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Abstract—Two-dimensional finite element model was created in

this work to investigate the stresses distribution within rock-like
samples with offset open non-persistent joints under biaxial loading. 
The results of this study have explained the fracture mechanisms
observed in tests on rock-like material with open non-persistent offset
joints [1]. Finite element code SAP2000 was used to study the
stresses distribution within the specimens. Four-nodded isoperimetric
plain strain element with two degree of freedom per node, and the
three-nodded constant strain triangular element with two degree of
freedom per node were used in the present study.The results of the
present study explained the formation of wing cracks at the tip of the
joints for low confining stress as well as the formation of wing cracks
at the middle of the joint for the higher confining stress. High shear
stresses found in the numerical study at the tip of the joints explained
the formation of secondary cracks at the tip of the joints in the
experimental study. The study results coincide with the experimental
observations which showed that for bridge inclination of 0o, the
coalescence occurred due to shear failure and for bridge inclination of
90o the coalescence occurred due to tensile failure while for the
other bridge inclinations coalescence occurred due to mixed tensile
and shear failure.

Keywords—Finite element, open offset rock joint, SAP2000,
biaxial loading

I. INTRODUCTION

HE behavior of a rock mass is mainly controlled by the
presence of the discontinuities within the rock. Rock

masses are usually discontinuous in nature as a result of
various geological processes. Consequently, joints and rock
bridges form in the rock masses. Understanding of the
initiation, propagation and coalescence of rock cracks is an
important aspect in rock mechanics. Crack propagation and
coalescence processes may contribute to rock failure in slopes,
foundations and tunnels. Joint propagation and coalescence
can reduce the stiffness of jointed rock masses causing the
shear failure of rock slopes [2. Also, joint propagation and
coalescence can induce earthquakes by forming shear faults
[3]. Only few studies have been performed on biaxial loading
condition, some are presented by [4]. [4] performed uniaxial
and biaxial loadings on jointed rock blocks and found three
different failure modes under different joint geometry
configurations: (a) tensile splitting through intact material; (b)
shear and tensile failure or shear failure only on pre-existing
joints; and (c) a mixed failure mechanism of the above two
modes. 
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Also, concluded that orientation of joint sets and the level
of intermediate principal stress play major roles with respect
to the mode of failure. Many investigators have studied the
crack propagation in different materials in uniaxial
compression such as [5] and [6]  on glass, [7] on plaster of
Paris, [8], [9], [10], [11], [12] , [13] on gypsum, [14] on rock
like material mortar ( Portland cement, sand and water),  [15]
on mortar (Portland cement, water and sand). Two types of
crack patterns have been observed by those researchers: Wing
cracks and secondary cracks. Wing cracks appear first; they
are tensile cracks, which initiate at the tips of the joint (from
now on the term  joint will be used for preexisting cracks) and
propagate steadily in a curvilinear path  in the direction of the
applied axial load. Reference [1] performed biaxial
compression tests on block specimens made of rock like
material (Portland cement: type I, water and sand) to study the
effect of bridge inclination angle on the fracture mechanism of
rock masses under biaxial loading condition.  The present
finite element work has been carried out to explain the results
of the study by [1]. The present study focuses on investigation
the stress distribution in the bridge area, which was the most
important reason for the coalescence of fracture and
eventually the failure of the specimens.

II.EXPERIMENTAL WORKS

Reference[1] have performed a series of biaxial
compression tests on blocks with offset non-persistent joints to
study the effect of bridge inclination angle on the failure
mechanism of blocks with open non persistent rock joints
under biaxial loading.  The inclination angle of the joints (�)
remained constant at 45º for all specimens and the inclination
angle of the bridge (�) was changed from 0º to 90º with an
increment of 15º. The specimens were tested under three
different confining stresses: 0.35, 0.7 and 1.5 MPa. The lateral
stress to unconfined compressive strength (11 MPa is an
average value) ratios are: 0.032, 0.064 and 0.14, respectively.
In all the tests, the confining load was applied first and held
constant at the desired level, while the vertical load was
increased until failure. The geometry of block tested and
loading frame are shown in Figure 1.

III. DESCRIPTION OF FINITE ELEMENT MODEL

In order to determine the state of stress before the wing
crack initiation and coalescence, finite element analyses were
performed on the crack arrangements that were studied
experimentally. A linear elastic material was assumed for
these analyses, mainly because there were no signs of major
material damage prior to crack initiation and coalescence.
Modulus of elasticity of approximately 10510 MPa was
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obtained from the experimental load-displacement curves and
used in the analyses. A Poisson’s ratio of 0.25 was assumed. 

Four-nodded isoperimetric plain strain element with two
degree of freedom per node, and the three-nodded constant
strain triangular element with two degree of freedom per node
were used in the present study. The following boundary
conditions were applied on the finite element model: zero
vertical displacement along the bottom edge, and a uniform
distribution load on the top surface, the magnitude of which
was approximately the measured coalescence load (in MPa)
for the crack geometry analyzed. It was assumed that the
cracks were sufficiently far from the top and bottom of the
block such that the exact distribution of loads on theses edges
did not significantly affect the stresses around the cracks.  The
three-dimensional effects in the experiments were neglected
since the modeled used in the present study was two-
dimensional.

β

α Bridge
inclination

Joint
inclination

64cm

28 cm

a) Geometry of the specimens and pre-existing cracks

Fig. 1 a) Geometry of the specimens and pre-existing cracks, b)
Loading frame. [1]

IV. LINEAR ELASTIC RESULTS AND DISCUSSION

A. Coplanar Joints (�= 45, �=0o)

The results of finite element are shown in Figures 3-5. As
shown in these figures the shear strength is maximum in the
region between the pre-existing cracks (bridge segment).
Which implies that the shear stress was mainly responsible for
the initiation and propagation of the secondary crack that
caused the specimen failure. By investigating the plane of
failure of the tested block in the experimental work a crushed
material with many kink steps was observed, indicated that the
shearing stress was responsible of block failure. This
conclusion matches the results of finite element method. 

a) Maximum principal stresses        b) Maximum shear stresses
Fig. 3 a) Maximum principal stress and b) maximum shear stress

around 45o o
3

B. Slightly offset Joints (�= 45, �=30o)

Experimental work showed that shear and tensile stresses
were both responsible for the crack initiation and propagation
that caused failure of the sample. By investigating the results
of finite elements method presented in Figures 6-8. The
figures show that tensile stresses are concentrated at the tips of
the joints, while shear stress values are high at the middle of
the bridge segment, indicating shear failure. The effect of
confining stress is also shown in these figures. As the

-0  cracks. (σ = 0.35MPa)

Fig. 2 Failure surface of ODJ1, � =0º, � =45º [1]
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confining stress increases the principal stress increases in the 
bridge segment which resulted the suppressing of tensile 
failure and preventing the formation of wing crack.

a) Maximum Principal Stresses            b) Maximum shear stresses 
Fig. 4 a) Maximum principal stress and b) maximum shear stress 

around 45o-0o cracks. (σ3= 0.7MPa) 

a) Maximum Principal Stresses         b) Maximum shear stresses 
Fig. 5 a) Maximum principal stress and b) maximum shear stress 

around 45o-0o  cracks. (σ3= 1.5MPa) 

a) Maximum Principal Stresses           b) Maximum shear stresses 
Fig. 6 a) Maximum principal stress and b) maximum shear stress 

around 45o-30o cracks, (σ3= 0.35MPa 

a) Maximum principal stresses              b) Maximum shear stresses 
Fig.7  a) Maximum shear stress and b) maximum principal stress 

around 45o-30o cracks, (σ3= 0.7MPa) 

a) Maximum principal stresses              b) Maximum shear stresses 
Fig. 8 a) Maximum shear stress and b) maximum principal stress 

around 45o-30o cracks, (σ3= 1.5MPa

C. Offset joints (� = 45, � = 45o) 

The experimental tests and finite elements analysis showed 
that wing cracks were formed due to high tensile stresses 
concentrated at the tips of the joints. These stresses caused the 
outer wing cracks to propagate and coalesce with the edge of 
the sample. While the shear stress concentration initiated a 
secondary crack at one of the inner tips.  The characteristics of 
the failure surface indicated that high tensile stresses existed 
along the bridge. The final coalescence was caused by both 
tensile and shear stresses. Wing cracks were developed at the 
middle of the joint at low confining stress and disappeared at 
higher confining stress. Finite elements analysis results are 
shown in figures 9-11. 

D. Sample with (� = 45o, � = 60o) 

Three specimens with � =60o and � =45o, were tested under 
confining stresses of 0.35, 0.7 and 1.5 MPa, respectively. The 
experimental tests showed that, two wing cracks initiated at 
the outer and inner tips of the joints (pre-existing cracks). 
Then, a tensile crack initiated in the middle of the bridge 
segment. The surface of failure and the surface of wing cracks 
showed that, there is a pulverized or crushed material, and 
some traces of shear displacement could be seen in the vicinity 
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of the joint tip while a smooth surface without crushed 
material was noticed at the middle of the bridge segment 
Failure mode can be described as Type II (shear + tension). 
Finite element analysis results agree with the experimental 
tests results as shown in Figures 12-14. 

a) Maximum principal Stresses             b) Maximum shear stresses 
Fig. 9 a) Maximum shear stress and b) maximum principal stress 

around 45o-45o cracks, (σ3= 0.35MPa) 

a) Maximum principal Stresses      b) Maximum shear stresses
Fig. 10 a) Maximum shear stress and b) maximum principal stress 

around 45o-45o cracks, (σ3= 0.7MPa) 

a) Maximum principal Stresses       b) Maximum shear stresses 
Fig. 11 a) Maximum shear stress and b) maximum principal stress 

around 45o-45o cracks, (σ3= 1.5MPa)

a) Maximum principal Stresses             b) Maximum shear stresses
Fig. 12 a) Maximum shear stress and b) maximum principal stress 

around 45o-60o cracks, (σ3= 0.35MPa)

a) Maximum principal Stresses           b) Maximum shear stresses 
Fig. 13 a) Maximum shear stress and b) maximum principal stress 

around 45o-60o    cracks, (σ3= 0.7MPa) 

a) Maximum principal Stresses       b) Maximum shear stresses 
Fig. 14 a) Maximum shear stress and b) maximum principal stress 

around 45o-60o   cracks, (σ3= 1.5MPa) 

E. Samples with (�= 45, �=75o) 

Three specimens with � =75o and � =45o, were tested under 
confining stresses of 0.35, 0.7 and 1.5 MPa, respectively.  The 
experimental results showed that external wing cracks initiated 
and propagated steadily toward the vertical loading and in a 
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curvilinear path, and each inner wing crack initiated at the 
inner tip of each joint.   

a) Maximum principal Stresses        b) Maximum shear stresses
Fig.15 a) Maximum shear stress and b) maximum principal stress 

around 45o-75o cracks, (σ3= 0.35MPa) 

a) Maximum principal stresses       b) Maximum shear stresses 
Fig. 16 a) Maximum shear stress and b) maximum principal stress 

around 45o-75o cracks 

a) Maximum principal Stresses               b) Maximum shear stresses 
Fig. 17 a) Maximum shear stress and b) maximum principal stress 

around 45o-75o cracks, (σ3= 1.5MPa) 

  The failure was due to the coalescence of the shear cracks 
initiated at the inner tips of the joints and the tensile crack 
initiated in the rock bridge.  

The surface of failure at the bridge area is tension-shearing 
surface. The finite elements results shown in Figures 15-17 

match the results of the experimental tests where tensile stress 
are concentrated in the region between the cracks, bridge 
segment, while shear stress values are high at the tip of the 
joints. 

F. Sample with (�= 45, �=90o)

Two specimens with � = 90o and � =45o, were tested under 
confining stresses of 0.35, 0.7 and 1.5 MPa, respectively. The 
experimental tests results showed that wing cracks at the out 
tips were initiated and propagated towards the applied load 
initially. Then, wing cracks initiated and propagated steadily 
at the middle of the joints. A tensile crack initiated at the 
middle of the bridge segment and propagated towards the tips 
of the pre-existing joints which eventually caused the 
specimen failure. The cracks that caused failure were created 
by tension. Same conclusion is reached by looking at the finite 
elements results, Figures 18-19. The tensile stress in the bridge 
segment area indicates that failure was mainly due to tension. 

a) Maximum principal Stresses         b) Maximum shear stresses
Fig. 18 a) Maximum shear stress and b) maximum principal stress 

around 45o-90o cracks, (σ3= 0.35MPa)

a) Maximum principal Stresses        b) Maximum shear stresses 
Fig. 19  a) Maximum shear stress and b) maximum principal stress 

around 45o-90o cracks, (σ3= 0.7 MPa) 

V.CONCLUSIONS

The failure of rock mass containing non-persistent joints is 
complicated and not well understood yet. Finite element 
analysis was performed to study the stresses condition at the 
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tips of the pre-existing joints and in the rock bridge segments 
on crack arrangements that were studied experimentally under 
biaxial loading condition.  The bridge inclination was the main 
variable that controlled the mode of failure. For bridge 
inclination of 0o, the coalescence occurred due to shear failure 
and for bridge inclination of 90o the coalescence occurred due 
to tensile failure while for the other bridge inclinations 
coalescence occurred due to mixed tensile and shear failure. 
The effect of confining stress on mode of failure was 
insignificant.  Finite element analyses based on two-
dimensional finite element model and linear elastic material 
showed that tensile stress was mainly responsible for wing 
crack initiation while the shear stress was responsible for the 
secondary crack initiation. 
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