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ABSTRACT

VIZINI, V. O. S. New methods for determining strength and fracture toughness of rock and
concrete. 2020. 99 p. Dissertation (Master of Science). Polytechnic School, University of Sdo
Paulo, S&o Paulo, Brazil, 2021.

This research addresses two new test methods for determining strength and fracture toughness
of rock and concrete: Modified Direct Shear Test (MDST) and Pull-Off Test (POT). The
MDST proposes a modification in the geometry of the Direct Shear Test (DST) to improve
the boundary conditions of the test, avoiding undesirable tensile fractures and promoting a
single horizontal shear fracture. The MDST basically consists of adding two inclined notches
in the test specimen of the DST. An ideal geometry was proposed based on numerical analysis
and experimental tests on concrete. Experimental tests on homogeneous rocks, for low normal
stresses, were performed with the ideal geometry, and it was obtained for most of the cases
studied: i) a single horizontal shear fracture (without tensile fractures); ii) striated surface
appearance in the most sheared area and iii) force versus displacement curve approximately
linear with abrupt rupture. A summary and guidance for performing and verifying the MDST
was proposed. Through the proposed modification a better shear strength test method for rock
and concrete was achieved. Moreover, the MDST was proposed for determining mode I
fracture toughness (K;c) in function of confining pressure, of homogeneous rock and concrete.
The study was carried out by numerical analysis and it allowed concluding that: i) MDST is
suitable for K determination, since mode Il prevails in the test; ii) the horizontal fracture
pattern is due to shear; iii) the confining pressure must be determined at the fracture tip (o,
ip)) and iv) two equations were proposed for determining K¢ in function of oy, @ip). A practical
example was provided and K. envelopes were obtained for some rocks and concrete. The
POT fracture mechanism under different test conditions was studied using eXtended Finite
Element Method to assess the factors influencing the tensile strength of homogeneous rock.
The numerical results were validated with experimental data and a good agreement was
obtained. An ideal test geometry was proposed (the depth and width of the partial core were
equal to 2.5 cm and 0.4 cm, respectively). The POT can overestimate or underestimate the
tensile strength of the rock, depending on the cohesive fracture energy and a correction
equation was proposed. Moreover, the POT was proposed as a new method for determining
mode | fracture toughness (K,) of homogeneous rock and concrete in field application. A
ratio between the POT dimensions was proposed to meet the requirements of Linear Elastic
Fracture Mechanics and literature recommendations. The study was carried out by numerical
analysis and it allowed concluding that the POT is suitable for K. testing, since mode |
prevails in the test, and an equation was proposed for determining K. via POT. A practical
example of the method application was provided and K. was determined for some
homogeneous rocks. A similar result was achieved between POT and Semi-Circular Bend
test, indicating the first validation and correlation of the method.

Key words:  Tensile strength. Shear strength. Mode | fracture toughness. Mode 1l fracture
toughness. Pull-Off Test. Modified Direct Shear Test. Rock. Concrete.



RESUMO

VIZINI, V. O. S. Novos métodos para determinacdo de resisténcia e tenacidade a fratura de
rocha e concreto. 2020. 99 p. Dissertacdo (Mestre em Ciéncias). Escola Politécnica,
Universidade de S&o Paulo, S&o Paulo, Brasil, 2021.

Esta pesquisa aborda dois novos métodos experimentais para determinacdo de resisténcia e
tenacidade a fratura de rocha e concreto: Ensaio de Cisalhamento Direto Modificado (ECDM)
e Ensaio de Arrancamento (EA). O ECDM prop6e uma modificacdo na geometria do Ensaio
de Cisalhamento Direto (ECD) para melhorar as condi¢fes de contorno do ensaio, evitando
indesejaveis fraturas de tracdo e promovendo uma unica fratura de cisalhamento. O ECDM
basicamente consiste em adicionar dois entalhes inclinados no corpo de prova do ECD. Uma
geometria ideal foi proposta baseando-se em analise numeérica e experimental em concreto.
Testes experimentais em rochas homogéneas, para tensdes normais baixas, foram realizados
com a geometria ideal e foi obtido para a maioria dos casos estudados: i) uma Unica fratura de
cisalhamento horizontal (sem fraturas por tracdo); ii) superficie com aparéncia estriada na
maioria da area cisalhada e iii) curva forca versus deslocamento aproximadamente linear com
ruptura abrupta. Além disto, o ECDM foi proposto para se determinar tenacidade a fratura no
modo I1 (Ky ), em funcdo da presséo confinante, de rocha visualmente homogénea e concreto.
O estudo foi conduzido por meio de analise numérica e permitiu concluir que: i) o MDST é
adequado para teste de K, visto que o modo Il prevalece no ensaio; ii) o padrdo de fratura
horizontal é devido ao cisalhamento; iii) a pressdo confinante deve ser determinada na ponta
da fratura (on (ponta)) € 1) duas equagdes foram propostas para determinar K;,c em fungéo da oy,
monta)- UM exemplo pratico foi fornecido e envoltorias de K, foram obtidas para algumas
rochas e um concreto. O mecanismo de fratura no EA foi estudado para diferentes condi¢bes
de teste usando o Método dos Elementos Finitos Extendidos, para avaliar os fatores que
influenciam a resisténcia a tracdo em rochas homogéneas. Os resultados numéricos foram
validados com dados experimentais € uma boa aproximacéo foi obtida. Uma geometria ideal
foi proposta (a profundidade e a largura do corte parcial foram iguais a 2,5 cm e 0,4 cm,
respectivamente). O EA pode superestimar ou subestimar a resisténcia a tracdo da rocha,
dependendo da energia de fratura coesiva e uma equacdo de correcdo foi proposta. Além
disto, o EA foi proposto para se determinar tenacidade a fratura no modo | (Kc) de rocha
homogénea e concreto, com aplicacdo em campo. Uma razdo entre as dimensdes do EA foi
proposta, para atender aos requerimentos da Mecéanica da Fratura Linear Eléstica e as
recomendac0es da literatura. O estudo foi conduzido por meio de analise numérica e permitiu
concluir que o EA ¢ adequado para teste de K, visto que o modo | prevalece no ensaio, €
uma equacao foi proposta para se determinar K. via EA. Um exemplo pratico de aplicacdo do
método foi fornecido e K. foi determinado para algumas rochas homogéneas. Resultados
similares foram obtidos entre 0 EA com o Ensaio Semi-Circular de Flexao, indicando uma
primeira validag&o e correlagdo do método.

Palavras chaves: Resisténcia a tracdo. Resisténcia ao cisalhamento. Tenacidade a Fratura no
modo |. Tenacidade a Fratura no modo Il. Ensaio de Arrancamento. Ensaio de Cisalhamento
Direto Modificado. Rocha. Concreto.
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1 INTRODUCTION

The determination of resistant properties of the materials is an essential task in
engineering to ensure safety and to prevent hazards, material damage or interruption of
activities. Geotechnical works, such as tunnels, gallery, shafts, dams and other foundations,
often involve rock and concrete materials. Its failure mechanism is characterized by brittle or

quasibrittle fractures, causing a rapid and abrupt rupture.

The classical approach to determining the failure of the materials in geotechnics is
the strength-of-material approach. It is characterized by two components: tensile and shear
strength. These components are determined by the average stress at the rupture and consider a
homogeneous media. Another approach that is increasingly being used, which considers a
previous fractured media, is the Linear Elastic Fracture Mechanics. Fracture toughness is the
unique parameter to measure the resistance. It is separately in three particular modes of
loading at the fracture tip: | (tensile), 1l (shear-sliding) and Il (shear-tearing) (ATKINSON,
1987, WHITTAKER; SINGH; SUN, 1992).

This research addresses two new experimental test methods for determining strength
and fracture toughness of rock and concrete: Modified Direct Shear Test (MDST) and Pull-
Off Test (POT).

The Direct Shear Test (DST) is a shear strength test method widely used in rock
mechanics (ASTM, 2016). Despite widely used, DST has a complex stress state that can lead
a complex fracture mode, involving shear fractures and undesirable tensile fractures (CHO;
MARTIN; SEGO, 2008, BEWICK et al, 2014, DIRGELIENE; SKUODIS;
GRIGUSEVICIUS, 2017). The MDST was studied in this work to improve the boundary
conditions of the DST, to reduce or even to eliminate undesirable tensile fractures, resulting in
a better shear strength test method. Moreover, the MDST is proposed for determining mode
Il fracture toughness (K ), because there are few methods in the literature for determine K;c

in function of the confining pressure.

The POT is a tensile strength testing method that is widely used in concrete and it
was recently applied to rock mechanics (WENG et al., 2018, CACCIARI; FUTAI, 2018). The
POT can be easily performed in both the field and the laboratory, but the major advantage is
the possibility of in field execution. Due to the boundary conditions of the POT, its results are
not the same as the Direct Tensile Test (CACCIARI; FUTAI, 2018). Only elastic linear
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analyses of the POT have been reported in the literature and no theoretical studies have
investigated the POT fracture mechanism or the effect of the boundary conditions on the
tensile strength determination. In this study, POT fracture mechanism is analyzed under
different test conditions, through the eXtended Finite Element Method (XFEM), to assess the
factors influencing the tensile strength of homogeneous rock. Moreover, the POT is proposed
for determining mode | fracture toughness (Kic), because the literature presents few test

methods for K. determination of rock and concrete in field.

1.1 OBJECTIVES

1.1.1 GENERAL OBJECTIVE

The main objective of this dissertation is to propose or contribute to the proposal of
two experimental test methods for determining strength (tensile and shear) and fracture

toughness (mode | and 1) of rock and concrete.

1.1.2 SPECIFIC OBJECTIVES

The specific objectives of this dissertation are:

a) to improve the DST boundary conditions (resulting in the MDST) to reduce or even
to eliminate the undesirable tensile fractures and promoting a single horizontal shear

fracture in homogeneous materials;

b) to propose the MDST as a new method for determining mode Il fracture toughness in

function of the confining pressure in homogeneous rock and concrete;

c) to analyze the POT fracture mechanism under different test conditions, to assess the

factors influencing the tensile strength of homogeneous rock and concrete;

d) to propose the POT as a new method for determining mode | fracture toughness in

homogeneous rock and concrete.

1.2 STRUCTURE OF THE DISSERTATION

This dissertation was structured in the form of papers. Each paper generated has an
introduction, literature review, justification, materials and methods, discussion and

conclusion. The papers are listed below:
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Chapter 2 - Modified Direct Shear Test for determining shear strength of rock and

concrete.

Chapter 3 - Mode Il fracture toughness determination of rock and concrete via
Modified Direct Shear Test.

Chapter 4 - Numerical assessment of factors influencing the tensile strength of rocks
via Pull-Off Test.

Chapter 5 - Mode 1 fracture toughness determination of rock and concrete via Pull-
Off Test.

Finally, a general conclusion of the dissertation is shown in Chapter 6.
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2 MODIFIED DIRECT SHEAR TEST FOR DETERMINING SHEAR
STRENGTH OF ROCK AND CONCRETE

Abstract: This paper proposes a modification in the Direct Shear Test (DST) to improve the
boundary conditions of the test, avoiding undesirable tensile fractures and promoting a single
horizontal shear fracture. The Modified Direct Shear Test (MDST) basically consists of
adding two inclined notches in the test specimen of the DST. An ideal geometry was proposed
based on numerical analysis and experimental tests on concrete. Experimental tests on
homogeneous rocks, for low normal stresses, were performed with the ideal geometry, and it
was obtained for most of the cases studied: i) a single horizontal shear fracture (without
tensile fractures); ii) striated surface appearance in the most sheared area and iii) force versus
displacement curve approximately linear with abrupt rupture. A summary and guidance for
performing and verifying the MDST were provided. Through the proposed modification, a
better shear strength test method for rock and concrete was achieved.

Keywords: Modified Direct Shear Test. Shear strength. Rock. Concrete.

This chapter has been accepted for publication: VIZINI, V. O. S.; FUTAI, M. M. Modified
Direct Shear Test for determining shear strength of rock and concrete. Geotechnical Testing
Journal.

2.1 INTRODUCTION

Rock and concrete failure are usually predicted in geotechnical and structural
engineering works. The classical approach to determine the failure of the materials is the
strength-of-material approach, where the materials fail when the tensile or shear stress reaches
the tensile or shear strength. Many civil engineering works, such as tunnels, shafts, galleries,
dams, foundations and others, are solicited by compression stresses exerted by the weight of
the rock mass or the structure itself, causing shear failure (MELIN, 1986; LAWN, 1993;
BOBET; EINSTEIN, 1998; BROBERG, 1999) and the determination of shear strength in
function of the confining pressure (normal stress) becomes extremely important. There are
four test methods for determining shear strength in function of the confining pressure for rock
and concrete: Triaxial Compression Test (ISRM, 1983), Direct Shear Test (DST) (ASTM,
2016), Compressive-Shear Test (RAO et al., 1999) and Punch-Through Shear with Confining
Pressure Test (PTS-CP) (BACKERS; STEPHANSSON; RYBACKI, 2002; LEE, 2007).

The DST is widely used in geotechnical engineering for three main reasons: i)
simplicity of execution; ii) normal and shear stress can be applied independently and iii) it can
be performed for both intact materials strength and sliding friction tests, in homogeneous
materials or with planes of weakness, including natural or artificial discontinuities (ASTM,
2016). Although DST is widely used, it has a complex stress state, that it can lead a complex

fracture mode in homogeneous materials, involving tensile (mode 1) and shear (mode II)
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fractures, as observed by many authors, such as LAJTAI (1969); CRESSWELL; BARTON
(2003); WONG et al. (2007); CHO; MARTIN; SEGO (2008); BEWICK et al. (2014);
DIRGELIENE; SKUODIS; GRIGUSEVICIUS (2017) and GONG et al. (2020). Materials
with planes of weakness or discontinuities are less affected, because the fracture mode is

highly dependent on those planes of weakness or discontinuities.

Based on the aforementioned authors, the typical fracture development process of
homogeneous rock and concrete tested in the DST is as follows: a) for low average normal
stresses (< 30 MPa, approximately), the first fractures develop in the test specimen (TS) by
tensile (known as wing), starting at the upper or lower right extremity and upper left
extremity, such as schematically represented in figure 2.1a. Sequentially, a tensile fracture
(known as en echelon) develops in the center region of the TS. The final fractures occur
linking the en echelon fracture to the ends of the TS, by shear and b) for high average normal
stresses (> 30 MPa, approximately), the first fracture develops in the test are by tensile
(wing), starting at the upper right extremity (fig. 2.1b). Sequentially, some tensile fractures
(en echelon) develop in the center region of the TS. The final fractures occur linking the en
echelons fractures to the ends of the TS, by shear. In short, for low normal stress, the
specimen ruptures predominantly by tensile and, for higher normal stresses, the specimen

ruptures progressively by shear (predominantly).

The formation of tensile fractures is undesirable in DST, since it is a shear strength
test, but due to its geometry, it is inevitable (mainly at low normal stresses). A possible
solution to solve the problem is to improve the boundary conditions of the test, changing its
geometry. We here propose a modification in the DST to improve the boundary conditions of
the test to avoid undesirable tensile fractures and promoting a single horizontal shear fracture,
which is the ideal fracture pattern in shear tests, according to BAZANT; PFEIFFER (1986),
ENGELDER (1987) and PETIT (1988). The new method is named as Modified Direct Shear
Test (MDST).

The MDST was presented in the next section. An ideal geometry study was carried
out using numerical analysis and mainly by experimental tests on concrete. Experimental tests
on homogeneous rocks (most problematic case), for low normal stresses (where tensile
fractures are more pronounced), were performed with the ideal geometry, to demonstrate the
effectiveness of the proposed test. Figure 2.2 illustrates the structure and overview of the

paper.
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Fig. 2.1. Schematic fracture development process in DST of homogeneous rock or concrete:
a) for low average normal stress and b) for high average normal stress.
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Fig. 2.2. Structure and overview of the paper.

of models in concrete

Presentation of the MDST Ideal geometry
AN T 1
! | B 1
(I 1
| " « Stress state |
: : Three models analyzed J amalysis of models Cising :
| b) wodeiz <) Mode 3

} '». ][ 1 =) theideal !
: : % I o * Experimental tests geometry :
I
‘) :
1 1

(using the ideal geometry)

Silicified sandstone
SR |

2.2 MODIFIED DIRECT SHEAR TEST

The MDST basically consists in adding two inclined notches in the TS of the DST,
as shown in Fig. 2.3. Due to the notches being inclined, there will be no difference in level
between the place where the fracture probably initiates and ends, providing a horizontal

fracture (parallel to the tangential force (Ft) and normal to the normal force (Fyy)).

MDST testing procedures are similar to DST procedures, as reported by ASTM
D5607-16 (Standard Test Method for Performing Laboratory Direct Shear Strength Tests of
Rock Specimens Under Constant Normal Force). The TS is cut smaller than the shear boxes,
with the length (L), width (W) and height (H); the inclined notches are made with small angle
(o), horizontal length (A) and thickness (T), altering the length to effective length (L¢), as
shown in Fig. 2.3a and 2.3b. The TS is encapsulated with a stronger material and between the
upper and the lower part of the encapsulating material, a free space (S) is formed. A constant
normal force is applied normal to the shear area and, after stabilization, a tangential force or
displacement is applied parallel to the shear area (the forces are applied independently). The
bottom of the left notch tip is aligned to the top of the right notch tip, and both are aligned
with the tangential force and the support reaction (as presented in the detail of Fig. 2.3b and

2.3c). The average normal stress (on (avy)) is calculated as the ratio between the normal force
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and the shear area (Area = L. .W) and the average shear stress at the rupture (z(ay)) is

calculated as the ratio between the tangential force and the shear area.

Fig. 2.3. MDST geometry: a) plant; b) section-A and c) detail.
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2.3 |IDEAL GEOMETRY OF THE MDST

The ideal geometry of the MDST is a geometric model that promotes a single
horizontal shear fracture (without tensile fracture propagation) and meets the ASTM D5607-
16 (2016) recommendations for DST: i) the relationship between the dimensions L, and W
must be equal to or greater than 0.75 or equal to or less than 1.25; ii) the smallest free space
between encapsulating materials must be equal or greater than 0.5 cm; iii) the smallest shear
area is 19 cm? and iv) the smallest vertical encapsulated dimension of the TS (D) must be at
least 20 % of the length of the TS (Fig. 2.3).

Considering the direct shear machine’s dimensions and the ASTM D5607-16
recommendations, three models were analyzed in the two next sections (through numerical
analysis and experimental tests in concrete) to determine the ideal geometry. Table 1 shows
the geometrical parameters of the models. These models differ in notch length, angle and
effective length (the effective lengths adopted were considered whole numbers and the angles
of the notches were obtained geometrically). The length was adopted at 8.0 cm, because the
maximum dimension of the shear box utilized was 10.0 cm, remaining 1.0 cm for each side.
The width was fixed at 4.0 cm, to results in 0.75 < Le / W < 1.25 in all models. The free space
between encapsulating materials was fixed at 0.5 cm. Only Model 1 meets the

recommendation of the minimum area, but this question will be considered later.

Table 2.1 - MDST models
Geometrical parameters
Model L A Le W «a S D T LW Area
(cm) (cm) (cm) (em) (°)  (cm) (cm) (cm) —° (cm?)
1 8.00 1.50 5.00 4.00 10.00 0.50 1.70 0.30 1.25  20.00
2 8.00 2.00 4.00 4.00 7.00 050 1.70 0.30 1.00 16.00
3 8.00 250 3.00 4.00 500 050 1.70 030 0.75 12.00

The three models were analyzed in the two next sections (through numerical analysis

and experimental tests in concrete) to determine the ideal geometry.

2.3.1 STRESS ANALYSIS OF MODELS

A linear elastic analysis was performed to assess the stresses occurring in the models
in its pre-peak stage (before the rupture) and to check which of the models promotes less
tensile stress in the TS, to avoid tensile fractures. The Finite Element Method was used

through the Abaqus 6.14 program, developed by Dassault Systemes Simulia Corp.
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The numerical models were created with geometry, loads and boundary conditions,
as shown in Fig. 2.4 (Model 2 — intermediate model). The plane strain was simulated using
the mesh with 8-node linear brick, reduced integration and hourglass control elements. The
analysis was linear elastic, the applied loads were static and the test is performed in two steps
(the normal stress was applied first and the shear stress was applied later). Three oy ay) = 1.0,
5.0 and 10.0 MPa and three 7 (a) = 8.85, 12.20 and 16.40 MPa were considered, respectively.
Typical mechanical properties of the materials were adopted for the analysis and they are

shown in Table 2.2.

Table 2.2 - Mechanical properties of materials
Elastic modulus Poisson’s

Materials

(E) (GPa) ratio (v)
Concrete 30.00 0.20
Metal (steel 304) 193.00 0.27
Encapsulating material  35.00 0.20

Fig. 2.4. Mesh, loads and boundary conditions of the MDST.
Normal load Legend

\L \L l \L J/ l/ I Concrete

E . ial
i, B
i i ;
N —

N
DS

Tangential
load

=S
—2 ey

B & & K B & & &

The normal stress (Syz), shear stress (Siz), minimum principal stress (Smin) and
maximum principal stress (Smax) Were analyzed. This work follows the geotechnical
convention, that is, positive signs refer to compression and negative signs refer to tensile. Fig.
2.5 shows the result of Model 2 (intermediate model) for o, 2y = 5.0 MPa (intermediate
stress) as a visual example. The stress state of all models and for all average normal stresses
was analyzed in a straight line connecting the two notches (Le (paty) located in center of the TS
(Fig. 2.6).
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Fig. 2.5. Visual example of the MDST stress state (Model 2) for oy, ayy = 5 MPa: a) normal
stress; b) shear stress; ¢) minimum principal stress and d) maximum principal stress. Values

a) s, s22

(Avg: 75%)
-2.830e+07
-2.047e+07
- -1.264e+07
-4.801e+06
+3.033e+06
-~ +1.087e+07
- +1.870e+07
[ +2.654e+07
1 +3.437e+07
+4.221e+07
+5.004e+07
+5.787e+07
+6.571e+07

C) S,Min. Principal
(Avg: 75%)

-5.233e+07
-4.741e+07
-4.249e+07
-3.757e+07

- -31265e+07
-2.773e+07
L -21281e+07
-1.789e+07
| -1.297e+07
. -8.046e+06
-3.126€+06
+1.794e+06
+6.7156+06

in Pa.

2 >
- 7ra [

re

b)

S, 812
(Avg: 75%)
-1.245e+06
+2.551e+06
+6.347e+06
+1.014e+07
+1.394e+07
+1.773e+07
+2.153e+07
- +2.533e+07
+2.912e+07
+3.292e+07
+3.671e+07
+4.051e+07
+4.430e+07

BECEEEN

S, Max. Principal
(Avg: 75%)
-4.016e+06
+4.392e+06
- +1.280e+07
+2.121e+07
+2.962e+07
+3.803e+07
-+4.643e+07
+5.484e+07
+6.325e+07
+7.166e+07
+8.007e+07
+8.847e+07
+9.688e+07

For all models, the following typical behaviors are noted:

a) normal and shear stresses are heterogeneous along the shear area and concentrate on

the notches;

b) significant principal tensile stresses occur above the left notch tip and below the right

notch tip, where tensile fracture (wing) may occur;

c) along the Le (arhy it is noted that: i) confined tensile (Smin Negative and Smax positive)

occurred around the center to the right of the TS, where tensile fracture (en echelon)

may occur and ii) confined compression (Smin positive and Spax positive) occurred

below the left notch tip and above the right notch tip, where shear fracture may

occur.

Comparing the models, Model 2 presented lower maximum tensile stress and

confined tensile than the other models, which prevents tensile fractures (wing and en

echelon).
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Fig. 2.6. Stress state in a straight line connecting the two notches placed in center of TS for
the three models: a) normal stress; b) shear stress; ¢) minimum principal stress and d)
minimum versus maximum principal stress.

Model 1 Model 2 Model 3
//’B—T-a“r‘mf — 107373
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60_% Gn(av] =5MPa
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S,, (MPa)

0 1 2 3 4 5 0 1 2 3 4 0 1 2 3
Le path (cm) Le path (Cm) Le path (cm)

-5 -10 5 0 5 -15 -10 -5 0 5
Siin (MPa) Suin (MPa) | S,.., (MPa)

Obs: the numbers that appear in the figures in the letter d are the L () distances.
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2.3.2 EXPERIMENTAL TESTS OF MODELS IN CONCRETE

Experimental tests were performed in concrete to analyze the fracture pattern of the
three models. The ideal geometry should promote a single horizontal shear fracture without

tensile fractures.

A concrete (micro-concrete) was used as a material model to prevent large variations
in the material due to the natural formation process. The concrete was prepared with 28-day
moist curing with the ingredients: i) fine sand (775 kg/m3), ii) coarse sand (775 kg/m?3); iii)
cement — type 5 (500 kg/m?); iv) water-cement ratio (0.5) and v) plasticizer (1 %). The
uniaxial compressive strength of this concrete was determined by four compression tests with
an DL-10000™ hydraulic machine, manufactured by Emic SA (Sao José dos Pinhais, Brazil),
with a 100 kN load cell (loading rate of 0.04 MPa/s), resulting in 46.12 MPa with standard
deviation equal to 1.12 MPa.

The procedures for performing the MDST are: i) the TS is molded with L, W and H
dimensions; ii) the notches are made with a inclined circular saw (Fig. 2.7a and 2.7b); iii) the
TS is encapsulated with cement paste (cement — type 5, 25% of water and 1% of plasticizer)
in the lower metallic form (Fig. 2.7c and 2.7d); iv) after 1-day of moist curing of the cement
paste, a styrofoam sheet (0.5 cm thick) is placed on the top of the lower encapsulating
material to make a free space between the lower and the upper encapsulating materials (Fig.
2.7¢); modeling paste was used to cover some spaces formed between the styrofoam and the
TS; v) the upper metallic form is positioned and fixed with angle supports, and the TS is
encapsulated with cement paste (Fig. 2.7f); and vi) after 7-day moist curing of the cement
paste, the angle supports and the styrofoam sheet are removed and the TS is placed in the
machine (Fig. 2.7g and 2.7h).

A servo-controlled direct shear machine, with a 300 kN load cell and linear variable
differential transformers (LVDTS) in both vertical (normal) and horizontal (shear) directions,
was used in this study. The test had two steps: i) the normal force was applied with constant
rate of 1.0 kN/min and ii) the tangential displacement was applied with constant rate of 0.05

mm/min.
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Fig. 2.7. Procedures for performing the MDST: a) dimensions of TS and notches; b) length
and angle of notches; c) and d) lower encapsulating; e) styrofoam sheet; f) upper

encapsulating; g) direct shear machine and h) LVDTSs.

The first experimental tests were carried out for o, @) = 2.0 MPa. The dimensions

and results of the tests are presented in Table 2.3, the force versus displacement curves are

presented in Fig. 2.8 and the visual results of the fracture pattern of the tests are presented in

Fig. 2.9. The fracture pattern of the tests analyzed in this work is from the mesoscopic point

of view and the classification of the fracture in horizontal or inclined is approximate.

Fig. 2.8. Force versus displacement curves: a) Model 1; b) Model 2; and ¢) Model 3.
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Table 2.3 - Experimental tests of models

On (av)

Geometrical parameters

TS (Mpsy Model L L. A W H o S D T Area L/
(em) (cm) (cm) (cm) (cm) ()  (cm) (cm) (cm) (cm?) W
1 200 1 8.11 5.04 153 4.05 4.03 10.00 0.50 1.71 0.30 20.41 1.24
2 200 1 8.08 5.00 1.54 3.99 4.02 10.00 0.50 1.71 0.30 19.95 1.25
3 200 2 8.19 4.16 2.01 4.10 4.07 7.00 050 1.73 0.30 17.08 1.01
4 200 2 8.20 4.18 2.01 4.06 3.99 7.00 050 1.70 0.30 16.93 1.03
5 200 3 8.09 3.12 2.49 4.05 4.07 500 050 1.74 0.30 12.64 0.77
6 200 3 8.02 3.15 2.43 4.07 4.07 500 050 1.73 0.30 12.83 0.77

Model 1 (TS 1 and TS 2) showed a single inclined tensile (en echelon) followed by
shear fracture. The TS 1 fracture goes over the right notch and the TS 2 fracture goes under
the left notch. The force versus displacement curve of the TS 1 was approximately linear with
non-abrupt rupture and the TS 2 was approximately linear with abrupt rupture. Model 2 (TS 3
and TS 4) showed a single horizontal shear fracture, connecting the top of the right notch with
the bottom of the left notch (where the shear stress was concentrated). The force versus
displacement curve showed an approximately linear behavior with abrupt rupture. Model 3
presented the same behavior as Model 2.

Comparing the models, Models 2 and 3 presented better results (single horizontal
shear fracture) than Model 1. Comparing Models 2 and 3, Model 2 presented fewer tensile
stresses in the numerical analyses and it allows testing materials with grains sizes up to 4 mm
(considering the 1:10 ratio between grain size and TS length, due to the size effect).
Therefore, Model 2 was selected for a second experimental verification for different average

normal stresses.

The second experimental study analyzed the Model 2 for six normal stresses (starting
at 0.5 MPa to 20.0 MPa). The dimensions and results of the tests are presented in Table 2.4,
the force versus displacement curves and the peak shear strength envelope are presented in

Fig. 2.10 and the visual results of the fracture pattern are presented in Fig. 2.11.

For all normal stresses, Model 2 presented a single horizontal shear fracture and the
force versus displacement curve showed an approximately linear behavior with abrupt
rupture. Concluding the analysis of the models and choosing an ideal geometry, Model 2

presented excellent results and advantages over the others models.
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Table 2.4 - Experimental tests with Model 2

Geometrical parameters

On (av)
TS (MPa)

—

Le A W H o S D T Area

em ) Cm) ©m m ) @m ©m) @m) ©my ='W

7 050 806 397 205 406 406 7.00 050 173 030 16.10 0.98
8 050 809 373 218 409 405 7.00 050 172 030 1525 0.91
9 1.00 8.03 379 212 398 404 7.00 050 172 030 1510 0.95
10 100 806 4.17 194 408 4.08 7.00 050 174 030 17.01 1.02
11 500 8.05 414 196 409 401 7.00 050 170 030 1690 1.01
12 500 802 398 202 408 403 7.00 050 172 030 16.24 0.98
13 10.00 8.04 392 206 403 397 7.00 050 169 030 1581 0.97
14 10.00 8.11 385 213 415 398 7.00 050 169 030 1597 0.93
15 20.00 802 410 196 404 401 7.00 050 170 0.30 16.58 1.01
16 20.00 810 399 205 410 401 7.00 050 170 0.30 16.35 0.97

Fig. 2.10. Force versus displacement curves of Model 2: a) oy, ay) = 0.5 MPa; b) o ()= 1.0
MPa; C) on (av) = 5.0 MPa; d) 0 (ay) = 10.0 MPa; €) g, (ay) = 20.0 MPa and f) peak shear strength

envelope.
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. Visual result of Model 2 fracture pattern: a) TS 7; b) TS 8;¢) TS 9; d) TS 10;e) TS
11and f) TS 12.
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Fig. 2.11 (cont.). Visual results of fracture pattern: g) TS 13; h) TS 14; i) TS15and j) TS

A

Lower part

2.4 EXPERIMENTAL TESTS ON ROCKS USING IDEAL GEOMETRY

MDST experimental tests using the ideal geometry (Model 2) were performed in
three homogeneous rocks: marble, silicified sandstone and mylonite (Fig. 2.12). The
dimensions of the TSs are presented in Table 2.5. The dimension W of the ideal geometry was
modified to approximately 5.0 cm to meet the ASTM D5607-16 (2016) recommendation of
the minimal area (19 cm?).

The encapsulated material used was stronger than that used in concrete, and the

ingredients are: i) cement — type 5; ii) water (25 %); iii) silica concentrate in suspension (10
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%); iv) plasticizer (1 %) and v) hydration reaction accelerator (1 %). The curing time was 28

days approximately.

Fig. 2.12. Rocks tested in MDST: a) marble; b) silicified sandstone and ¢) mylonite.
b) = c)

a)

Table 2.5 - Experimental tests on rocks

Geometrical parameters

L Le A W H D T « S Area L/
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (°)  (cm) (cm?)) W
Marble M1 8.00 4.01 1.99 5.08 6.34 2.87 0.30 7.00 0.50 20.38 0.79
Marble M2 8.29 423 2.03 500 6.19 2.74 0.30 7.00 050 21.17 0.85
Marble M3 794 397 1.99 504 587 276 0.30 7.00 0.50 20.01 0.79
Marble M4 795 408 1.93 5.03 6.16 2.82 0.30 7.00 0.50 20.53 0.81
Sandstone S1 8.08 3.89 210 5.10 5.33 2.47 0.30 7.00 0.50 19.84 0.76
Sandstone S2 8.05 3.84 211 5.08 543 2.49 030 7.00 0.50 19.48 0.76
Sandstone  S3 797 3.78 210 5.04 541 2.46 030 7.00 0.50 19.05 0.75
Sandstone S4 793 419 1.87 495 4.89 227 030 7.00 0.50 20.73 0.85
Mylonite Myl 7.98 438 1.80 492 554 254 0.30 7.00 050 21.52 0.89
Mylonite ~ My2 8.08 4.13 1.97 472 599 2.80 0.30 7.00 0.50 19.52 0.87
Mylonite  My3 8.28 4.08 210 499 5.89 2.66 0.30 7.00 0.50 20.33 0.82
Mylonite ~ My4 8.31 4.18 2.07 457 6.38 2.80 0.30 7.00 0.50 19.09 0.92

Abrevi-

Rock )
ation

The rock tests were performed in three steps: i) the peak test was carried out; ii) TS
was removed from the machine and the photograph was taken; and iii) only for tests that
presented a single horizontal shear fracture, the TS was returned to the machine, and the
subsequent residual test was carried out. The direct shear machine used and the rock test

setups were the same as those used for concrete tests.

Table 2.6 and Fig. 2.13 show the results of the tests. For each rock, the peak friction
angle (¢peax), cohesion (c”) and residual friction angle (¢res) was calculated. Fig. 2.14 shows
the fracture pattern after the peak test (only the lower part of the TS is shown, to reduce the

document size).
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Table 2.6 - Results of experimental tests of rocks

Results recorded Results calculated -
, racture
TS zlr\]/l( g;) I:T (peak) I:T (residual) Tpeak (av) 7T residual (av) C ¢peak ¢res type
(kN) (kN) (MPa)  (MPa) (MPa) (°) (9
M1 1.00 18.95 2.46 9.30 1.21 Shear
M2 5.00 34.38 9.11 16.24 4.30 Shear
7.92 . .
M3 10.00 50.27 14.56 25.13 7.28 o 588 338 Shear
M4 15.00 66.29 18.94 32.28 9.22 Shear
ST 100 2376 - 1197 - Tensile
and shear
S2  5.00 52.26 9.79 26.83 5.03 14.21 52.2 37.9 Shear
S3  10.00 46.90 18.19 24.62 9.55 Shear
S4 15.00 69.22 20.99 33.39 10.12 Shear
Myl 100 2340 - 1087 - Tensile
and shear
My2 5.00 52.15 95 26.72 4.87 1055 705 39.7 Shear
My3 10.00 84.37 28.62 41.50 14.08 Shear
My4 15.00 96.17 15.76 50.39 8.26 Shear

All tests (marble, silicified sandstone and mylonite) presented a single horizontal
shear fracture and the force versus displacement curve showed an approximately linear
behavior with abrupt rupture, with the exception of tests S1 and My1, which presented an
inclined tensile (en echelon) followed by shear fracture and the force versus displacement

curve showed non-linear behavior with non-abrupt rupture.

In tests in which there was horizontal shear fracture and the force versus
displacement curve was approximately linear with abrupt rupture, a striated surface in much
of the sheared area (whitish appearance) was observed. PETIT (1987, 1988) interpreted that

the striated surfaces in shear ruptures were due to the breaking of the grains of the rock.

In tests in which there was inclined tensile followed by shear fracture and the force
versus displacement curve showed non-linear behavior with non-abrupt rupture (S1 and
My1), striated surface was not observed. The fact that en echelon fractures occurs is related to
the stress state of the test and the relationship between the tensile and shear strength of the
material. The stress state of the test is inherent in the MDST, but the MDST has a better stress
state than the DST, since wing fractures did not propagate and only en echelon fractures

propagated for very low average normal (1 MPa) in silicified sandstone and mylonite.

The fracture pattern of the TS is not perfectly the same across the sheared area due to

two factors: a) the material is not perfectly homogeneous it and may have differences in
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strength, voids or microfractures and b) at the borders, some differences in the fracture
inclination are noted (as in S3, S4, M2, My2, My3 and My4), probably due to the change
from plane strain to plane stress state.

Fig. 2.13. Results of peak and residual tests: a) marble; b) sandstone and c) mylonite.
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Fig. 2.14. Visual results of fracture pattern of rocks: a) marble; b) silicified sandstone and c)
mylonite.
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2.5 METHOD SUMMARY AND GUIDANCE

A summary and guidance for performing and verifying the MDST for homogeneous

materials are providing below:

a)

b)

d)

e)

the material is cut with L =8.00 cm, W =5.00 cm and H = 5.00 cm (D > 0.2 L) (Fig.
2.15a);

the notches are made with A = 2.00 cm, « = 7.00 ° and T = 0.3 cm, aligning the
bottom of the left notch tip with the top of the right notch tip (Fig. 2.15b). The notch

angle («) can be made with an inclined circular saw;

the TS is encapsulated in the lower metallic form, leveling the beginning of the left
notch with the top of the lower metallic form (Fig. 2.15c). After 1-day of moist
curing, a styrofoam (0.5 cm thick) is placed around the TS to form the free spacing
between the encapsulating materials (Fig. 2.15d). Modeling paste can be used to
cover some spaces formed between the styrofoam and the TS. The upper metallic
form is placed on the styrofoam, fixed with angle supports and encapsulated (Fig.
2.15e). After 28-days of moist curing (approximately), the angle supports and the
styrofoam are removed, and the TS is positioned in the machine. The tangential force
(Fr) and the support reaction must be aligned with the center of the TS (Fig. 2.16f);

the peak test is performed; the on (av) and zpeak (av) are recorded and the peak friction

angle and cohesion are calculated. The test must be presented:

- force versus displacement curve approximately linear with abrupt rupture (Fig.
2.159);

- single horizontal shear fracture, connecting the top of the right notch tip with
the bottom of the left notch tip, in the most sheared area (Fig. 2.15h). The
fracture pattern must be analyzed in the entire sheared area (it should not be

analyzed from an external lateral view);
- striated surface in the most shear area (Fig. 2.15h);
- non-fractured encapsulating material (Fig. 2.15h).

residual subsequent test is performed; the o, (ay) and tres (ay) are recorded and the

residual friction angle is calculated.
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Fig. 2.15. Steps for performing and verifying the MDST for homogeneous materials: a)
cut of the material; b) notches; c) lower encapsulation; d) styrofoam; e) upper
encapsulation; f) test; g) stress versus displacement curve and h) fracture pattern

verification.
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2.6 CONCLUSION

This paper proposes a modification in the DST to improve the boundary conditions

of the test. It was possible to reduce or even to eliminate the undesirable tensile fractures,

resulting in a better shear strength test method. The MDST can be performed for both intact

materials strength and sliding friction tests, in homogeneous materials or with planes of

weakness, including natural or artificial discontinuities, as prescribed in ASTM (2016). This

study was carried out for homogeneous rock (most problematic case) and for low and very

low normal stresses (where tensile fractures are more pronounced). The main conclusions of

this study are listed below:

a)
b)

d)

the wing fractures did not propagate;

en echelon fracture followed by shear fracture propagated only for very low normal

stress (1 MPa) for silicified sandstone and mylonite;

in the concrete and marble studied, all the TS and for all confining pressure ranging
studied (1 to 15 MPa) show horizontal shear fracture without tensile fractures. In
silicified sandstone and mylonite, for very low normal stress (1 MPa), the tests
presented en echelon fracture followed by shear fracture, and for low normal stresses
(5 to 15 MPa), the tests presented horizontal shear fractures without tensile fractures;

the horizontal shear fracture propagated in the tests connected the top of the right
notch tip with the bottom of the left notch tip and the fracture pattern of the TS is not
perfect across the sheared area, due to the heterogeneities and probably due to the
change from plane stress to plane strain state at the borders;

an ideal geometry was proposed: L = 8.00 cm, A =2.00 cm, L, = 4.00, W =5.00 cm,
a=7.00°T=0.3cm,S=0.50cmand D >0.20 L. In this study, a 10.00 cm shear
box was used, remaining 1.00 cm on each side of the TS, which it was filled with
encapsulating material and its metallic form. For the case where the shear box is
larger than 10.00 cm, the same size of the TS can be maintained and the remaining
distance of the encapsulating material is increased. Another alternative is to increase
the size of the TS, keeping the same proportion. The dimensions ratio is: A=L /4, Le
=L/2,075<L/W<1.25a=700°T=L/26.7,S=L/16and D>0.20 L. Sizes
smaller than the proposed ideal geometry (even keeping the dimensions ratio) are not

recommended, as they may not meet ASTM D5607-16 recommendations;
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9)

h)

)

the encapsulating material must not fracture during the test; otherwise it may
influence the fracture mode, invalidating the test;

in the tests whereby horizontal shear fracture occurred, the force versus displacement
curve showed an approximately linear behavior with abrupt rupture and the striated
surface was observed in much of the sheared area (whitish appearance). These

experimental evidences characterize the shear rupture;

in the tests whereby inclined tensile (en echelon) followed by shear fracture
occurred, the force versus displacement curve showed non-linear behavior with non-
abrupt rupture and the striated surface was not observed. These experimental
evidences characterize the significant influence of tensile fractures (which is

undesirable in the test);

the MDST is intended for testing material with grain size up to 4 mm. For materials
with grains sizes larger than 4 mm, larger TS must be performed, keeping the
dimensions ratio proposed,;

the stress state of the MDST is heterogeneous and the shear strength of the material

determined in this study was an average result.

It is recommended for future studies to perform the MDST: i) for materials that have

planes of weakness, including natural or artificial discontinuities (the planes of weakness or

discontinuities must be aligned with the top of the right notch tip and the bottom of the left

notch tip); ii) for high normal stresses and iii) for larger sizes of the TS, using the dimensions

ratio proposed (ideal geometry) and iv) for different geometrical parameters, to confirm the

ideal geometry.
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3 MODE Il FRACTURE TOUGHNESS DETERMINATION OF ROCK
AND CONCRETE VIA MODIFIED DIRECT SHEAR TEST

Abstract: The Modified Direct Shear Test (MDST) was proposed for determining K¢ in
function of confining pressure of homogeneous rock and concrete. The study was carried out
by numerical analysis and the main conclusions are as follows: i) MDST is suitable for K;c
determination, since mode Il prevails in the test; ii) horizontal fractures in the MDST is due to
shear; iii) the confining pressure must be determined at the fracture tip (o, ip)) and iv) two
equations were proposed for determining Kjc in function of o, (ip). A practical example was
provided and K envelopes were obtained for some rocks and concrete.

Keywords: Mode Il fracture toughness. Modified Direct Shear Test. Rock. Concrete.

3.1 INTRODUCTION

Rock and concrete failure prediction is an important step in the design and analysis
of geotechnical works to ensure their stability and safety. In recent decades, fracture
mechanics concepts have been increasingly used by different authors and with different
numerical methods, as could be seen in different literature reviews (JING; HUDSON, 2002;
JING, 2003; BOBET et al., 2009; RABCZUK, 2013; NIKOLIC; ROJE-BONACCI;
IBRAHIMBEGOVIC, 2016; MOHAMMADNEJAD et al., 2018). The determination of
fracture resistance becomes extremely important, since it is the basis of any method.

The Linear Elastic Fracture Mechanics (LEFM) is usually applied to predict the
fracture propagation in brittle materials, such as rocks and concretes. LEFM concepts are
based on three modes of loading at the fracture tip: I (tensile), 11 (shear-sliding) and 111 (shear-
tearing). The principal parameter of this approach is the stress intensity factors (SIFs) for a
particular mode (K|, K;; and Ky;;). SIFs were proposed by IRWIN (1958), based on previous
studies by INGLIS (1913) and GRIFFITH (1920), representing the magnitude of the fracture
tip stress field in a homogeneous linear elastic material. They depend on the material type,
geometry, displacement constraints and external load applications. Fracture propagation
occurs when SIFs reach a critical value (K¢, Kjic and Kj¢), called fracture toughness. Fracture
toughness is an intrinsic parameter of the material that represents its fracture resistance
(ATKINSON, 1987; WHITTAKER; SINGH; SUN, 1992).

Kiic is a very important property in rock mechanics, since the rock mass is solicited
by compression stresses exerted by its own weight, causing shear failure by consequence, as
observed in geological structures and engineering works (MELIN, 1986; ATKINSON, 1987,
LAWN, 1993; BROBERG, 1999). Moreover, K strongly depends on the frictional
resistance and must be determined in function of the confining pressure (RAO et al., 1999).
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There are three experimental test methods proposed in the literature to determine Ky
in function of the confining pressure for rock and concrete: i) Compressive-Shear Test (RAO
et al., 1999), ii) Punch-Through Shear with Confining Pressure test (PTS-CP) (BACKERS;
STEPHANSSON; RYBACKI, 2002) and iii) Modified Punch-Through Shear with Confining
Pressure Test (MPTS-CP), which is a rectangular version of PTS-CP (LEE, 2007). One
restriction of the Compressive-Shear Test is that the confining pressure depends on the
applied shear stress, limiting the application of the confining pressure (BACKERS, 2004).

The International Society of Rock Mechanics and Rock Engineering (ISRM)
suggested PTS-CP for determining K, in function of the confining pressure for rocks
(BACKERS; STEPHANSSON, 2012). Some authors performed PTS-CP tests on rock and
concrete (BACKERS; STEPHANSSON; RYBACKI, 2002; BACKERS et al., 2004; YAO et
al., 2017; WU; KEMENY; WU, 2017). The aforementioned authors indicated the following
complications in PTS-CP: i) for “low” confining pressure (< 30 MPa), tensile fractures (wing,
doughnut and en echelon) developed in the tests (Fig. 3.1a, 3.1b, 3.1c and 3.1d); ii) the shear
fracture (main fracture) is inclined, starting on the left side of the bottom notch and arriving
on the right side of the upper notch, and vice-versa for another notch (Fig. 3.1e and 3.1f), and;

iii) the confining pressure causes bending stress at the fracture tip.

Tensile fractures (en echelon, wing and doughnut) are undesirable in the test, where a
perfect mode 11 experimental test method should lead to a single flat fracture without any
influence of tensile fractures (ENGELDER, 1987). The Modified Direct Shear Test (MDST)
was proposed in Chapter 2 for determining shear strength of rock and concrete and it was
possible to reduce or even to eliminate undesirable tensile fractures and a single horizontal
(flat) shear fracture was achieved for most of the cases studied. The MDST basically consists
in adding two inclined notches in the test specimen (TS) of the direct shear test, improving the
boundary conditions of the test (Fig. 3.2a). In the concrete and marble studied, all the TS and
for all confining pressure ranging studied (1 to 15 MPa) show horizontal shear fracture
without tensile fractures. In silicified sandstone and mylonite, for very low normal stress (1
MPa), the tests presented en echelon fracture followed by shear fracture, and for low normal
stresses (5 to 15 MPa), the tests presented horizontal shear fractures without tensile fractures
(Fig. 3.2b). Moreover, the force versus displacement curves was approximately linear with
abrupt rupture and striated surface is observed in much of the sheared area (whitish
appearance) (Fig. 3.2b), which indicates the typical shear rupture, according to PETIT (1987,
1988).
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Fig. 3.1. Fractures evaluation in Rudersdorf limestone at different stages of axial
loading (confining pressure 5 MPa).

Vedles” 07/

Axial Displacement
(a) (b)

(e)

Source: BACKERS; STEPHANSSON; RYBACKI (2002).

This paper proposes the MDST for determining K in function of the confining
pressure of homogeneous rock and concrete. The principal differences between MDST and
PTS-CP are: i) the tangential load (Ft) is aligned with the shear area; ii) the notches are
inclined (not having a level difference between the places where the fracture initiates and
ends) providing a horizontal fracture (parallel to the shear force and normal to the normal
force); iii) the confining pressure is applied with a normal force (Fn) concentrated at the
center of TS, reducing the bending moment generated at the notches tips and iv) the direct

shear machine is used.

This study used the numerical method for computing SIFs of the MDST. The
structure and overview of the paper is as follows (Fig. 3.3): i) the geometric parameters of the
MDST are presented and the ideal geometry proposed in Chapter 2 is analyzed based on the
recommendations reported in the literature for mode Il fracture toughness tests; ii) the
numerical methods and models are presented; iii) a fracture analysis of the MDST was
performed to analyze the typical SIFs and fracture pattern of the test; iv) a mechanical
property parametric study was carried out to evaluate the effects of the parameters on K.
determination; v) a simple way to determine K. via MDST was proposed through two
equations and vi) a practical example of the method application was provided and K,

envelopes were determined for some rocks.
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Fig. 3.2. Example of MDST for rocks and concrete with confining pressure 5 MPa: a)
geometry and b) experimental fracture pattern (lower part of the TS) and c) force versus
horizontal displacement curves.

b)

F
a) "
Rock or

concrete
Upper shear

Encapsulating
material

Foo

Lower shear

box (metal)
IZ
& & &
c) - - - Marble
—— Sandstone
----- Mylonite
60__ —-—--Concrete (TS 12)
50— X
o 40-]
é N 4
_’g 30—_ ,” /
= 20 /
<3 i
10—
0 T I T l T ' T |
0 1 2 3 4
Horizontal displacement (mm) Concrete (TS 12)
Fig. 3.3. Structure and overview of the paper.
' 5
« Geometric Numerical model
parameters and methods « SIFs analysis (K,

. Kirand Ki/Ki
ld_eal geometry * Numerical method « Fracture atte)m

« Literature “ N ical model p
recommendations umerica mo‘e

* SIFs computation Fracture analysis
technique of the MDST

N—

MDST geometry

Simple way for Kiic

+ Kiie envelopes 1y 10
determination

determination
for some rocks
and concrete

» Elastic modulus effect
+ Poisson’s ratio effect
» Residual friction angle

* Two equations

: proposed for: effect
Practical + K, determination
example * 0,4y determination Mechanical property

parametric study




43

3.2 MDST GEOMETRY

The geometric parameters of the MDST are illustrated in Fig. 3.2a, where: L is the
length, W is the width H is the height, a is the small angle of the inclined notches, A is the
horizontal length, T is the thickness, L. is the effective length and S is the free space formed
between the upper and the lower part of the encapsulating material.

The ideal geometry of the MDST was proposed in Chapter 2, as shown in Table 3.1.
These parameters meet the recommendations of the ASTM D5607-16 (2016), Performing
Laboratory Direct Shear Strength Tests of Rock Specimens Under Constant Normal Force.

Table 3.1 - Ideal geometry of the MDST

Geometrical parameters

L A Le W H a S D T LW Area
(cm) (cm) (cm) (ecm) (cm) (°)  (cm) (cm) (cm) ° (cm?)
8.00 2.00 4.00 5.00 500 7.00 050 170 0.30 0.80 20.00

Analyzing the ideal geometry against the recommendations for mode Il fracture

toughness tests reported in the literature, we note:

a) specimen size (L¢): the measured K¢ is not so strongly dependent on the specimen
size (LAQUECHE; ROUSSEAU; VALENTIN, 1986; SUN; WHITTAKER; SINGH,
1990) and the specimen size requirements seem to be unnecessary for mode Il
measurements (WHITTAKER; SINGH; SUN, 1992). Traditionally in rock
mechanics, a simple ratio between the specimen size and the grain size of 10:1 has
usually been deemed sufficient to guarantee the representativeness of the bulk
material (ATKINSON; MEREDITH, 1987);

b) specimen thickness (W): the measured K. is not affected for W > 4 cm
(ATKINSON, 1987);

c) relationship between specimen size and thickness: the measured K¢ is not affected
forLe /W< 1.0 (RAO etal., 1999).

Hence, the ideal geometry of the MDST meets these recommendations published in
the literature for mode Il fracture toughness test.

The MDST test procedures follow the ASTM D5607-16 (2016) recommendations
and are detailed in Chapter 2.
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3.3 NUMERICAL METHODS AND MODEL

The numerical methods, model and SIFs computation technique used in this research

are presented in this section.

3.3.1 NUMERICAL METHOD

The numerical analysis was performed using the Finite Element Method through the
Abaqus 6.14 program, developed by Dassault Systémes Simulia Corp., coupled with the
FRANC3D program, developed by Fracture Analysis Consultants, Inc. The function of
FRANC3D is to include the initial fracture into the model created in the Abaqus, to compute

the SIFs, thought the LEFM and to propagate the fracture using the re-meshing technique.

LEFM is ideally formulated to describe the ideally brittle fracture, where the stress,
strain and displacement can be uniquely characterized by the SIFs (K;; in this example), as
shown in Fig. 3.4a. However, it can be applied to brittle fractures (Fig. 3.4b) when the
nonlinear behavior of the material is limited to a zone near the mesofracture tip and it is
considered small compared to the specimen size (often referred to as small-scale yielding).
Therefore, the nonlinear behavior can be ignored and the material is considered linear elastic
(WHITTAKER; SINGH; SUN, 1992). For mode Il fracture analysis, there are no analytical
criteria in the literature to check the small-scale yielding to guarantee the validity of the
LEFM, therefore, the validation of the LEFM was based on the typical force versus
displacement curves of the MDST, which presented an approximately linear behavior with
abrupt rupture (see again Fig. 3.2b).
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Fig. 3.4. Applicability of the LEFM: a) ideal brittle and b) brittle behavior. Schematic
illustration of shear stress versus strain curves of the test (MDST) and shear stress acting

ahead (@ = 0°) the fracture tip for mode II.
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The fracture formation process for the MDST can be inferred based on previous
studies in the literature with others fracture modes, such as mode I, mixed mode I+1l or mode
I without normal stresses, since there are no studies of the fracturing process for mode 11 with
normal stress application (LIN; LABUZ, 2013; LIN et al., 2018; LI; REN; YU, 2020;
MOAZZAMI; AYATOLLAHI; AKHAVAN-SAFAR, 2020 and others). Initially, the
material contains discrete microfractures (about 10° m) naturally formed or caused by the
notch cutting process (Fig. 3.5a). The specimen is loaded and new microfractures are formed,
starting the fracture process zone (FPZ) (Fig. 3.5b). At a high load level, reaching the material
strength, microfractures extend and link to the other adjacent microfractures, forming a
mesofracture (about 10 m) (Fig. 3.5c). LEFM can be applied at this stage, when there is a
stable mesofracture formed and the SIFs can be computed. Increasing the load, new
microfractures are formed at the mesofracture tip (in a very small region), that can be ignored
(Fig. 3.5d). The mesofracture is stable until the SIFs reach the fracture toughness of the

material; after this, the mesofracture propagates in an unstable manner (abrupt rupture)
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forming a macrofracture (about 10" m) (Fig. 3.5€). The fracture toughness of the material is
the SIFs computed at the moment of transition from the stable to the unstable condition

(usually occurring at the peak of the force versus displacement curve, approximately).

Fig. 3.5. Schematic illustration of the development of the fracture process zone in brittle
materials applied to the MDST.
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3.3.2 NUMERICAL MODEL

The geometry, loads, boundary conditions and mesh of the MDST models are shown
in Fig. 3.6a. The models were created with reduced thickness (W = 0.5 cm), to reduce the
computational cost. Displacements in direction 3 (perpendicular to the drawing) were
restricted throughout the model to simulate the plane strain occurring in the central region of
the specimen (where the fracture propagation is pronounced). The analyses were static and
they were carried out in two steps (normal stress application and shear stress application).

Two mesofractures were inserted in the model to simulate the FPZ, one below the
left notch tip and other above the right notch tip (Fig. 3.6b). In these places, the shear stress
and confined compression concentrate and fracture occurs (see Chapter 2). The FPZ is
dependent on the geometry of the TS, the material and the type of loading performed, so it is a
difficult phenomenon to predict in new tests (BROOKS, 2013; MOAZZAMI,
AYATOLLAHI; AKHAVAN-SAFAR, 2020). The mesofracture size was adopted at 1 mm,
and the fracture-front template radius was 10% of its size (0.1 mm). Different mesh elements

were used to model the fracture and fracture-front template (Fig. 3.6c).
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Fig. 3.6. MDST numerical model: a) geometry, loads, boundary conditions and mesh; b)
mesofracture places and c) details of the mesofracture.
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3.3.3 SIFS COMPUTATION TECHNIQUE

The Virtual Crack Closure Technique (VCCT), proposed by RYBICKI,;
KANNINEN (1977), was chosen to compute the stress intensity factors. The VCCT consists

of a modification of Irwin’s closure integral (IRWIN, 1958). Irwin’s proposal is based on the
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hypothesis that the released energy during fracture extension is the same as the amount of
work required to close the fracture in the same extension and the stress field behind the
fracture tip can be approximated with the stress field ahead of the fracture tip for an

infinitesimal value of extended fracture.

The strain energy release rate (also called fracture energy) is obtained in mode | and
Il components separately, with a single step of analysis, multiplying the fracture face
displacements behind the fracture tip by stress resultants ahead of the fracture tip, dividing by

2 and the element area (Fig. 3.7):

1 b Aa (3_1)
GI:ZbAaf Oyy Uy dx dz
00
1 b Aa (32)
G = ZbAajj Oxy Uy dx dz
00

where 4a is the length of the element, b is the width of the element, oy, and o,y are the stresses
in ABCD surface (in front of the fracture tip), uy and uy are the relative displacements between
BDEF and BDE*F* surfaces (behind of the fracture tip), as shown in Fig. 3.7.

Fig. 3.7. VCCT example.
G
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The stress intensity factors for each mode can be obtained by the relationship
proposed by IRWIN (1958):

K; = /G,E* (3.3)
KII =/ GIIE* (34)

where E"= E for plane stress and E = E/(1-v?) for plane strain. E is the elastic modulus and v

is the Poisson’s ratio.
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The surface contact of the fracture (gray hatched region of Fig. 3.7) is governed by
hard contact (normal behavior), which does not allow penetration of surfaces, and residual

friction coefficient (tangential behavior).

The Maximum Shear Stress (MSS) criterion was chosen to define the kink angle of
fracture propagation. The MSS criterion states that the crack will grow in the direction that
maximizes the resolved shear stress (FRACTURE ANALYSIS INC., 2015).

3.4 FRACTURE ANALYSIS OF THE MDST

The fractures analysis of the MDST comprises a first understanding of the typical

stress intensity factors and fracture pattern of the MDST.

Some numerical models are generated with the ideal geometry of the MDST and
using typical stress state and mechanical properties of the materials. Three models were
simulated with average normal stresses (on @) = 1.0, 5.0 and 10.0 MPa) and average peak
shear stresses (zpeak (av) = 8.85, 12.20 and 16.40 MPa), respectively. The mechanical properties
of the materials are shown in Table 3.2. Obs.: This work follows the geotechnical convention,

that is, positive signs refer to compression and negative signs refer to tensile.

Table 3.2 - Mechanical properties of materials

Materials E v Residual friction
(GPa) angle (¢res) (°)

Rock 30.00 0.20  30.00

Metal (steel 304) 193.00 0.27 -

Encapsulating material ~ 35.00 0.20 -
Fig. 3.8a shows the SIFs results (K;, Ky and Ky, / K ratio). The right notch showed

lower K, and the left notch showed slightly higher K, In the right notch, K;, / K, ratio is
higher, around 7 to 9, which is equivalent to G, / G, = 60 to 80. In other words, mode Il
fracture energy is about 70 times greater than mode | fracture energy, indicating that the
fracture probably propagates in this notch and predominantly in mode 11 (shear fracture).

The confirmation of the fracture propagation place (left or right notch) is essential for
computing fracture toughness, because the stress intensity factor is different in each notch. In
addition, an important information is the direction of the fracture propagation. Therefore, the
fracture was propagated in the model for the three average normal stresses (Fig. 3.8b). In the
three models, the fracture did not propagate until the end of the TS because there was a

numerical error; however, it can be observed that: a) in the left notch, the fracture presents
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upward inclination (due to the tensile influence) and did not propagate and b) in the right
notch, the fracture propagates horizontally (where the highest G, / G, ratio). At this point, two
important conclusions can be drawn: a) the K;,c must be determined in the right notch where
the fracture has propagated and b) the horizontal fracture in MDST is due to shear, because
the kink angle of fracture propagation criterion used was the MSS criterion. Thus, the next
studies in this work considered the mesofracture located only at the top of the right notch tip

and K, was obtained in this place.

Fig. 3.8. Fracture analysis of MDST: a) K|, K;; and K}, / K ratio and b) fracture propagation
fOl’. On (av) = 1.0 Mpa, On (av) = 5.0 MPa and On (av) = 10.0 MPa.
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3.5 MECHANICAL PROPERTY PARAMETRIC STUDY

A parametric study was carried out for investigate the influence of the mechanical
properties on K, determination. The mechanical properties involved in the simulation depend
only the elastic properties and residual friction angle of the material. Thus, the elastic
modulus, Poisson’s ratio and residual friction coefficient, were varied (Table 3.3). The

stresses applied were on (av) = 5.0 MPa and tpeak (av) = 12.2 MPa. Fig. 3.9 shows the results.

Analyzing Fig. 3.9, it is noted that for this particular study: a) Kyc increases little as E
increases; b) K does not depend on Poisson’s ratio and c¢) K. greatly reduces as ¢res
increases. The significant influence of the ¢ is due to the microstructural asperities, where
the frictional work acts as an additional energy sink, reducing the amount of energy available
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to drive the fracture tip (PETROVIC, 1985; LI, 1987). Therefore, only E and ¢.s were used in
the next study.

Table 3.3 - Mechanical properties of parametric studie

Elastic modulus effect Poisson's ratio effect Residual friction coefficient effect
E(GPa) v tg(drs) E(GPa) vV tg(dres) E(GPa) v tg (¢res)
10.00 0.20 0.58 4500 0.10 0.58 45.00 0.20 0.15
20.00 0.20 0.58 4500 0.15 0.58 45.00 0.20 0.25
30.00 0.20 0.58 45.00 0.20 0.58 45.00 0.20 0.35
40.00 0.20 0.58 45.00 0.25 0.58 45.00 0.20 0.45
50.00 0.20 0.58 45.00 0.30 0.58 45.00 0.20 0.55
60.00 0.20 0.58 45.00 0.20 0.65
70.00 0.20 0.58 45.00 0.20 0.75
80.00 0.20 0.58 45.00 0.20 0.85
90.00 0.20 0.58 45.00 0.20 1.00

Fig. 3.9. Mechanical property parametric study: a) elastic modulus effect; b) Poisson’s ratio
effect and c) residual friction coefficient effect.
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3.6 ASIMPLE WAY FOR K|, DETERMINATION

In this section, a simple way was proposed for determining K. in function of the

confining pressure through two equations based on numerical analysis.

To compose a large number of numerical analysis, some variables were selected to
encompass typical rock and concrete mechanical properties and strength: i) 4 peak shear
strength envelopes (the shear strength envelopes are used only to define the average peak
shear stress at the rupture for each average normal stress), as shown in Table 3.4; ii) 7 average
normal stresses (1, 5, 10, 20, 30, 60 and 120 MPa); iii) 4 elastic modulus (10, 35, 60 and 85
GPa); and iv) 3 residual friction angle (20, 35 and 50°). A combination is made with these

variables resulting in 336 numerical models.
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Table 3.4 - Shear strength envelopes
Cohesion  Peak friction

Envelopes .y (MPa) angle (dpead) ©)
1 5.00 35.00
2 10.00 50.00
3 15.00 65.00
4 20.00 80.00

The results are plotted in Fig. 3.10, where K¢ is normalized with oy, (a) and zpeak (av)
with on @v). A single potential function can be observed for all peak shear strength envelopes
and a different potential function for each E and ¢yes. Eq. 3.5 (R* = 0.998) was proposed to
determine K¢ interpolating all cases. The equation is function of on (av), Tpeak @) and @Pres
obtained in the experimental tests of the MDST (as shown in Chapter 2) and the E estimated
in the literature. The equation can be applied for zpeak av) / on (avy) < 30.

Kiie = On (an) A <—T’”‘”‘ (@) > B (3:9)
On (av)
A =[(0.0002 E — 0.0849)(tg D,.s) + 0.1189]

B =[0.9542 — 0.0624(tg Dres)]

where Ky is in MPa.m?, Tpeak (av) and on @) are in MPa, E is in GPa and ¢ is in

degree/radians.

As mentioned in the introduction, K strongly depends on the confining pressure.
All studies present in the literature of K, determination consider the confining pressure as the
average normal stress (o (av)), €ven if the normal stress is heterogeneous across the shear area
of the TS. However, we believe that it is right to consider the normal stress acting on the right
notch, and more specifically, at the fracture tip, where K. is computed. Therefore, the
confining pressure was considered here the vertical stress acting in front of the mesofracture
tip (centroid of ABCDGH volume of Fig. 3.7) in the right notch (on (ip)).-
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Fig. 3.10. K, c determination for: a) E = 10 GPa; b) E = 35 GPa; c) E = 60 GPa and d) E = 85
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Using the same numerical models, oy (ipy Was obtained for all models and are shown

in Fig. 3.11. The same observations made for K;;c apply to oy, ip). EQ. 3.6 (R? = 0.997) was

proposed to determine oy, ¢ip). The equation can be applied for zpeax (av) / on @av) < 30.

Where oy (tip), 0n (av) AN Tpeak (av) @re in MPa, E is in GPa and ¢y is in degree/radians.

On (tip) = On (av) A <

On (av)

Tpeak (av) > B

A =[(2.028 — 0.0054 E) + 0.7915(tg ®,s)]

B = [(0.7244 — 0.0014 E) + 0.1461(tg Dyes)]

(3.6)
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Fig. 3.11. oy ip) determination for: a) E = 10 GPa; b) E = 35 GPa; ¢) E =60 GPaand d) E =

85 GPa.
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Therefore, using Eq. 3.5 and 3.6, Kj;c and oy (1ipy Can be obtained for each test and K

envelope of the material can be obtained performing some tests.

3.7 PRACTICAL EXAMPLE AND VALIDATION OF EQUATIONS

A practical example of the method application was provided using the experimental
testes performed in Chapter 2 in homogeneous rocks (marble, silicified sandstone and
mylonite) and concrete. Only experimental tests that showed shear ruptures were used. Table
3.5 shows the TSs and their experimental results (on (av), Tpeak (av) @Nd ¢res). Only five concrete

TSs were used, as there is no need to use all those tested. The elastic modulus of the rocks and
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concrete were estimated based on the literature. Ky and oy, (ipy Were calculated by Eq. 3.5 and
3.6.

Table 3.5 - Ky and o, (1ipy determination using Eq. 3.5 and 3.6

Materi Experimental results Kiic On tip)
aterial 172
TS oy (av) (M Pa) Tpeak (av) (Mpa) ¢res (O) E (GPa) (Mpa-m ) (Mpa)
Marble M1 1.00 9.30 0.49 15.15
M2 5.00 16.24 0.93 32.29
M3 10.00 25.13 338 10.00 1.48 52.65
M4  15.00 32.28 1.92 69.68
Silicified S2  5.00 26.83 1.26 50.58
sandstone 3 10.00 24.62 37.9 15.00 1.25 53.51
S4  15.00 33.39 1.71 73.93
Mylonite My2 5.00 26.72 1.42 37.62
My3 10.00 41.50 39.7 85.00 2.26 62.61
My4 15.00 50.39 2.80 80.55
Concrete 7 0.50 7.47 0.44 8.9
9 1.00 7.83 0.49 10.91
12 5.00 14.76 30.0* 36.00 1.00 26.03
13 10.00 19.45 1.36 37.94
16  20.00 26.37 1.91 56.5

* The residual friction coefficient was adopted

Plotting K¢ in function of &y ¢ip), Kiic envelopes were obtained (Fig. 3.13a). A linear
equation that goes through the origin represents very well all materials. This means to infer
that there is no K¢ for o, (i) equal to zero. All studies in the literature present Ky for
confining pressure equal to zero (e.g. RAO et al. (1999) and BACKERS; STEPHANSSON;
RYBACKI (2002)). However, these studies consider the confining pressure as on (avy), as
previously mentioned. Considering the confining pressure as oy (ip), there is probably no Kjc
for on (ip) equal to zero or there is a very small value. It is very difficult (or practically
impossible) to obtain a experimental result for low or zero o, ¢ip) to confirm this question,
because even if normal stress is not applied at the beginning of the test, when shear stress is

applied, normal stresses at the fracture tip are generated indirectly.

An example, using marble results, presents the difference between K. envelopes
considering oy ip) and on av) (Fig. 3.13b). Due to the geometry of the MDST, the existence of
the mesofracture and the application of shear stress, the o, @ip) IS much higher than the oy ay).
Note that the envelope is shifted to the right. Due to this, we cannot consider that the envelope
based on ay ¢ip) IS less "resistant” than the envelope based on o, av), because it depends on the

analysis method considered. Considering the confining pressure as oy (av), there is a intercept
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in K¢ axis and a highest angular coefficient. Considering the confining pressure as oy ip),

there is probably no intercept in K¢ axis and a lower angular coefficient.

Fig. 3.13. a) Kic envelopes of the rocks and concrete and b) example of difference between

marble Ky envelope considering oy tip) and on (av)-
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In order to validate the Eqg. 3.5 and 3.6, the same experimental tests were used to

calculate Kic and oy (ipy by numerical analysis and their results were compared with the results

of the equations. In the numerical analysis, the real geometries of the TSs were used. Fig. 3.12

shows a visual comparison between the results from numerical analysis e equations. Note that

there is a small difference for K;,c and for oy ¢ip), were the maximum relative error was 16 %

for Kyic and 18 % for o, ¢ip). The relative error is due to two aspects: a) the numerical results

are not precise and b) the real geometry of the TS differs from the ideal geometry and causes

small differences in the results. Although the real geometry of the TS is not considered

directly in the equations, the geometry is considered indirectly when using the shear stress

input instead of shear force, because the area is taken into account. However, small errors

were expected and it can be concluded that the equations are valid.
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Fig. 3.12. Comparison between equation and numerical results for: a) Kyc and b) oy (ip).
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3.8 CONCLUSION

This paper proposed the MDST for determining K, in function of the confining

pressure of homogeneous rock and concrete. The MDST is a promising method because mode

Il prevails in the test, as observed experimentally and proved here numerically. The MDST

uses the direct shear machine and it is intended for testing homogeneous material (with grain

size up to 4 mm) in which there should be no plans of weakness or discontinuities. The

following are the main conclusions:

a)

b)

d)

the MDST is suitable for determining K¢, since mode Il prevails in the test (G, was
about 70 times of G, in the right notch);

Maximum Shear Stress criterion provided a good representativeness of the fracture
pattern of the test and allowed us to conclude that the horizontal fracture in the

MDST is due to shear (mode II). The fracture propagated from the right notch to the
left;

the ideal geometry of the MDST (L = 8.00 cm, A =2.00 cm, L, = 4.00, W = 5.00 cm,
a=700°T=03cm,S=050cmand D > 0.20 L) meets the mode Il fracture
toughness test recommendations published in the literature;

two equations were proposed to determine Kj;c and oy iip). The equations variables are
the experimental results (peak and residual strength) and elastic modulus of the
material. The equations must be applied only for the ideal geometry. Geometries
larger than these cannot be used, even keeping the same proportion. For these cases,

future works must be developed generating other constants in the equations;
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e) a practical example of the method application was provided. The K, envelopes were
obtained for some rocks and concrete. A linear equation that goes through the origin
represents very well all materials. Kyic for on (i) €qual to zero probably does not exist

or there is a very small value.

f) the proposed equations were validated with numerical analysis for some tests in

rocks and concrete and presented small relative errors.

Experimental analysis of the FPZ of the MDST is recommended for future studies to
improve the numerical models for determining Kyc and oy (iip). Methods that use an external
image are not recommended, as Chapter 2 shows a difference between the fracture pattern of
the borders with the central region of the TS.
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4 NUMERICAL ASSESSMENT OF FACTORS INFLUENCING THE
TENSILE STRENGTH OF ROCKS VIA PULL-OFF TEST

Abstract: The pull-off test (POT) is a tensile strength testing method that is widely used in
concrete/mortar and was recently applied to rock mechanics. The POT can be easily
performed in both the field and the laboratory. This study uses the eXtended Finite Element
Method to analyze the POT fracture mechanism under different test conditions and to assess
the factors influencing the tensile strength of homogeneous rock. The numerical results were
validated with experimental data and a good agreement was obtained. An ideal test geometry
was proposed (the depth and width of the partial core were equal to 2.5 cm and 0.4 cm,
respectively). The POT can overestimate or underestimate the tensile strength of the rock,
depending on the cohesive fracture energy and a correction equation was proposed for
visually homogeneous rocks and concrete.

Keywords: Pull-Off Test fracture mechanism. Tensile strength. POT ideal geometry. Rock.
Concrete.

This chapter has been published: VIZINI, V. O. S.; CACCIARI, P. P.; FUTAI, M. M.
Numerical assessment of factors influencing the tensile strength of rocks via pull-off test.
International Journal of Geomechanics, v. 20, n. 7, p. 1-9, 2020. doi:
10.1061/(ASCE)GM.1943-5622.0001714.

4.1 INTRODUCTION

The tensile strength of rocks is important information for many types of geotechnical
projects because tensile fracture is common in most cases of rupture (HOBBS, 1964;
DIEDERICHS; KAISER, 1999; and others). In addition, tensile strength is correlated with
other fracture parameters, such as fracture toughness and fracture initiation (XU et al., 2018).
There are some experimental test methods for determining the tensile strength of rocks, such
as the direct tensile test (DTT), the Brazilian test, and so forth (PERRAS; DIEDERICHS,
2014). The pull-off test (POT) is a tensile strength testing method that is widely used in
concrete/mortar and building material interfaces and was recently introduced into rock
mechanics (WENG et al.,, 2018; CACCIARI; FUTAI, 2018). The POT can be easily
performed in both the field and the laboratory, but the major advantage of the POT is its
applicability in the field. The POT consists of the following steps: i) create a partial core using
a circular drill bit; ii) attach a metal disc onto the top of the test specimen (TS) with an epoxy
adhesive; and iii) couple a swivel joint metal stem to apply the tensile force until rupture
occurs (Fig. 4.1a). The POT tensile strength (o7°T) is calculated as the ratio between the
rupture force and the cross-sectional area of the TS (ASTM, 2004).

Previous studies evaluated some factors that influence the POT. BUNGEY;
MADANDOUST (1992) noted that the partial core concentrates the tensile stress at the base,
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and the tensile strength decreases with increasing depth of the partial core to 2.0 cm;
moreover, disc material with a thickness greater than 20 mm and diameter of 50 mm does not
affect the tensile stress at the base of the partial core. AUSTIN; ROBINS; PAN (1995)
verified that the stress concentration at the partial core peripheries is significantly reduced at
approximately 10-15 mm above the core base. COURARD et al. (2014) evaluated the
misalignment of the partial core and concluded that at up to 4° (detectable by the human eye),
there was no significant change in the stress field and failure mode. CACCIARI; FUTAI
(2018) performed experimental tests and concluded that in homogeneous and isotropic rock,
most surface fractures occur at the base of the partial core in a concave surface (Fig. 4.1b); in
addition, the POT underestimates the tensile strength by approximately 12% compared with
the DTT. In heterogeneous and anisotropic rock and overlayered rock (or petrographic units),
most surface fractures occur in the weakest region or along the contact between rock units
(Fig. 4.1b), and the POT does not significantly underestimate the tensile strength, unless the
fracture surface is close to the base of the partial core (approximately 1.0 cm).

Fig. 4.1. a) POT execution steps, b) modes of rupture (adapted from CACCIARI; FUTAI
(2018)) and c) examples of concave fracture surfaces in homogeneous rocks.

rupture of

partial core attach the metal disc swivel joint i
specimen

064

Andesite Sandstone Fine-grained Granite Mylonite

Based on previous studies, there is a consensus that the partial core influences the
POT results, especially in homogeneous materials in which the fracture surface occurs at the
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base of the partial core, forming a concave fracture shape. There are other experimental
examples for homogeneous rocks with concave fracture surfaces, such as andesite, sandstone,

fine-grained granite and mylonite (Fig. 4.1c).

However, only elastic linear analyses of the POT have been reported in the literature,
and no theoretical studies have investigated the POT fracture mechanism or the effect of the

partial core on the determination of the tensile strength.

The aim of the present work is to analyze the POT fracture mechanism under
different test conditions, through the eXtended Finite Element Method (XFEM), to assess the
factors influencing the tensile strength of homogeneous rock. Parametric studies were carried
out on geometrical and mechanical properties to evaluate the effects of the POT variables, and
the simulations were validated with the experimental data provided by CACCIARI; FUTAI
(2018).

4.2 POT NUMERICAL MODEL AND METHOD

Numerical simulations of the POT fracture process were performed using the XFEM

implemented in the Abaqus 6.12 program, developed by Dassault Systémes Simulia Corp.

4.2.1 XFEM AND FRACTURE INITIATION AND PROPAGATION CRITERIA

The XFEM was first introduced by BELYTSCHKO; BLACK (1999) by joining the
concepts of the finite element method with the partition of unity theorem, which was
developed by MELENK; BABUSKA (1996), to solve differential equations with discrete
functions intended for simulating fracture initiation and propagation along an arbitrary path
without remeshing. There are many recent applications of XFEM in geomechanics, from
laboratory test (XU et al., 2018; XIE et al., 2017; FERESTADE; HOSSEINI TEHRANI;
HEIDARY, 2017; and others) to construction (FU et al., 2019; WANG et al., 2018; DEB;
GUJJALA, 2018; and others).

As shown in Eq. 4.1, the approximation of the vector displacement function (&) is
composed of the terms T1 and T2, which refer to the continuous part, and the terms T3 and
T4, which refer to the discontinuous part, or enriched terms (MOES; DOLBOW;
BELYTSCHKO, 1999).
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T4
T2 T3 4 ]
61 + H(X)al + Z Fa(X)bIa
[24

S

(1 if(x—x)n=0 4.2)
H(x) = {—1 if (x—x)n<0

where Nj(x) is the usual nodal shape function; &; is the usual nodal displacement vector

T1

(4.1)

associated with the continuous part; H(x) is the discontinuous jump function across the

fracture surfaces (EQ. 4.2); a, is the product of the nodal enriched degree of freedom vector;

F.(x) are the elastic asymptotic fracture-tip functions; b“ is the product of the nodal enriched

degree of freedom vector; x is the Gaussian point; x* is the point on the fracture closest to x;
and n is the unit outward normal to the fracture at x* (SYSTEMES, 2012).

To describe the initiation and propagation of a fracture, the cohesive zone model
(CZM) (BARENBLATT, 1959; DUGDALE, 1960; BARENBLATT, 1962) is adopted in this
study. The CZM is a highly recommended approach for investigating the fracturing of
quasibrittle materials that have not been previously fractured (ELICES et al., 2002).

The elements and nodes enriched by the CZM do not depend on the T4 term, because
the approach does not calculate the displacement at the crack tip; instead, they use only terms
T1 through T3 of Eq. 4.1, as illustrated in Fig. 4.2a. The fracturing of a cohesive element is
divided into four phases: 1% - elastic; 2 - fracture initiation; 3 - fracture propagation; and 4%
- rupture (Fig. 4.2b).

The first phase is based on the stress versus separation behavior, which applies to the
linear elastic regime up to the point at which the material does not display fractures (remains
an intact element), as expressed by Eq. 4.3 and illustrated in Fig. 4.2b.

o™ kK™ 0 07(6™ (4.3
o=405t=|0 k% 0|[{65(=k¢6
ot 0 0 kttIlst
where o is the stress, K is the stiffness of the material, and § is the displacement. The subscript

n refers to the normal direction, and s and t refer to the two tangential directions.

In the second phase, the fracture initiates. When the acting maximum principal stress
reaches the fracture initiation stress (¢'), a fictitious fracture is created that crosses the entire
element in a direction orthogonal to the maximum principal stress (Fig. 4.2b). The value of ¢*
for a brittle and quasibrittle material is often considered equal to the tensile strength obtained
inthe DTT (aPT7).
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Fig. 4.2. a) Example of XFEM elements and nodes based on the CZM applied to the POT
and b) phases in which a cohesive element fractures.
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In the third phase, the fracture propagates (Fig. 4.2b), and the CZM requires the use

of a second method to calculate the displacements (the T3 term); this method is called the

phantom nodes method (RABCZUK et al., 2008). This technique represents the discontinuity

of the fractured element through the creation of a phantom domain (£,) and an original

domain (€p), in which the phantom nodes and original nodes are superimposed and mutually

constrained when the element is intact and free to separate when a fracture splits the element

(Fig. 4.3). The magnitude of this separation is governed by the cohesion of the material until

the cohesive strength of the fractured element is zero; thereafter, the phantom nodes and the

original nodes move independently.

Fig. 4.3. Principle of phantom nodes method.
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The criterion for fracture propagation is defined as the cohesive fracture energy (Gr),

which is numerically equal to the area under the stress versus separation curve (Fig. 4.2b), as

in Eq. 4.4. In quasibrittle fracture materials, the fracture propagation behavior is frequently

described using a triangular model (linear involution).
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& 1 (4.4)
Gp = f o(8)dé = Ea‘ §f
0

where 87 is the final displacement of the fractured element.

Fracture propagation is achieved through the degradation (or damage) process. Based
on the concepts of damage mechanics, which are characterized by the damage variable (D)
(Eg. 4.5), the stiffness of the element is progressively reduced, thereby affecting the stresses
on the element (Fig. 4.2b) (PEERLINGS et al., 2001).
UGS (4.5)
¢ §5(87 =69
where 8 is the displacement at the initiation of the fracture and & is the displacement at the

time of analysis.

In the fourth phase, the stiffness and stresses in the element reach zero, and the

element ruptures, generating a real fracture (Fig. 4.2b).

4.2.2 GEOMETRY, MESH AND TYPE OF ANALYSIS

An axisymmetric numerical POT model was created with the geometry, load, and
boundary conditions presented in Fig. 4.4a. The mesh was created with bilinear axisymmetric
quadrilateral 4-node elements, and the enriched part was created at the base of the partial core

(the location of probable fracturing), as shown in Fig. 4.4b. The analysis was static.

4.3 MECHANICAL PROPERTIES OF MATERIALS

Andesite (basic mineralogical composition: plagioclase, pyroxene, chlorite and
quartz) was chosen as the material model to represent homogeneous rocks because POT
experimental data were reported by CACCIARI; FUTAI (2018). The mechanical properties of
the disc, adhesive and andesite are shown in Table 4.1. The properties with an asterisk (*)

were determined in this work and are described in detail below.

The elastic modulus (E) of the andesite was obtained through the DTT in accordance
with the ASTM D 2936-95 (1995). A DL-10000™ universal machine (maximum load of 100
kN), manufactured by Emic SA (Sdo José dos Pinhais, Brazil), was used at a constant loading
rate of 0.04 MPa/s with a clip-gauge displacement meter. The TSs were attached to the metal
discs and strained by a swivel joint stem. Three TSs were tested (their geometric parameters

are shown in Table 4.2), and the value of E was obtained through the stress versus strain
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curves of the DTT (Fig. 4.5) in the range from 3.0 to 6.0 MPa (approximately linear),

resulting in an average of 78.14 GPa (Table 2).

Fig. 4.4. a) Geometry (in centimeters), load and boundary conditions and b) mesh of the

POT.
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Table 4.1. Mechanical properties of materials

Elastic mechanical . .
Fracture mechanical properties

properties
Materials Elastic ) , Fracture Cohesive fracture
Poisson’s TP
modulus (E) ratio (v) initiation stress  energy (Gr)
(GPa) (¢") (MPa) (Pa.m)
Epoxy adhesive -
Araldite® AV138™
(HUNTSMAN, 4.70 0.30 ) i
2004)
Metal disc - steel
304 (HIBBELER,  193.00 0.27 - -
2012)
Rock - andesite * 0.26' 13.91" *

' Average Poisson’s ratio obtained by SCHULTZ (1995) for different basalts.
" Average tensile strength obtained by DTT in CACCIARI; FUTAI (2018).
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Table 4.2. Geometrical parameters and Fig. 4.5. Stress versus strain curve of the
results of the elastic modulus tests DTT.
Geometrical 79
Results .
Test  parameters 6 AP
H(m) D (cm) E (GPa) ozf’ 5 ] 7,
1 10.62 4.93 77.34 =~
2 10.60 493 7332 [
3 10.61 4,93 83.75 203
. = ] Test 1
Average: 78.14 E’ 2 / o Tew
1 N — - =Test3
e L O L L L B B B
01 2 3 4 5 6 7 8
Strain (x107)

The Gr was obtained through the semicircular bend (SCB) test proposed by
CHONG; KURUPPU (1984) and suggested by the International Society of Rock Mechanics
and Rock Engineering (ISRM) (KURUPPU et al., 2014). Four TSs were performed in the
following steps: the TSs were cut into discs with a radius of r and a thickness of t; the discs
were cut in half; the notches were made with a length of a; a linear variable differential
transformer was attached at the lower end of the notch with metal sheets to obtain the fracture
opening; and the TSs were positioned on their support at a distance of s. Fig. 4.6a shows the
geometric variables of the TS, and Table 4.3 contains the values of these variables. Fig. 4.6b
shows one TS as an example. The compressive force (F) was applied with a 5569™ universal
machine (maximum load of 50 kN), manufactured by Instron SA (S&o José dos Pinhais,
Brazil), at a constant displacement rate of 0.06 mm/min. Fig. 4.7 shows the force versus
displacement curves of the SCB tests, and Table 4.3 shows the rupture forces (F.,;,,) obtained
through those tests. Based on the obtained F.,, values and knowing the tensile strength,
elastic modulus and Poisson's ratio of the andesite, the G was determined using numerical
back analysis. Four SCB numerical models related to the tests were generated, as shown in
Fig. 4.6c. The numerical method, the fracture criteria, the element types and the type of
analysis were the same as those used in the numerical POT model. The G results for each test

are shown in Table 4.3, resulting in an average of 70.67 Pa.m.
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Fig. 4.6. a) Geometry; b) experimental specimen and c) numerical model of the SCB (plane
stress).

Table 4.3. Geometrical parameters and SCB test Fig. 4.7. Results of the SCB.
results 2000 —
Geometrical parameters Results . : .
Testsr  t a d s Fy G 1600 — I KA
(cm) (cm) (cm) (cm) (cm) (kN) (Pa.m) 5 1200_‘ Al 7 .
1 500 243 290 0.20 8.00 1.73 92.80 > _ i/
2 500 237 280 0.20 8.00 1.83 90.40 £ 800 7 o
3 500 233 270 020 8.00 1.68 53.65 . ya — —Test 2
4 500 233 250 0.20 8.00 1.85 45.84 004,00 e Test 3
Average:  70.67 i — - -Test 4

e L S B B B s
00 01 02 03 04 05

Displacement (mm)

4.4 GEOMETRICAL PARAMETRIC STUDY

To analyze the POT fracture mechanism under different test conditions, a
geometrical parametric study was conducted by varying the depth (D) and width (T) of the
partial core (see Fig. 4.4a), and the models are shown in Table 4.4. Depth is a test variable
because it depends on the site conditions for drilling, and width is associated with the initial
thickness and wear of the circular drill bit used to make the partial core. Model A represents
the conditions of a surface POT. The mechanical properties of the materials were used in the

models.

Table 4.4. Models of the geometrical parametric study

Models A B C D E F G H [ J K L M
D(cm)y 00 05 10 15 20 25 40 55 70 85 25 25 25
T (cm) 00 04 04 04 04 04 04 04 04 04 02 06 08

Fig. 4.8a shows the 79T values at different partial core depths, and a comparison is
made with the experimental data from CACCIARI; FUTAI (2018). Note that ¢/°T varies
until D = 1.0 cm, and after this value, there is no significant variation. These results agree

with the experimental data, indicating the good representativeness of the numerical model, but
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the results differ somewhat from those of BUNGEY; MADANDOUST (1992), who observed
no variation beyond 2.0 cm. Fig. 4.8b shows the /°7 values for different partial core widths.
Note the decreasing variation in o/°T between T = 0.80 and 0.40 cm and no significant

variation between T = 0.40 and 0.20 cm.

Fig. 4.8. Geometrical parametric study: a) a7 °Tversus D and b) o/ °Tversus T.

D15 _ b) 15 o
] = Numerica ]
14 O  Experimental 14
= 134 = 13
[a¥ | % i
§ 129 o 12 ._./—l/.
§ ] 2 n 1
11 ¢ 11 !
1 . No signif. . —{No signif. '
10 4 7" variation luD 10 —{variation “"_: /JDLI
B - | ! -
9‘II‘I']'I'I'I'I'I'I 9‘I'i'l'l'l
0123 456 7 89 00 02 04 06 08 1.0
D (cm) T (cm)

Upon analyzing the fracturing process of each model, the same mechanism of
fracture initiation and propagation was observed in all of them. Fig. 4.9 shows a typical result
(model F of Table 4.4) of the POT fracture mechanism (the force versus displacement curve
and the maximum principal stresses on the rock). The fracture initiated at approximately 1/3

of the rupture force (F.,;) at the base of the partial core in the direction orthogonal to the
maximum principal tensile stress (point I in Fig. 4.9). At 1/2 of E.,,, (point Il in Fig. 4.9), the

fracture propagation was stable. Thereafter, the fracture propagation became unstable,
reaching point 11 (Fig. 4.9). At this point, the TS ruptured (point IV in Fig. 4.9), forming a

concave fracture shape.
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Fig. 4.9. Typical POT fracture mechanism (axisymmetric view).
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The concave fractures occurring in models A through J (Table 4.4) exhibited the

same shape and appearance but differed in depth (Z). The numerical and experimental
variations in Z with core depths (D) are presented in Fig. 4.10a. The experimental concave
shape was obtained through a manual roughness profilometer (Fig. 4.10b) at different values
of D, with four tests for each depth. Fig. 4.10c shows a visual comparison of the numerical

results (gray shading) with the experimental results (lines).

Note that Z decreases as D increases up to 2.5 cm, beyond which Z assumes a
constant value. The fractures obtained numerically have a fracture pattern that is very similar
to the experimental fractures at the different depths, thereby highlighting the excellent
representativeness of the numerical model. The concave shape of the fractures in the POT can
be explained by the theory of the numerical method (XFEM-CZM) and the fracture initiation
criterion used. Due to the existence of the partial core and the application of the force to the
center of the TS, the tensile stresses at the base of the partial core are not vertical; rather, they

are inclined (see point | in Fig. 4.9). The direction of fracture initiation is created
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perpendicular to these inclined tensile stresses, forming a concave shape. The tendency of Z to
decrease until D = 2.5 cm is due to the spreading of stresses (due to the force applied at the
center of the TS) with the depth, causing the tensile stress to become less inclined and

consequently reducing Z.

Fig. 4.10. a) Numerical and experimental variations in Z with D, b) manual roughness
profilometer and c) visual comparison between the numerical and experimental POT fracture

patterns.
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4.5 MECHANICAL PROPERTIES PARAMETRIC STUDY

The POT is inherently accompanied by boundary condition problems, and thus, the
tensile strength of the TS with a rupture at its base must be corrected. Assuming that the DTT
is an ideal test method without boundary condition problems, the tensile strength of rock
obtained in the DTT is considered correct, and the fracture initiation stress (¢) is considered
equal to the tensile strength obtained in the DTT (a277). Accordingly, a parametric study was
carried out on the mechanical properties by varying the values of ¢*, G and E to obtain a

relationship between of°T and aP”7. Table 4.5 shows the mechanical properties used in this
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study. The range of usual E values for rocks was used. The G is taken to be equal to the
mode | fracture energy (G,.), which was calculated using Eg. 4.6, as proposed by Griffith
(1920), and the mode | fracture toughness (K¢) is calculated based on E using Eq. 4.7, as
proposed by WHITTAKER; SINGH; SUN (1992) for application in rocks. Different
combinations of the values of G and o' were generated, resulting in 324 numerical models.
The geometry of the numerical model used in this parametric study is relative to model F in
Table 4.4, because, as observed previously, there is no significant variation in ¢f°T for D =
25cmand T =0.4cm.

Table 4.5. Mechanical properties of the parametric study

E K. Gr ot E K. Gr ot
(GPa) (MPa.m®®) (Pam) (MPa) (GPa) (MPa.m®®) (Pam) (MPa)
1500 0.73 3514  1.00 60.00 1.90 59.91  10.00
20.00 0.86 36.64  2.00 65.00 2.03 63.15  11.00
25.00 0.9 3889  3.00 70.00 2.16 66.40  12.00
30.00 1.12 4152  4.00 7500 2.29 69.68  13.00
3500 1.25 4436  5.00 80.00 2.42 7296  14.00
40.00 1.38 4733 6.00 85.00 2.55 76.26  15.00
4500 1.51 50.40  7.00 90.00 2.68 79.57  16.00
50.00 1.64 5353  8.00 95.00 2.81 82.88  17.00
55.00 1.77 56.70  9.00 100.00 2.94 86.20  18.00
2
Gic = % (4.6)
K;. = 0.336 + 0.026 E (4.7)

Fig. 4.11a shows the variations in ¢f°T with the mechanical properties. The
relationship between a/°T and oP™7 is a function of G. By normalizing the values of a/°7
and oP™T with G (Fig. 4.11b), a relationship between the POT and the DTT is proposed
through Eq. 4.8. Note that the POT can overestimate or underestimate the tensile strength,
depending on Gr. Only two materials are available in the literature to verify Eq. 4.8: one is
andesite, and the other is the concrete tested by COURARD et al. (2014), where: ¢/°T= 3.13
MPa and aP7"= 3.67 MPa. The G value for this concrete was estimated from the Bascoul G,,
data (SHAH; SWARTZ; OUYANG, 1995), based on the concrete properties described by the
author, at the average value of 21.82 Pa.m. The andesite and concrete results are plotted in
Fig. 4.11Db, thereby demonstrating good agreement with Eq. 4.8. Thus, the tensile strength of
homogeneous rocks and concrete can be obtained using Eq. 4.8 by correcting ¢7°7 to the

af 9T (corrected) for the range of values of of°T (corrected) / G < 0.25.
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Fig. 4.11. a) Relationship between ¢/°T and aP™7 as a function of G and b) 6/°T and oPTT
normalized with Gp.
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where F°T and o °T (corrected) are in MPa and G is in Pa.m.

4.6 PRACTICAL EXAMPLE

A practical example for correcting of°T was performed on three other rocks:
sandstone, fine-grained granite and mylonite (rocks shown in Fig. 4.1). Table 4.6 shows the
average of°T values obtained experimentally. G is taken to be equal to G,., which was
calculated using Eqg. 4.6, and K¢ is calculated using Eq. 4.7, based on the E value estimated
for each specific rock. The corrected ¢/°7 value is calculated using Eq. 4.8, and the results are
also presented in Table 4.6. For all cases, including the case of andesite and concrete already
presented in Fig. 4.11b, the f°T (corrected) was superior to the ¢f°T; that is, the POT
underestimated the tensile strength. When the POT underestimates the tensile strength and the
adopted G value is based on rough estimates (i.e., it is not confirmed by specific laboratory
tests), it is not prudent to consider the correction. If the POT overestimates the tensile

strength, it is prudent to consider the correction, even if G is obtained by estimates.
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Table 4.6. POT tensile strength correction for rocks

Rocks o' E K Ge  ofOT(corrected) of °"(corrected) /
(MPa) (GPa) (MPa.m®®) (Pa.m) (MPa) Gr<0.25

Sandstone  6.67 1500 0.73 35.14 887 0.25 (ok)

Fine-grained g o5 5000 1.64 5353 12.14 0.23 (0k)

granite

Mylonite 12.30 85.00 2.55 76.26 14.42 0.21 (oK)

4.7 CONCLUSIONS

It was possible to analyze the POT fracture mechanism under different test

conditions and to identify the factors influencing the tensile strength. The numerical results

were co

nsistent with the experimental data and led to the following conclusions and

recommendations:

a)

b)

d)

the fracture initiates at the base of the partial core and propagates in the direction
orthogonal to the maximum principal tensile stress, and the concave shape of the

fracture is caused by the inclination of the maximum tensile stress;

ofOT and Z decrease as D increases up to approximately 1.0 cm and 2.5 cm,
respectively, and then assume practically constant values. Therefore, it is

recommended to perform the POT with D > 2.5 cm;

there is no variation in ¢f°T between T = 0.4 cm and T = 0.2 cm; thus, it is
recommended to use a drill bit with a thickness of approximately 0.4 cm so that its

wear will not influence of°T;

the POT can overestimate or underestimate the tensile strength of the rock,
depending on Gg; therefore, a correction using Eq. 4.8 is recommended. The
correction may increasingly be used as more G, data for rocks are available in the

literature.

The POT is a practical alternative for estimating tensile strength, especially in the

field, and this study proposed an ideal geometry and a tensile strength correction equation for

visually homogeneous rocks and concrete.
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5 MODE | FRACTURE TOUGHNESS DETERMINATION OF ROCK
AND CONCRETE VIA PULL-OFF TEST

Abstract: The Pull-Off Test (POT) was proposed as a new method for determining K, of
rock and concrete. POT can be performed in the laboratory, but its great advantage is the
possibility of in field execution. This study was carried out by numerical analysis and it
allowed concluding that the POT is suitable for K. testing, since mode | prevails in the test,
and an equation was proposed for determining K. A practical example of the method
application was provided and K. was determined for some visually homogeneous rocks. A
similar result was achieved between POT and Semi-Circular Bend test.

Keywords: Mode | fracture toughness. Pull-Off Test. Rock. Concrete.

5.1 INTRODUCTION

Rock and concrete are brittle or quasibrittle materials that almost always show
fractures (SHAH; SWARTZ, 1989). These fractures may have been generated in the
formation process or developed during the material life by mechanical, thermal and chemical
actions (WHITTAKER; SINGH; SUN, 1992). Fracture Mechanics is a versatile tool that
provides a quantitative treatment based on the applied mechanics and the macroscopic
properties of materials, usually relating stress analysis and fractures strength (IRWIN; WIT,
1983).

The Linear Elastic Fracture Mechanics (LEFM) is usually applied to predict the
fracture propagation in brittle materials. The stress, strain and displacement are calculated at
the fracture tip and the unique parameter that characterizes the magnitude of the fracture tip
stress field is the stress intensity factor (SIF) (GRIFFITH, 1920; IRWIN, 1958). SIF is
separated in three particular modes of loading at the fracture tip: I (tensile), Il (shear-sliding)
and 11l (shear-tearing), which are identified as K;, K, and Kj,. Fracture toughness is the
critical SIF in a particular mode (K, Kiic and Kyjic), representing the fracture resistance of the
material. It depends on the material type, geometry, displacement constraints and external
load applications. When SIF reaches the fracture toughness of the material, fracture
propagates unstably (ATKINSON, 1987).

Mode | fractures have been widely investigated due to their greater occurrence and
simplicity when compared to the other fracture modes. There are many test methods proposed
in the literature for determining K. of rock and concrete. Most of them are for laboratory
application and there are only two test methods for in situ application: the Burst Test Method
and the Indentation Method (WHITTAKER; SINGH; SUN, 1992).
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A promising method for determining tensile strength of the materials is the Pull-Off
Test (POT). POT is widely used in concrete (BUNGEY; MADANDOUST, 1992;
COURARD et al., 2014), building material interfaces (AUSTIN; ROBINS; PAN, 1995;
BONALDO; BARROS; LOURENGCO, 2005; RAMOS et al., 2012; CUI et al., 2016;
SZEMEREY-KISS; TOROK, 2017) and it was recently introduced into rock mechanics
(WENG et al.,, 2018; CACCIARI; FUTAI, 2018; VIZINI; CACCIARI; FUTAI, 2020).
Although it can be performed in the laboratory, its great advantage is the possibility of in field

execution.

POT execution is easy: i) a partial core (notch) is created using a circular drill bit; ii)
a metal disk is attached to the top of the sample with epoxy adhesive; iii) the pull-off tester is

positioned and the tensile force is applied until rupture (Fig. 5.1a and 5.1b).

In homogeneous rock and concrete, most surface fractures occur at the base of the
partial core (due to tensile stress concentration) (BUNGEY; MADANDOUST, 1992) with a
concave shape (due to the inclination of the maximum tensile stresses) (VIZINI; CACCIARI,
FUTAI, 2020). Fine-grained materials present fractures with more pronounced concave shape
and coarse-grained materials present fractures with irregular and more planar shape (Fig. 1c).
In a few cases, however, the fracture occurs near or away from the base of the partial core,
due to the possible existence of invisible fractures, heterogeneities or weakness plans
(CACCIARI; FUTAL, 2018).

In this research, the POT is proposed as a new method for determining K. of
visually homogeneous rock and concrete, where its great advantage is the possibility of in
field execution. As could be seen in VIZINI; CACCIARI; FUTAI (2020), the POT has a
heterogeneous stress state, causing fracture initiation and propagation in the test, which is

suitable for K. determination.

This study used numerical method for computing SIFs of the POT. The structure and
overview of the paper is as follows (Fig. 5.2): i) the numerical methods and models are
presented; ii) the POT geometry is analyzed to meet the literature recommendations and the
LEFM requirements; iii) a fracture analysis of the POT is performed to analyze the typical
SIFs and fracture pattern of the test; iv) a mechanical property parametric study is carried out
to evaluate the effects of the parameters on K, determination; v) a simple way to determine
Kic via POT is proposed through an equation and vi) a practical example of the method
application is provided and K. is determined for some rocks and compared with Semi-

Circular Bend test.



Fig. 5.1. Pull-off test: a) execution steps; b) geometry and materials and c) typical fracture
pattern of homogeneous rock and concrete.
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5.2 NUMERICAL METHODS, MODEL AND SIFS COMPUTATION TECHNIQUE

The numerical methods, model and SIFs computation technique used in this research
are presented in this section. A brief validation of these methods and model was performed to

check our modeling.

5.2.1 NUMERICAL METHOD

The numerical analysis was performed through the Finite Element Method using the
FRANC2D program, developed by the Cornell Fracture Group at Cornell University.
FRANC2D uses the LEFM approach to determine the SIFs and uses the re-meshing technique

to propagate the fracture.

The LEFM is ideally formulated to describe the ideal brittle fracture, where the
stress, strain and displacement can be uniquely characterized by SIFs (K, in this example), as
shown in Fig. 5.3a. However, it can be applied to brittle fracture (Fig. 5.3b), when the
nonlinear behavior of the material is limited to a zone near to the mesofracture tip, which can
be considered small compared to specimen size (often referred to as a small-scale yielding),
whereby there is negligible error in ignoring any nonlinear behavior and assuming that the
materials behavior is linear elastic. There is an analytical criterion in the literature to check
the small-scale yielding to guarantee the validity of the LEFM for a specific material (Eq.
5.1). This equation is based on the tensile strength, mode | fracture toughness and specimen
size (ATKINSON, 1987; WHITTAKER; SINGH; SUN, 1992).

2.7 (&)2 < {? G

o C

where, D is the partial core depth, C is the specimen diameter and o is the tensile strength.
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Fig. 5.3. Applicability of the LEFM: a) ideal brittle and b) brittle behavior. Schematic
illustration of tensile stress versus strain curves of the test (POT) and tensile stress acting
ahead (@ = 0°) the fracture tip for mode I.
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The fracture formation process occurring in the POT can be inferred based on
previous studies in the literature with different mode | test methods and for different rocks and
concretes (HOAGLAND; HAHN; ROSENFIELD, 1973; LABUZ; SHAH; DOWDING,
1987; LIN; LABUZ, 2013; MOAZZAMI; AYATOLLAHI; AKHAVAN-SAFAR, 2020; KIM
et al., 2020; and others). Initially, the material contains discrete microfractures (about 10 m),
naturally formed or caused by the notch cutting process (Fig. 5.4a). The specimen is loaded
and new microfractures are formed, starting the fracture process zone (FPZ) (Fig. 5.4b). At a
high load level, reaching the materials strength, microfractures extend and link to the other
adjacent microfractures, forming a mesofracture (about 10 m) (Fig. 5.4c). The LEFM can be
applied at this stage, when there is a stable mesofracture formed and the SIFs can be
computed. Increasing the load, new microfractures are formed at the mesofracture tip (in a
very small region), that can be ignored (Fig. 5.4d). The mesofracture is stable until the SIFs
reach the fracture toughness of the material; after this, the mesofracture propagates in an
unstable manner (abrupt rupture) forming a macrofracture (about 10™ m) (Fig. 5.4e). The

fracture toughness of the material is the SIFs computed at the moment of the transition from
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the stable to the unstable condition (usually occurring at the peak of the force versus

displacement curve, approximately).

Fig. 5.4. Schematic illustration of the fracture formation process in brittle materials applied to

the POT.
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5.2.2 NUMERICAL MODEL

The numerical models of the POT were created with axisymmetric geometry and
with the load and boundary conditions presented in Fig. 5.5. The mesh was created with
bilinear axisymmetric quadrilateral 8-node and triangular 6-node elements. One mesofracture
was inserted at the base of the partial core to simulate the FPZ (in this place, the maximum
tensile stress concentrate and fracture occurs, as reported in several studies in the literature
already mentioned). The FPZ is dependent on the geometry of the TS and the material, so it is
a difficult phenomenon to predict in new tests (BROOKS, 2013; MOAZZAMI,
AYATOLLAHI; AKHAVAN-SAFAR, 2020). In this study, the mesofracture size (a) was
adopted consistently with the size of the model and it will be informed later. The fracture-

front template radius was 10 % of the mesofracture size. The analysis was static.
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Fig. 5.5. Schematic geometry, load, boundary conditions and mesh of the POT.
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5.2.3 SIFS COMPUTATION TECHNIQUE

The J-integral method was chosen to compute the SIFs. The concept of the method
was originally developed by ESHELBY (1956) and applied to Fracture Mechanics by RICE
(1968). The approach identifies a line integral which has the same value for all integration
paths (71, I», and any other) surrounding a class of fracture tip in two-dimensional

deformation fields of linear or nonlinear elastic materials (Fig. 5.6). The J-integral is defined

by:

J= f: (Wdy —~ Tg—';ds> (5.2)

€

and

&
(5.3)
W=W(xy)= f 0 de ij
0
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where ¢ is the strain, W is the strain-energy density, o;; is all stress, d, ; is the infinitesimal
strain tensor, T = gj; n; is the traction vector defined according to the outward normal along 7,

u is the displacement vector and ds is an element of arc length along 7.

Fig. 5.6. J-integral contours (paths) around a fracture tip.

Eracture //’“
tip

In an elastic material, with a monotonic load applied, J is equivalent to the energy
release rate (G), proposed by IRWIN (1958), based on the GRIFFITH (1920) studies, and the

SIFs for each mode can be obtained by the relationship:

K, = \/G,E* (5.4)
KII =/ GIIE* (55)

where E” = E for plane stress and E~ = E/(1-v?) for plane strain. E is the elastic modulus and v

is the Poisson’s ratio.

The kink angle of fracture propagation follows the direction orthogonal to the

maximum principal tensile stress.

5.2.4 VALIDATION OF THE NUMERICAL MODEL AND METHODS

In order to validate the modeling made in this research, some numerical models of
the Semi-Circular Bend Test (CHONG; KURUPPU, 1984; KURUPPU et al., 2014), with is
the experimental test method recommended by the International Society of Rock Mechanics
and Rock Engineering (ISRM), were modeled in FRANC2D program and the K;; obtained
numerically was compared with Eq. 5.6 proposed by KARFAKIS; CHONG; KURUPPU
(1986).

_ Y, F, Jra (5.6)

e — 2rt

where F, being the critical load (which is approximately 95 % of the rupture force), Y, is the
form factor, a is the notch length, r is the radius and t is the specimen thickness. Fig. 5.7

shows the SCB geometry and parameters.
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The form factor was proposed by KURUPPU et al. (2014), Eq. 5.7. The notch length
should be such that 0.4 < a / r < 0.6 and the notch thickness (d), 1.5 mm. The minimum

specimen thickness should be larger than 0.8r or 30 mm. The span length (S) should be 1.0 <
S/r<1.6 (KURUPPU etal., 2014).

s s
Y, = —1.297 + 9.516 (Z) - [0.47 +16.457 (2—>] (

+ [1.071 + 34.401 (—

2r

Al

a
r

7)

r
2

Fig. 5.7. SCB geometry and parameters.
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Table 1 shows the SCB models. The mechanical properties adopted were: elastic

modulus (E) equal to 50 GPa and Poisson’s ratio (v) equal to 0.2. A mesofracture was inserted

at the fracture tip with 1 mm. The results are shown in Table 5.1 and the relative error is

calculated for each model. Note that the relative error was very small (maximum 6 %),

indicating that the modeling carried out here is valid.

Table 5.1 - SCB models

Fo a t S d r Kic (MPa.m) Relative
Models @ alr t/r SIr Equations FRANC2D

(kN) (cm) (cm) (cm) (cm) (cm) G(gm 47 / integral erro
1 1.0 25 45 70 15 50 05 09 14 035 0.35 0%
2 30 25 45 70 15 50 05 09 14 1.06 1.11 4%
3 50 25 45 70 15 50 05 09 14 176 1.84 5%
4 30 20 45 70 15 50 04 09 14 0.77 0.82 6%
5 30 30 45 70 15 50 06 09 1.4 1.48 1.50 1%
6 30 25 40 70 15 50 05 08 14 1.19 1.24 4%
7 30 25 50 70 15 50 05 10 1.4 095 1.00 5%
8 30 25 45 80 15 50 05 09 16 124 1.29 4%
9 30 25 45 60 15 50 05 09 12 0.87 0.92 6%
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5.3 POT GEOMETRY

The geometric parameters of the POT must meet the recommendations of the

specific literature of the POT and the requirements of the LEFM.

The recommendations of the literature are based on experimental and numerical
studies, where the POT dimensions do not generate significant influences in the tensile
strength determination. BUNGEY; MADANDOUST (1992) recommended the disc with a
thickness (H) greater than 20 mm and 50 mm diameter. The standard diameter of the POT has
been 50 mm, as recommended by (ASTM, 2004) and it was used in all studies published in
the literature. VIZINI; CACCIARI; FUTAI (2020) recommended the partial core depth (D)
greater than or equal to 2.5 cm and partial core width (T) less than or equal to 0.4 cm (Fig.
5.1b). The specimen diameter (C) and D must be checked to ensure the validity of the LEFM
(Eg. 5.1). It should be noted that D must be equal or greater than C, for both to ensure the
LEFM validity. Therefore, a ratio between the POT dimensions is proposed (H/ C>0.4, D >
Cand T/ C <0.08) and only C must be checked.

A previous study was conducted to know the typical specimen diameters required (C
required) TOr the POT. Using the correlation between K¢ and tensile strength (ov) (Eq. 5.8),
proposed by WHITTAKER; SINGH; SUN (1992) for many rocks and using standard test
methods, C requires Was calculated using Eq. 5.1 for some typical rock materials (Table 5.2). In
this particular study, rocks with o; > 10 MPa can be tested with C =5 cm (as recommended in
the literature for tensile strength tests). Rocks with o; < 10 MPa need to be tested with large
sizes. Therefore, C requires Must be evaluated before the test, estimating o; and K. and checked
after the test. Many rocks or concretes will need diameters larger than the conventional (C =5

cm).
K;. = 0.27 + 0.107 o, (5.8)
where K¢ is in MPa.m®® and ¢ is in MPa.

Table 5.2 - Required specimen diameter for some materials

1 2.00 0.48 15.81
2 4.00 0.70 8.22
3 6.00 0.91 6.24
4 8.00 1.13 5.35
5 10.00 1.34 4.85
6 12.00 1.55 4.53
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5.4 FRACTURE ANALYSISOF THE POT

The fractures analysis of the POT comprises a first understanding of the typical stress

intensity factors, fracture pattern, stresses and displacements of the test.

Some numerical models are generated with typical stress state and mechanical
properties of rock and concrete. Two sizes of the POT (C = 5 and 10 cm) were used,
considering the dimensions ratio proposed in the previous section (Table 5.3). The
mesofracture sizes for each model are presented in Table 5.3. Three average tensile stresses at
the rupture were used: oy (ay) = 1, 5 and 10 MPa (calculated as the ratio between the rupture
force and the cross-sectional area of the TS). The elastic properties were: E = 50 GPa and v =
0.20 (for rock) and E = 193 GPa and v = 0.27 (for metal disk).

Table 5.3 - POT geometry

Modelsc H D T A a
(cm) (cm) (cm) (cm) (cm?) (mm)

1 50 25 50 04 196 1.0

2 100 50 100 0.8 785 20

The maximum principal tensile stress, vertical displacement and fracture pattern of
the models are shown in Fig. 5.8 (C =5 cm) and Fig. 9 (C = 10 cm) for a¢ ay) = 5 MPa (for
example). The models show the same stresses, but the vertical displacement for C = 10 cm
was twice as that for C =5 cm. This difference between displacements is due to the difference
between the specimen sizes. The fracture pattern of the models was the same observed in

experimental tests (concave shape), as it is known in the literature.

The SIFs results of all models are shown in Table 5.4. Comparing K, with Ky, it can
be seen that K; was greater than K, being 17 times greater for C =5 c¢cm and 118 times for C
= 10 cm; therefore, mode | prevails in the test, and the POT is suitable for K|, test. Comparing
K, obtained with the two POT sizes, it can be seen that K. for C = 10 cm was greater than for
C =5cm (1.6 times). This happens because the same o (a) Was applied for both sizes and C =
10 cm presents greater displacement at the base of the partial core, resulting in a larger K. It
does not mean that larger POT sizes result in larger K,.. LEFM assumes that, in both sizes, the
failure occurs at the same K| value and o ay) Which is inversely proportional to the square
root of the TS size (BAZANT, 2000).
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Fig. 5.8. POT results for C =5 cm and ot (ay) = 5 MPa: @) maximum principal tensile stress; b)
vertical displacement and c) fracture pattern.

-
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Fig. 5.9. POT results for C = 10 cm and ot (ayy = 5 MPa: &) maximum principal tensile stress;
b) vertical displacement and c) fracture pattern.
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Table 5.4 - Typical SIFs of the POT
C(cm) i@ (MPa) K, (MPam®®) K, (MPam®) K /Ky

1 0.098 0.006 17.30
5 5 0.492 0.028 17.35
10 0.983 0.057 17.37
1 0.159 0.001 118.46
10 5 0.792 0.007 118.40
10 1.585 0.013 118.37

5.5 MECHANICAL PROPERTY PARAMETRIC STUDY

The elastic properties of the material (E and v) may generate significant influence on
Kic determination via POT, thus, a mechanical property parametric study was carried out. It
was used one size of POT (C = 5 cm) and the o; (ay) = 5 MPa. Table 5.5 shows the variables
considered and the results. In this particular study, there is no influence of the elastic modulus
and there is a little influence of Poisson's ratio. For this reason, mechanical properties were

not considered in the next study for K. determination via POT.

Table 5.5 - Mechanical property parametric study

Studies E(GPa) v Kic (MPa.m®)
10 0.20 0.491
30 0.20 0.491

Elastic modulus effect 50 0.20 0.492
70 0.20 0.492
90 0.20 0.492
50 0.10 0.477
50 0.15 0.485

Poisson's ratio effect 50 0.20 0.492
50 0.25 0.498
50 0.30 0.505

5.6 ASIMPLE WAY FOR K. DETERMINATION VIA POT

In this section, a simple way was proposed for determining K. of homogeneous rock

and concrete through an equation based on numerical analysis.

To encompass typical rupture stresses and mechanical properties of rock and
concrete, some variables were selected. Five average tensile stresses at the rupture were used
(0t @y = 1, 5, 10, 15 and 20 MPa) and four POT sizes (using the dimensions ratio proposed)

were adopted (Table 5.6). The elastic properties of the material were considered equal to E =
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50 GPa and v = 0.20. A combination was made with these variables and the results are shown
in Fig. 5.10a.

The results showed that K varies linearly with o (ayy and with different proportions
for each POT size. Plotting K¢ / ot (avy in function of the cross-sectional area (A) (Fig. 5.10b), a
power function represents very well the interpolation. K¢ / ot () is constant for each C, for
this reason only 4 points appear on the graph. Eqg. 5.9 (R? = 0.98) is proposed for determining

K¢ of rocks and concretes via POT. The equation is valid only for C =5 to 15 cm.

Table 5.6 - POT geometry

C H D T A a
(cm) (cm) (cm) (cm) (cm?) (mm)

Models

1 50 25 50 04 196 1.0
2 75 38 75 06 442 15
3 100 5.0 100 08 785 20
4 150 75 150 12 176.7 3.0
K;c = (0.0404 A°31°%) g, (4, (5.9)

where K¢ is in MPa.m®®, g, @v) IS in MPa and A is in cm2.

Fig. 5.10. K|c determination via POT.
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5.7 PRACTICAL EXAMPLE

Two practical examples were provided to exemplify the application of the method.

The first example was a hypothetical case of basalt K. determination via POT. The
elastic modulus was adopted through the literature and the mode | fracture toughness and
tensile strength were estimated through Eg. 5.10 and 5.8 (respectively), proposed by
WHITTAKER; SINGH; SUN (1992). The C required Was determined by Eq. 5.1 based on these
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estimated parameters (Table 5.7). The specimen diameter was adopted (C adoptea) (@ larger
diameter than required and considering the circular saw cut available and the Pull-off tester).
The POT was performed with C = 7.5 cm and the other dimensions follow the proposed ratio
(H/C>0.4,D>CandT/C<0.08). The average tensile stress at the rupture was obtained in
the test and the cross-sectional area of the TS. The average tensile stress at the rupture was
obtained in the test and, using Eq. 5.9, mode | fracture toughness of the basalt was calculated
(Table 5.7).

K, = 0.336 + 0.026 E (5.10)

where K, is in MPa.m®® and E is in GPa.

Table 5.7 - Example of K. determination via POT

Estimation Test
Material E Ot Kic Crequired Cadopted A Ot (av) Kic

(GPa) (MPa)  (MPa.m®®) (cm) (cm)  (cm? (MPa) (MPa.m®®)
Basalt 50.00 12.77 1.64 443 7.50 44,18 10.30 1.35

The second example was an application with real data from the literature. Table 5.8
shows some homogeneous rocks and concrete, the C ysq in the experimental test and its o.
The K. was estimated for each material by Eq. 5.8 (proposed by WHITTAKER; SINGH;
SUN (1992)). C required Was determined by Eq. 1 and compared with the C g in the tests.
Only the C g in andesite, mylonite and fine-grained granite tests were greater than the C
required- 10US, only the tests performed with these rocks met the LEFM validity criteria and had
a confinable K value. The silicified sandstone presented a very close limit, which can be
considered a valid value, since the constant 2.7 of Eq. 5.1 is an empirical and high value, in
comparison with other references in rocks mechanics. The other rocks and concrete should
have been tested with C major in order to be used for K. determination. Therefore, K. was
calculated by Eqg. 5.9 for the andesite, silicified sandstone, mylonite and fine-grained granite,
using the cross-sectional area of the TS and the average tensile stress at the rupture (Table
5.9).
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Table 5.8 - Required specimen diameters for rocks and concrete

Material C used (€M) &t (MPa) Kic (MPa.m®®)  C required (cm) Verification
Andesite * 5.00 1391 1.76 431 Ok
Marble * 5.00 1.70 0.45 19.08 No
White granite * 5.00 4.92 0.80 7.08 No
Red granite * 5.00 6.66 0.98 5.88 No
Silicified sandstone 2 5.00 8.87 1.22 5.10 No
Mylonite 2 5.00 1442 181 4.27 Ok
Fine-grained granite > 5.00 12.14 157 451 Ok
Concrete 3 5.00 3.67 0.66 8.80 No

' CACCIARI; FUTAI (2018); *VIZINI; CACCIARI; FUTAI (2020); *COURARD et al., (2014).

Table 5.9 - K. determination for rocks and concrete

Material C used (€M) A (CM?) 6t @y (MPa)  Kic (MPa.m®®)
Andesite ! 5.00 19.63  12.00 1.22
Silicified sandstone 2 5.00 19.63 6.67 0.68
Mylonite 2 5.00 19.63 12.30 1.25
Fine-grained granite>  5.00 19.63 9.60 0.98

'CACCIARI; FUTAI (2018); ?VIZINI; CACCIARI; FUTAI (2020).

5.8 ComMPARISON BETWEEN POT AND SCB

There are POT and SCB results for the same andesite in CACCIARI; FUTAI (2018)
and VIZINI; CACCIARI; FUTAI (2020), respectively. Hence, a comparison between POT
and SCB can be made in order to validate the POT and to obtain a first correlation. Table 5.10
shows the geometrical parameters and results of the SCB test. Through Eq. 5.6 and 5.7, K.
for each test was obtained, resulting in an average of 1.54 MPa.m®. As shown in Table 5.9,
K\ obtained for andesite by POT was 1.22 MPa.m®°. Therefore, K, obtained by POT is 79 %
of the SCB for the andesite tested. The result of the POT is close to the SCB and it can be

considered a first validation and correlation of the method.

Table 5.10 - K, determination of the andesite via SCB tests *
Geometric parameters Results

Test em) t(em) a(cm) d(em) s(em) Frp (kN) Ki (MPam™)
1 500 243 290 020 800 173 164
2 500 237 280 020 800 183 166
3 500 233 270 020 800 168 145
4 500 233 250 020 800 18 140

Average: 1.54

'VIZINI; CACCIARI; FUTAI (2020).
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5.9 CONCLUSION

In this research, the POT was proposed as a new method for determining K. of

visually homogeneous rock and concrete. POT can be performed in the laboratory, but its

great advantage is the possibility of in field execution. POT execution is easy and replicable,

being an attractive alternative to determine K. The main conclusions of this work are

presented below:

a)

b)

f)

9)

a ratio between the dimensions of the POT was proposed to meet the LEFM
requirements and the literature recommendations: H/ C>04,D>Cand T/ C <
0.08;

the most suitable C must be evaluated before the test, estimating ¢ and K. of the
specific material and checked after the test. The specimen diameter of the test must
be adopted with a larger diameter than required, considering the circular saw cut and
the Pull-off tester available;

the Pull-off tester currently available in the market is designed to apply low forces.

An improvement in this technology must be developed to apply high forces;
POT is suitable for K. test, since mode | prevails in the test;

an equation was proposed for determining K. via POT, where the parameters of the
equation are the average tensile stress at the rupture and the cross-sectional area of
the TS. The elastic properties of the material were not considered due to their little

influence on the K. determination;

two practical examples of the method application were provided. One was a
hypothetical example and other was the K. determination of andesite, silicified
sandstone, mylonite and fine-grained granite, using experimental data from the

literature;

POT and SCB presented similar results for andesite, which indicates the first

validation and correlation of the method.

This method is intended for testing visually homogeneous material with rupture at

the base of the partial core and not for materials with plans of weakness or discontinuities.
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6 GENERAL CONCLUSION OF THIS DISSERTATION

This research addressed two new experimental test methods for determining strength
and fracture toughness of rock and concrete: Modified Direct Shear Test (MDST) and Pull-
Off Test (POT). The objectives of this research were achieved and the main conclusions are
scored below.

The MDST presented good results, where tensile fracture occurred only for very low
normal stress and, for low normal stresses, undesirable tensile fractures did not develop and a
single horizontal shear fracture propagated. The force versus displacement curve showed an
approximately linear behavior with abrupt rupture and the striated surface was observed in
much of the sheared area (whitish appearance). An ideal geometry of the MDST was

proposed. A better shear strength test method was achieved.

A simple way for K; determination via MDST was proposed, using peak and
residual shear strength and elastic modulus of the homogeneous rock or concrete. The MDST
is a promising method because mode Il prevails in the test (as observed experimentally and

proved numerically) and uses the direct shear. A new method was proposed.

The fracture mechanism of the POT was investigated and it was possible to
understand the factors that influence the tensile strength, allowing the proposal of an ideal
geometry and a correction equation for homogeneous rocks and concrete with concave
fracture shape. This study contributed to the application of POT in rock mechanics and

structural engineering.

A simple way for K. determination via POT was proposed for homogeneous rock or
concrete in field and laboratory application. The POT is suitable for K. determination,
because mode | prevails in the test. A geometric ratio was proposed to guarantee the LEFM

requirements and literature recommendations. A new method was proposed.
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