IOP Conference Series: Earth and
Environmental Science

PAPER « OPEN ACCESS You may also like

- Filtered back-projection reconstruction for

Experimental analysis of the pseudo-compact stienuaton orton CT long most el
paths

tension (pCT) testing configuration using two C T Quifionies, J M Létang and S Rit
alternative sample geometries *oce CACT imaging for prosgie

radiotherapy dose calculation
Y Chan, M Li, K Parodi et al.

To cite this article: M Herbdn-Penabad et al 2021 IOP Conf. Ser.: Earth Environ. Sci. 833 012033

- Quantification of confounding factors in
MRI-based dose calculations as applied to

prostate IMRT
Matteo Maspero, Peter R Seevinck,
Gerald Schubert et al.

View the article online for updates and enhancements.

HONOLULU,HI

mﬂ;_ October 6-11, 2024

Early Registration Deadline:

September 3, 2024

Joint International Meeting of

The Electrochemical Society of Japan | MAKE YOUR PLANS

(ECS))

The Korean Electrochemical Society : NOW'
(KECS) >

The Electrochemical Society (ECS)

This content was downloaded from IP address 193.144.61.254 on 09/07/2024 at 15:19


https://doi.org/10.1088/1755-1315/833/1/012033
/article/10.1088/0031-9155/61/9/3258
/article/10.1088/0031-9155/61/9/3258
/article/10.1088/0031-9155/61/9/3258
/article/10.1088/1361-6560/acccce
/article/10.1088/1361-6560/acccce
/article/10.1088/1361-6560/acccce
/article/10.1088/1361-6560/aa4fe7
/article/10.1088/1361-6560/aa4fe7
/article/10.1088/1361-6560/aa4fe7
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuofMJ36wu_WnOzM65qLCL6T84pkiB7uITTTbPyJ4zQMGtmkwU4KUUbBJ_tuJaGASrR-Z8N2XHfqXnsLAA_P9GqzlaY5zLrXpWQHRL4dgyf7DU1pJAR1p9tKK24hwA5lWO0m2RS75GSY7jjLBatpyubQl8ov-PZHZeIoDf5uaUgtZEh0fRrNgdxLu5arr-R8DHrBwUu4my-te-QHMsK4wBp2vchqmw477c-z92xX4QQ777CzkfQvMKjRcIs1JK1tCZp2d48cWg3zvZMfkEwN8lw7pMGHTjrXEGHp9ZC3AFGp2dz6BG9-jBwP4jZf9bOmpNvpu39zTO64Bel95_ws9TGkUVqfn4H&sig=Cg0ArKJSzPYsdAqmxeCc&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration

Mechanics and Rock Engineering, from Theory to Practice IOP Publishing
IOP Conf. Series: Earth and Environmental Science 833 (2021) 012033 doi:10.1088/1755-1315/833/1/012033

Experimental analysis of the pseudo-compact tension (pCT)
testing configuration using two alternative sample geometries

M Herbén-Penabad, A Muiioz-Ibaiiez and J Delgado-Martin

School of Civil Engineering, University of A Corufia, Campus de Elviia s/n, A
Corufia, 15071, Spain

miguel.herbon@udc.es

Abstract. The pseudo-compact tension (pCT) method recently proposed by Mufioz-Ibafiez et al.
(2020) is a satisfactory approach to measure mode I fracture toughness (K;c) in rocks and other
materials using disc-shaped samples loaded under pure tensile conditions. In contrast to other
methods, such as the semi-circular bend (SCB) suggested by the ISRM (2014), the pCT test
provides with good control after peak load, making it possible to further characterize the
processes involved in fracture propagation. In this work we assess the influence of the testing
configuration at the onset of unstable crack propagation. In order to extend the pCT concept to
complementary geometries with potential interest we studied an alternative to the SCB specimen,
which we call pseudo-SCB (pSCB). To compute K¢ in this configuration we have derived the
corresponding dimensionless stress intensity factor function (Y”) based on the finite element
method. The results show that the pSCB test provides with consistent values of K;c and it also
allows to control the propagation of the crack beyond peak load, which reinforces the idea that
the loading conditions may be a more determinant factor than the sample geometry in controlling
post-peak behaviour. In addition, an expression of Y’ is presented for cubic samples tested using
the pCT approach. This configuration may be useful for testing other materials amenable of
moulding such as mortar, concrete, ceramics, etc.

1. Introduction

Mode I fracture toughness (K;c) measures the resistance of a material containing a pre-existing defect
to the propagation of tensile cracks [1]. Since rocks are discontinuous at all scales, Kjc is of great
importance in geotechnical engineering (i.e., tunneling, mining), energy resources exploitation (i.e.
geothermal energy, hydraulic fracturing) projects [2-4], etc. In the last years, a number of methods have
been proposed to assess Kjc in rocks. Worth mentioning among them are the suggested methods
endorsed by the International Society for Rock Mechanics (ISRM) [5-7]. The semi-circular bend (SCB)
test has favorable features such as simple specimen geometry and testing procedure. However, in this
configuration tensile loads are indirectly generated via sample compression. In addition, the dynamic
unstable fracture propagation prevents post-peak assessment. These drawbacks can be overcome using
an alternative testing approach namely pseudo-compact tension (pCT), which allow determining Kjc
under pure tensile conditions with satisfactory control on fracture development after failure [8]. The
better performance of the pCT method would not be associated to better electronic control or higher
stiffness of the testing device but to a lower level of elastic energy storage in the sample during its
loading [9]. To check this conjecture, in this study we assess the influence of the loading conditions and
specimen geometry on unstable crack propagation. To extend the pCT concept to complementary
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geometries with potential interest we have studied an alternative to the SCB specimen which we refer
as pseudo-SCB (pSCB). Finally, we extend the compact tension approach to cubic geometries (cubic-
pCT), which may have a significant interest in materials that, for instance, can be molded such as
mortars.

2. Calculation of stress intensity factors

2.1. Specimen geometries

The pSCB specimen is based on the SCB sample geometry [7] although incorporating the geometrical
features used in the pCT configuration to transmit a pure tensile load [8]. As seen in figure 1, pSCB
samples are semi-circular discs with a centred straight crack starter notch and a U-shaped groove for
sample loading. Similar features (groove and straight notch) apply to configuration of cubic-pCT
specimens. For the two proposed sample geometries, the dimensions of the groove are chosen based on
the values suggested for 50 mm-diameter pCT specimens [8]. However, a range of notch length ratios
(a/b) have been considered in the study to investigate the impact in the results. Detailed dimensions of
the pSCB and cubic-pCT specimens are given in table 1.

Figure 1. Schematic illustration of the geometry of the pSCB (left) and cubic-pCT (right)
specimens. D = diameter; B = thickness; L = side length; G4 = U-shaped groove depth; Gy = U-
shaped groove width; a/b = notch length ratio.

Table 1. pSCB and cubic-pCT specimen dimensions.

Testing method D (mm) B/D L(mm) Gg(mm) Gy (mm) a/b
pSCB 50 or 54 0.5 - 5 10 0.50-0.75
cubic-pCT - - 50 5 10 0.20-0.40

2.2. Finite element analysis
The general expression of mode I fracture toughness (Kc) is given in Equation (1), where a is the notch
length, O is the maximum applied stress, and Y’ is the dimensionless stress intensity factor.

KIC = Ylo-max\/ﬁ (1)

Y’ depends not only on the specimen geometry but also on the loading conditions. Several authors have
proposed a number of analytical solutions of Y’ [10, 11]. However, no closed-form expression could be
found in the literature for the two configurations proposed in this work (pSCB and cubic-pCT), and ¥’
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was derived for each case using numerical methods. Following the procedure described in [§],
Abaqus/Standard version 6.14 was used to compute the mode I stress intensity factor (K;) using the J-
integral method around the notch tip [12]. For the pSCB geometry, we modelled specimens of 38, 50
and 100 mm-diameter while for the cubic-pCT geometry, only specimens of 50 mm-edge are considered.
As reported in previous works [8, 13], the variation in the mechanical properties of the material has a
slight effect on K, but these differences were found to be irrelevant for computing Y’. Therefore, we
modelled the material as linear-elastic and isotropic, assuming a Young’s modulus of 35 MPa and a
Poisson’s ratio of 0.3. 2D models of the samples (figure 2) are meshed with 8-node plane strain elements
and, in the region defining the crack front, the geometry of the elements is transformed into triangles to
consider the stress singularity that occurs at the notch tip [14, 15]. Once a K; value is obtained from the
finite element analysis, Y’ was derived for each case as follows:

__k )
sovTa

Where oy is the nominal stress acting over the ligament plane for an applied unitary load (oy= P/bB or
ov= P/bL, for the pSCB and cubic-pCT specimens, respectively). The Y’ results derived were plotted as
a function of the notch length ratio (a/b) and, by fitting the results with the fourth-order polynomial
given in (3):

YI

v ()ra() +a() ) .

The coefficients C; (i = 0-4) are provided in table 2 for each testing configuration and specimen size.

Figure 2. Finite element meshes used for the pSCB (left) and cubic-pCT (right) 2D models.

Table 2. Coefficients (C;) of the dimensionless stress intensity factor (Y’) expression (Eq. 1)
derived for the pSCB and cubic-pCT specimens.

Testin DorlL

methog (n’?r’;q) Co G C C; Cy
pSCB 38 189.091 -1275.852 3350.314 -3935.725 1786.012
pSCB 50 262.143 -1737.803 4444.301 -5075.795 2226.644
pSCB 100 175.378 -1205.393 3235.529 -3867.567 1781.153

cubic-pCT 50 6.095  30.193 -200.200 490.880 -381.560
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3. Experimental program

3.1. Materials

Three different rock types (two sandstones and one granite) have been used to assess the performance
of the pSCB test. Reference values for the properties of these materials can be found in [8], and only a
short summary is given in Table 3. In the case of cubic-pCT tests, experiments were carried out using
two generic types of mortar available in the laboratory (HL and HT). In this study, the purpose of K;c
testing of mortar samples was limited to demonstration of the performance of the testing method and no
additional details on the results and their significance are given.

Table 3. Rock properties: ot = indirect tensile strength; Kic”“" = mode | fracture toughness derived with
the pCT testing method; and Kic5°® = mode | fracture toughness derived with the SCB testing method.
Data for Corvio sandstone corresponds to 50- mm in diameter specimens.

Rock type o (MPa)  Kic™T (MPam*?)  Kc5® (MPa m'?)
Corvio sandstone 1.9-3.1 0.07-0.12 0.12-0.18
Pinacas sandstone 11.2-11.8 1.33+0.03 1.27 £ 0.05

Blanco Mera granite 9.7 1.21 +0.03 1.25+0.04

3.2. Sample preparation

The pSCB samples were obtained from rock cores of 50 and 54 mm-diameter. The cores were first sliced
into discs, and then diametrically halved using a customized tile saw (figure 3). The U-shape groove and
the straight notch were cut subsequently following the procedure described in [8] for pCT specimens.
Specially-designed 3D-printed fixtures were used to hold the samples in place during machining (figure
3). For the cubic-pCT specimens (50 mm-edge), once demoulded they were processed using the same
approach to cut the groove and notch.

Figure 3. Customized tile saw used to prepare the samples (left) and detail of the 3D printed
fixtures used to hold the rock discs when they are diametrically-halved (right).

3.3. Mode I fracture toughness tests
pSCB and cubic-pCT samples were tested using a loading frame equipped with a 50 kN load cell already
presented in [8]. To carry out the tests, the samples are placed on a small removable cradle (figure 4)
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which is rose to fit the U-groove between the couple of hardened steel jaws, one of them programmed
to move at a constant rate to provide the tensile load to the specimen. At a certain loading level, the
stress concentration at the notch tip generates a crack that propagates along the ligament plane.

A.

ORTAR

Figure 4. Experimental setups for pSCB (left) and cubic-pCT tests (right).

All the tests were carried out at room temperature conditions and at a loading rate of 0.1 mm/min,
following the recommendations given to conduct pCT experiments [8]. Load (P) and load point
displacement (LPD) were continuously recorded during the tests. LPD corresponds to the displacement
of the right steel jaw and it is measured through two linear variable differential transducers (LVDT)
placed symmetrically on both sides of the specimen. Mode I fracture toughness (K;c) was derived using
Equation (4):

Prax ()
b V7O

K=Y
where Y’ is the dimensionless stress intensity factor computed from Equation (1), Py 1s the peak load,
b is the distance from the base of the groove to the bottom of the specimen, B is the specimen thickness,
and a is the notch length. For 54 mm-diameter pSCB specimens, Y’ was computed interpolating the
coefficients given in table 2 for 50 and 100 mm-diameter specimens.

4. Results and discussion

4.1. Loading curves

Figure 5 shows typical P vs. LPD curves for the samples tested in this study. For the two testing methods
and materials considered, we observe that it is possible to identify the three main stages described in
[8]: a first period of linear elastic increase, a non-linear stage close to Pna, and a post-peak branch. In
the pre-peak region, the slope of the curve and the extent of the non-linear domain are highly dependent
on the material being tested. This has been already discussed in [9]. It is interesting to note that all the
experiments performed in this study could be conducted beyond P, in a controlled manner. That
suggests that the post-peak control does not depend on the geometry of the tested specimen but from a
combination of how loads are delivered, rate of loading and eventually the intrinsic properties of the
tested material. Considering the poorer performance of the conventional SCB test (which takes place
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under bending conditions) the cross comparison of results using the same materials [9] make us conclude
that loading under pure tension is critical for a good control of the post-peak behaviour and the
investigation of fracture propagation.

400 3000
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— Pinacag

300 -
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Figure 5. P vs. LPD curves for pSCB tests performed with rock samples (left), and cubic-pCT
tests performed with mortar samples (right).

4.2. Mode I fracture toughness of rock samples

Mode I fracture toughness (K;c) have been computed at the level I testing using the values of peak load
recorded from the experiments. To assess repeatability of results, we performed a statistical analysis for
each material using the free software Past 3.0 [16]. K;c values conform to normal distributions
considering a significance level of 95% for the three lithologies and two types of mortar tested. Mean
values of K¢ derived from the pSCB and cubic-pCT experiments are listed in table 4.

Table 4. Mode | fracture toughness (Kic) derived with the pSCB and cubic-pCT testing method (mean
* standard error of the mean). Number of tests (into brackets) and specimen size (D = diameter; L =
side length) are also given.

Material DorL (mm)  KcP®(MPam¥?)  Kc™PPCT (MPa mY?)
Corvio sandstone 50 0.16 £0.01 (7) -
Pinacas sandstone 50 0.95+£0.03(3) -
Blanco Mera granite 54 0.83£0.08 (5) -
HL 50 - 0.40 £ 0.01 (5)
HT 50 - 1.16 £ 0.02 (5)

K¢ values derived for Corvio sandstone obtained via the pSCB method are in good agreement with
those reported in table 2 for SCB tests [9]. Curiously, these values even conform to a normal distribution,
which contrasts with the behavior observed for pCT and SCB samples of same size (D = 50 mm) in [9].
This suggest that, for this rock type, the pSCB configuration has the potential to provide with better
repeatability compared with than other testing approaches. However, further tests are required to
confirm this perception. On the other hand, it should be noted that the values of K;c obtained for Pinacas
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sandstone and Blanco Mera granite are comparatively lower (~30%) than those delivered for the pCT
and SCB tests using 50-mm in diameter samples. In fact, the K;c results reported in this study are within
the range of those observed for smaller (D = 38 mm) SCB samples (Kjc ~ 0.7-1.1 MPa m'? for Pinacas
sandstone, and K;c ~ 0.7-0.9 MPa m'? for Blanco Mera granite). We conjecture that the length of the
ligament may be a determinant factor in fracture toughness determination, and that a minimum length
would be needed to provide consistent Kjc.

5. Conclusions

Two alternative sample geometries (pSCB and cubic-pCT) for measuring mode I fracture toughness
using the pseudo-compact tension (pCT) loading configuration are presented and described. Expressions
of the dimensionless stress intensity factors (Y’) were derived for each testing configuration using
numerical models. The pseudo-semicircular bend (pSCB) specimen, which is based on the SCB
geometry proposed by the ISRM, was used to assess the K;c of three different lithologies: Corvio and
Pinacas sandstones, and Blanco Mera granite. The K;c values obtained conform to normal distributions
irrespective of rock type. That suggests that the pSCB test could provide with satisfactory repeatability
of K;c measurements. However, it should be noted that the number of tests reported in this study may
be limited to come to a firm conclusion. Further testing would be necessary in this regard. In addition,
some results of K;c obtained in this study for the pSCB approach are comparatively lower than those
reported previously for the same rock types and specimen sizes using different testing methods. We
conjecture that this behavior could be related to the shorter ligament length of the pSCB specimens,
which would imply that larger specimens would be needed to deliver a consistent value of fracture
toughness using this approach. Finally, it was proved that the pCT configuration provides with a
satisfactory control on the post-peak region (i.e., unstable fracture propagation) with independence on
the sample geometry (i.e. circular, semicircular, or cubic), suggesting that this configuration could be
an interesting approach for measuring K;c not only in rocks but also in other geomaterials.
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