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 This paper investigates experimentally and numerically the influence of geometry and loading 
conditions on the fracture response of rock materials. Seven different test samples namely “Edge-
Notched-Disc-Bend (ENDB), Semi-Circular-Bend (SCB), Three-Point-Bend-Inclined-Crack (TPB-
IC), Single-Edge-Notched-Bending (SENB), Asymmetric-Three-Point-Bend (ATPB), Edge-Notched-
Disc-Compression (ENDC) and Double-Notched-Disc-Compression (DNDC)” made of a marble rock 
were manufactured and tested under bending and compressive loading conditions. The results showed 
that the failure loads of all samples increase with the change of pure mode I to pure mode III. However, 
the corresponding fracture toughness values of ENDB, SCB, TPB-IC, SENB and ATPB specimens 
decreased, while the ENDC and DNDC samples experienced an increase in the fracture toughness. 
Among the studied specimens, only the ENDB, ENDC and DNDC samples presented pure mode III 
with KIIIc/KIc ratio ranging from 0.735 for the ENDB specimen to 2.076 for the DNDC sample. The 
highest mode-I fracture toughness among all the studied specimens was obtained for the SENB and 
TPB-IC samples, with a value of 1.54 MPa m0.5, while the lowest value was obtained for the DNDC 
specimen with a value of 1.21 MPa m0.5. The sign and the magnitude of T-stress considerably 
depended on the loading condition and geometry of the specimens. The crack trajectories of all 
specimens under study were also investigated. 

© 2025 Growing Science Ltd.  All rights reserved. 
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1. Introduction 

      
      Defects and cracks can occur in different materials for various reasons. The cracked, brittle materials such as rocks, 
concretes, ceramics, and polymers are prone to catastrophic failure and fast fracture. Therefore, analyzing the fracture behavior 
of the cracked components made of brittle materials using the fracture mechanics concepts is critical. A crack can propagate 
under three fracture modes including opening, sliding (in-plane shear) and tearing (out-of-plane shear). However, cracked 
components are usually subjected to mixed-mode loading conditions. Fracture toughness is the most essential material 
parameter in defining the material resistance to fracture. This material parameter is dependent on the cracked specimen and 
its geometry. Researchers have studied the dependency of the opening-sliding mixed-mode fracture behavior of quasi-brittle 
materials on the specimen geometry. Several test specimens with different geometries have been employed so far for the 
investigation of the opening and opening-sliding fracture behaviors of engineering materials (Hoseini et al., 2022,2023,2024). 
Some of the specimen geometries used for assessing the opening-sliding fracture have disc shape specimen with a chevron 
notch or central crack (Awaji and Sato, 1978; Ayatollahi & Aliha, 2008; Cao et al., 2023; Zheng et al., 2022). Other samples 
including the triangular and semicircular samples under 3-point bending (Aliha et al., 2010; Ayatollahi et al., 2011; Guan et 
al., 2022; Li et al., 2023; Zhang et al., 2014), the edge-cracked rectangular beam subjected to 3- or 4-point bending (Aliha et 
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al., 2022; Maccagno & Knott, 1989; Xeidakis et al., 1996), the compact tension-shear specimen (Abdollahipour et al., 2016; 
Hasanpour & Choupani, 2009; Mahajan & Ravi-Chandar, 1989; Qiu et al., 2020; Wan et al., 2022; Yao et al., 2021), and the 
ring shape specimens (Karimi et al., 2022) are to name a few for spanning the complete range of opening-sliding modes of 
fracture. Aliha & Ayatollahi, (2010); Aliha et al., (2010), Bazoobandi et al., (2024); Karimi et al., 2024; Shabakhty et al., 
(2024) compared the mixed-mode I/II fracture behavior of various specimens with different geometries and showed that the 
geometry of the cracked specimens could considerably affect the mixed-mode I/II fracture behavior  

 

One of the mixed-mode loading conditions is related to the combination of opening and tearing (Bidadi et al., 2022; 
Sreenath et al., 2022; Gan et al., 2024; Shui et al., 2024; Bahmani & Nemati., 2021). Geomaterials such as rocks may undergo 
opening-tearing mixed-mode loading in civil and mining operations (Bahmani et al., 2021; Raeisi et al., 2024; Mousavi et al., 
2024; Gan et al., 2021; Shi et al., 2024, Liu and Ma., 2023, Yang et al., 2022; Najjar et al., 2022; Cui & McAdie, 2023; 
Pournoori et al., 2024; Ahmadi et al., 2021; Tang et al., 2024). The tearing fracture response of materials can be studied using 
a torsional-type loading setup. However, executing a torsional-type load directly on geomaterials such as concretes and rocks 
is not conveniently implementable for introducing mode-III deformation. Moreover, the application of torsional torque needs 
special fixtures (Marat-Mendes & DeFreitas, 2009) that may not be available in most test laboratories. Alternatively, out-of-
plane shear deformation can be applied to the cracked specimens using indirect testing methods through compression or 
bending loads that are more accessible in laboratories. Some works and researches such as (Aliha et al., 2015, 2017a,2021; 
Zhao et al ., 2024; Pirmohammad & Bayat., 2016, Mousavi et al., 2021; Zarei et al., 2021, 2022; Khanghahi et al., 2024) have 
suggested disc-shaped specimens with edge cracks subjected to bending and diametral compression for conducting opening-
tearing fracture experiments on different quasi-brittle materials. The cracked disc-shaped samples in the aforementioned 
works were: Edge-Notched-Disc-Bend (ENDB) specimen proposed by (Aliha et al., 2015), Edge-Notched-Disc-Compression 
(ENDC) specimen (Aliha et al., 2017c) and Double-Notched-Disc-Compression (DNDC) sample suggested by (Aliha et al., 
2021). These specimens have two main positive points, including (i) their circular shape that facilitates the specimen 
preparation from rock cores, and (ii) the tearing test can indirectly be applied using the 3-point bending or compression fixtures 
with universal testing machines. (Pirmohammad & Kiani, 2016) used the SCB specimen made of asphalt with a new 
configuration to obtain the opening-tearing mixed mode. Pan et al. (Pan et al., 2021) provided a different opening, sliding and 
tearing combinations using the Three-Point-Bend-Inclined-Crack (TPB-IC) specimen. They obtained pure opening mode and 
different mixed-mode conditions by varying the crack angle. Ahmadi Moghadam and Taheri (2013) suggested the Single-
Edge-Notched-Beam (SENB) specimen and proposed a set of practical equations, by which one could evaluate mixed-mode 
I/III stress intensity factors. Li et al. (2023) tested the Asymmetric-Three-Point-Bend (ATPB) specimen at different 
temperatures to investigate the mixed-mode I/III fracture behavior (Li-yun et al., 2013). Pietras and coworkers (Pietras et al., 
2021,2023) also utilized cylindrical shape samples containing circumferential notch and subjected to far-field tension and 
compression to conduct mode I and mode III fracture tests on geomaterials such as gypsum and aerated concrete. Among the 
available mixed mode I/III test samples, the ENDB specimen has received much attention by the geomaterial and construction 
and building materials researchers (e.g., Najjar et al., (2020, 2022), Hoseini et al., (2022,2023), Bahmani et al., (2019), Karimi 
et al., (2023), Bakhshizadeh et al., (2024)). A review of mixed mode fracture tests for different materials and, in particular, 
those works describing the contribution of mode III or out-of-plane tear deformation, has also been published recently by 
Aliha and coworkers (Aliha et al., 2023). Although several researchers have studied opening-tearing mixed-mode fracture in 
brittle materials, there is no comprehensive research to compare the influence of the loading condition and sample geometry 
on the opening-tearing fracture of brittle materials. This paper investigates the influence of loading conditions and specimen 
geometry on the fracture behavior of brittle materials by focusing on the specimens that can provide opening-tearing mixed-
mode conditions with compression and bending-type loads. Seven geometries, including three disc-shaped samples with 
different pre-crack positions, one semicircular bending sample and three rectangular samples under 3-point bending, were 
manufactured from a rock material and tested. The stress intensity factor (SIF) and T-stress values were obtained from 
numerical modelling. Therefore, this work can provide a comprehensive insight into the fracture response of quasi-brittle and 
brittle materials subjected to opening-tearing mixed-mode loading. 

2. Materials and specimens 

     To study the influence of geometry on the fracture response of brittle materials under mixed opening/out-of-plane shear 
loading, rock material was used. The advantage of this type of rock (Gohareh marble) extracted from the mines of Lorestan 
(Iran), is its integrity and lack of veins, which makes it suitable for testing in the field of fracture mechanics. Also, the 
brittleness of this type of rock is a fundamental factor in its selection because the size of the plastic zone in the vicinity of the 
crack tip is small enough, so the concepts of linear elastic fracture mechanics are applicable (Aliha et al., 2010, 2017a; Aliha 
& Ayatollahi, 2014). Seven specimens were considered in the current study to investigate the influence of geometry on the 
fracture of brittle materials under tension-tear loading. Fig. 1 shows the numerical models of the specimens considered in this 
study, namely ENDB, ENDC, DNDC, SCB, TPB-IC, SENB and ATPB samples. In addition, the geometrical dimensions of 
the specimens (R, L, B, t and W), the loading supports ratio (S/R or S/L), and the crack length to thickness ratio (a/B or a/W or 
a/R) are specified in Table 1. According to the geometrical dimensions listed in Table 1, the depth of crack (a) for the ENDB 
and ENDC was taken at 13.2 mm and the depth of crack at each side (i.e., a/2) for the double-notched sample (i.e., DNDC) 
was considered equal to 9.9 mm. For the SCB specimen, the crack depth was 0.4 times the radius with a value of 16.8 mm. 
The crack depth in the TPB-IC and SENB specimens was considered equal to 12 mm. Finally, for the ATPB specimen, the 
crack depth was considered equal to 13.2 mm. Pure mode-I loading was obtained when the crack inclination angle (α) was 
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considered zero in the ENDB, ENDC, DNDC, SCB, TPB-IC, and SENB specimens. By increasing the crack inclination angle 
from zero, the footprint of tearing mode became available, and the specimens were placed under the condition of opening-
tearing mixed-mode. However, in the ATPB specimen, pure opening loading was achieved by considering zero value for Ɩ 
(see Fig. 1(e)) and the opening-tearing mixed-mode loading was accessible by shifting the crack toward the support. To study 
the geometry effect on the fracture behavior of the ENDB, ENDC, DNDC, SCB, TPB-IC, SENB, and ATPB specimens, it 
was necessary to determine the SIFs for different geometrical and loading conditions. SIFs of the samples in this study were 
considered as the functions of the applied load (P), the crack length (a), the crack inclination angle (α), the spacing between 
the supports (S) and can be determined using Eqs. (1-6) (Aliha & Bahmani, 2017; Aliha et al., 2023; Bahmani et al., 2019; 
Li-yun et al., 2013; Pan et al., 2021; Pirmohammad & Kiani, 2016). 

Table 1. The values of geometrical parameters for different specimens. 
specimens R or L (mm) B or t (mm) a/B or a/W or a/R S/R or S/L W(mm) 
ENDB 47 33 0.4 0.9 - 
ENDC 47 - 0.4 - 33 
DNDC 47 - 0.6 - 33 
SCB 42 33 0.4 0.8 - 
TPB-IC 100 23 0.4 0.8 30 
SENB 100 23 0.4 0.8 30 
ATPB 100 33 0.4 0.8 23 

 

𝐾𝐾i(ENDB) = 3𝑃𝑃𝑃𝑃
2𝑅𝑅𝐵𝐵2 √𝜋𝜋𝜋𝜋  𝑌𝑌i (𝜋𝜋 𝐵𝐵� . 𝑆𝑆 𝑅𝑅� .𝛼𝛼)   (1) 
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 𝑌𝑌i (𝜋𝜋 𝐵𝐵� .𝛼𝛼) 
(3) 

𝐾𝐾i(SCB) =
𝑃𝑃

2𝑅𝑅𝑅𝑅 √
𝜋𝜋𝜋𝜋  𝑌𝑌i (𝜋𝜋 𝑅𝑅� . 𝑆𝑆 𝑅𝑅� .𝛼𝛼) (4) 

𝐾𝐾i(TPB−IC and  SENB) =
𝑃𝑃𝑆𝑆
𝐵𝐵𝑊𝑊2 √𝜋𝜋𝜋𝜋  𝑌𝑌i (𝜋𝜋 𝑊𝑊� .𝛼𝛼) (5) 

𝐾𝐾i(ATPB) = 𝑃𝑃𝑃𝑃
𝑊𝑊𝐵𝐵2 √𝜋𝜋𝜋𝜋  𝑌𝑌i (𝜋𝜋 𝑊𝑊� .𝛼𝛼)   (6) 

where Yi (i = I, II, III) represent the geometry factors of the mentioned specimens and are considered as the functions of a/B, 
S/R, and α. These geometry factors are non-dimensional forms of the SIFs (KI, KII, and KIII). The geometry factors can be 
obtained using numerical finite element modeling. 

3. Numerical analysis  

     The ENDB, ENDC, DNDC, SCB, TPB-IC, SENB, and ATPB specimens were modelled with the ABAQUS finite element 
code to obtain the fracture parameters (i.e. SIF and T-stress values). The specifications and dimensions of all samples are 
shown in Table 1. Fig. 1 shows the finite element models of different specimens. The elastic modulus and the Poisson's ratio 
of the tested marble (Gohareh rock) were considered as 35 GPa and 0.25 (Aliha & Bahmani, 2017), respectively. 

     The twenty-node quadratic brick elements were used to model the specimens. The total numbers of elements used for 
modelling different specimens were approximately 54000, 56000, 64000, 31000, 27000, 27000, and 28000 for the ENDB, 
ENDC, DNDC, SCB, TPB-IC, SENB, and ATPB samples, respectively. For modelling the singularity of the stress field, 
singular elements were employed in the first element row around the crack tip and across the crack front, as shown in Fig. 1. 
The failure loads obtained from the tests of the specimens were used in finite element modelling. Fig. 2 depicts the variations 
of opening and tearing mode geometry factors (YI and YIII) obtained at the central portion of the ENDB, ENDC, DNDC, SCB, 
TPB-IC and SENB samples for different crack inclination angles and at the mid-section of the ATPB specimen for different 
distances from the center. 

     Fig. 2 shows that increasing the angle of crack inclination in the ENDB, ENDC, DNDC, SCB, TPB-IC and SENB samples 
decreased the opening-mode geometry factor (YI) and, conversely, increased the tearing-mode geometry factor (YIII). 
Similarly, increasing the l distance in the ATPB specimen decreased the opening-mode geometry factor (YI) and increased the 
tearing-mode geometry factor (YIII). In addition to SIF, the T-stress (the first nonsingular stress term in the Williams series) 
can considerably influence the mixed-mode fracture responses and behaviors of the specimens. From the numerical results, 
the maximum T-stress value along the crack front was obtained at the mid-point of the crack front for different specimens of 
this research. Hence, this value was reported as the magnitude of T-stress in the present study. It is important to mention that 
the ABAQUS finite element code uses the interaction J-integral method to determine the T-stress (Gao et al., 2023; Toshio & 
Parks, 1992; Yu & Kuna, 2021). 
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Fig. 1. Finite element models of different specimens; (a) ENDC, (b) DNDC, (c) SCB, (d) ENDB, (e) ATPB, (f) SENB, 

and (g)TPB-IC  

 
Fig. 2. The geometry factors as a function of α for the ENDB, ENDC, DNDC, SCB, TPB-IC, SENB, and ATPB 

specimens and as a function of l for the ATPB specimen. 
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     Fig. 3 depicts the variations of T-stress value in terms of Me
13

 for different specimens. Me
13 is the mode mixity parameter 

defined in Eq. (7). 

𝑀𝑀e
13 =

2
𝜋𝜋

 tan−1(
𝐾𝐾I
𝐾𝐾III

) (7) 

 
Fig. 3. Variations of T-stress for different mode mixities at the mid-points of different specimens. 

      As can be seen in Fig. 3, the T-stress values obtained for different geometries and loading conditions were different, even 
though the mode mixity and the material were the same. Therefore, the sign and the magnitude of T-stress obtained for 
different specimens were found to be considerably dependent on the geometry and loading conditions of the specimens. This 
is important, as T-stress can considerably affect the accuracy of the fracture toughness and crack growth path estimations 
(Ayatollahi et al., 1998; Fan et al., 2021; Smith et al., 2001; Smith et al., 2006, Mirsayar et al., 2014). According to Fig. 3, in 
pure mode I (M e

13 = 1), the highest positive T-stress value was obtained for the SCB specimen, while the highest negative T-
stress value was obtained for the DNDC specimen. Among the specimens studied in this research, only three specimens could 
cover pure mode III including the DNDC, ENDC and ENDB for which the T-stress value was negative throughout the full 
band of mode mixity. In pure mode III, the highest negative value of T-stress was obtained for the ENDB sample, while the 
lowest negative value of T-stress was attained for the DNDC sample.  

      The critical SIF values are commonly taken as the material fracture toughness (KIc and KIIIc). However, if the T-stress 
value is negligible, the stress intensity factor critical value can be directly corresponded to the critical stress component close 
the crack tip and can be considered as a material property (Ayatollahi et al., 1998; Smith et al., 2001; Smith et al., 2006). 
Otherwise, the positive or negative values of T-stress can influence the SIF critical value and increase or decrease the apparent 
fracture toughness value, respectively (Aliha et al., 2017a,d; Ayatollahi & Saboori, 2015; Smith et al., 2001). According to 
Fig. 3, the values of fracture toughness determined from the TPB-IC, SENB, SCB, ENDB and ATPB specimens under pure 
mode-I loading can be relatively reliable, because the magnitude of T-stress for these specimens was negligible at pure opening 
mode and therefore, the fracture toughness was independent of the test specimen geometry and loading conditions. 

4. Fracture toughness experiments  

     In this research, seven different test configurations and specimens with the dimensions specified in Table 1 were cut from 
Gohareh rock to study the influence of geometry on the opening-tearing mixed-mode fracture of rocks. A saw blade was 
employed to produce pre-cracks in the specimens. For each experiment, different ratios of mixed mode from pure opening 
mode to the opening-tearing mixed mode and pure tearing mode were considered to perform the fracture toughness tests. The 
considered inclination angles of crack and the related values of the geometry factors are listed in Table 2. At least three 
replicates were considered for each test case to ensure the repeatability of the experimental results. 
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Table 2. Specifications of the opening-tearing mixed-mode test samples and the geometry factor values 
Specimens Geometry factors (YI and YIII) 

ENDB 
         α = 0ᵒ                   α = 15ᵒ                    α = 30ᵒ                    α = 45ᵒ                   α = 63ᵒ              
     YI        YIII                     YI        YIII               YI        YIII                     YI         YIII                   YI        YIII 
    0.01541       0            0.01321   0.00232          0.00984   0.00441          0.00429    0.00510            0         0.00377 

ENDC 
         α = 0ᵒ                   α = 5ᵒ                      α = 10ᵒ                    α = 15ᵒ                   α = 19ᵒ              
     YI        YIII                     YI        YIII               YI        YIII                     YI         YIII                    YI        YIII 
    0.01927       0            0.01366   0.01144          0.00738   0.01489           0.00303    0.01713            0         0.01714 

DNDC 
         α = 0ᵒ                   α = 5ᵒ                      α = 9ᵒ                      α = 15ᵒ                   α = 27ᵒ              
     YI        YIII                     YI        YIII               YI        YIII                      YI         YIII                    YI        YIII 
    0.00262       0            0.00203  0.00128           0.00162    0.00183          0.00122    0.00246             0         0.00332 

SCB 
        α = 0ᵒ                   α = 15ᵒ                     α = 30ᵒ                    α = 45ᵒ                    α = 60ᵒ             
      YI        YIII                   YI        YIII               YI        YIII                       YI         YIII                    YI         YIII 
    0.17981       0            0.16964   0.02629           0.1380    0.04625           0.09865    0.05421        0.05247    0.04551 

TPB-IC 
         α = 0ᵒ                   α = 15ᵒ                     α = 30ᵒ                   α = 45ᵒ                    α = 60ᵒ              
      YI        YII                      YI        YIII              YI        YIII                       YI         YIII                      YI        YIII 
    0.05629       0             0.05288   0.00835          0.04417   0.01462         0.03125       0.01716       0.01671    0.01477 

SENB 
         α = 0ᵒ                   α = 15ᵒ                     α = 30ᵒ                   α = 45ᵒ                    α = 60ᵒ              
      YI        YIII                      YI        YIII             YI        YIII                      YI         YIII                       YI        YIII 
    0.05629       0             0.05312   0.00783          0.04578   0.01268          0.03443    0.01703         0.01939      0.01429 

ATPB 
                l = 0 mm                   l = 10 mm                l = 20 mm                l = 25 mm                     
               YI        YIII                             YI        YIII               YI        YIII                          YI         YIII                  
               0.04731       0                    0.04227   0.01199          0.02941    0.01294              0.02222    0.01184              

 

     The ENDC and DNDC specimens made of rock were positioned between two flat rigid plates under compression and 
tested using a universal testing machine with different crack inclination angles. The other specimens were subjected to 3-point 
bending with different combinations of modes I and III (as shown in Fig. 5). All the specimens were loaded monotonically 
with a constant displacement rate of 1 mm/min. The typical load-displacement responses of the specimens under mode-I 
loading are shown in Fig. 6. The initial nonlinearity in the load-displacement curves observed for some of the tested specimens 
was due to incomplete contact of the disc-shaped specimens with the loading roller at the start of the test. After forming a 
complete contact, the curves were linearized up to the maximum load corresponding to the initiation of failure in the tested 
specimens. The fracture toughness values of the specimens were determined by considering the maximum load achieved for 
the fracture tests using Eqs. (1– 6) and the geometrical factors provided in Table 1 and Table 2. 

 

 
Fig. 5. Test setup for testing the specimens under opening-tearing mixed-mode loading; (a) ENDB, (b) ENDC and 

DNDC, (c) SCB, (d) TPB-IC, (e) SENB (e), and (f) ATPB. 
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Fig. 6. Typical load-displacement curves obtained for different specimens under pure mode-I condition. 

     According to Fig. 6, the disc-shape specimens loaded between two parallel plates under compression (i.e. ENDC and 
DNDC) had the highest peak load levels under pure mode I compared to the other specimens that were loaded under 3-point 
bending. The highest and lowest peak loads under pure mode-I loading were obtained for the DNDC and TPB-IC or SENB 
specimens with the values of 22.5 and 1.1 kN, respectively. Fig. 7(a) shows the average fracture toughness variations in the 
form of KIIIc against KIc curves for different specimens under mixed-mode I/III conditions. Moreover, Fig. 7(b) represents the 
mixed-mode fracture data in the form of the normalized effective fracture toughness (Keff/KIc) versus the mode mixity 
parameter (Me). Keff is defined as Eq. (8).  

𝐾𝐾eff = �𝐾𝐾I2 + 𝐾𝐾III2  
(8) 

The scatter of the experimental results was in an acceptable range of 6-11% for the tested brittle rock material, demonstrating 
the consistency and repeatability of the tests. The results showed different trends in the fracture behaviors of the specimens 
with different geometries under mixed-mode I/III loading. Fig. 7(a) clearly shows the influence of specimen geometry and 
loading conditions on the fracture toughness of the tested rock material. As shown in Fig. 7(a), the pure opening mode fracture 
toughness values were determined from different specimen geometries scattered in a relatively narrow band with a maximum 
difference of 25%. This can also be seen in Fig. 7(b), in which the normalized effective fracture toughness versus the mode 
mixity parameter is depicted. The correlation between the fracture toughness values of different specimen geometries 
continued up to around the mode mixity of 0.65. However, by moving towards the tearing mode, the fracture toughness of 
different specimen geometries diverged. As can be seen in Fig. 7b, the normalized effective critical stress intensity factor of 
the TPB-IC, SENB, ATPB, and SCB specimens initially increased by moving towards pure mode III and then decreased. The 
normalized effective critical stress intensity factor of the ENDB specimen until the mode mixity of 0.4 remained almost 
constant and then decreased until Me

13=0. The variation trends of the normalized effective SIFs for the ENDC and DNDC 
specimens continuously increased when moving from opening mode to tearing mode. Comparing the effective fracture 
toughness variations of all the specimens tested in this study revealed that the highest value of the effective fracture toughness 
was obtained for the DNDC specimen under pure mode-III condition, while the lowest value was obtained for the TPB-IC 
specimen at Me

13=0.54. Other researchers (e.g. Aliha et al., 2017; Aliha et al., 2012; Chao et al., 2001; Muñoz-Ibáñez et al., 
2021; Shahryari et al., 2021) showed that the mode-I fracture toughness values obtained from different specimens were 
depended on the loading condition and specimen geometry. This dependency was attributed to the different values of T-stress 
in different specimens. Similarly, the current study showed the dependency of the fracture resistance of different specimens 
on the specimen geometry under tension-tear loading. According to the T-stress and fracture toughness results, the T-stress 
values obtained for different geometries and loading conditions were different even though the mode mixity and the material 
were the same. In addition, a positive T-stress in the tested specimens increased the specimen's mixed-mode I/III fracture 
toughness. This trend was consistent with the maximum normal strain criterion (Aliha et al., 2012, 2017b, 2018; Liu & Chao, 
2003; Muñoz-Ibáñez et al., 2021), where the higher negative T-stress resulted in a smaller KIc value. Fig. 8 compares the 
fracture toughness values obtained for the pure opening and tearing modes from the specimens that covered pure modes.  
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Fig. 7. (a) KIIIc against KIc curves, and (b) Keff / KIc against Me
13 curves. 

  
(a) (b) 

Fig. 8. Comparison between the fracture toughness values of (a) pure opening mode and (b) pure tearing mode. 

     As shown in Fig. 8, only the ENDB, ENDC, and DNDC specimens can cover pure mode III, and among the specimens 
that can cover pure mode III, the DNDC specimen provided the highest KIIIc value followed by the ENDC and ENDB samples. 
Moreover, it is observed that the highest fracture toughness obtained for pure opening mode was related to the TPB-IC and 
SENB specimens. The DNDC specimen had the lowest opening-mode fracture toughness. Fig. 9 compares the fracture 
surfaces observed for the tested specimens. As it was expected, the specimens under pure opening mode had flat and smooth 
surfaces, while by shifting towards tearing mode, more complex fracture patterns were observed.  
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Fig. 9. Fracture surfaces observed for the specimens with different geometries under mixed mode I/III; a) TPB-IC, b) SENB, 
c) ATPB, d) SCB, e) ENDB, f) ENDC, g) DNDC. 

     The fracture surfaces pertinent to pure opening and tearing loading conditions for the ENDB, ENDC, and DNDC 
specimens, which could cover pure tearing mode, are shown in Fig. 9.  For the other specimens, the fracture surfaces for the 
pure mode I and the minimum Me

13 (the highest contribution of mode III) that could be achieved are shown in Fig. 9.  As seen 
in Fig. 9, under the influence of tearing mode, the crack front tended to rotate and created some segmentation patterns. For 
the DNDC and ENDC specimens that had a large crack front, more wrinkles are observable in the opening-tearing mixed-
mode fracture surfaces. This phenomenon can be observed in the fracture surfaces of the ENDC sample under opening-tearing 
mixed-mode and pure tearing conditions. The crack rotation and segmentation phenomena due to the tearing deformation 
have been explored through both experimental and theoretical approaches in the literature (Cambonie et al., 2019; Lazarus et 
al., 2001; Pham & Ravi-Chandar, 2016). As depicted in Fig. 9, for the ENDB specimen, the fracture trajectory transitioned 
from a straight and symmetric path (in a pure opening mode) to an anti-symmetric twisted trajectory (in a pure tearing mode). 
Moreover, the SCB, TPB-IC and SENB specimens also experienced some twisting in their fracture surfaces when tested under 
mixed mode I/III. 

5. Conclusions 

The influence of geometry and loading conditions on the opening-tearing mixed-mode fracture behavior of rock materials 
were investigated using seven different specimens, including the ENDB, ENDC, DNDC, SCB, TPB-IC, SENB, and ATPB 
specimens. The scatter of the fracture toughness experimental results was in the acceptable range of 6-11% for the tested 
marble rock samples, which showed the reliability and reproducibility of the tests. The results revealed different trends in the 
fracture behaviors of the samples with different geometries under I/III mixed mode loading. The normalized effective critical 
stress intensity factors (SIFs) of the TPB-IC, SENB, ATPB, and SCB samples initially increased by moving towards pure 
mode III and then decreased. The trend of changes in normalized effective SIFs for the ENDC and DNDC specimens was 
continuously increased when moving from opening to tearing mode. Comparing the effective fracture toughness changes of 

(a) (b) (c) (d)

(e) (f) (g)
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all samples tested in this study showed that the highest value of effective fracture toughness was obtained for the DNDC 
specimen at pure mode III condition, while the lowest value was found for the TPB-IC specimen. The present study showed 
the dependency of the fracture toughness of different samples on the geometry of the sample under tensile-tear mixed mode 
loading. The consistency between the effective fracture toughness values obtained from different specimen geometries in the 
dominant mode-I region was relatively acceptable. However, as the specimens moved towards tearing mode, fracture 
toughness values diverged. Among the studied geometries, the TPB-IC and SENB specimens had the highest fracture 
toughness values in pure opening mode, while the DNDC specimen had the lowest value. Among the three specimens that 
could cover pure tearing mode (ENDB, ENDC, and DNDC), the DNDC specimen had the highest mode-III fracture toughness 
value, followed by the ENDC and ENDB specimens. The investigation of T-stress for different geometries and loading 
conditions revealed that although the material and mode mixity were the same in different specimen geometries, the T-stress 
values differed. It was also found that a positive T-stress value increased the fracture toughness of mixed-mode I/III, while a 
negative T-stress value decreased it. Furthermore, investigating the fracture surfaces of different specimens showed that the 
ENDC and DNDC specimens had more wrinkles on their fracture surfaces under opening-tearing mixed-mode conditions 
compared to the ENDB, SCB, TPB-IC, SENB, and ATPB specimens. 
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