 —] —

ey _——_———\:—_—————————' L

-2.84e-07 — —

0 17 3.4 5.1 6.8 85 102 11.9 136 15.3 17
TME_ANALYSIS.  (b)

Figure 12. Evolution of (a) Damage and (b) evolution of aperture variable (hjump n) over time.

Figure 13(a) highlights the reactivated elements and Figure 13(b) highlights the elements that
were used to generate Figures 12(a) and (b) respectively.

Figure 13. (a) Incorporated elements and (b) elements analysed.

4.3 Uniaxial Scenario 3

This scenario was designed with discontinuities on both sides of the sample, following to the
middle of the sample, as shown in Figure 14.
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L
Figure 14. Position incorporated elements.

It is noted that the displacement field is characteristic of the shear effect, since the

discontinuities in this analysis are located in the lower and upper region of the sample, facilitating

rigid body movement. Figure 15(a) shows the horizontal offset and Figure 15(b) shows the vertical

offset. Figure 16 is subdivided into three, detailing the stress field 16(a) horizontal stresses, 16(b)
vertical stresses and 16(c) shear stresses.

/
ps

X Displacements
a 3

19
1.6
14

20629; 076 (a)
Figure 15. Field of displacement (a) Horizontal and (b) Vertical.
It is observed that the displacements, both horizontal, Figure 15(a), and vertical, Figure 15(b),

present a concentration in the region of location of the discontinuities. This stress concentration is
confirmed by the vertical stress concentration in Figure 16(b).

P

)
PR
<

K

Figure 16. Stress range (a) Horizontal, (b) Vertical and (c) Shearers.
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Figure 17 shows the effect of damage on the simulation, with detail for tensile zones and
consequent total material rupture (damage= 1). In this Figure 17(b) there is also a region of
degradation near the discontinuities, which leads to fracture opening.

(c)
Figure 17. Damage (a) damaged elements, (b) deformed mesh at 30x scale and (c) opening detail.
The evolution of the Damage variable during simulation can be seen in Figure 18(a), while
Figure 18(b) shows the evolution of the fracture opening variable (hjump n) over the simulation time.
Figure 19 shows the incorporated discontinuity that reactivates in localized regions, similarly to the
other scenarios due to the evolution of the “crack elem” variable equal to 2, which means that the
material dilatance effect was observed. It is noteworthy that in the region where the elements were
reactivated is precisely where the effect of fracture dilatation and opening arises, suggesting that these
positions are regions of possible fracture appearance.

damage . ‘ . . . . . . . . .
0504 -

0432 — —

0.36 — —

0.288 — —
0.216 — —

0.144 — —

0.072 — —

0072 L
0 0.52 104 156 2.08 26 312 364 416

468 52
TIMEANALYSS™ ()
j ump_n 1 1 1 1 1 1 1 1 1 1 1
1126-06 —

9.6e-07 — —

8e-07 — —

6.4e-07 — —

4.8e-07 — —

3.2e07 — —

1.6e-07 — —

0 — —

16e-07 — L
0 0.52 1.04 1.56 2.08 26 312 3.64 416

T|ME4_'%%|ALYS|§3;2 (b)
Figure 18. Evolution of (a) Damage and (b) evolution of aperture variable (hjump n) over time.

CILAMCE 2019
Proceedings of the XLIbero-LatinAmerican Congress on Computational Methods in Engineering, ABMEC,
Natal/RN, Brazil, November 11-14, 2019



Araljo, A. I. P., Belfort, N. T., Gomes, I. F., Guimardes, L. J. do N.

crack elen

I:’: ez (a)

Figure 19. (a) Incorporated elements and (b) elements analysed.
4.4 Uniaxial Scenario 4

This last scenario was conceived of the discontinuity incorporated as a conjugate pair, Figure 20
presents the configuration of this scenario.

¥

L.

Figure 20. Position incorporated elements.

Figure 21 shows the horizontal, Figure 21(a), and vertical, Figure 21(b) offsets, where a
concentration in the direction of the discontinuities can be observed. The Figure 22 shows the field of
horizontal 22(a), vertical 22(b) and shear stresses, Figure 22(c).

In this Figure it can be observed the behaviour of stress distribution homogeneously in the
sample, which indicates congruence with the deformations that were of the order of tenth of
millimetres.
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29983e-05
115772 05
53171e 05

6.4766e 05

Figure 22. Stress range (a) Horizontal, (b) Vertical and (c) Shearers.

Figure 23 illustrates the effect of damage on the simulation and shows that there were tensile
zones, represented by the evolution of material degradation reaching 100% in the element (damage =
1).

It can be observed in this image that there are embedded elements that evolve in the
degradation, and, in addition, the high aspect ratio elements also present the material degradation, with
the presence of openings representing the generation of fractures/cracks.

(b)

Figure 23. Damage (a) damaged elements, (b) deformed mesh at 30x scale and (c) opening detail.

Figure 24(a) shows the evolution of damage over time. In this graph it can be observed that
some elements reach the maximum degradation of the material while others are still evolving.
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The Figure 24(b) shows the material degradation of the incorporated discontinuity, represented
by the “crack elem” variable reaching a value of 2, which means that there was a dilatant effect of the
material. It is also noticed a region of degradation near the discontinuity, Figure 25(b) which causes
fracture opening. Figure 25(a) shows the evolution of the fracture opening variable (hjump n) over

time.
damage
0.98 — —

0.84 — —

0.7 — —

312 39 468 5.46 6.24

D_
o
=~
oo
=
o
@
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3]
B
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TIMEZANALYSIS™  (q)

hjumpn
1.61e05 — .

138605 — . -

1.15e-05 — —

9.2e-06 — —

6.9e-06 — =

4.6e-06 — —

2.3e-06 — —

0 | L

23606 — -
0 078 156 2.34 3.12 39 468 5.46 6.24

Tve ANALYsiES (D)
Figure 24. Evolution of (a) Damage and (b) evolution of aperture variable (hjump n) over time.

Figure 25. (a) Incorporated elements and (b) elements analysed.
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5 Discussions

Observing the behavior of the evaluated scenarios, it can be noted that in all analyzes there
was concentration of tensile stresses and consequent degradation of the material.

Comparing the behavior of the evaluated scenarios, it can be observed that the second and third
scenarios reached higher shear stresses than the others, this being a scenario that represented a rock
sample with a vertical weakness plane.

In scenarios 3 and 4, the weakness plans allowed the sample to have the expected shear
behavior, with weakness plans that crossed the sample diagonally in both analyzes. Especially in
scenario 4, weakness plans ended up connecting across the field of displacements, with voltages
reaching lower values than all other scenarios.

These analyzes suggest that pre-existing planes of weakness in rock samples are susceptible to
stress concentration and premature tensile fracture opening, possibly reducing the strength of materials
in uniaxial compression.

6 Conclusions

Given the analyses performed, it can be seen that besides the expected behaviour of the
material during the uniaxial test, tensile stress zones can be observed throughout the sample.

Therefore, this paper shows the tendency, in a state of uniaxial compression, of rocks with
weakness planes to tend to generate tensile stress zones, which may cause crack formation or
dilatation effect.

Thus, this work concluded that for research purposes and efficiency in the sizing of
engineering works, this methodology highlights the importance of tensile stress investigation and its
influence on compressive environments.
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