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Abstract: 
The present study aimed to investigate the influence of the orientation of 
joint set in foundations on fractured rock. A predefined failure mechanism, 
such as the sliding of a wedge on an interface, was analyzed in detail 
according to the ÖNORMEN B 1997-1-2 standards. Particular attention was 
given to considering the spatial orientation of interfaces in foundations 
through three-dimensional calculations. 

The calculations were conducted using the following methods: 

• The analytical limit equilibrium method by Ladanyi and Roy (1971). 
• The computational program 3DEC, which allows for a numerical 

investigation based on the Discrete Element Method (DEM). 

All investigations were carried out following the Mohr-Coulomb failure 
criterion. The strength parameters, namely cohesion and friction angle of 
potentially existing interfaces, were reduced compared to intact rock. 

The comparison of calculation results using the above-mentioned methods 
clarifies that bearing capacity and failure mechanisms are significantly 
influenced by the mechanical properties, as well as the orientation and 
spacing of the joint set. However, since these variables were not adequately 
considered in the analytical contexts and ÖNORM standards, comparable 
results can only be obtained under specific conditions. 

Considering the substantial differences in calculation results, the question 
arises as to whether the methods for assessing the load-bearing capacity of 
foundations on rock should be more precisely regulated in the relevant 
standards. 

 

 

 



 

Kurzfassung: 
Die vorliegende Studie hatte zum Ziel, den Einfluss der Ausrichtung von 
Trennflächen bei Gründungen auf geklüftetem Fels zu untersuchen. Dabei 
wurde ein vordefinierter Versagensmechanismus, wie beispielsweise das 
Gleiten eines Keilkörpers auf einer Trennfläche, gemäß den ÖNORMEN B 
1997-1-2 detailliert analysiert. 

Ein Besonderes Augenmerk lag hierbei auf der Berücksichtigung der 
räumlichen Orientierung der Trennflächen bei Gründungen mittels 
dreidimensionaler Berechnungen. Die Berechnungen wurden unter 
folgender Verwendung durchgeführt: 

• des analytischen Grenzgleichgewichtsverfahren von Ladanyi and Roy 
(1971) . 

• des Rechenprogramms 3DEC, das eine numerische Untersuchung  auf 
Basis der Methode  Diskrete-Elemente-Methode (DEM) ermöglicht 

Alle Untersuchungen wurden nach dem Bruchkriterium von Mohr-Coulomb 
durchgeführt.Die Festigkeitsparameter, in diesem Fall Kohäsion und 
Reibungswinkel von möglicherweise vorhandenen Trennflächen, wurden im 
Vergleich zu ungeklüftetem Gestein reduziert. Der Vergleich der 
Berechnungsergebnisse mit den genannten Methoden verdeutlicht, dass die 
Tragfähigkeit und der Versagensmechanismus stark von den mechanischen 
Eigenschaften sowie der Ausrichtung und dem Abstand der Trennflächen 
zueinander abhängen. Da jedoch all diese Variablen in den analytischen 
Zusammenhängen und ÖNORMEN nicht hinreichend berücksichtigt wurden, 
ergeben sich vergleichbare Ergebnisse nur unter bestimmten 
Voraussetzungen. 

Angesichts  so großer Unterschiede der Berechnungsergebnisse stellt sich die 
Frage, ob in den einschlägigen Normen die Rechenverfahren zur Beurteilung 
der Tragfähigkeit von Gründungen  auf Fels genauer geregelt werden sollten. 
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1 Introduction 

1.1 Methods of assessing the bearing capacity of the foundation 

on rock 

All structures built on the ground, such as buildings, bridges, embankments, 
etc., consist of two main parts. One of these parts is the superstructure, 
which is the visible part of the structure, and the second part is the 
substructure, which is the buried part. The infrastructure is an intermediary 
between the superstructure and the ground, and it supports the load of the 
superstructure and brings it to the ground. The lowest part of the structure 
(including structural elements and the underlying soil) is called the 
foundation, which transfers forces and moments from the superstructure 
and its loads to the underlying environment. To secure the foundation, its 
settlement due to the loads should be allowed and shear failure should not 
occur. [1] 

If a structure is placed on a rock foundation as opposed to an earth 
foundation, the relevant conditions will change. There are two major 
differences between rock and soil structure. First, rocks have a greater ability 
to bear heavier loads than soil, and the discontinuities in the stones cause a 
different resistance than the rocks without discontinuities, considering that 
the rocks have good compressive and tensile strength, it is possible to 
construct light to medium buildings on a rock foundation. But for heavy and 
semi-heavy structures, different conditions prevail. In this case, the 
discontinuity in the rock mass may cause sliding and failure of the 
foundation, or the settlement perpendicular to the joints may cause the 
overall settlement of the structure. [2]  

Despite extensive research conducted in recent decades and focusing on the 
strength of rock masses and shallow foundations, there are still challenges in 
the formulation and accurate description of foundation failure mechanisms. 
Slip and deformation along the discontinuities, as well as deformation and 
failure in intact parts of the rock mass (blocky regions), make the behavior of 
rock masses very complex. Therefore, analyzing its load-bearing capacity is a 
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very complicated task. In the last two decades, with the gradual progress of 
rock mechanics, efforts have been made to determine the exact bearing 
capacity of rock masses. [3] 

In recent decades, a lot of progress has been achieved in the use of 
numerical methods and models in rock mechanics, and researchers have had 
a lot of motivation in this field. [4] Although some numerical models cannot 
achieve a complete solution, but with the use of sensitivity analysis methods, 
it is possible to establish a relationship between different parameters. [5] 
These numerical models include the boundary element method, finite 
element method, discrete element method, and finite difference method. In 
addition, different material models in the relevant software make it easier to 
analyze and allow researchers to pay attention to the properties of 
discontinuities when analyzing the behavior of rocks. 

The existing methods to estimate the bearing capacity and deformability of 
fractured rock masses are classified into two categories: direct and indirect 
methods. Direct methods include laboratory tests and in situ tests. The 
results of laboratory tests on samples with very small cracks and 
discontinuities due to the inability to include the full range of discontinuity 
sizes in these small samples have been very different from the results of 
large-scale block samples. Therefore, indirect methods are chosen to 
simulate real failure conditions. Indirect methods are classified into three 
experimental, analytical, and numerical modeling methods. 

1.1.1 Experimental Method 

Experimental methods have been proven based on empirical correlations, 
which include the estimation of the bearing capacity of rock masses. [6] In 
this approach, the characteristics of the rock mass are combined with one of 
the classification indices that indicate its quality. Since the results of all 
classification indices include quantitative and qualitative parameters, the 
mechanical behavior of heterogeneous and scale-dependent discontinuity 
networks cannot be shown. These methods are usually based on the results 
of field tests that have been carried out in different construction sites. 
According to the description method, the classification systems are divided 
into qualitative and quantitative categories. Qualitative systems are 
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descriptive, such as the Geologic Strength Index (GSI), but quantitative 
systems are numerical, such as Q, RMR, RSR, and RQD. [9] 

1.1.2 Analytical Method 

In analytical methods, a rock mass is considered as a combination of healthy 
and fractured rock. In these methods, the behavior of the rock mass is 
checked according to the mathematical relationship of stress and 
discontinuity according to the sum of the behavior of each component. 
These methods are concluded according to simple continuous discontinuous 
systems with infinite stability, fixed distance, and specific orientation. 
However, in real conditions, the lengths of discontinuities are finite and their 
geometrical parameters inherently have a statistical distribution. Also, 
interactions between discontinuities are not considered in these methods. 
Therefore, in most cases, there are difficulties in convincing the assumptions 
of these models, especially when we are dealing with a complex rock mass. 

1.1.3 Numerical Method 

The experimental and analytical methods used to estimate the bearing 
capacity face uncertainties due to the natural and unpredictable behavior of 
rock masses, which are significantly affected by the complex network of 
discontinuities. Therefore, it is important to choose the appropriate 
numerical method, suitable for the specific conditions and the available 
equipment, which is associated with the least amount of uncertainty, and in 
this way, reliable results can be obtained in the basic tasks of rock 
engineering. [7]  

Due to the successive advances in calculations, numerical methods have 
been given much attention in the analysis of various problems. The most 
important goal of using numerical methods in fractured rock masses has 
been modeling based on real conditions, considering the complex and 
irregular geometry of discontinuities, interactions between discontinuities 
and blocks, and using complex behavioral models for sound rocks and 
discontinuities. This advantage gives more confidence to numerical methods 
than other experimental and analytical methods for extracting mechanical 
parameters equivalent to rock mass. [7] 
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The two primary approaches in computational geomechanics aimed at 
simulation fractured materials are: 

1.1.3.1 Discontinuity Modeling Techniques 
 

This Method included Discrete Displacement Analysis (DDA) that explicitly 
models the discontinuous nature of the material, Discrete Element Method 
(DEM) that models the discontinuities using independent discrete elements. 

In discontinuous methods rock masses consist of separate blocks and 
separate discontinuity systems, and their interaction and relationship have a 
major impact on the mechanical behavior of rock masses. Because 
discontinuity systems introduce discontinuity systems as well as detail into 
discrete models, these are considered more appropriate methods. However, 
there is also a dimensionality problem in this method, as it requires high-
speed computers with powerful processing capabilities and memory to 
represent the blocks and discontinuities separately. Therefore, despite the 
comprehensiveness of the discrete method, it is not very effective for solving 
certain challenging problems [8]. 

1.1.3.2 Continuous Modeling Techniques 
 

It is Implementation in Finite Element Method (FEM) and Finite Difference 
Method (FDM), these two continuous environment approaches are 
equivalent environments that we use to numerically simulate the mechanical 
behavior of discontinuous rock masses. In the continuous environment 
approach, we express the macro-scale behavior of rock mass discontinuities 
using the principles of continuous environment mechanics, as long as the 
structural relationships and dependent parameters are maintained based on 
the fundamental principles of continuous mechanics. [8] 

 And as can be seen from the Table 1, the advantage and limitation of both 
methods can be seen in summary. 
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Table1.Numerical methods of analysis [10] 

 

 

 

 

 

 

 

 

 

Analysis 
method 

Continuum 
modelling 
( e.g., finite 
element, finite 
difference) 

0 iscontinuum 
modell ing 
( e.g., distinct 
element, 0OA) 

Critical input 
parameters 

Representative sl ope 
geometry; consti rutive 
criteria (e.g. , elastic, 
elasto-p lastic, creep, 
etc.); groundwater 
characteristics; shear 
strength of surfaces; in 
situ stress state. 

Slope and discontinuity 
geometry; intact 
constitutive criteria 
(elastic, elasto-plastic, 
etc.); discontinuity 
stiffness and shear 
strength; groundwater 
and in situ stress 
conditions. 

Advantages 

Al lows for material defonnation and 
fa ilure, includ ing complex 
behaviour and mechanisms, in 2-0 
and 3-0 with coupled modelling of 
groundwater. Can assess effects of 
cri tica l parameter variations on 
instabi lity mechanisms. Can 
incorporate creep defonnation and 
dynamic analysis. Some programs 
use imbedded language (e.g. , FISH) 
to allow user to define own 
functions and subroutines. 
Allows for block defonnation and 
movement of blocks relative to each 
other. Can model complex 
behaviour and mechanisms 
(combined ma terial and 
discontinu ity behaviour, coupled 
with hydro-mechanical and dynamic 
analysis). Able to assess effec ts of 
parameter variations on instab ility. 
Some programs use imbedded 
language (e.g., FISH) to allow user to 
define own funct ions and 
subroutines. 

Limitations 

Users should be weil trained, 
experienced, observe good 
model ling practice and be aware of 
model/software limitations. lnput 
data generally limited and some 
required inputs are not rou tine ly 
measured. Sensitivity ana lyses 
limi ted due to run time constraints, 
but th is is rapidly improving. 

As above, experienced users needed. 
Genera l limitations similar to those 
listed above. Need to simulate 
representative discontinuity 
geometry (spacing, persis tence, etc.). 
Limited data on joint properties 
ava ilab le (e.g., joint stiffness, jk0 and 
jk,). 



 

2 Bearing capacity of foundation on rock 

2.1 Bearing capacity according to ÖNORM 

2.1.1 Die ÖNORM B1997-1-2:2021-08 

On the other hand in the ÖNORM B 1997-1-2, Design, calculation and 
dimensioning in geotechnics - Part 2: Surface foundations - includes the 
proof of load-bearing capacity for the failure mechanisms - mechanical 
ground failure (GEO), - sliding (GEO) and eccentric loading (toppling) as well 
as the proof of serviceability (settlement, settlement differences and 
twisting). In this ÖNORM, foundations in rock are only covered in normative 
appendix B. 

2.1.2 Die ÖNORM B1997-1-2: Appendix B 

According to the figure1 in this appendix can be found the Characteristic 
values of bearing capacity 

 

Figure1. Characteristic values for bearing capacity from ÖNORM B1997-1-2 Figure B.1 

1 2 3 4 5 

1,25 5 12,5 25 50 100 
uniaxial compressive stre ngth[MN/m 2

] 
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As shown in the diagram, we can easily use the uniaxial compressive 
strength of the rock and the distance between the joints to determine the 
bearing capacity of a foundation. For example, for a rock with a uniaxial 
compressive strength of 5 [ m2⁄ ] and a joint spacing of 600 [mm], we 
obtain the foundation's permissible bearing capacity of 2[ m2⁄ ]. But it 
should be noted that this diagram does not give us information about the 
orientation of the set of the joint sets, their quantity and their normal and 
shear strength. Therefore, such charts may sometimes produce incorrect 
results, but they can give background information to the designer. According 
to the relevant standard, must always be determined by a geotechnical 
expert with relevant experience if at least one of the following points 
applies: 

-The classification of the subsoil as rock is unclear. 

-Geologically complex conditions exist. 

-The rock is strongly fractured, disturbed, or sensitive to weathering. 

-The subsoil consists of variably firm rock. 

-The rock surface has a slope of more than 20%. 

-Situations according to B.2 to B.4 are present. (Figure2-4) 

-If rocks contain lime, gypsum, anhydrite, Salt, or expansive clay minerals, 
swelling or dissolution phenomena are to be expected. 

In special spatial arrangements of discontinuity or when the foundation is 
close to a rock edge, the ÖNORM specifies the following cases: 
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B2: 

 
Figure2. Bearing capacity of a foundation on rock with inclined, approximately orthogonal joint 

systems (show Wyllie [11]) from ÖNORM B1997-1-2, Appendix B 

B3: 

 
Figure3. Failure mechanisms (a) planar sliding failure on single discontinuity; (b) wedge sliding 

failure on two intersecting discontinuities; (c) toppling failure of steeply dipping slabs; (d) circular 
failure in closely fractured rock (Wyllie [11])  from ÖNORM B1997-1-2, Appendix B 
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B4: 

 

Figure4. Example of the translation of a wedge-shaped sliding body on a horizontal rock surface 
(show Wyllie [11]) from ÖNORM B1997-1-2, Appendix B 

 

2.2 Bearing capacity of Foundation on intact rock 

The bearing capacity of intact rock is referred to as a rock mass with a 
normal discontinuity spacing of more than four to five times the width of the 
foundation. In the corresponding rule, the joints are far apart so that the 
orientation and position of the joint is not important. [12] 

The first studies on the bearing capacity of stone have been carried out by 
Rochester regarding rock. The rocks are divided into three groups, soft, 
medium and hard, with a bearing capacity of 1.4, 2.4 and 4.8[MPa]. Also, it is 
explained about the structures and their improvement methods. [11] 
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Table2. Bearing capacity, Settlement intact rock [11] 

 

In the table2 bearing capacity is considered based on geological conditions 
such as rock type and age. The information in this table is based on 
observations obtained from stable structures built on rock, including safety 
factors and minimum settlements [9]. 

 

 

 

 

 

 

 

 

Rock is classified as: 

Soft rock: Clinton and Queenstown shale 
Medium rock: Rochester shale 
Hard rock: Lockport dolomite and Medina 

sandstone 

If a hole below the bearing surface passes through at 
least 1.5 m (5 ft) of rock, ehe bearing capaciry shall be: 

• 1.4 MPa (30 kips/ft2) in soft rock; 
• 2.4 MPa (50 kips/ft2) in medium rock; 
• 4.8 MPa (100 kips/ft2) in hard rock; 
(providing that all 1.5 m are in ehe same kind of rock). 
(10/13/33) 

For buildings less than six stories or 23 m (76 ft) high, 
the Director of Buildings may reduce ehe number of 
drill holes required to be as few as, but not less than, 
one-fifth of ehe number of bearing areas, if in his or 
her opinion the nature and condition of the rock 
justify such omission. (1/11/66) 

Seamy rock: (11/29/60) 

If seams of rock or soil having little or no bearing 
value occur within the 1.5 m (5 ft) depth below 
a bearing area•: 

1. Seams less than 6 mm (1/4 in) thick may be ignored. 
2. Seams 6 eo 13 mm (1/4 to 1/2 in ) thick occurring 

deeper than 1 m (3 ft) may be ignored. 
3. Seams thicker than 13 mm (1/2 in) and deeper than 

1.5 m (5 ft) may be ignored depending upon ehe 
discretion of the building inspector. 

4. Seams more than 13 mm (1/2 in) thick occurring 
within a depth of 1.5 m (5 ft), or more than 6 mm 
(1/4 in} thick in the first 1 m (3 ft) of depth are 
unsatisfactory. The bearing surface is to be lowered 
below the bottom of the lowest known seam of 
thickness greater than 13 mm (1/2 in) and further 
as required ro meet these provisions. A new boring 
or borings shall be required and any seam occurring 
in the new borings shall be examined as above. 

5. The building inspector may order pressure grouting 
of seams and tests to establish bearing values of 
grouced foundations. 
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Table3. Allowable bearing pressures for fresh rocks [11] 

 

However, the values given in the table 3 are mostly related to the strength of 
the rock and should be reduced where weathered, fractured or 
inhomogeneous rock is present and is accompanied by joints of weak and 
decomposed rock. Usually, the allowable bearing pressures are considered 
based on the allowable settlement, which is usually related to discontinuity 
characteristics in the rock. In situations where the rock is sound but 
fractured, the bearing pressures shown in the table can be changed to 
ensure that the settlement is at a minimum. [9] 

2.3 Bearing capacity of foundation on fractured rock 

Stresses slightly less than the bearing capacity of the rock cause elastic 
settlement. However, if there is a significant load level and it is close to the 
bearing capacity, the crack will grow and cause shear failure. Such a situation 
leads to rock dilation and radial fracture and shear failure. And after that, the 

Rock type Age Location:, Allowable bsaring pressure (MPa) 
2 3 4 5 6 7 8 9 10 

Granite Ontario 
Manhattan schist§ Pre. Camb New York 
Fordham gnei s§ Pre. Camb New York 
Dolomite L. Paleoz Chicago 
Massively bedded UKl • limestonef -Mica schist Pre. Carnb Philadelphia 
Limestone U. Paleoz St Louis • Hard, cememed lJKI 

shal e 
Austin chalk Cretaceous Dallas 
Dolomite L. Paleoz Detroit • Clay shale UKt 
Pierre shale Cretaceous Denver 
Fox HiJls sandsrone Tertiary Denver 
Hard, very dense Onrario • glacial till 
Eagleford shale Cretaceous DalJas 1-
Solid chalk Cretaceous UKI • Limestone U. Paleoz Kansas City 
Mica schist Pre. Camb Washington -Schist and slate UK1 -Argillire Pre. Camb Cambridge MA -Newark shale Triassic Philadelphia -Friable sandstone Quartemary Los Angeles • Friable claystone and Tertiary Oakland CA -sandstone 

0 20 40 60 80 100 120 140 160 180 200 220 
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movement of shear zones leads to sudden shear failure as depicted in figure 
5. [13] 

 
Figure5. Fracture (zone A) and unfractured (zone B) on rock surface [13] 

 
In the presented Mohr diagram (Figure6), the reduction in the strength of 
the sub-base rock at failure (area A) under the foundation compared to that 
enclosed by unbroken rock wedges around the foundation (zone B) is 
displayed. 

 
Figure6. Mohr diagram of stresses in bearing rock [13] 

 
As shown in figure 7 the rock under the footing in the state of triaxial 
compression with the main stress is equal to the bearing pressure (q) and 
the partial main stress is equal to the limit applied by the surrounding rock. 

We calculate the bearing capacity using a method similar to soil mechanics, 
which includes the formation of mobile and resistant shear zones. In this 
regard, shear strength parameters are related to fractured rocks or fault 
surfaces that include the edges of fracture zones and are detected by 
geological studies. According to this method, the fracture lines are 
considered as straight lines and the shear zones A and B are made according 
to the figure. 
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This method is suitable for an infinite foundation placed on a horizontal rock 
surface. The condition of the rock under the foundation is considered similar 
to a triaxial test, in which the main stress in area A is equal to the pressure 
applied to the foundation, and we ignore the weight of the stone on the 
foundation. Zone B is also similar to a triaxial test where the main stress is 
mainly horizontal. The maximum amount of stress that the surrounding rock 
can withstand is the uniaxial compressive strength of the rock mass σu(m) in 
area B, and assuming that the footing is at the ground surface. [13] 

 
Figure7.  Analysis of bearing capacity of fractured rock [13] 

 
2.3.1 Hoeke-Brown strength criterion 

According to Hoeke-Brown theory, the strength of fractured rock mass is: 

σ1= (m  (r). σ3+s σ2
u(r))0.5+ σ3 

 
(2.1) 

And m and s are Hoeke's constants, which are influenced by both the rock 
type and discontinuity characteristics. The specific values for m and s are 
consolidated in table 4,  (r) is the unconfined compressive strength of intact 
rock, and σ1 and σ3 are the principal and minor principal stresses, 
respectively. [14] 

The uniaxial compressive strength of a fractured rock mass is as follows:  

(m)=(s σ2
u(r) )0.5                                                     

 
(2.2) 

Which is equal to σ3 and in this case the bearing capacity is equal to the main 
stress in area A and is equal to: 

=s0.5  (r) [1+ (ms-0.5+1)0.5] (2.3) 

Major 
principal 
stress 
a, 

Strength 
= (j1A 

3A =: u(m) 

Minor principal stress cr3 
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Table4. Approximate relationship between rock mass quality and material constant [14] 

 

The permissible bearing pressure  is related to the rock mass resistance 
with the safety factor FS, and the correction factor Cf1 is equal to: 

= .   
 

(2.4) 

!NTACf ROCK SAMPLE 
Laboralory Sile speäme1:s free 
frorn discontim,ities 
'CSIR rating, RMR = 100 
t GI rating, Q = 500 

VERY GOOD Q ALITY ROCK MJ\.SS 
Tighel)' inter/oc.ki11g mu1isturbed rock 
with ,mweathe·red joints at 1-3 m 
CSJR ra1i1lg: RMR = 85 
NC1 rnting: Q = 100 

GOOO QUALi Y ROCK MASS 
Fresh to slightly weathered rock, slighrly 
diswrb,•,i wirJ1 joims at 1- J m 
CSIR rating: RMR = 65 
NGl 1·ating, Q = 10 

fAm. QUALTTY RO K MASS 
Stweral sets of moderately weathered 
ioints sfJac:ed a.l 0.3-1 m 
CS!R rating: RMS = 44 
NGI ra,ing: Q = 1 

POOR QUAUTY ROCJ< MASS 
Numerous wearlurred foi11ts at 30-500 mm. 
some gouge. Clean compacted waste rock 
CSlR rarin~: RMR = 23 
NGi ming: Q = 0.1 

VER Y POOR Q ALITY ROCK MASS 
Nu,n,erous he,:n,;/y ,pe111.herod foiiits ~paced 
<50 mm. with goi1ge. \Vaste rock with ffoes 
CS[R rating: RMR = 3 

GI raring, Q = 0.01 

111 7.00 
s 1.00 

m 2.40 
0.082 

m 0. ·75 
s 0.00293 

m 0.128 
0.00009 

m 0.029 
0. 000003 

m 0.007 
s 0.0000001 

·CSIR Council of S<'iemili, ~nd !11dun n~I Re~eiin; h (1'.i,eniawski, 1974). 
t GI orwl'gi.an Georn,hnica.l In ·titutc (& rton et al.,. 1974). 

10.00 
1.00 

3.43 
0.082 

0.821 
0.00293 

0.183 
0.00009 

0.041 
0.000003 

15.00 
1.00 

5.14 
0.082 

1.231 
0.00293 

0.275 
0.00009 

0.061 
0.000003 

17.00 
1.00 

5.82 
0082 

1.395 
0.00293 

0.311 
0.00009 

25.00 
1.00 

8.56 
0.082 

2.052 
0.00293 

0.458 
0.00009 

0.069 0.102 
0.000003 0.000003 

0.010 0 .. 015 0.017 0.025 
0.0000001 0.0000001 0.0000001 0.0000001 
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To calculate the shape of the foundation to the calculated allowable bearing 
pressure, we use the coefficient Cf1 and it includes the values given in the 
table 5 below, in which L is the length and B is the width [15]. 

Table5. Correction factors for foundation shapes [15] 

 
 

The strength of intact rock  (r) is determined based on laboratory tests on 
rock cores, while for fractured rock we define the strength through the 
above equation along with the fracture degree of the rock mass with the 
constants m and s. We can measure the compressive strength of intact rock 
using a compression device or point load tester. The following table 6 is used 
as a good reference for the uniaxial strength of intact rock. [16] 

 

 

 

 

 

 

 

 

 

Foundation shape cfl Cr2 

Strip (L/B > 6) 1.0 1.0 
Rectangular 

L/B =2 1.12 0.9 
L/B = 5 1.05 0.95 

Square 1.25 0.85 
Circular 1.2 0.7 
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Table6. Classification of rock material strengths [16] 

 
 

 

 

 

 

 

 

Grade Description Fie/d identiffration Approximate range of compressive 
strength 

MPa (p.s.i) 

R6 Extremely Specimen can only be chipped with >250 (>36 000) 
strong rock geological hammer 

R5 Very srrong rock Specimen reqllires many blows of 100-250 (15 000- 36 000) 
geological hammer to fracture it 

R4 Strong rock Speci.men requires more than one 50-100 (7 000-15 000) 
blow with a geological hammer to 
fracture it. 

R3 Medium weak Cannot be scraped or peeled with a 25-50 (3 500- 7 000) 
rock pocket knife; specimen can be 

fractured with single firm blow of 
geological hammer 

R2 \Y/eak rock Can be peeled with a pocket knife; 5- 25 (725-3 500) 
shallow indentations made by firm 
blow with point of geological 
hammer 

Rl Very weak rock Crumbles under firm blows with point 1-5 (150- 725) 
of geological hammer; can be 
peeled by a pocket knife 

RO Extremely weak Indemed b)' thumbnail 0.25-1 {35-150) 
rod: 

S6 Hard clay Indented with difficulty by thumbnail >0.5 {>70) 

S5 Very stiff clay Readily indented by thumbnail 0.25-0.5 (35- 70) 

S4 Stiff clay ReadiJy indemed by thumb but 0.1-0.25 (15-35) 
peoetrated only witb g.reat difficulty 

S3 Firm clay Can be penerrated severnl inches 0.05-0.1 (7-15) 
by thumb with moderate effort 

S2 Soft clay Easily penetra red several inches by 0.025-0.05 (4-7) 
thwnb 

S1 Very soft clay Easily penetrated several inches b)' fisr <0.025 (<4) 
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2.3.2 Bell solution 

This solution works based on Terzaghi's theory and for weak rock with low 
fracture, it has an expression for the permissible bearing capacity of Bell's 
solution and it is presented using the principles explained above. This 
analysis is based on the weight bearing capacity of the rock in the active 
wedge. Bell's solution to the allowable bearing capacity for strip footings is a 
square or circular solution. [11] 

=  
  . .            .      

 
 

(2.5) 

 

Where B represents the width (for strip or square footing) or diameter (for 
circular footing), γr denotes the rock density. Additionally, D represents the 
depth of embedment, while c and    stand for the cohesion and friction 
angle of the rock mass, respectively. 

The correction factors Cf1 and Cf2 which account for the footing shape are 
given in above Table 5. The terms N , N  and N  are bearing capacity factors 
defined as follows [17]   

 =2 / ( +1) (2.6) 
N =0.5 / ( -1) (2.7) 

Nq=  (2.8) 
=tan2(45+ 2⁄ ) 

 
(2.9) 

The factor  shows the influence of the cohesion, the factor  shows the 

influence of the weight of rock in the foundation, and the factor   shows 
the influence of the surcharge and FS is the factor of safety. 
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2.4 Bearing capacity of foundation on jointed rock 

2.4.1 JOINTED ROCK MASS 

Due to the existence of discontinuity in the rock mass, the issue in the rock 
mechanics has been considered as a different issue [18]. The ingredients of 
raw stones have been subjected to thermal, mechanical and chemical 
activity for millions of years. As a result, discontinuities caused by geological 
events have been created at different times and have resulted in different 
stress states in the rock [19]. The factor or process that created these 
discontinuities has a great impact on the geometric and mechanical 
properties of the discontinuities. Therefore, as emphasized, understanding 
the formation method of discontinuities, through understanding the earth's 
structures, is of particular importance. [20]. 

In general, we divide discontinuity appearance factors into four groups: 
tectonic factors, residual stresses, shrinkage due to cooling or drying, and 
lastly, ground surface movements. 

2.4.2 Joints 

The most common and generally the most important geotechnical 
discontinuities in rocks are joints. Joints are usually regularly spaced 
depending on the mechanical properties of the individual rocks or the 
thickness of the layer involved. Joints are generally located in a set (joint set) 
where each set is made up of parallel joints. Joints are the most important 
factor that controls the deformation, resistance and permeability of the rock 
mass. [21] 

2.4.3 Jointed rock properties 

The International Society for Rock Mechanics has mentioned ten important 
parameters to describe the characteristics of discontinuities (joints). You can 
see these parameters schematically in figure 8, which includes the 
characteristics of discontinuity within the rock mass. The most important 
features include orientation, distance and frequency, durability, roughness, 
wall strength, filling, seepage and block size. 
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Figure8. Jointed rock properties [11] 

2.4.4 Load distribution in jointed rock 

The term "pressure bulb" is characterized in Soil Mechanics literature as the 
area where shear stresses exceed 10% of the applied strip load. The pressure 
bulbs in isotropic continuum (intact rock) are completely different from the 
pressure bulbs in anisotropic continuum (Jointed rock). Here, the normal 
stresses are mainly transferred in two directions parallel to the joints and 
perpendicular to the joints and this condition is clearly illustrated in figure 9. 
In the conditions where the joints have a gentle slope, the extent of the 
pressure bulb across the joints is greater than the length of the joints, and 
the opposite is true for the joints that have a steep slope. [22]  
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Figure9. Numerically determined lines of equal stress (σr = const.) in an anisotropic, elastic and 
homogeneous half-space (plane distortion state. i.e. the loads are line loads) [9] 

John Bray shows that for the special condition that a line load has been 
decomposed into X and Y components parallel and perpendicular to the 
planes of discontinuity (Figure 10), the stress distribution in the rock is still 
completely radial. [23] 
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Figure10. Load distribution in the anisotropic (transversely isotropic), elastic and homogeneous 
continuum [9] 

= ∗  [
 (  )     ] 

 

(2.10) 

g= 1 + ( )   (2.11) 

h= ( )  ( ) +    + 2( − ( )) 

 

(2.12) 

 

Here is E is E-modulus and ν is Poisson's ratio of the rock and s is joint 
distance and  and  are normal and shear stiffness of the joint. [24], [9]  

2.4.5 Bearing capacity according analytical solution Ladanyi and Roy 

 In the situation where the rock has two sets of joints perpendicular to each 
other, we cannot use the above relationships to determine the bearing 
capacity. To calculate the bearing capacity in fractured rock, a passive rock 
wedge is created in the failure mechanism, which creates a confining stress 
on the active rock wedge under the footing. The amount of this confining 
stress is based on the influence of the strength of the rock mass, which 
consists of unbroken rock or interconnected pieces of unbroken rock. [11] 
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But if there are discontinuity sets that form one or more surfaces of this 
wedge, the bearing capacity of the foundation may be reduced due to two 
specific factors. 

First, we determine the shape of the wedge based on the orientation of the 
discontinuities, and the dimensions and surface of the wedge can be limited. 
Second, the strength of the discontinuities is usually significantly lower than 
the rock mass, and in this case, the failure of the foundation may occur due 
to the displacement of the inactive wedge. 

As this situation is shown in the figure 11, the rock mass contains two sets of 
conjugate joints dipping at angles  and  , which form the base surfaces 
of an active wedge (A) and a passive wedge (B), respectively. [13] 

 

Figure11. Foundation on rock containing inclined bedding planes and orthogonal joint sets [13] 

In this analytical solution to determine the minimum horizontal principal 
stress,  acting on active wedge A, and the allowable bearing capacity, , 
use  the subsequent equation for calculation.[13] 

 

 = (   ) +(    )( -1) (2.13) 

=
[ (      )( )] 

 
 

(2.14) 

=tan2(45+  ) (2.15) 

=tan2(45+  ) (2.16) 



2 Bearing capacity of foundation on rock 

                                                                                                                             

32 

 
Let B represent the footing width,   denote the rock density and  indicate 
the dip of discontinuity set 1 and  and  are the cohesions of discontinuity 
sets 1 and 2 respectively. Additionally  and  are the friction angles 
corresponding to discontinuity sets 1 and 2 and FS is the factor of safety. [13] 

2.5 Bearing capacity of foundation on layered rock 

In situations where a foundation rests on a thin layer of strong rock above a 
significant thickness of significantly weaker rock, three modes of failure 
according to figure 12 may occur. The foundation may pass through the 
stronger top layer, or the top layer may fail through buckling or bending. In 
all three of these situations, the failure of the upper rock layer will probably 
result in a sudden and significant settlement of the foundation, especially if 
the material in the lower layer has a limited load-bearing capacity. [25] 

 

Figure12. Spread footings on layered rock formations (a) punching failure, (b) buckling failure, and 
(c) bending failure. [25] 

Because the upper layer of rock has a significantly higher modulus than the 
lower layer, most of the load is imposed on the upper layer and the stability 
of the foundation mainly depends on the capacity of this layer. In the initial 
stages of design, we consider that the top layer can bear the entire load, 
because then a conservative design is obtained. But if we can accurately 

(a) 

Q 

(b) 

(C) B 

Rigid 
Compressible 

] H Rigid 
. •. • Compressible 
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determine the deformation modulus of both materials, we can determine 
the stress distribution between the layers more accurately and, if necessary, 
make changes in the foundation plan. [11] 

The failure mechanism of the upper layer depends on the following two 
things: the characteristics of the rock mass of each layer and the ratio of the 
thickness of the upper layer (H) to the width of the base (B). If the H/B ratio 
is low and the bottom layer is compressible, such as weathered or porous 
rocks, a punch-type failure is likely to occur. But if the underlying layer is 
plastic and incompressible, such as clay or soft shale, the upper layer may 
face buckling. [25] 

For larger values of H/B ratio, and in conditions where the lower layer is 
compressible, the upper layer may fail through bending. [11] 

2.6 Material model 

All the calculations that are done using a numerical program are based on 
the model of the material on which the calculation is based, which in fact the 
calculation is based on this model. These material models are 
mathematically formulated based on experiments and observations that 
describe the behavior between loads and deformations [26]. 

For rock modeling, the determination of stresses, deformations, safety 
factors, and bearing capacity involves the use of either the Mohr-Coulomb 
model or the Hoek-Brown calculation model. Both of these are associated 
with special features that are discussed in the respective chapters. 

2.6.1 Elasticity modulus 

The modulus of elasticity or Young's modulus of a material describes the 
stress-strain relationship. In Rock Mechanics and Tunnel Construction 
determine the linear behavior region of the unloading loop and then 
consider the ratio of stress change to change in deformation. [27] 

E= Ɛ 
 

(2.17) 
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The modulus of elasticity is of great importance, especially in deformation 
calculations. It should be noted that under normal conditions, the modulus 
of elasticity may change based on the desired direction. In Table 7, typical 
rock parameters of intact isotropic rocks are presented. 

Table7. Common elastic constants for intact rock [11] 

Rock Type E-Modul [GPa] Poisson's ratio Reference 
Andesite, Nevada 37,0 0.23 Brandon (1974) 
Argillite, Alaska 68,0 0.22 Brandon (1974) 

Basalt, Brazil 61,0 0.19 Ruiz (1966) 
Coal, USA 3.45 0.42 Ko and Gerstle (1976) 

Dolomite, USA 51.7 0.29 Haimson and Fairhurst (1970) 
Salt, Ohio 28.5 0.22 Sellers (1970) 

Sandstone, Germany 29.9 0.31 van der Vlis (1970) 
 

2.6.2 Poisson's ratio 

Poisson's ratio (ν) or transverse strain coefficient represents a unitless 
material parameter that defines the transverse contraction of a material. 
Poisson's ratio ranges from 0.00 to 0.50.This value can deduce the horizontal 
stress from the vertical stress [26]. A Poisson's ratio of 0.00 indicates a 
material that is not subject to transverse contraction, in fact no horizontal 
stress is produced by the vertical load. If Poisson's ratio is 0.50, the 
horizontal stresses are equal in magnitude to the vertical stresses. 

 =  ∗  
 

(2.18) 
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2.7 Failure criteria 

2.7.1 Mohr-Coulomb 

In the Mohr-Coulomb material model, there is essentially a fracture 
criterion. These boundary conditions are described in terms of friction angle      
"φ " and cohesion "c". The fracture line is described by the following formula 
and shown in the figure 13. = .  +   

 
(2.19) 

 

 

Figure13. Mohr-Coulomb material model [28] 

Here,"φ" is the fraction of the shear stress that is dependent on the normal 
stress (this ratio increases with increasing normal stress) and "c", is the 
fraction of the stress which is separate from shear stress. By this criterion, 
failure is exactly when the largest Mohr's stress circle (defined by the 
smallest and largest principal normal stress) hits the failure line at point P. 
[27]. 

This material model is used because the Mohr-Coulomb material model 
depends on only two parameters. In addition, both the friction and cohesion 
angles are determined through testing and are acceptable. [29] 

 

We can determine the angle of friction and cohesion, for example, from 
uniaxial and triaxial tests. As you can see in figure 14, uniaxial tests are 

2 =90− 90 +3 1
1

1

3 3
lll ... ... 
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different from triaxial tests because the principal normal stress o is zero in 
the uniaxial compression test. As a result, lower achievable limit stresses are 
observed in the triaxial test [27]. 

 

Figure14. Representation of the shear parameters in a uniaxial and triaxial stress state using 
stress circles [27] 

 

2.7.2 Hoeke-Brown model 

The Hoeke-Brown model is a failure criterion obtained through experimental 
tests and, like the Mohr-Coulomb model, presents a fracture line (Figure 15). 
But Hoeke and Brown criterion has a parabolic break line. We need the 
following formulas to define the criteria. [30] 

T 

(J 1 triaxial 
a l einax 

er 
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Figure15. Hoeke-Brown material model [31] 

= +  * ( ∗   + )  (2.20) 

 = +exp * ( ) (2.21) 

s= exp * ( ) (2.22) 

a=  +  * (  -   ) 
 

(2.23) 

 

 

As shown in the formulas above, the Hoeke-Brown criterion is highly 
dependent on the Geological Strength Index (GSI). Three of the four input 
values (m , s, a) are directly related to it, and therefore m is the Material 
parameters for Rockmass and mi is the Material parameters for intact rock. 
GSl is a purely visual method of estimating parameters and has much more 
scope for interpretation and therefore more scope for variation in a safety 
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calculation. For the reasons mentioned and because there is a high 
probability of significant change in the results and at the same time minimal 
change in the input parameters (positive as well as negative), the Mohr-
Coulomb model is preferred in this work. [30] 

2.7.2.1Disturbance factor 
 

D is a factor in the Hoeke-Brown criterion that represents blast damage or 
existing faults due to careless demolition of rock. These figures and numbers 
are usually specified through tables or empirical values and should only be 
used in the vicinity of the damaged rock surface. The value of D is between 0 
(no previous damage) and 1 (severe damage) [32]. 

2.7.2.2 Geological strength index-GSI 
 

GSI (geological strength index) is the same value presented by Hoeke to 
estimate the strength parameters of a rock mass. GSI is determined 
completely visually and does not rely on physical measurements [33]. We 
compare the mass of rock that is evaluated with the diagram. As shown in 
figure 16, we divide the diagram horizontally according to the degree of 
roughness or weathering of the discontinuities, and the rock structure is 
examined vertically. The GSI has a value range from 0 (very poor) to 100 
(very good). 
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Figure16. Geological strength index for jointed rock masses [34] 
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2.8 Rock and rock mass parameters 

We have to differentiate between intact rock or rock material and rock mass. 
Intact rock is a continuum or polycrystalline solid between discontinuities 
consisting of a collection of minerals or grains. The in-situ ambient rock mass 
consists of intact rock blocks separated by discontinuities such as joints, 
bedding planes, folds, shear zones, and faults. [35] 

Parameters play the role of essential material constants that we need to 
describe a material. Elastic modulus, Poisson's ratio, friction angle and 
cohesion are among the most important parameters. All these parameters 
are directly or indirectly dependent on each other. Especially when 
determining rock properties, only large-scale tests can be used, which is the 
only way to provide an overall picture that includes fracture body properties 
and rock properties. If it is not possible to perform in-situ tests, we can 
determine the required rock parameters using uniaxial or triaxial 
compression tests in the laboratory. [36] 

The effect of sample size on compressive strength was evaluated through in 
situ tests, and you can observe this effect in figure 17.You can see that the 
uniaxial compressive strength is reduced to about 10% on the large scale. 
[18] 

 

Figure17. Impact of specimen size on compressive strength [18] 
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When creating a model for calculating the building subsurface, as figure 18 
shows, the area under consideration is very important. If we examine a small 
section (for specific details), we can consider the rock as an unbroken 
isotropic continuum. But if we consider a larger area, for example for 
landslides or slope stabilization, bearing capacity measures, discontinuities 
should be considered and included. 

 

 

Figure18. Modification of the model properties only by changing the area under consideration 
[37] 
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3 Analytical Solution 

3.1 Bearing capacity according to theory Ladanyi and Roy 

According to this theory outlined in section 2.4.5 for jointed rocks, failure 
beneath the foundation is anticipated to occur due to shear failure within 
the discontinuities. Equations 2-13 to 2-16 were employed in the 
determination of bearing capacity. 

For this purpose, to determine the bearing capacity, we considered a 
rectangular foundation with dimensions of 1[m]*2[m] on the rock mass with 
a density of 0.027 [MN m3]⁄ , which contains two set of orthogonal 
discontinuities. [11]  

The mechanical characteristics of the joints are identical, and their 
corresponding values are provided in the table below. To enhance our 
comprehension of the influence of the joints orientation, friction angle, and 
cohesion on the foundation's bearing capacity, we have examined three 
distinct discontinuity orientation states, which are perpendicular to each 
other. Additionally, various values for friction angels and cohesion have been 
taken into account, as indicated in the table 8 and 9 below.   

Table8. The orientation of the joint set in analytical solution 

Joint sets Dip  ψ [◦] 
 

Dip  ψ [◦] 
 

1 60 30 
2 70 20 

3 50 40 

 

Table9. Mechanical characteristics of joint set in analytical solution 

 
 

Joint sets 1,2,3 

Friction Angels  ,  [◦] Cohesion c [MPa] 
20 0 
25 0.1 
30 0.2 
35 0.3 
40 0.4 
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3.2 Bearing capacity for joint set 1, /  =  60/30 

As evident from the equations, the bearing capacity is significantly 
influenced by the orientation and mechanical properties of the joint set, 
encompassing both the cohesion and friction angle of the discontinuities. 
The bearing capacity values for orientations of 60/30 degrees are depicted in 
figure 19. 
 

 
Figure19. Bearing capacity joint sets 1 according to analytical solution 

 

3.3 Bearing capacity for joint set 2, /  = 70/20 

By changing the direction of the joint set, as indicated by equations 12.2-
12.6, this alteration, unlike changes in cohesion and friction angle, does not 
have a significant effect on the obtained bearing capacity and the obtained 
bearing capacities exhibit a lower magnitude compared to the joint set 
60/30.This can be observed in figures 20. 
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Figure20. Bearing capacity joint sets 2 according to analytical solution 
 

3.4 Bearing capacity for joint set 3, /  =  50/40 

For this orientation, the determination of bearing capacity followed the 
same methodology as the previous two orientations, as outlined in section 
2.4.5. This process is depicted in figure 21. Notably, the highest bearing 
capacity is observed for the 50/40 orientation, followed by 60/30, and finally 
70/20, as illustrated in the figures above. 

 

Figure21. Bearing capacity joint sets 3 according to analytical solution 
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4 Numerical model 

4.1 3DEC 

The 3DEC program mainly used in this work is obtained from Itasca 
Consulting Group Inc. The name "3DEC" stands for 3-Dimensional Distinct 
Element Code and it works as a numerical program based on the Discrete 
Element Method (DEM) that is used for discontinuous modeling. Distinct 
element method can usually easily observe large deformation in joints and 
also identify all new contacts between blocks due to relative block 
movement. Through 3DEC, it is possible to model any number of joint sets 
with different orientations and determined their characteristics. 

Blocks can be described both as rigid, having 6 degrees of freedom (3 
translational, 3 rotational) and bounded by planar and polygonal surfaces, 
and as deformable blocks that they are divided into tetrahedral, each of 
which has 3 degrees of translational freedom (based on Itasca 2007). If the 
displacements occurring in the model are largely caused by movements in 
the contact surfaces, the use of rigid bodies is recommended. If there is a lot 
of deformation in the blocks, the use of deformable bodies is recommended, 
we attribute the material properties to the bodies, in which case elastic and 
plastic deformations are possible. To make these changes in blocks, we need 
to discretize them.  

This program discretizes blocks by entering the average tetrahedron edge 
length into tetrahedron regions. The fineness of the zoning improves the 
accuracy of deformations, but the calculation time also increases 
significantly. 
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4.2 Modeling 

Several basic rules must be followed to obtain meaningful results from a 
numerical model. These rules include the size of the model, the fineness of 
the areas, the storage conditions, and the material models that the 
calculation is based on. [38] 

For the dimensions of the model, we chose a rectangular block with a length 
of 40 [m], a width of 1 [m] and a height of 19 [m] (Figure 22). The decision to 
adopt a one meter width was influenced by our project's goal of studying 
wedge failure. This selection is in harmony with the foundation's thickness of 
1 meter, allowing us to pursue our objective with an appropriately slender 
model. A foundation of dimensions 2 [m] by 1 [m] is located at point [14, 0, 
19] on the block. 

 

Figure22. Representation of the model for three-dimensional examinations in 3DEC 

The important point in choosing the dimensions of the model is to prevent 
the displacement and velocity vectors from reaching the boundaries of the 
model. This issue is clearly evident in the figures 23 and 24. 
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Figure23. The appropriateness of the model dimensions under consideration of the block velocity 
magnitude does not extend to the boundaries 

 

 

Figure24. The appropriateness of the model dimensions under consideration of the block 
displacement magnitude does not extend to the boundaries 

And as boundary conditions at the beginning [-10 to -9] and at the end [29 to 
30] of the model in X direction. Also, at the beginning of the model in the Z 
direction [0 to 1], all the blocks are fixed in this specified range same as 
figure 25. Each loading step goes through 10,000 cycles aligned to an 
estimated limit equilibrium that is achieved in a practical computational time 
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frame. This numerical value is determined experimentally and ensures the 
maintenance of a stable state 

 

 

Figure25. Boundary condition in numerical model 
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4.2.1 Model with 2 joint set 

During the initial phase of the numerical approach, a numerical model was 
constructed using 3DEC software, following the conditions outlined in 
section 3.1. Specifically, the model featured two join sets of discontinuities 
oriented perpendicularly at angles of  ψ = 60  and  ψ = 30 degrees, shear 
stiffness 1[GPa] and normal stiffness 5[GPa] for both of two set with varied 
friction angles and cohesion values as detailed in the table below and at a 
distance of 300 [mm] from each other.  

For this purpose, to determine the bearing capacity, we considered a 
rectangular foundation with dimensions of 1[m]*2[m]on the rock mass with 
a density of 0.027[ MN m3⁄ ] , which contains two sets of orthogonal 
discontinuities. The mechanical characteristics of the joints are identical, and 
their corresponding values are provided in the table 10 below. To enhance 
our comprehension of the influence of the joints orientation, friction angle, 
dilation angle and cohesion on the foundation's bearing capacity, we have 
examined three distinct discontinuity orientation states. Additionally, various 
values for friction angels, dilation angel and cohesion and have been taken 
into account, as indicated in the table 11 below. We constructed our models 
by assuming uniform values for both the dilation angle and the friction angle. 
 

Table10. The orientation of the joint set in DEM model with 2 joint set 

Joint sets Dip  ψ [◦] 
 

Dip  ψ [◦] 
 

1 60 30 

 

Table11. Mechanical characteristics of joint set in DEM model with 2 joint set 

 
 

Joint sets 1,2 

Friction Angels  ,  [◦] 
Dilation Angel 

[°] 
Cohesion c 

[MPa] 
20 20 0 
25 25 0.1 
30 30 0.2 
35 35 0.3 
40 40 0.4 
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4.2.1.1 Failure model with 2 joint sets 
 

The foundation's bearing capacity was assessed through the consideration of 
failure modes arising from failures along the discontinuities or across the 
material. Due to the direction of load application and the angle of joint group 
one, the main vertical settlement has occurred along this joint.  
In order to detect the failure in our model, we considered the criteria of the 
formation of the failure wedge, displacement magnitude, as well as the 
velocity magnitude. 
In the model featuring two sets of joints, the primary settlement and 
displacement predominantly manifest in the horizontal direction. This 
phenomenon is ascribed to the sliding of plates within the joint group, 
particularly in close proximity to the vertical direction. The observed 
behavior is a consequence of applied stresses and sliding along the seams. It 
is noteworthy that, in contrast to the analytical solution, the determination 
of wedge failure is not conclusive in this context. 
As evident from Figure 26, the failure mechanism initiates following 
significant displacements along the discontinuities. The failure pattern is 
characterized by a combination of failures along these discontinuities or 
within the material itself. Our primary criterion is the magnitude of 
displacement, which directly impacts serviceability. 
 

 
Figure26. Model failure under Block displacement [m] with a 3 [MPa] load, with a cohesion of 0.2 

[MPa] and a friction angle of 20 [◦], Numerical model (DEM) with 2-joint set 
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4.2.2 Model with 3 joint set 

As evident from Figure 11, the failure mechanism involves wedge-shaped 
sliding along the joint, that horizontal stress  playing a crucial role, its 
presence contingent on the vertical joint. Consequently, a new model was 
constructed by introducing this vertical joint as the third joint set, and the 
bearing load capacities for this model were determined. Like the model with 
two types of joints, the rock density is [0.027 MN m3⁄  ] and shear stiffness 1 
[GPa] and normal stiffness 5 [GPa] for all three set. 

The distance between all three sets of joints was set at 500 [mm] and three 

different orientations of the joint sets were investigated and the orientations 
are presented in the table 12 provided below. 

 
Table12. The orientation of the joint set in DEM model with 3 joint set 

 
Joint sets 

Joint-set with Dip  ψ [◦] 
 

Joint-set with Dip  ψ [◦] 
 

Joint-set with Dip  ψ [◦] 
 

1 60 30 90 
2 70 20 90 
3 50 40 90 

 

In order to determine the bearing capacity using three sets of joints, a 
constant friction angle of 20 degrees was maintained, while the dilation 
angle was set equal to the friction angle at 20 degrees. The cohesion of the 
joint sets varied within a specific range as detailed in Table 13 below. We 
chose a friction angle of 20 degrees because it yielded the highest 
agreement between the results obtained from the model and the analytical 
solution. In other cases, the differences between the results exhibited a 
significant increase. 
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Table13. Mechanical characteristics of joint set in DEM model with 3 joint set 

 
 
 

Joint sets 1,2,3 

Friction Angels φ  , φ  ,φ  , [◦] Dilation 
Angel [°] 

 

Cohesion c 
[ MPa] 

Shear 
stiffness 
[GPa] 

Normal 
stiffness 
[GPa] 

 
 

20 

 
 

20 

0  
 
1 

 
 
5 

0.1 
0.2 
0.3 
0.4 

 

4.2.2.1 Failure model with 3 joint sets 
 

A significant aspect of the failure criterion in the model with three types of 
joints was the occurrence of wedge failure. Before the formation of the 
wedge failure, the values of magnitude displacement and velocity were low, 
however, following the wedge failure, these values increased significantly. As 
evident from the fracture patterns figure 28-33. The orientation of the joints 
plays a crucial role in the formation of these wedges and the criteria for 
failure (magnitude of displacement and velocity). The highest magnitudes of 
displacement and velocity are observed in the 60/30 orientations (Figure30-
31). 

Unlike the numerical model with two sets of joints, where the absence of 
wedge failure is crucial, our criterion for failure is the magnitude of 
displacement and its impact on serviceability (Figure 26).The behavior of the 
model with three joint sets aligns with the analytical solution framework, 
clearly illustrating the well-known failure mechanism described. 



 

5 Result 

5.1 Bearing capacity numerical model with 2 joint set 

As elucidated in section 4.2.1, the failure mechanism in the model featuring 
two sets of joints deviates from the formation of a wedge failure. Instead, 
failure manifests under high displacement, followed by sliding along the joint 
set, as distinctly illustrated in Figure 26. 

In the table 14-18, you can observe the permissible bearing capacity values 
for various cohesion levels and different friction angel modes. 

Table14. Bearing capacity of foundation for the DEM model with 2 joint set under cohesion 0  

Cohesion c=0  
friction angles φ  and φ  [ ◦] Bearing Capacity  q  [MPa] 

20 1 
25 1.3 
30 2 
35 3.3 
40 4.5 

 

Table15. Bearing capacity of foundation for the DEM model with 2 joint set under cohesion 0.1 
[MPa] 

Cohesion c=0.1 [MPa] 
friction angles φ  and φ  [ ◦] Bearing Capacity  q  [MPa] 

20 1.8 
25 2.5 
30 3.8 
35 5.5 
40 6.6 
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Table16. Bearing capacity of foundation for the DEM model with 2 joint set under cohesion 0.2 
[MPa] 

Cohesion c=0.2 [MPa] 
friction angles φ  and φ  [◦] Bearing Capacity  q  [MPa] 

20 2.6 
25 3.4 
30 4.9 
35 6.4 
40 7.6 

 

Table17. Bearing capacity of foundation for the DEM model with 2 joint set under cohesion 0.3 
[MPa] 

Cohesion c=0.3 [MPa] 
friction angles φ  and φ  [◦] Bearing Capacity  q  [MPa] 

20 3.2 
25 4.2 
30 5.8 
35 7.3 
40 8.5 

 

Table18. Bearing capacity of foundation for the DEM model with 2 joint set under cohesion 0.4 
[MPa] 

Cohesion c=0.4 [MPa] 
friction angles φ  and φ  [◦] Bearing Capacity  q  [MPa] 

20 4.1 
25 5,6 
30 7.1 
35 8.6 
40 10.7 

 

The figure 28 is clear. Firstly, the trend of the diagram is linear, similar to the 
analytical solution diagrams. Secondly, the values of the bearing capacity 
exhibit a significant increase compared to analytical method. It is noteworthy 
that the analytical equation does not account for the effect of the distance 
between the joint sets and mechanical properties such as normal and shear 
stiffness on bearing capacity, indeed, it is evident that as the distance 
between joint sets increases, the dimensions of our blocks also increase, 
resulting in a higher bearing capacity. As mentioned earlier, we considered a 
distance between the joint sets of 300 [mm], leading to the obtained results. 
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Figure27. Bearing capacity for DEM model with 2joint sets and dipping ψ = 60 [°] and   ψ = 30 [°] 

and Spacing 300 [mm] 
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5.2 Bearing capacity numerical model with 3 joint set 

In the improved model featuring three joint sets, the pronounced proximity 
of both the failure mechanism and bearing capacity to the analytical solution 
presented by Ladanyi and Roy (1971) is readily apparent. 

5.2.1 Wedge failure for joint sets 1, /  = 60/30 

The highest load-bearing capacities obtained from the DEM (3DEC) for this 
situation were observed in the direction of this joint set, as illustrated in the 
table 19. 

Table19. Bearing capacity of foundation under wedge failure for joint sets 1 with friction angel 20 
[◦] 

Cohesion c [MPa] Bearing Capacity  q    [MPa] 
0 0.5 

0.1 0.9 
0.2 1.6 
0.3 2.2 
0.4 2.7 

 

 
Figure28. Wedge failure for joint sets 1 under Block displacement magnitude [m] for 2.3 [MPa] 

load and cohesion 0.3 [MPa], Friction angel 20 [◦] 
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Figure29. Wedge failure for joint sets 1 under Block velocity magnitude [m/s] for 2.3 [MPa] load 

and cohesion 0.3 [MPa], Friction angel 20 [◦] 

 
As evident from the failure figure 29 and 30, the most prominent failure 
wedge occurs in this case, and the failure mechanism clearly indicates the 
outward movement of the passive wedge formed under the foundation.  

5.2.2 Wedge failure for joint sets 2, /  = 70/20 

Following joint set 1, the highest load capacity is attributed to joint set in 
state 2, and the corresponding values of this load capacity are provided in 
the table 20. 

Table20. Bearing capacity of foundation under wedge failure for joint sets 2 with friction angel 20 
[◦] 

Cohesion c [MPa] Bearing Capacity  q  [MPa] 
0 0.6 

0.1 0.9 
0.2 1.3 
0.3 1.8 
0.4 2.2 
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 Figure30. Wedge failure joint sets 2 under Block displacement magnitude [m] for 1 [MPa] 
load and cohesion 0.1 [MPa], Friction angel 20 [◦] 

 
 

 
Figure31. Wedge failure joint sets 2 under Block velocity magnitude [m/s] for 1 [MPa] load and 

cohesion 0.1 [MPa], Friction angel 20 [◦] 
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The failure figure 31 and 32 clearly indicates that the failure wedge is formed 
on the left side of the foundation, similar to the joint set 1. However, the 
dimensions of the formed wedges are smaller than those observed in the 
joint set 1. 

5.2.3 Wedge failure for joint sets 3, /  = 50/40 

The lowest bearing capacity among these three states of joint set belongs to 
this state, whose values can be seen in the table 21 below. 

Table21. Bearing capacity of foundation under wedge failure for joint sets 3 with friction angel 20 
[◦] 

Cohesion c [MPa] Bearing Capacity  q    [Mpa] 
0 0.6 

0.1 0.8 
0.2 1.1 
0.3 1.5 
0.4 2 

 

 
Figure32. Wedge failure joint sets 3 under Block displacement magnitude [m] for 0.9 [MPa] load 

and cohesion 0.1 [MPa], Friction angel 20 [◦]  
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Figure33. Wedge failure joint sets 3 under Block velocity magnitude [m/s] for 0.9 [MPa] load and 

cohesion 0.3 [MPa], Friction angel 20 [◦]  

 
In this case, a noteworthy observation emerges as the location of the 
fractured wedge differs from the previous two instances. In certain state, it is 
situated on both sides of the foundation (Figure33 and 34), while in others 
state, it is specifically on the right side of the foundation. Furthermore, its 
size, as depicted in the accompanying figures, is comparatively smaller than 
in the preceding two cases. 

5.2.4 The impact of joint set orientation on bearing capacity 

It is well known from the results in tables 19, 20 and 21 that the orientation 
of the joints has a significant effect on the bearing capacity, and it is clear 
from the figure 35 that the highest bearing capacity is 30/60 and the lowest 
is 40/50 and with the increase of cohesion value from 0.1 [MPa], the 
difference between them increases. The concept can be well understood by 
considering the stress distribution in jointed rocks, as explained in section 
2.4.4, and its effect on the formation of a fracture wedge. 
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Figure34. The impact of joint set orientation on bearing capacity 
 

5.3 New approach in reverse calculations between DEM and 

analytical method 

As explained in section 2.4, one of the ways to find the bearing capacity for 
rocks with two types of joints set is to use the diagrams in the standard. In 
this section, first, with the values of cohesion "  "and friction angles of 
discontinuity sets "  "and the value of the bearing capacity  of the 
foundation obtained from the software 3DEC (DEM), according to the 
existing formula of analytical equation, we calculate the amount of the 
minimum principal stress   that acts horizontally on the active wedge A. 

=
[  (    ψ1   )( )] 

 
(5.1) 

=tan2(45+  ) 
 

(5.2) 

The illustration in the standard explicitly indicates the foundation's bearing 
capacity on rock, considering the uniaxial compressive strength of intact rock 
and the joint distances. Figure 17 in section 2.8 highlights that the uniaxial 
compressive strength of the jointed rock mass is approximately 10% of that 
of intact rock. As a result, we multiply minimum principal stress  from the 
above formula by 10 times and consider it as the stress of intact rock and 
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according to the uniaxial compressive strength and the distance between the 
joints which is 500 [mm], we read the bearing capacity from the chart, which 
is bearing capacity is very close to the capacity obtained from the 3DEC 
(DEM). For joint sets 1 with orientations =60 degrees and =30 degrees, 
these values are available in Table 22. 

Table22. Minimum principal stress σ  through inverse calculations involving Discrete Element 
Method (DEM) and analytical approaches for first joint set 

Cohesion c 
 [MPa] 

Bearing Capacity  q  [MPa] 
σ   

[MPa] 
10*σ  

0 0.5 0.24 2.4 
0.1 0.9 0.41 4.1 
0.2 1.6 0.72 7.2 
0.3 2.2 0.99 9.9 
0.4 2.7 1.15 11.5 

 

Presently, with stress  10*  measurements and the joint set distance 500 
[mm] in hand, as depicted in the figure 36, the bearing capacity can be 
readily determined by reading from the diagram. 
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Figure35. Bearing capacity through inverse calculations involving Discrete Element Method (DEM) 
and analytical approaches for first joint set ψ = 60 [°] and ψ = 30 [°]  

The calculated values for the joint sets with orientation =70 degree and 
=20 degree are in the table 23 and the results are depicted in Figure 37. 

 
Table23. Minimum principal stress  through inverse calculations involving Discrete Element 

Method (DEM) and analytical approaches for the second joint set 

Cohesion c  
[MPa] 

Bearing Capacity  q    
[MPa] 

σ   
[MPa] 

10*σ  

0 0.6 0.29 2.9 
0.1 0.9 0.42 4.2 
0.2 1.3 0.6 6 
0.3 1.8 0.83 8.3 
0.4 2.2 1 10 

 

 
Figure36. Bearing capacity through inverse calculations involving Discrete Element Method (DEM) 

and analytical approaches for two joint setψ = 70 [°] and ψ = 20 [°]  
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And also for the joint sets with orientation =50 degree and =40 degree 
these values are available in the table 24 and the results are depicted in 
Figure 38. 

Table24. Minimum principal stress  through inverse calculations involving Discrete Element 
Method (DEM) and analytical approaches for the third joint set 

Cohesion c  
[MPa] 

Bearing Capacity  q    
[MPa] 

σ   
[MPa] 

10*σ  

0 0.6 0.3 3 
0.1 0.8 0.35 3.5 
0.2 1.1 045 4.5 
0.3 1.5 0.61 6.1 
0.4 2 0.8 8 

 

 
Figure37. Bearing capacity through inverse calculations involving Discrete Element Method (DEM) 

and analytical approaches for third joint set ψ = 50 [°] and ψ = 40 [°
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6 Interpretation and comparison of the results 

6.1 Comparison of the results of the analytical methods with 

numerical model (DEM) with 2 joint set 

In Section 4-2-1, it was revealed that the bearing capacities obtained from 
the numerical model, featuring two sets of perpendicular joints with dipping 
angles ψ =60 and ψ =30 degrees, demonstrate a difference when 
compared to the results derived from analytical solutions. This contrast 
arises because the wedge failure mechanism in the numerical model, 
established using the Discrete Element Method (DEM), occurs after 
extensive displacement and settlement in the blocks and as it is well known, 
by reducing the spacing between the joints, the size of the blocks becomes 
smaller and the bearing capacity obtained in this case is smaller and it is 
close to the bearing capacity obtained from analytical solution.  

However, due to the abundance of contact surfaces between the blocks in 
the model with small spacing, the software requires an extensive duration, 
approximately two days, to conduct a thorough analysis of the model. 
Therefore, the bearing capacities obtained for the model with two joint sets 
with 300[mm] show higher values than the analytical solution and this fact is 
illustrated in Figure 39. 

 
Figure38. The comparison the bearing capacity of the numerical model, which incorporates two 
varieties of joints, a spacing of 300 [mm], and dip direction of ψ = 60 [°] and ψ = 30 [°], with the 

Analytical relationships proposed. 
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6.2 Comparison of the results of the analytical methods with 

numerical model (DEM) with 3 joint set 

6.2.1 Joints set 1, /  = 60/30 

Based on the results obtained from the numerical model that includes three 
sets of joints, it can be inferred that the bearing capacity derived from the 
model, featuring a friction angle of 20 degrees and a joint spacing of 500 
[mm], closely corresponds to the bearing capacity obtained through 
analytical methods refer to Figure 39 . Moreover, the wedge failure 
mechanism observed in this model exhibits similarities to Figure 11 and 
aligns with the approach described by Ladanyi and Roy. 

 
Figure39. The comparison the bearing capacity of the numerical model, which incorporates three 
varieties of joints with friction angel 20 [°], spacing of 500 [mm], and dip direction of ψ = 60 [°] 

and ψ = 30 [°] and ψ = 90 [°], with the analytical relationships proposed. 
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6.2.2 Joints set 2, /  = 70/20 

The comparison of the bearing capacity in this orientation is illustrated in the 
figure 40 below. 

 

 
Figure40. The comparison the bearing capacity of the numerical model, which incorporates three 

varieties of joints with friction angel 20 [°], spacing of 500 [mm], and dip direction of ψ =70 [°] 
and ψ =20 [°] and ψ = 90 [°], with the analytical relationships. 
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6.2.3 Joints set 3, /  = 50/40 

The results of the bearing capacity comparison for this case, similar to the 
two cases mentioned above, are depicted in the figure below. 

 

 
Figure41. The comparison the bearing capacity of the numerical model, which incorporates three 
varieties of joints with friction angel 20 [°], spacing of 500[mm], and dip direction of ψ = 50 [°] 

and ψ = 40 [°] and ψ = 90 [°], with the analytical relationships proposed. 

A notable observation across all three graphs is that, at cohesion of 0.1 
[MPa], the results from the numerical model (DEM) align with the analytical 
relations. However, for cohesion values below this threshold, the bearing 
capacity derived from the numerical model surpasses that of the analytical 
relations. Conversely, for cohesion values exceeding 0.1 [MPa], the trend is 
reversed, with the bearing capacity obtained from the numerical model 
(DEM) falling below that of the analytical relations (Figure 41). 

Comparable results were calculated by Preh [40] using a dilation angle equal 
to half the friction angle. 
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7 SUMMARY 

The present study aimed to investigate the influence of the orientation of 
joint set in foundations on fractured rock. A predefined failure mechanism, 
such as the sliding of a wedge on an interface, was analyzed in detail 
according to the ÖNORMEN B 1997-1-2 standards. Particular attention was 
given to considering the spatial orientation of interfaces in foundations 
through three-dimensional calculations. 

The calculations were conducted using the following methods: 

• The analytical limit equilibrium method by Ladanyi and Roy (1971). 
• The computational program 3DEC, which allows for a numerical 

investigation based on the Discrete Element Method (DEM). 

All investigations were carried out following the Mohr-Coulomb failure 
criterion. The strength parameters, namely cohesion and friction angle of 
potentially existing interfaces, were reduced compared to intact rock. 

The bearing capacities derived from the analytical solution effectively 
demonstrate the impact of joint friction angle and cohesion on the 
outcomes. However, these relationships do not comprehensively account for 
the orientation and spacing of the joints and this observation is clearly 
evident when examining the graphs depicting the bearing capacities derived 
from the analytical solution. 

To enhance the comprehension of the influence of joint orientation, spacing, 
and the wedge failure mechanism, a numerical model was constructed using 
the Discrete Element Method (DEM) with the aid of 3DEC software. 

The initial model, constructed based on the assumptions of the analytical 
solution with two sets of joints perpendicular to each other, exhibits a failure 
mechanism distinct from sliding wedge rupture (Figure26). Additionally, it 
demonstrates a higher bearing capacity compared to numerical methods, as 
clearly illustrated in the tables 14-18 and figure 39. But the point to consider 
in this model is the spacing of 300 [mm] , by reducing this spacing, results 
very close to the analytical solution can be obtained, but with a different 
failure mechanism than wedge failure. 
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The improvements made to the constructed model, including the 
incorporation of a third joint set with a vertical orientation and identical 
mechanical properties as the existing two joint sets, resulted in a 
modification of the failure mechanism in line with the analytical solution 
(Figure 28-30-31). Remarkably, the bearing capacity obtained under joint 
spacing set at 500 [mm] and a friction angle of 20 degrees exhibits 
substantial agreement with the analytical solution results, particularly for the 
orientation 60/30, especially when cohesion is less than 0.1 [MPa]. However, 
this agreement diminishes, and the results become inconsistent with 
increasing cohesion beyond 0.1 [MPa] (Figure 40). 

The figure derived from the failure mechanism clearly illustrates the 
significant influence of the joint set orientation on the formation of wedge 
failure, as per the analytical solution. The obtained results indicate that the 
joint set with an orientation of 60/30 is the most compatible (Figure40). It is 
noteworthy to observe the seam with the 50/40 direction, where wedge 
failure occurs on both sides, and it has the smallest size compared to other 
directions (Figure33). 

Indeed, the behavior of rock masses is significantly influenced by the 
characteristics of joint sets. Numerous studies by various authors have 
consistently confirmed this observation. The discontinuity system, comprised 
of joints and fractures, often plays a more crucial role in determining the 
behavior of the rock mass compared to any other material parameter. [39] 

Considering that the bearing capacity in ÖNORMEN B 1997-1-2 standards is 
based on the analytical solution (Ladanyi and Roy 1971), and as mentioned 
earlier, these relations do not comprehensively account for the influence of 
joint set direction and distance, caution and meticulous attention should be 
exercised when selecting values in accordance with the standard. It is crucial 
to recognize the limitations of the standard and, if necessary, supplement 
the analysis with additional considerations to ensure a more accurate 
representation of the real-world conditions. 
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