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1. Introduction 
 

As an engineering material, rock mass can exhibit 

complex behaviors. In small scale, intact rock can behave as 

a continuous and isotropic media, but in large scale, its 

continuity is affected by discontinuities which cause the 

rock mass to behave as an anisotropic and heterogeneous 

material. Discontinuities include shear and weakness 

planes, joints, cracks, fissures and faults which control the 

mechanical behavior of rock mass. In any rock engineering 

practice, an accurate measure of the axial strength of the 

material is of paramount importance for designing a stable 

and safe structure. In both surface and underground rock 

engineering projects, experiments should be conducted to 

estimate the uniaxial compressive strength in different rock 

units found at the site. The axial loading of rock structures 

with non-persistent joints is especially common in coal 

pillars, and the sidewalls of underground openings (Brady 

and Brown 2008). Many experimental investigations have 

been carried out on pre-cracked specimens, the results of 

which have indicated that the geometry characteristics of  
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flaws have a key effect on the mechanical behavior of 

fractured rock (Nemat-Nasser and Horii 1982, Bobet and 

Einstein 1998, Wong and Chau 1998, Yang et al. 2008, 

2009, Park and Bobet 2009, Lee and Jeon 2011, Liu et al. 

2015, Asadizadeh, Moosavi and Hossaini 2018, Yin et al. 

2018, Asadizadeh et al. 2019). Despite the importance of 

studying the strength behavior of anisotropic rocks, the 

experimental investigation of these types of rocks have 

encountered some issues. Most studies are associated with 

providing uniform and duplicated natural specimens mainly 

due to weathering, different texture, crack property, coring 

angle and etc. Moreover, creating a flaw in natural 

specimens requires advanced tools which are time 

consuming and expensive to use. One of the solutions to 

solve this problem is fabricating synthetic specimens (Bobet 

and Einstein 1998, Bobet 2000, Sagong and Bobet 2002, 

Park and Bobet, 2009 Mostafa Asadizadeh et al. 2016, 

Asadizadeh et al. 2018, Asadizadeh et al. 2019). These 

synthetic specimens are more uniform and similar in 

comparison to natural ones. For this purpose, many 

investigations have been conducted using synthetic 

specimens, which can be cast in a short time and numerous 

number with a specific shape at very low cost (Nemat-

Nasser and Horii, 1982, Bobet 2000, Li et al. 2005, Yang 

and Jing 2011, Chen et al. 2012, Huang et al. 2016, 

Asadizadeh et al. 2018, Gemi et al. 2018, Han et al. 2018, 
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Abstract.  Discontinuities are known to have a significant impact on the engineering characteristics of the rock masses, 

governing their potential failure pattern, increasing their deformation, and reducing their strength. In particular, the impact of 

non-persistent joints on the strength and failure mechanism of rock mass needs to be investigated further. The impact of different 

flaw geometrical characteristics such as flaw inclination, flaw length, flaw aperture, and flaw filling on uniaxial compressive 

strength of specimens has not been investigated thoroughly. In this paper, a series of uniaxial compression tests were conducted 

on cylindrical specimens containing an open central flaw. The effect of different parameters such as flaw inclination, flaw 

length, flaw aperture, and filling on the uniaxial compressive strength of specimens have been investigated through laboratory 

experiments. Response Surface Methodology (RSM) is adopted to analyze the impact of flaw parameters on the compressive 

strength of the constructed samples. The results of the experiments show that flaw inclination and flaw length have a significant 

impact on the peak strength of the samples, meaning that strength increases by growing of flaw angle and decreases by 

increasing of flaw length. In addition, at a low flaw length, aperture affects the UCS significantly, while by increasing flaw 

length, its effect decreases dramatically, and strength drops at a flaw inclination of 45 degrees. Conversely, at a higher flaw 

length, by increasing flaw inclination, the UCS increases constantly. It also has been observed that changing the flaw aperture 

had no important effect on the peak strength. 
 

Keywords:  filling material; open flaw; RSM; strength anisotropy; UCS 

 



 

Javad Karimi, Mostafa Asadizadeh, Mohammad Farouq Hossaini, Samuel Nowak and Taghi Sherizadeh 

Asadizadeh and Rezaei 2019, Özbek and Bozkurt 2019, 

Özbek et al. 2019, Özbek et al. 2020, Özkılıç et al. 2021, 

Özbek, 2021).The mechanical behavior of artificial blocks 

containing two flaws was investigated and the results 

showed flaw length is one of the important factors 

governing the failure mechanism of specimens (Nemat-

Nasser and Horii, 1982). A group of uniaxial and biaxial 

tests was performed on rectangular artificial specimens 

made of cement to study the mechanical response of clean 

jointed specimens under the effect of varying joint angle 

(Han et al. 2018). The cracking process of a single flaw is 

characterized by (Bobet, 2000), and they introduced wing 

and shear cracks. Wing cracks are known as tensile failure 

features which usually initiate at the tips of cracks and 

develop in the direction of the major compressive stress in a 

stable manner. Secondary cracks also develop from the tips 

of the cracks; however, they form later on during the 

loading progression, and propagate steadily, often times in a 

coplanar manner with respect to the initial flaw. An 

extensive experimental study on crack development of 

joints under axial loading was conducted by (Li, Chen and 

Wang, 2005). They also reported the initiation and 

propagation of two types of cracks form the crack tips (i.e., 

wing cracks and secondary cracks). Another research 

conducted by (Yang and Jing, 2011) aimed at investigating 

the mechanical properties of fissured cylindrical specimens 

under different flaw angles. The specimens were cast with a 

mixture of cement, quartz and water and the results 

indicated that the UCS and Young's modulus of a pre-

cracked sample decreases for the lower level of fissure 

angle (45°) and increases with increasing fissure angle (up 

to 75°). Crack initiation from tips of single fissure in brittle 

sandstone under uniaxial loading was studied by (Huang et 

al. 2016). They introduced nine different crack types by 

analyzing the final failure mode of flawed sandstone. 

Results revealed that with the increase of the joint angle 

UCS formed an asymmetrical “V” shape and its minimum 

value occurred at joint angle 15˚. The effect of flaw angle 

and rock bridge angle on strength and deformational 

characteristics of cubic gypsum specimens with double 

parallel pre-fabricated flaws under UCS test was studied by 

(Liu et al. 2015). The effect of flaw angle and bridge angle 

were investigated, and the results revealed that strength and 

deformation behavior of flawed samples are affected by 

variation of flaw and bridge angle. An extensive 

experiments on tabular-shaped rock-like blocks having two 

preexisting parallel rough non-persistent joints subjected to 

the uniaxial compressive load were carried out by means of 

physical modeling (Asadizadeh et al. 2018, Asadizadeh and 

Rezaei 2019), and the effect of four parameters mainly 

including joint bridge length, bridge angle, roughness 

coefficient, and joint inclination on mechanical behavior 

was investigated. The results of RSM analysis revealed that 

the interaction effect of the joint parameters had a 

remarkable impact on the compressive strength and 

deformation modulus.  

A comprehensive study associated with the effect of 

flaw geometries in a cylindrical specimen under uniaxial 

compression strength has not been performed yet, therefore 

in this paper, the effect of flaw inclination, flaw length, flaw 

aperture, the flaw filling and their interaction on strength 

behavior of cylindrical specimens have been studied 

thoroughly. A large number of artificial, flawed specimens 

with different flaw geometry were cast, and the interaction 

effect of flaw parameters on compressive strength was 

investigated using historical design response surface 

methodology. Furthermore, the effect of filled flaw on 

strength behavior is studied and a comprehensive 

comparison between unfilled and filled flaws has been 

carried out.  

 

 

2. Sample preparation and laboratory testing 
 

2.1 Sample preparation 
 

The synthetic samples were made of a mixture of Dental 

Plaster and water. First, water and plaster were mixed in a 

blender with a ratio of 0.45 by weight. Then the mortar was 

placed in a cylindrical plastic mold with internal dimensions 

of 54 mm and 122 mm height. The mold was made of a 

Polyethylene tube with a lateral all-over crack which 

facilitates the removal of specimen from mold after its 

preparation. The crack was fasten using a clamp, and the 

pre-existing flaw in the specimen was created by inserting a 

single Plexiglass blade with different dimensions (Fig.1) 

into the slot and through the mortar, resulting in a flaw 

length (2a) of 13 mm, 26 mm, and 39 mm and aperture of 

1.2 mm, 2 mm, and 2.8 mm.  

The location and orientation of slot were varied to 

provide different flaw inclination and length (see Fig.2), 

and the joint inclination was set to 0◦,15◦, 30◦, 45◦,60◦, and 

75◦. The mold with wet plaster was vibrated for 1 min using 

a vibrating table and after 4 minutes the Plexiglass was 

removed from the sample, which was then removed from 

the mold and placed in a room at a temperature 20◦C for 14 

days. After curing, both ends of the sample were cut and 

machined to ensure flat contact surfaces. Since the samples 

were fabricated with high precision and accuracy, one 

sample was prepared for each test.  

 

2.2 Sample testing 
 
To study the strength of specimens, the maximum axial 

stress was recorded as UCS for all flawed samples, and the 

stress-strain curve for five intact-samples was recorded. The 

UCS experiments on intact cylindrical samples were 

conducted according to (ASTM-D7012-14, 2014), and axial 

stress and strain, as well as lateral strain, were recorded, so 

UCS and elastic modulus, as well as Poisson's ratio 

(ASTM-E 132-97, 1997), were estimated. Moreover, five 

Brazilian discs with a diameter of 54 mm and thickness of 

27 mm were subjected to diametric loading according to 

ISRM suggested method (Bieniawski and Hawkes, 1978) to 

obtain the indirect tensile strength of the artificial material. 

Mechanical and physical characteristics of synthetic 

material are presented in Table 1. 

In this paper, 54 UCS experiments were carried out on 

the specimens utilizing a servo-hydraulic Rock Mechanics 

Testing System (MTS) with a maximum loading capacity of  
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Table 1 Mechanical and physical characteristics of artificial specimens 

Physical or mechanics parameter Value 

Diameter/height 2.26 

Water/plaster 0.45 

Density (gr/cm^3) 1.20 

Unconfined compressive strength (𝜎𝑐, MPa) 21.30 

Elastic modulus (Ε, GPa) 7.00 

Indirect tensile strength (𝜎𝑡, MPa) 3.70 

Poisson's ratio (υ) 0.27 

 

 

(a) (b) 

Fig. 3 (a) Schematic view of specimen and flaw geometry parameters, 2a: flaw length, “A”: flaw aperture and θ: flaw 

inclination and (b) Loading apparatus 

Table 2 the flaw geometry characteristics and the results of uniaxial compressive tests 

Sample NO. 
θ 

(˚) 
2a 

(mm) 
A 

(mm) 
UCS 

(MPa) 
Sample 

NO. 
θ 

(˚) 
2a 

(mm) 
A 

(mm) 
UCS 

(MPa) 
Sample 

NO. 
θ 

(˚) 
2a 

(mm) 
A 

(mm) 
UCS 

(MPa) 

1 0 13 1.2 11.13 19 0 26 1.2 6.50 37 0 39 1.2 1.49 

2 15 13 1.2 14.49 20 15 26 1.2 6.42 38 15 39 1.2 1.28 

3 30 13 1.2 15.24 21 30 26 1.2 7.40 39 30 39 1.2 2.82 

4 45 13 1.2 16.10 22 45 26 1.2 6.97 40 45 39 1.2 4.28 

5 60 13 1.2 15.92 23 60 26 1.2 11.43 41 60 39 1.2 5.60 

6 75 13 1.2 17.38 24 75 26 1.2 14.72 42 75 39 1.2 10.34 

7 0 13 2.0 11.81 25 0 26 2.0 5.09 43 0 39 2.0 1.11 

8 15 13 2.0 13.14 26 15 26 2.0 5.48 44 15 39 2.0 1.19 

9 30 13 2.0 14.90 27 30 26 2.0 6.33 45 30 39 2.0 2.99 

10 45 13 2.0 13.01 28 45 26 2.0 7.06 46 45 39 2.0 3.33 

11 60 13 2.0 18.23 29 60 26 2.0 10.44 47 60 39 2.0 5.13 

12 75 13 2.0 18.68 30 75 26 2.0 15.11 48 75 39 2.0 10.01 

13 0 13 2.8 12.95 31 0 26 2.8 4.53 49 0 39 2.8 1.19 

14 15 13 2.8 13.27 32 15 26 2.8 6.85 50 15 39 2.8 1.07 

15 30 13 2.8 13.95 33 30 26 2.8 7.36 51 30 39 2.8 2.14 

16 45 13 2.8 12.54 34 45 26 2.8 7.23 52 45 39 2.8 3.85 

17 60 13 2.8 16.87 35 60 26 2.8 8.30 53 60 39 2.8 4.88 

18 75 13 2.8 17.85 36 75 26 2.8 12.28 54 75 39 2.8 9.72 
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400 ton. The axial strain rate was fixed at 0.005 mm/s 

according to (ASTM-D7012-14, 2014), to make the record 

of the crack development process more achievable. Fig. 3 

illustrates the loading machine and flaw geometry 

parameters. 

 

 

 

A digital camcorder was employed to monitor the crack 

development and record crack initiation and coalescence 

using a sampling rate of 20 fps (frames per second). The 

specimen was loaded until failure, or cracks had coalesced. 

The flaw geometry parameters are illustrated in Fig. 3(a),  

 

Fig. 4 Synthetic Flawed specimens with filled flaw and θ=45° 

 

 

 

Fig. 5 The variation of UCS with respect to the flaw inclination (a) 2a=13 mm, (b) 2a=26 mm and (c) 2a=39 mm 
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and it is noteworthy that aperture is defined for unfilled 

flaws. The characteristic of each specimen and the results of 

uniaxial strength are presented in Table 2. 

In addition, the effect of the flaw filling on strength 

behavior was investigated by examination of 6 synthetic 

specimens filled by cement mortar. The filling was 

fabricated using Portland Cement Type II, with 45 MPa 

compressive strength. The flaw inclination varied from 0˚ to 

75˚ in 15˚ intervals. The length and the width of the flaw 

were set to 26 mm and 2.8 mm, respectively. A view of 

specimen with filled flaw is shown in Fig. 4. 
 

 

3. Experimental results 
 

3.1 Effect of unfilled flaw inclination on UCS    
 

In order to investigate the effect of unfilled flaw  

 

 

inclination on peak strength of specimens, a series of 

specimens were created according to Table 2. As it can be 

seen from this table, the peak strength of all flawed 

specimens is less than the intact one. The uniaxial 

compressive strength of the intact specimen was 21.3 MPa, 

while the peak strength of specimens containing a single, 

central flaw varied from 1.07 MPa (β= 15˚, 2a= 39 mm, A= 

2.8 mm) to 18.68 MPa (β= 75˚, 2a= 13 mm, A= 2 mm). The 

strength reduction rate of flawed specimens is reported 

between 5% and 88%. The effect of flaw inclination on 

peak strength of cylindrical specimens is shown in Fig. 5, in 

which the flaw length varies from 13 mm to 26 mm and 39 

mm. Fig. 5(a), 5(b), and 5(c) illustrates the relationship 

between flaw inclination, flaw aperture and the measured 

UCS for a constant flaw length of 13 mm, 26 mm, and 39 

mm respectively.  

As can be inferred from Figs. 5(a)-5(c), UCS has  

  

  

  

Fig. 6 Variation of UCS with respect to the flaw length and aperture 
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θ = 0° θ = 15° θ = 30° 

   
θ = 45° θ = 60° θ = 75° 

Fig. 7 The effect of flaw inclination on failure pattern of 

specimens in which A= 1.2 mm and 2a= 26 mㅡ 

 

 

increased with the increase of flaw inclination angle in all 

flaw's geometry. In all flawed specimens, minimum UCS 

has been obtained at the flaw angle of 0˚, except specimens  

 
 

with the flaw angle of 45˚ which have a length of 13 mm 

and the aperture of 2.8 mm (Fig. 5(a)). The maximum value 

of UCS has occurred at the flaw angle of 75˚ in all flaw 

geometries. Additionally, based on the plots (Fig. 5), the 

variation of flaw aperture does not affect UCS in samples 

with higher flaw length, but at low level of flaw length the 

sample with lower aperture exhibits a different mechanical 

behavior from the other samples. 

  

  3.2 Effect of unfilled flaw length and aperture on 
UCS 

 
In order to have an in-depth understanding of the effect 

of flaw length and aperture on UCS, the results were 

presented in accordance with those two parameters (Fig. 6). 

To do so, the flaw length has taken as 13, 26 and 39 mm, 

and flaw aperture was 1.2 mm, 2 mm and 2.8 mm.  

As it can be seen in Fig. 6, by increasing flaw length 

UCS decreases remarkably at all flaw inclinations, and flaw 

aperture has no significant effect on UCS. In addition, it 

indicates that the percentage of UCS reduction at different 

level of flaw inclination is different; in another words, by 

increasing flaw length at low level of flaw inclination (i.e., 

θ=0° and 15°) UCS almost decreases by 60 %, and at its 

middle level (i.e., θ=30° and 45°) it decreases nearly 76 % 

and, finally, at its highest level (i.e., θ=60° and 75°), UCS 

reduces by 88 %. It can be indicated that the percentage of 

UCS reduction at deeper angles of flaw is much more than 

its reduction at lower angle, and flaw aperture does not 

contribute to this reduction. 
    

3.3 Cracking process 
 

The cracking process of specimens is discussed in this  

Table 3 The temporal sequence of initiated cracks 

Specimen Code Primary cracks Secondary cracks Specimen Code 
Primary 
cracks 

Secondary cracks Specimen Code 
Primary 
cracks 

Secondary cracks 

1 T1/T1  19 T1/T1  37 T1/T1  

2 T1 ST2/T3 20 T1/T1  38 ST1/T1  

3 T1/T1  21 T1/T1 ST2 39 T1/T1 ST2 

4 T1/ST1/S1  22 T1/T1  40 T1/T1  

5 T1/T1  23 T1/T1 ST2 41 T1/T1 ST2/S3 

6 T1/S1  24 T1/T1  42 T1/T1  

7 T1/T1  25 T1/T1 ST2 43 T1/S1  

8 T1/T1  26 T1/T1 ST2/S3 44 T1/T1  

9 T1/T1 ST2 27 T1/T1 ST2/S3 45 T1/T1  

10 T1/T1  28 T1/T1  46 T1/T1  

11 T1/T1  29 T1/T1  47 T1/T1  

12 T1/T1/S1/S1  30 T1/ST1  48 T1/T1  

13 T1/T1  31 T1/T1  49 T1/T1  

14 T1/T1  32 T1/T1  50 T1/T1  

15 T1/T1  33 T1/T1  51 T1/T1  

16 T1 ST2/T3 34 T1/T1  52 T1/T1  

17 T1/T1 ST2 35 T1/T1  53 T1/T1 ST2 

18 T1/T1  36 T1/T1  54 T1/T1  
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2a= 13 mm 2a= 26 mm 2a=39 mm 

Fig. 8 The effect of flaw length on failure pattern of 

specimens in which A= 1.2 mm, θ = 30° 

 

   
A= 1.2 mm A= 2 mm A= 2.8 mm 

Fig. 9 The effect of flaw aperture on failure pattern of 

specimens in which L=26 mm, θ = 30° 
 

 

section. As axial loading continues, a new series of cracks 

initiate from the surface of flaws. These newborn cracks 

include all three types of tensile cracks, shear cracks and 

mixed tensile-shear cracks classified by (Wong and 

Einstein, 2009).  
 

3.3.1 Cracking pattern classification 
The temporal sequence of initiated cracks has been 

presented in table 3. In the table, the T, S and ST letters 

indicate tensile cracks, shear cracks and mixed tensile-shear 

cracks, respectively. Moreover, numbers 1, 2 and 3 show 

the temporal sequence of initiated cracks, respectively. As 

an example, T1/T1 indicates two tensile cracks which have 

been initiated simultaneously as primary cracks or ST2 and 

S3 show mixed tensile shear crack and shear crack which 

have initiated after primary crack as secondary cracks. As it 

can be seen, tensile wing cracks are the first cracks which 

have been initiated at low value of loading (Table 3), 

followed by other types of cracks such as shear cracks and 

mixed tensile-shear cracks at higher level of loading. 

However, in a few specimens, other types of cracks (shear 

crack and mixed tensile-shear crack) have initiated with 

tensile cracks simultaneously as primary cracks.  
 

3.3.2 The effect of flaw inclination on failure pattern 
The effect of flaw inclination on crack development is 

shown in Fig. 7, in which flaw aperture and length are fixed  

 

Fig. 10 The effect of filling of flaw on UCS 
 

 

at A= 1.2 mm and L= 26 mm. From flaw angle 0 ͦ to 15 ,ͦ 

joint type T1 initiates from right side of the flaws, and from 

θ = 30° to θ = 75° wing cracks T1 developed too. Crack 

ST2 formed in sample with θ = 60° at the left side of the 

flaw. The variation of UCS vs flaw angle for these 

specimens shows that the increase rate of UCS from flaw 

angle 0 ͦ to 45  ͦ is slow and after θ = 45°, UCS increases 

with a high increasing rate (see Fig. 5(b)). 
 

3.3.3 The effect of flaw length on failure pattern 
Flaw length can easily affect the UCS of specimens. The 

effect of flaw length at three levels of 13 mm, 26 mm and 

39 mm are presented in Fig. 8, in which flaw aperture and 

angle are A= 1.2 mm, θ = 30°. In all three specimens, type 

T1 wing cracks develop at the crack tip, but at flaw length 

26 mm and 39 mm cracks type ST2 developed as well. As 

presented in Fig. 6c, by increasing flaw length UCS 

decreases, and this may happen mainly because as flaw 

length increases, the flaw tips will be closer to the top and 

bottom of specimens, resulting in a lowered bearing 

capacity of the specimen. 

 

3.3.4 The effect of flaw aperture on failure pattern 
The effect of flaw aperture on failure pattern of 

specimens are presented in Fig. 9. The flaw aperture varied 

at three levels (i.e., 1.2 mm, 2 mm and 2.8 mm), and the 

failure pattern was recorded (see Fig. 9). In all models, 

crack type T1 initiates from flaw tip and develops toward 

loading boundaries. However, in specimens with A= 1.2 

mm and A= 2 mm ST2 and S3 initiate from flaw tip 

respectively (see Fig. 9). 
 

3.4 The Effect of flaw filling on UCS 
 

In order to investigate the effect of filling material on 

UCS of flawed specimens, the flaw of 6 samples were filled 

with different joint inclination, and then subjected to axial 

loading. In this case, only the flaw inclination varied, and 

the flaw length and flaw aperture were constant at 26 mm 

and 2.8 mm, respectively. The flaw aperture was filled by a 

mortar of cement with water/cement ratio 1:1 and 

compressive strength 45 MPa which is much more than 

sample’s strength. The effect of flaw inclination on UCS in 

both conditions with filled and unfilled flaw is presented in 

Fig.10.  

Peak strength for specimens with filled flaw is more 

than the peak strength of specimens with unfilled flaw, and  
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θ = 0° θ = 15° θ = 30° 

   
θ = 45° θ = 60° θ = 75° 

Fig. 11 The effec of flaw filling of UCS at different flaw 

angle (flaw apereture and length are keppt constant A= 

2.8 mm and 2a= 26 mm) 
 

 

for both of them it occurs at high level of flaw inclination 

(i.e., θ=75°). In the case of unfilled flaw, specimen with 

inclination angle of 0˚ has the minimum strength and 

specimen with the flaw inclination angle of 75˚ has the 

maximum strength. This may happen due to stress 

redistribution at the flaw tips which can trigger the growth 

of cracks before reaching the specimen to its peak strength. 

Although in the interval of flaw inclination from 15° to 45° 

UCS remains steady, increasing trend of UCS from θ=0˚ to 

θ=75˚is predominant. On the other hand, a typical “U” 

shape of strength anisotropy is occurred when the flaw is 

filled (see Fig. 10), and it drops to a minimum between 

θ=45°and θ=60°. This behavior reveals the capability of 

filling material to prevent crack initiation at low flaw angle.  

As for failure pattern of filled flaw specimens under axial 

loading, at low flaw angle specially θ = 15°, θ = 30° and 

high angle of θ = 75°, failure patter is completely different 

from unfilled specimens. It means that wing cracks barely 

initiated from crack tips and filling easily can transfer stress 

through the specimen. However, at angle θ = 45° and θ = 

60° wing cracks initiate at crack tip and strength decreases 

(see Fig. 11). 

 

 

4. Worked examples  
 

4.1 RSM modeling    
     

In order to study the impact of flaw geometry on UCS,  

Table 4 Coded independent parameters and their 

corresponding levels for multiple regression modelling of 

UCS 

Factor Code 
Level 

-1  1 

Flaw inclination (degree) θ 0  75 

Flaw length (mm) 2a 13  39 

Flaw aperture (mm) A 1.2  2.8 

 

Table 5 Statistical parameter of RSM models 

Description Model Statistical parameter 

Model is significant 345,52 F-value 

Model can be used to navigate the       

design space 
61,459 Adequate precision 

High correlation between the 

exponential   and the predicted 

values 

0.9730 R2 

In a good agreement with their R2        

coefficient 
0.9702 Adjusted-R2 

 

 

the impact of θ, 2a and “A” on UCS were investigated 

statistically. Therefore, for further understanding Historical 

design of Response Surface Methodology (RSM) was 

adopted to investigate the mutual effects of the specimen 

properties on the response.  

 

4.2 Design of experiments and RSM  
 

The design of experiments (DOE) methods, like RSM 

which are based on statistical and arithmetical approaches, 

have been developed to model a process and explain the 

interaction of factors on the response of a system 

(Montgomery 2001, Kirmizakis et al. 2014, Sodeifian et al. 

2014, Yuan et al. 2015, Heidarzadeh et al. 2017, 

Asadizadeh et al. 2018a, b, Li et al. 2018). RSM is able to 

deal with a few number of experiments to investigate the 

interaction among variables and their impact on the 

response (Montgomery 2001). In this paper, a mathematical 

model was developed utilizing the Design-Expert 7 

software and historical data design was employed to model 

RSM. The independent variables included in the modeling 

process are flaw inclination, flaw length and flaw aperture 

(Fig. 3a). The dependent variable is the peak strength, 

which can be expressed using a quadratic model as follows 

(Montgomery 2001, Kirmizakis et al. 2014, Heidarzadeh et 

al. 2018, Asadizadeh et al. 2018,). 

 
(1) 

where y is the response variable representing the UCS; βii, 

βij, βi, and β0 are regression coefficients; and Xi and Xj are 

the values of the independent variables coded in the 

program. The code and level of the independent variables 

are presented in Table 4.  
 

4.3 Variance analysis (ANOVA)  
 

The analysis of variance (ANOVA) technique was  

3 3 3 3
2

0

1 1 1 1

i i ii i ij i j

i i i j i

y X X X X   
    

      
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Fig. 12 The actual and predicted UCS models 

 

 

Fig. 13 Normal probability plot for UCS 

 

 

adopted to estimate the contribution of each parameter and 

their coupled effect on the response (Montgomery 2001). 

The statistical properties of the proposed model have been 

shown in Table 5. 

Based on Table 5 the F-value of model indicated it is 

significant. There is only a 0.01% chance that such a large 

“Models F-Value” occur due to noise. The “Adequate 

Precision” measures the signal-to-noise ratio. A ratio greater 

than 4 is desirable. In addition, the actual and predicted 

UCS is depicted in Fig. 12 and shows a linear regression 

relationship. 

Response transformation is a crucial component of any 

data analysis. Transformation is necessary if the error 

(residuals) is a function of the value of the response. The 

normality is usually checked by normal plot of the 

residuals. When there is a pattern in the plot of residuals 

versus predicted response values, response transformation is  

 

Fig. 14 The Box-Cox plot recommends a power 

transformation with Lambda=0.5 

 

Table 6 ANOVA of RSM modeling for dependent 

parameters 

Parameters 
Sum of 
Squares 

df 
Mean 
Square 

F Value 

Weighting 

contribution 

(%) 

P-value 

Model 49.32 5 9.86 345.52 16.66 < 0.0001 

θ 11.59 1 11.59 406.08 19.58 < 0.0001 

2a 35.17 1 35.17 1232.23 59.41 < 0.0001 

A 0.15 1 0.15 5.16 0.25 0.0277 

θ×2a 1.72 1 1.72 60.11 2.90 < 0.0001 

θ^2 0.69 1 0.69 24.04 1.16 < 0.0001 

Residual 1.37 48 0.03    

Cor Total 50.69 53     

 

 

necessary. Unless the ratio of the maximum response to the 

minimum response is large, transforming the response will 

not make much difference (Miller, 1984). The relationship 

between the normal percentage probability and the 

studentized residual of model is depicted in Fig. 13.  

Therefore, Box-Cox plot (See Fig 14) provides a 

recommended transformation from the power family as 

follows: 

 (2) 

 

4.4 Multiple regression modeling (MRM) 
 
The best significant MRM was suggested using ANOVA 

techniques (see Table 6).  

Afterwards, by checking model validation, the utility of the 

model was proved. Th final mathematical model is 

presented in terms of coded factors (Eq. 3) and actual 

factors (Eq. 4) as follows: 

𝑆𝑞𝑟𝑡 (𝑈𝐶𝑆) = 2.72 + 0.68 × 𝜃 −  0.99 × 2𝑎 − 0.064 × 𝐴 +  0.32 × 𝜃
× 2𝑎 +  0.28 × 𝜃2 (3) 

( ) , 0.5Lambda

Transformed UntransformedMCS MCS Lambda 

95



 

Javad Karimi, Mostafa Asadizadeh, Mohammad Farouq Hossaini, Samuel Nowak and Taghi Sherizadeh 

 

 

 

𝑆𝑞𝑟𝑡 (𝑈𝐶𝑆) = 5.10098 − 0.014022 × 𝜃 − 0.10062 × 2𝑎 − 0.079921 × 𝐴
+ 0.00066 × 𝜃 × 2𝑎 + 0.0002 × 𝜃2 (4) 

According to the equations 3 and 4 and Table 6, flaw 

length has the highest negative effect on specimen strength 

and flaw angle affect UCS positively secondly. Finally, flaw 

aperture has the least effect on UCS. 

4.5 Analysis of response surface model    
      
The individual effect of flaw parameters as well as their 

mutual effect on the UCS, have been shown in Figs. 15 and 

16. As it can be seen in Fig. 15, when a factor varies, other  

 

 

 

factors are kept constant at their middle level. The 

individual effect of θ, 2a and “A” on UCS when other 

parameters are kept constant is presented in the terms of 

coded parameters in Fig. 14. According to this plot, by 

increasing of flaw inclination from 0˚ to 75˚, UCS grows 

from 5.40 MPa to 13.55 MPa, nonlinearly, and it indicates 

that increasing of flaw inclination has a positive effect on 

UCS. Moreover, increasing of flaw length (from 13 mm to 

39 mm) leads to UCS reduction from 13.76 MPa to 3.00 

MPa. Finally, changes in joint angle from 0° to 75° 

decreases UCS by 8.90% (From 7.75 MPa to 7.06 MPa), 

and it indicates that the changes of aperture do not affect the 

UCS significantly. 

 

Fig. 15 The effect of flaw inclination, length, and aperture on UCS in terms of coded value 

 

 

(a) (b) 

Fig. 16 Coupled effect of flaw inclination angle and length on the compressive strength of the flawed specimens when 

another variable is at the middle level (a) Response surface and contour plot and (b) Interaction plot 
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Moreover, according to the results of ANOVA, flaw 
length and inclination mutually affect UCS of specimens, 
and this interaction effect is shown utilizing surface 
response and interaction plots in Fig 16. As it can be seen 
from the plots, when flaw length is constant, by increasing 
flaw inclination, UCS grows up, whereas when flaw angle 
is constant, with increasing of flaw length, UCS decreases 
remarkably. When flaw length is constant at the length of 13 
mm, by increasing of flaw inclination from 0˚ to 75˚, UCS 
increases from 13.19 MPa to 18.93 MPa. When flaw length 
is 39 mm, with increasing of flaw angle from 0˚ to 75˚, 
UCS has increased from 1.04 MPa to 9.09 MPa. 
Furthermore, when flaw inclination is constant at angle of 
0˚, by increasing flaw length from 13 mm to 39 mm, UCS 
decreases from 13.19 MPa to 1.04 MPa. While flaw angle is 
constant at angle of 75˚, by increasing of flaw length from 
13 mm to 39 mm, UCS decreases from 18.95 MPa to 9.09 
MPa. 
 

 

5. Discussion 
 

Many investigations have been conducted on the effect 
of non-persistent joint parameters the on mechanical 
response of natural and rock-like specimens (Bahaaddini et 
al. 2013, Huang et al. 2016, 2019, Asadizadeh et al. 2018a, 
2019a, Han et al. 2018, Yang et al. 2019). Some of them 
reported that by increasing flaw length UCS decreases 
(Bahaaddini et al. 2013, Han et al. 2018, Huang et al. 2019, 
Yang et al. 2019), and others indicated that by increasing 
flaw angle UCS increases, but flaw aperture does not affect 
UCS (Bahaaddini et al. 2013, Asadizadeh et al. 2018a, 
2019a). Moreover, other researchers studied the effect of 
non-persistent joints on failure pattern of specimens (Wong 
and Einstein 2009, Yang et al. 2009, Park and Bobet 2010, 
Yang and Jing 2011, Morgan et al. 2013). All of them 
reported the main three crack types, namely tensile cracks, 
shear cracks and mixed tensile-shear cracks. The results of 
this research was classified based on suggestion given by 
(Wong and Einstein 2009). Therefore, all failure patterns 
reported in this paper are in high consistency with the 
output of other research. 

 As for the UCS trend in filled and unfilled flawed 

specimens, at θ = 75° the wing cracks developed at an axial 

stress level almost near the specimen's UCS, but at low flaw 

angle they start to initiate at low level of axial stress. This 

may lead to rapid failure or somehow explosive failure of 

all specimens with θ = 75°. Moreover, the general trend of 

unfilled flawed specimens is an increasing trend; however, 

when the flaw is filled this trend changed to a "U" type 

anisotropy. The filled flawed specimens are more likely to 

behave like anisotropic jointed or layered rock mass, and 

this may happen mainly because of changing the intensity 

of stress distribution at the tip of cracks and increase 

bearing capacity of specimen by transferring stress through 

the filling. Finally, in filled-flawed specimens with θ = 75°, 

crack development was not as fast as unfilled one, meaning 

that explosive failure would not happen. 
 

 

6. Conclusions 
 

A comprehensive experimental study was carried out on 

the uniaxial compressive strength of synthetic flawed 

specimens, in which 54 specimens with unfilled flaws were 

subjected to axial loading and the impact of flaw 

inclination, length and aperture on UCS was evaluated. In 

addition, the effect of flaw filling on UCS was investigated, 

and the results were compared with those of unfilled flaw 

specimens, and the results were analyzed using AVOVA 

techniques to investigate the interaction effect of flaw 

geometry parameters on the UCS. In all flaw geometry, 

UCS increases by rising flaw inclination, minimum UCS 

was obtained at the flaw angle of 0˚, and accordingly, the 

maximum value of UCS occurred at the flaw inclination of 

75˚. Additionally, the percentage of UCS reduction at 

deeper angles of flaw is much more than its reduction at 

lower angles, and flaw aperture does not contribute to this 

reduction. Moreover, the peak strength for specimens with 

filled flaws is more than the peak strength of specimens 

with unfilled flaw, and for both of them it accrues at high 

level of flaw inclination. Furthermore, flaw filling changes 

strength behavior of specimen with increasing flaw 

inclination from an increasing trend to a typical “U” type 

anisotropy. Finally, the results of ANOVA revealed the flaw 

length and inclination mutually affect UCS of flawed 

specimens, and effect of flaw length on UCS is much more 

than its inclination while flaw aperture does not affect UCS 

significantly. However, investigating the effect of strength 

and deformability of filling material on UCS of flawed 

specimens would push the frontiers in this field of study. 
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