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1. Introduction 
 

The mechanical behaviour of rock and concrete 

structures can be governed by the compression and shear 

behaviours of the discontinuities and non-persistent cracks 

existing or induced in these structures as they are subjected 

to different loading conditions (Einstein 1983, Wong 1998).  

The influence of crack geometry and mechanical treatment 

of the non-consistent cracks on the stability analyses of 

engineering structures are commonly studied by laboratory 

tests (Yang 2012, Sahouryeh 2002, Baud 1996, Lajtai 1974, 

Wong 2009, Bobet 1998, Tang 2001, Chen 2013, De 

Bremaecker 2014).  

Many researches have been accomplished to study the 

cracks initiation, propagation and coalescence in the 

cracked specimens containing a few open flaws under 

uniaxial, biaxial and shear loading (Brown 1970, Zhu et al. 

1997, Bobet and Einstein 1998, Vasarhelyi and Bobet 2000, 

Wong et al. 2001, 2009a, 2009b, Sagong and Bobet 2002, 

Prudencio 2007, 2009, Ozcebe 2011, Yang et al. 2011, Zhou 

et al. 2013, Yin et al. 2014, Noël and Soudki 2014, Liu et 

al. 2015, Tiang et al. 2015, Wan Ibrahim et al. 2015, Yang 

2015, Silva et al. 2015, Gerges et al. 2015, Haeri et al. 
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2013, Haeri et al. 2015a, Haeri 2015b, Li et al. 2015, Li et 

al. 2016, Li et al. 2016, Haeri and Sarfarazi 2016a, 2016b, 

2016c, Haeri et al. 2016d, Sarfarazi et al. 2016b, Sarfarazi 

2016a, 2016b, Sardemir 2016, Wang et al. 2017). In the 

most of these laboratory tests, it is difficult to measure the 

failure mechanism of bridge area (intact material in between 

the rock joints) during the loading process. However, the 

numerical simulations of these tests are good alternatives to 

investigate the failure behaviour and fracturing mechanism 

of these non-persistent cracks using techniques such as the 

finite element method, displacement discontinuity method, 

dual boundary element method, discrete element method, 

and hybridized method (Chan 1990, Bobet 2001, Tang 

2000, Tang 2000a, 200b, Zhang 2009, Mughieda 2009). 

Among these simulations approach the discrete element 

method (DEM) originally proposed by Cundall and Stark 

since 1979 is appropriate to model most of the experimental 

tests and study the mechanical behaviors of soils and rocks 

for rock engineering applications. In the particle flow codes, 

the materials are envisioned as an assembly of elements in 

the form of arbitrary circular disks (in 2D case) or spherical 

particles (in 3D case) which are programmed in the PFC2D 

and PFC3D, respectively. The pioneers in providing a 

realistic calibration procedure for micro-mechanical 

parameters of PFC3D for a contact bonded particle model 

were Kulattilake et al. (2001). A cracked rock model was 

also established in their analyses using the effect of closed 
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Abstract.  A discrete element approach is used to investigate the effects of confining stress on the shear behaviour of joint’s 

bridge area. A punch-through shear test is used to model the concrete cracks under different shear and confining stresses. 

Assuming a plane strain condition, special rectangular models are prepared with dimension of 75 mm×100 mm. Within the 

specimen model and near its four corners, four equally spaced vertical notches of the same depths are provided so that the central 

portion of the model remains intact. The lengths of notches are 35 mm. and these models are sequentially subjected to different 

confining pressures ranging from 2.5 to 15 MPa. The axial load is applied to the punch through the central portion of the model. 

This testing and models show that the failure process is mostly governed by the confining pressure. The shear strengths of the 

specimens are related to the fracture pattern and failure mechanism of the discontinuities. The shear behaviour of discontinuities 

is related to the number of induced shear bands which are increased by increasing the confining pressure while the cracks 

propagation lengths are decreased.  The failure stress and the crack initiation stress both are increased due to confining pressure 

increase. As a whole, the mechanisms of brittle shear failure changes to that of the progressive failure by increasing the 

confining pressure. 
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flaws. They also studied the mechanical behaviour of the 

cracked rock model under uniaxial loading condition and 

established a relation between micro-parameters and macro 

parameters. The open flaws have been created in the bonded 

particle model by removing some of the particles at the 

specified location (Ghazvinian 2012, Sarfarazi 2014). 

The crack propagation process is studied for one, two 

and three open flaws by Zhang (2011), Zhang and Wong 

(2013). Most of the modelled crack propagation patterns 

obtained by the numerical works are quite similar to those 

observed in the laboratory tests. The smooth-crack model is 

another way to model the mechanical behaviour of a crack 

in PFC program. The smooth-crack model proposed by 

Bahaaddini et al. (2013) is used in a bonded particle 

program to study the influence of cracks geometry on the 

fracturing mechanism of the non-persistent jointed rock 

mass. 

In the present research, the specimens designed for a 
Punch Through Shear (PTS) tests have been modelled by a 
discrete element code to study the shear behaviour of the 
non-persistent cracks under different confining pressure. 

The laboratory Brazilian test results are being used to 
measure the micromechanical parameters of concrete 
specimen used in the numerical simulation. The inverse 
modelling calibration approach is used to validate the shear 
behaviour of the bridge area estimated by the numerical 
modelling. These results are compared with those measured 

by the PTS tests in the laboratory. The calibrated modelling 
samples are used to continue the investigation into the shear 
behaviour of the pre-cracked models under different 
confining pressures.       

 

 

2. Numerical modelling of the problem 
 

The discrete element modelling is used to investigate the 

effects of sample shapes on their tensile strength and Is 

(50). A two dimensional particle flow code which employs a 

bonded particle model is appropriate for the numerical 

modelling.  

 

2.1 The discrete element modelling 
 

A particle flow computer code based on the discrete 

element method is used for the numerical analyses of the 

mechanical problems involving the movement of disc 

particles within a confined body. A group of particles with a 

uniform size-distribution are created so that these 

assemblies have radii in the range of the minimum radius to 

the maximum radius of the particles. It is then possible to 

create particles with different shapes so that each particle 

assembly acts as an autonomous object. Each assembly is 

assumed to form a bonded particle model which should 

satisfy the following assumptions. 1) each individual 

particle is a rigid body; 2) The particle contacts occur over a 

small area (point); 3) these contacts are established to obey 

the soft-contact approach behaviour; 4) at the contact points 

(areas) all the (rigid) particles overlap; 5) the induced force 

assigns the magnitude of these overlaps (which are small 

compared to the particle sizes); 6) all the contact points are 

bonded to each other. 

The contact and parallel bonds are the two mostly used 

bonding behaviours in between the discs. The normal and 

shear contact forces are considered as zero when the bonds 

break i.e., when the tensile normal contact force exceeds the 

normal contact bond strength. If the shear force does not 

exceed the friction (at equilibrium conditions) and the 

normal force is compressive and does not altered, the bonds 

may break in shear, when the shear contact force equals or 

exceeds the shear contact bond strength. 

 In the present research a parallel bond model is used to 

model the micro-mechanical behaviour of a brittle rock-like 

material. As shown in Table 1, the parallel bond approach 

includes eight micro-mechanical parameters (of the 

specified body) which are related to the macro-mechanical 

behaviour of the intact material. Some equations are being 

used in the discrete element approach but as far as the 

calibrating of the micromechanical parameters is concerned 

no solid theory can calibrate these parameters with the 

experimentally measured micromechanical properties of the 

material. Therefore, this calibration is usually carried out 

through a trial and error procedure. However, in general, the 

normal and shear strengths of the bond and its elastic 

modulus are related to those of the modelled particle. 

 

2.2 Preparing and calibrating the numerical model 
used for the analyses 

 

Generally, four main steps are involved in preparing a 

test model in a standard discrete element code such as 

PFC2D. These steps may be regarded as: (a) generating and 

packing process of the particles is stablished, (b) an 

isotropic state of stress is specified, (c) the floating particles 

are eliminated, and (d) the bonded particle models are 

installed.  

The tensile strength of the bonded model in discrete 

element analyses can be calibrated via Brazilian tensile test 

results. The standard calibration procedure (three calibrated 

particle assembly) as adopted from Cundall and Dtark 

(1979) are considered (the micro-properties listed in Table 

1). The Brazilian discs of 54 mm in diameter are modelled 

in the numerical modelling tests. These disc specimens  

 

 

Table 1 The material’s micro-properties used to represent 

the model with a tensile strength of 4.6 MPa 

Property Value Property Value 

Type of particle disc Parallel bond radius muliplier 1.4 

Densiy (kg/m3) 2000 
Youngs modulus of parallel 

bond (GPa) 
40 

Minimum radius 

(mm) 
0.27 Parallel bond stifness ratio 1.7 

Size ratio 1.56 Particle friction coefficien 0.4 

Porosity ratio 0.08 
Parallel normal strength, 

mean (MPa) 
25 

Local damping 

coefficient 
0.7 

Parallel normal strength, 

std. dev (MPa) 
2 

Contact young 

modulus (GPa) 
4 

Parallel shear strength, 

mean (MPa) 
25 

Stiffness ratio 

(kn/ks) 
1.7 

Parallel shear strength, std. 

dev (MPa) 
2 
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(a) (b) 

Fig. 1 The tensile fracturing patterns of Brazilian disc 

samples in (a) numerical model, (b) experimental specimens 

 

 

were tested by allowing the lateral walls move toward each 

other at a low speed of 0.016 m/s. The failure processes of 

the tested specimens for the numerical and experimental 

tests are illustrated in Fig. 1(a) and Fig. 1(b), respectively. 

These Figures show that there is a good matching in 

between the failure planes experienced in numerical and 

laboratory tests. The numerical and experimental values of 

the tensile tests are 4.2 MPa and 4 MPa, respectively, which 

are close to each other too and therefore the numerical 

results are validated. 

 

2.3 The numerical simulation of punch through shear 
test samples with non-persistent open cracks 
 

The shears through tests on the pre-cracked samples are 

numerically simulated by the discrete element code after its 

calibration. Fig. 2 shows a proposed shear box model (with 

dimension of 75×100 mm.) to simulate this problem (Fig. 

2). The shear box model samples are discretized by 11,179 

circular disc elements with a minimum radius of 0.27 mm. 

The two non-persistent vertical bands of particles are 

deleted from the banded particles model to create the planar 

non-persistent cracks already existing in the original 

experimental test specimens. Then in the upper and lower 

parts of the models, four vertical (parallel) notches with 

equal lengths of 35 mm are made with the horizontal 

distance 40 mm and bridge length 30 mm. (Fig. 2). The 

influence of confining pressure on the shear behaviour of 

bridge areas is investigated by simulating six specimens 

each containing edge-notched cracks with similar lengths. 

For each of these simulated models, seven different 

confining pressures (i.e., 2.5, 3.5, 4.5, 7, 9, 12 and 15 MPa. 

are selected to study the individual models.  

 
2.4 Set up for the shear loading devices 
 

Loading of the model is performed by setting up the five 

loading walls (Fig. 2). Various confining pressures are 

applied to the model by moving (turning) the loading walls 

id=1 and id=2 in the positive side (counter clockwise) and 

negative side (clockwise) of x-axis, respectively.  

The shear loadings are applied to the model (sample) by 

moving the lower wall in the positive Y-axis and the upper 

wall in the opposite direction of the Y-axis slowly (with an 

adequate low velocity of 0.016 m/s) to ensure a quasi-static 

equilibrium conditions. The normal stress is kept constant 

by adjusting the velocity of the left and right walls by a 

numerical servo-control mechanism. The shear  

 

Fig. 2 A specified model for the punch-through shear test 

 

 

Fig. 3 The parallel bond force distribution vectors before 

the crack initiation process in the modelled samples under a 

confining pressure of 2.5 MPa 

 

 

displacement is measured by tracing the upper wall 

displacement (i.e., wall 3 as shown in Fig. 2). The 

corresponding shear force is also registered by taking the 

reaction forces on the wall 3. 

 

 

3. The distribution of force and displacement vectors 
in the modelled samples 

 

The numerical model of the punch through shear test 

gives the distribution of force and displacement in the 

model during the loading time. During the process of cracks 

initiation, propagation and failure of the numerical models 

the vectors of displacements and loads distribution within 

different parts of the samples can be visualized. 

 

3.1 The modelled parallel bond forces before the 
crack initiation process 

 

The parallel bond force distribution (as shown in Fig. 3) 

illustrates the state of force vectors within the modelled 

samples before the crack initiation process under a 

confining pressure of 2.5 MPa. The red and dark lines 

shown in Fig. 3 represent the tensile and compression force 

vectors in the model, respectively. The coarse lines and their 

accumulation show the areas where larger forces are 

induced within the model. It can be easily seen that the 

tensile forces of the bonded particles at the tip of the crack 

are less than their shear strength, therefore, the tensile crack 

initiation is a dominant mode of fracturing that initiates at 

the tip of the crack within the modelled samples. 
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(a) 

 
(b) 

Fig. 4 (a) the contact force distribution before the crack 

initiation process in the model under a confining pressure of 

2.5 MPa, (b) a typical contact force distribution in a pre-

cracked model under a direct shear loading as reported by 

Ghazvinian et al. (2012) 

 

 

3.2 The modelled contact forces before the crack 
initiation 

 

The contact force vectors shown in Fig. 4(a) illustrate 

the contact force distribution under the confining pressure 

of 2.5 MPa before the crack initiation process. Fig. 4(b) 

shows a typical contact force distribution in a pre-cracked 

model under a direct shear loading as reported by 

Ghazvinian et al. (2012). The black lines are parallel to the 

contact forces, and their thicknesses are proportional to the 

magnitude of these forces. As shown in these figures, the 

contact forces in the modelled samples are not uniformly 

distributed as the sample approaches its peak strength. In 

the pre-cracked models, the contact forces are concentrated 

near the crack tips due to the crack initiation in the intact 

material model. However, in both samples, the contact 

forces in the centre of the sample are inclined to the 

direction of shearing by approximately 0°-40°. 

 

3.3 The distribution of displacement vectors in the 
modeled samples 
 

The distribution of particle displacement vectors in the 

modelled sample under a confining pressure of 2.5 MPa is 

shown in Fig. 5(a). The typical displacement vector 

observed in the Brazilian tensile test simulation using the 

same micro-parameters as in the punch through shear test is 

shown in Fig. 5(b). The displacement vectors of the 

particles in a modelled sample illustrate how the particles 

are moving as they are subjected to the external loading 

conditions. Fig. 5 illustrates that in both the direct shear test 

and the Brazilian test, the displacement vectors show  

 
 

 
(b) 

Fig. 5 (a) The particle displacement vectors in the modelled 

samples under confining pressure of 2.5 MPa, (b) The 

displacement vectors observed in a Brazilian tensile test 

 

 

similar trends, and the fractures display a tensile mode of 

failure, characteristic of Mode I fractures (the fracture 

mechanics terminology for fractures subjected to tensile 

loading conditions). 

 

 

4. The effects of confining pressure on the failure 
behavior of the modelled samples 

 

The micromechanical behaviour and fracture patterns of 

the modelled samples with the planar non-persistent cracks 

under various confining pressures (2.5, 3.5, 4.5, 7, 9, 12 and 

15 MPa) are considered to study the effects of confining 

pressure on fracturing process of the brittle materials in a 

punch through shear test. 

 

4.1 Failure mechanism of the model at a confining 
pressure of 2.5 MPa 

 

In the failure mechanism of the modelled samples at a 

confining pressure of 2.5 MPa, the tensile wing cracks may 

initiate from the crack tips and propagate diagonally with 

respect to the direction of shear loading. Fig. 6(a) shows 

several shear bands developed within the bridge area and 

led to the spalling failure of the specimen. As shown in the 

shear loading diagram of Fig. 6(b), the bridge area may 

exhibit a linear elastic behaviour at the beginning of shear 

loading then, as the loading increases, this behaviour 

gradually changes to that of non-linear. However, from the 

results shown in Fig. 6(c), it can be concluded that cracks 

initiates at shear loading of 877 KN., where 475 tensile 

micro-cracks are developed with in the model while the  

192



 

A discrete element simulation of a punch-through shear test to investigate the confining pressure effects on the shear behavior… 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6 (a) The fracture patterns of non-persistent crack in 

the modelled samples for a confining pressure of 2.5 MPa, 

b() The shear force versus the cycle, (c) The variation of 

cracks number versus the applied force 

 

 

number of shear cracks reaches to 35. Due to the lower 

tensile strength of the modelled samples the tensile cracks 

are the most dominant mode of failure compared to those of 

shear mode. At the peak shear loading condition, a total 

number of 250 tensile cracks are developed while the 

number of shear cracks reaches to 13. 

 
4.2 Failure mechanism of the model at a confining 

pressure of 3.5 MPa 
 

The tensile wing cracks initiates from the crack tips at a 

confining pressure is 3.5 MPa. These cracks propagate 

diagonally with respect to the direction of shear loading 

condition. Fig. 7(a) shows several shear bands that are 

developed within the bridge area and cause the spalling 

failure of the sample. However, Fig. 7(b) shows the shear 

loading diagram that the bridge area may have a linear 

elastic behaviour at the beginning of the shear loading 

which gradually changes to that of non-linear as the loading 

increases. Fig. 7(c), illustrates that the cracks may initiate at 

the shear loading of 975 KN., where, 527 tensile cracks are 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 (a) the fracture patterns of the non-persistent cracks 

in the samples with a confining pressure of 3.5 MPa, (b) the 

shear force versus the cycle, (c) the variation of cracks 

number versus the applied force 

 

 

developing within the modelled sample while the number of 

shear cracks is only 46. In this case again the tensile cracks 

are the dominant mode of failure in the model. It should be 

noted that 190 tensile cracks are developed at the peak shear 

loading conditions while at the same conditions the shear 

cracks number is only 10. 

 

4.3 Failure mechanism of the model at a confining 
pressure of 4.5 MPa 

 

Fig. 8(a) shows several shear bands developed within 

the bridge area of the joints and cause the spalling of the 

specimen at a confining pressure of 4.5 MPa. While the 

shear loading diagram shown in Fig. 8(b) illustrates that the 

intact material within the bridge area has a linear elastic 

behaviour at the beginning of shear loading but this 

behaviour changes to that of non-linear one with increase in 

the loading. However, as shown in Fig. 8(c), it can be easily 

concluded that the tensile and shear cracks initiate at shear 

loading of 992 KN. A total number of 552 tensile cracks are 

developed within the modelled samples while the number of 

shear cracks increase to 75. Therefore, the tensile cracks are 

the dominant mode of failure that occurs in the modelled 

samples. It’s to be noted that about 150 tensile cracks are 

developed at the peak shear loading condition while the 

number of shear cracks is around 10 at this stage. 
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(a) 

 
(b) 

 
(c) 

Fig. 8 (a) The fracture patterns of the non-persistent cracks 

in the modelled samples under a confining pressure of 4.5 

MPa, (b) The shear force versus the (loading)cycle, (c) The 

cracks number versus the applied force 

 

 

4.4 Failure mechanism of the model at a confining 
pressure of 7 MPa 
 

As shown in Fig. 9(a), several shear bands may have 

developed within the bridge area and cause the spalling 

failure of the modelled specimens. This figure illustrates 

that the number of wing cracks decreases with an increase 

in the confining pressure. Fig. 9(b) shows the shear loading 

diagram which illustrate that the bridge area (i.e., the intact 

part of the specimen) has a linear elastic behaviour at the 

beginning of shear loading while this behaviour changes to 

that of non-linear one with an increase in the loading. From 

the results shown in Fig. 9(c), it can be concluded that the 

tensile and shear cracks initiate at a shear loading of 1069 

KN. The number of tensile cracks within the modelled 

samples is about 475 while that of the shear cracks is about 

75 under shear loading condition. The tensile cracks are 

again the dominant mode of failure that occur in the 

modelled samples because a total number of 200 tensile 

cracks are developed at peak shear loading while the 

number of shear cracks reaches to 20 at this stage. 

 

4.5 Failure mechanism of the model at a confining 
pressure of 9 MPa 

 

Fig. 10(a) shows that as the confining pressure reaches 

to 9 MPa, again several shear bands are developed within 

the bridge area of the modelled samples and spalling failure 

 
(a) 

 
(b) 

 
(c) 

Fig. 9 (a) the fracture patterns of non-persistent crack in the 

modelled samples at a confining pressure of 7 MPa, (b) The 

shear force versus The cycle, (c) the cracks number versus 

the applied force 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10 (a) the fracture patterns of the non-persistent cracks 

of the models for a confining pressure of 9 MPa, (b) The 

shear force versus the cycle, (c) The cracks number versus 

the applied force 
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Fig. 11 The fracture patterns of the modelled samples with 

non-persistent cracks for a confining pressure of 12 MPa 

 

 

Fig. 12 The fracture patterns of the models with non-

persistent cracks for a confining pressure of 15 MPa 

 

 

of the specimen is occurred. This figure again validates that 

as the confining pressure increases the number of wing 

cracks decreases. The shear loading diagram of Fig. 10(b) 

illustrates that the bridge area within the model has a linear 

elastic behaviour at the beginning of shear loading and 

changes to that of non-linear as the loading increases. From 

the results shown in Fig. 10(c), it may be concluded that the 

tensile and shear cracks initiate at shear loading of 1069 

KN. The total number of tensile cracks developed within 

the model reaches to 656 while those of shear cracks are 

about 110. This case is also like the previous cases and 

shows that the tensile cracks are the most dominant mode of 

failure and a total number of 375 tensile cracks are 

developed at the peak shear loading while those of shear 

cracks reaches to 55 at this stage. 

 

4.6 Failure mechanism of the model at confining 
pressures of 12 MPa and 15 MPa 
 

Finally, Figs. 11 and 12 illustrate the tensile failure of 

the modelled samples at confining pressures of 12 MPa and 

15MPa, respectively. These Figures again validates that as 

the confining pressure increases the number of wing cracks 

decreases and tensile failure dominants that of shear in the 

modelled samples.   

 

 

5. The effect of confining pressure on the failure 
stress and crack initiation stress 

 

The variations of failure stresses and the crack initiation 

stresses versus the confining pressure are depicted 

graphically in Fig. 13. Both of these stresses are increasing 

as the confining pressure is increased. However, as shown 

in the graphs, the failure stresses increase more than those 

 

Fig. 13 Variation of the failure stresses and crack initiation 

stresses versus the confining pressure 

 

 

of the crack initiation. 
own in Fig. 13, the relation between the peak of failure 

stress and the confining pressure is a linear fitting curve 
while that of the peak shear load is also almost linear but 
with a smaller slope to the confining pressure. However, 
from the fitting equations under high confining pressure, 
y=0.985x+11.26 for the case of failure stress analysis. It 
may be concluded that the peak of shear stress is 11.26 
MPa. for the specimens with no confining pressure.  

 

 

6. Discussions 
 

In the present work, the punch through shear test 
specimens are modelled numerically by the discrete element 
method and their shearing behaviours under various 
confining pressure is studied. Firstly, the micromechanical 
parameters of concrete cracks used in the numerical 
simulation are measured experimentally by the laboratory 
Brazilian test results to calibrate the numerical modelling 
technic. Secondly, the shear behaviour of the pre-cracked 
modelled samples under various confining pressure is 
investigated numerically.    

Comparing the results shown in Figs. 6-13, one may 

conclude that the capacity of the bridge area to resist the 

shear loading has a close relationship with the failure 

mechanism of the modelled samples. By increasing the 

confining pressure, the shear band numbers and the peak 

shearing load are increased and usually in most cases the 

tensile fracture failure is the most dominant fracturing mode 

of the modelled samples compared to that of the shear 

cracks mode of loading. 

As shown in Fig. 13, for the confining pressure of 2.5 

MPa, the brittle concrete failure mechanism is dominant 

because the difference between the failure stress and the 

crack initiation stress is small (fracture mechanics 

principles). On the other hand, when the confining pressure 

is high (for example 9 MPa in Fig. 13), the difference 

between the failure stress and the crack initiation stress is 

high enough to cause a progressive concrete fracturing 

failure mechanism based on the fracture mechanics 

principles. This means that the brittle failure mechanism 

changes to that of the progressive failure by increasing the 

normal load at the specified confining pressures. For the 

case of pre-cracked specimens, it may be concluded that the 

peak of shear load is mostly influenced by its fracture 

pattern, while the fracture pattern of the bridge area is 

mainly controlled by the confining pressure. 
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7. Conclusions 
 

A discrete element modelling approach is used to 

simulate the effect of confining pressure on the shear 

behaviour of concrete cracks modelled in a punch through 

shear test. In the modelled samples, four equally spaced 

vertical notches are provided at equal distance from the four 

specimen corners. The length of each individual notch is 35 

mm. The modelled samples are subjected to different 

confining pressures (ranging from 2.5 to 15 MPa). Then, the 

central portion of the modelled sample is compressed 

axially. 

Some of the basic conclusions may be counted as the 

following. 

• The total number of the shear cracks produced in the 

modelled samples is increases as the confining pressure 

increases. 

• At the low confining pressure (2.5 MPa), failure of the 

modelled specimens is mainly governed by the induced 

tensile load. 

• At the higher confining pressures, the effects of shear 

stresses increase so that the mixed shear/tensile stresses 

are basically responsible for the bond breakage in the 

bonded modelled samples. 

• The number of shear bands and their mean orientations 

are increased by increasing the confining pressure but 

their propagation lengths are decreased. 

• As the confining pressure increases the symmetrical 

failure surface changes to that of the non-symmetrical 

rough surface and a stable crack growth may occur in 

the samples. 

• The shear band number and the capacity of bridge area 

within the modelled samples (to resist the shear loading) 

are increased by increasing the confining pressure. 

• The increase in the confining pressure also increases 

the crack initiation stress and the failure stress. 

• At a low confining pressure (2.9 MPa) as shown in 

Fig. 12(a), the brittle failure as defined in concrete 

mechanics context is occured because the difference 

between the failure stress and crack initiation stress is 

small. 

• At a higher confining pressure (9 MPa) as shown in 

Fig. 12(b), the progressive fracturing failure (crack 

propagation phenomenon) as defined in concrete 

fracture mechanics context is occurred. 

• It is concluded that when the confining pressure is 

three times of the tensile strength of the modelled 

samples, their failure dominantly control by the 

confining pressure. 
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