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Abstract

One of the most important issues in geotechnical studies is bearing capacity. It is also defined as the 
resistance when the maximum pressure is exerted from the footing to the foundation without creating 
shear failure therein. Since earing capacity is highly correlated with the stability of surface and subsurface 
structures, researchers have become interested in this subject. The area and geometry impacts on the footing 
are considered as the two important issues in this regard. In this research, a numerical model based on 
particle flow code was used in PFC3D software. To do experiments in numerical models, two triple-facet 
footings were utilized in square, rectangular and circular geometric shapes. Furthermore, these footings 
held a total area of 64 cm2 and other series included a full area of 49 cm2. In the modeling, the mechanical 
properties of granite were put into practice and the results of the numerical tests were scrutinized, as well. 
As a result, it was ascertained that the bearing capacity depends on both the footing geometry and the 
footing area.
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1- INTRODUCTION
Many geo-mechanical problems involved 

in the fields of mining, civil, petroleum and 
environmental engineering are very complicated. 
The experimental, empirical, and analytical 
solutions are not efficient enough to satisfy 
the suitable and sound design status of many 
engineering problems which are related to rock 
engineering and geo-mechanics. Therefore, 
several sophisticated numerical methods such as 
finite element method (FEM), finite difference 
method (FDM) and boundary element method 
(BEM) have been developed to improve the 
modern engineering needs for the design of 
huge foundations and structures. For example, 
the continuum based higher order displacement 
discontinuity method (HODDM), which is a version 
of the indirect BEM, has been widely applied 
to remove many rock mechanics problems dealt 
with rock fragmentations, rock cuttings, hydraulic 
fracturing and many other related problems [1-
7]. On the other hand, the dis-continuum based 
finite difference method, known as (DEM), has 
been extensively employed to elucidate problems 
related to the discontinuous jointed rock mass in 
geo-mechanics [8-10]. Currently, the tensile and 
shear failure mechanism of rocks and concretes as 
well as some hydraulic fracturing related problems 
have been studied by the improved two- and three-
dimensional particle flow codes (PFC2D, PFC3D 
and XSite), respectively [11-13].

When the force is applied to the rock 
foundation, it reacts to this loading and will 
fail, settle down and deform depending on its 
mechanical properties. Indeed, this issue should 
be heeded in the construction of surface and sub-
surface structures. In case deposition happens 
more than the initial forecast, it will destroy the 
structure. Further, the bearing capacity of its 
foundation is considered as the most essential 
factor bringing about the failure of a footing or 
a structure. Consequently, it is crucial to examine 
its bearing capacity in order to build an ideal 
foundation with reasonable stability. Notably, 
this is the indispensable part of the geotechnical 
engineering operations [14].

Remarkably, the penetration of a rigid body 
into a soft body has been also presented. In 
consequence, bearing capacity was presented 

based on the concept of plastic balance. Next, the 
formulations were also improved [15].

There is little literature deliberating the impacts 
of footing geometry and size on rock foundation 
settlement and bearing capacity. It should be 
pointed out that there are also some reports on 
soil bedding. In a dry sand experiment, the footing 
geometry impacted bearing capacity actually 
reflected a higher value in conic and pyramidal 
footings than in flat ones [16]. Notably, a series of 
experiments with square and strip footings placed 
on sand has been implemented. Considerably, it 
was determined that bearing capacity is increased 
as the footing dimensions get enhanced [17].

In this regard, rectangular footing on sand in 
the laboratory was dissected. Indeed, the final 
bearing capacity is enhanced as the footing area 
is grown [18]. The results are in consistent with 
the outcomes. Moreover, a physical experiment 
and finite element numerical model was 
practiced. Additionally, the bearing capacity of 
the foundation increased through scaling up the 
footings area [19].

The use of finite element numerical model 
in FLAC software has contributed to rise the 
bearing capacity by scaling up the footing width 
[20]. Researchers have previously verified 
that the scale significantly affects the bearing 
capacity. Moreover, the bearing capacity grown 
by proliferating the footing dimensions on a given 
foundation. The aim of this study is to investigate 
changes in bearing capacity in two states including 
a fixed footing area with different geometries and 
fixed footing geometry with increasing area. 

The undesirable nature of soil and rock and 
the problems of experimental tests increase the 
tendency in the laboratory and onsite to seek 
alternative methods predicting the bearing capacity 
other than traditional computing techniques. In fact, 
more accurate results can be obtained [18]. Within 
recent decades, the use of numerical methods 
and models have been significantly developed in 
rock mechanics. Several researchers have been 
enthusiastic about this field [21-23]. Although 
some numerical models have not been able to 
completely solve the problem, it is possible to 
discover relationships among different parameters 
with the advent of sensitivity analysis methods 
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[24-26]. Some of these models are Boundary 
Element Method, Finite Element Method, Distinct 
Element Method and Finite Difference Method. 
There are also various models of materials in 
relevant software simplifying the analysis used 
by researchers to analyze the behavior of rocks by 
considering properties of discontinuity [27,28].

Linear failure and nonlinear resistance 
methods are inspected using Mohr-Coulomb 
[29]. The success of a foundation design relies 
on the precise estimation of its bearing capacity. 
To avoid onsite techniques, several methods 
have been developed by various researchers to 
estimate the bearing capacity. Despite this fact, 
it is crucial to improve more powerful predictive 
models [15]. After general shear failure, a 
triangle wedge is formed under the footing in a 
two-dimensional cross-section [30]. The purpose 
of this study is to deliberate the penetration of 
footing into the rock and subsequent foundation 
failure mechanism. It is noteworthy that the first 
comprehensive failure model in bearing capacity 
has been displayed [31].

Furthermore, it was specified that the internal 
angles of the triangle (critical angles) in soil are 
equal to ∅ [31]. It was calculated that the internal 
angles of a triangle in rock are equal to 45+∅/2 
[30].

The assumption of small spacing of the 
fractures are mostly based on the existing equations 
determining the bearing capacity of rocks [32-38]. 
In some cases, the hypothesis of large spacing 
of the fractures are also practiced [33,35]. It is 

noteworthy that all these methods can only be 
employed when a general shear failure happens. If 
there is a punching failure, these methods are not 
properly accurate. Table 1 divulges the basic and 
primary formula of bearing capacity.

2- NUMERICAL MODEL
2-1- Particle Flow Code and PFC3D 
Programming

To make the numerical model, the particle flow 
code (PFC) was used in PFC3D software (Version 
5.00.27). The PFC was first released in 1994. In 
fact, it is an advanced, fast, extremely versatile, 
commercial and multi-physics simulation software 
for engineers and scientists by means of the 
Distinct Element Method (DEM). Peter Cundall 
pioneered the DEM research and development. 
It has been nearly half of a century that PFC has 
been considered. PFC efficiently contributes the 
performance of industrial standards, ease of use, 
accuracy, and versatility for manufacturing, mining, 
geotechnical, earth sciences, pharmaceuticals, and 
packaging simulations.

2-2- Material and Properties

The grains used for foundation modeling were 
in dimensions of 4.75-12.5 mm like the fine gravel 
of Jalilabad zone in the east of Tehran, Iran. The 
behavioral model utilized in PFC3D was the 
parallel bond model. The mechanical properties 
were measured the same as the granite sample 
for the foundation. Additionally, all numerical 
experiments were performed thereon. The grain-

            
      

   ,    ,   = bearing capacity factors 
B = width of the footing 

c = unit cohesion 
q= effective stress at the level of the bottom 

of the foundation 
   = unit weight 

Terzaghi (1943) 

                              
               

            = shape factors 
    ,     ,       = depth factors 

    ,       ,     = load inclination factors 

Meyerhof (1963) 

Table 1. Basic and primary formula of bearing capacity
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size distribution diagram is indicated in PFC3D 
(Figure 1). Table 2 illustrates the specifications 
dealt with the foundation in a numerical model.

2-3- Micro- specifications

Micro- specifications of grains

Micro specifications of cement

 

Where:

                  are the elasticity modulus of grains 
and cement, the ratios of                        are considered 
as the normal hardness ratio to the sheer ratio of 
grains and cement, respectively;    is the parallel 
bond radius increase coefficient, μ is the friction 
coefficient of grains,                are represent the 
tensile strength and the shear strength of parallel 

bonding, correspondingly.

2-4- Establishment of Model Geometry

In the current study, the specimens were in 
sizes of 700 mm (L), 400 mm (H), and 400 mm 
(D) filled by grains up to 350 mm. The numerical 
model is demonstrated in Figure 2. For this 
purpose, two series of footings were used with 
different quadratic, rectangular and circular 
geometries. Table 3 shows the dimensions and 
geometries of the footings.

3- RESULTS AND DISCUSSION
3-1- Effect of Footing Geometry

Figure 3 displays the displacement-force 
diagrams for different footing geometries in a 
total area of 64 cm2. After the footing penetration 

No. Area (cm2) Geometry Dimension (cm) 
1 64 Square 8×8 
2 64 Rectangle 7×9.14 
3 64 Circle R 4.51 
4 49 Square 7×7 
5 49 Rectangle 6×8.16 
6 49 Circle R 3.95 

 
 
 
 

Figure 2. Three-dimensional numerical model (164000 
particles)

Table 3. Dimension and geometry of the designed 
foundations of numerical model

 
 
 
 

Value Unit Parameters Row 

99 MPa Uniaxial compressive 
strength 1 

16.5 MPa Cohesion 2 
50 Deg. Angle of friction 3 

1e8 - Normal and Shear 
Stiffness 4 

2460   
  ⁄  Density 5 

Figure 1. Grain- size distribution diagram in PFC3D

Table 2. Material properties of rock

  ,     , μ

  ̅̅ ̅,  ̅,  ̅ 
 ̅ 

,  ̅ ,  ̅ 

   and   ̅̅ ̅ 
  
  

 and  ̅  ̅  

  ̅  and  ̅  

 ̅ 
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of 1.2 cm, a shear failure was detected in the 
foundation. The displacement-force diagram 
completely returned and referred to general shear 
failure [39]. After observing several experiments 
and monitoring diagrams, it was concluded that 
the displacement-force diagram consists of three 
parts before failure point. As shown in Figure 3, 
Section A is associated with the closure of empty 
spaces inside the rock and the release of small 
cracks. The footing movement will face with 

more rock resistance in the first stage of loading 
as the wedge does not form under the footing. 
Henceforth, the slope is low in the displacement-
force diagram in Section A (Figure 3). As loading 
continues in B region, a wedge is formed with 
a semicircular tip (the slope is increased in this 
section). Furthermore, it facilitates footing 
movement in the rock. Finally, the wedge region 
is completed in Section C (Part 3 of displacement-
force diagram) with the formation of a sharpened 
tip. This occurs when grains are detached from 
their places and positioned in such a way to form 
a complete wedge in which there is the highest 
penetration rate of the footing into the rock. Figure 
3 exhibits the displacement-force diagram of the 
rock.

Sections A, B and C (Figure 4) illustrate the 
displacement-force diagrams for rectangular and 
circular footings in an area of 68 cm2.                                         

According to Figure 5, the distribution of uplift 
is not uniform in different footing geometries. 
Besides, it takes different forms. For a square 
footing, the uplift will be mostly distributed in the 
center. Hence, the least distribution is taken place 
in the corners. In a rectangular footing, the sides are 
stretched to form a rhombus. In a circular footing, 
the uplift is formed as a circular ring around the 
foundation. This issue is generally subjected to 
changes relying on the distribution of grains for 

 
 

 
 

  

 

Figure 3. The displacement - force diagram for a square 
footing of 68 cm2 area

 
 

 
 

  

 

Figure 4. The displacement - force diagram for a footing of 68 cm2 area. A) The displacement - force diagram for a rectangular 
footing on dimensions of 9.14 × 7 cm. B) The displacement - force diagram for circular footing on radius of 4.51 cm

(A) (B)
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different footing geometries. Sometimes, it obeys 
the rules in which the grains form the rock bedding.

Conclusively, the bearing capacity would be 
higher in a circular footing than those of other 
footings. Besides, the bearing capacity of a square 
foundation will be greater than a rectangular 
foundation. The results obtained from numerical 
experiments are shown in Table 4. 

As previously investigated by researchers, the 
bearing capacity gets increased as the footing size 
is accelerated. So far, this issue has been proved 
for all three quadratics, rectangular and circular 
footings using the particle flow theory. However, 
the highest rate of bearing capacity would be 

recorded for circular, quadratic and rectangular 
footings, respectively. From another point of 
view, changing the footing geometry does not 
remarkably influence the amount of settlement. 
Accordingly, an overall failure will occur when 
the footing reaches a certain depth which will not 
be affected by the footing geometry. Nevertheless, 
an increase in the footing area will not only 
increase the bearing capacity, but also will deepen 
the overall failure. Henceforward, there are two 
mechanisms: one is associated with the area where 
the settlement depth and bearing capacity will be 
increased and the other is related to the footing 
geometry in which only the bearing capacity is 
raised. Figure 6 elucidates the bearing capacity 

 
 

 
 

  

 

No. Geometry Area (cm2) Dimension (cm) Force (kN) Settlement (cm) 
1 Square 64 8×8 370 1.12 
2 Rectangle 64 7×9.14 350 1.14 
3 Circle 64 R 4.51 400 1.13 
4 Square 49 7×7 272 0.93 
5 Rectangle 49 6×8.16 264 1.02 
6 Circle 49 R 3.95 320 0.99 

Table 4. Numerical tests results

Figure 5. Uplift geometry around square, rectangular and circular footings
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diagrams and failure geometry for different types 
of footings with an area of 49 cm2. The images 
are taken at a constant time and a definite section, 
whereas different shapes of the failure and the 
bearing capacity diagram indicate that they are 
influenced by the footing geometry.

The failure geometry obeys the bedding grain 
size. Also, the failure geometry in the right side 
is not similar to the left one in a 7×7 cm footing 
(Figure 6). This asymmetry is decreased in the 
rectangular footing and becomes more symmetric 
in the circular one.

3-2- Failure Mechanism

The active Rankin state formed under the 
footing theoretically makes a triangle in two 
dimensions and a wedge in three dimensions. 
Moreover, the internal angle of the two sides of 
the triangle are congruent if the foundation is 
composed of heterogeneous grain-size distribution. 
These angles will be affected by this gradient and 
the triangle shape will be asymmetric.

The effect of grain-size distribution on the 
shape of failure was demonstrated and proved 
in this study. An asymmetric wedge is formed 
according to the position and size of grains. As 
shown in Figure 7, this wedge is verified in the form 
of an asymmetric triangle in a two-dimensional 
cross section. The vertex of the triangle is not 
tanged to the central axis of the footing making 
an asymmetric distribution of force under the 
footing, which will explain tilting the structure. 
Tilting occurs in many surface structures. This 
brings about the conclusion that one of its most 
significant factors is heterogeneity of the bedding.

If the displacement-force diagram passes 
through Step A (Figure 3), the elastic deformations 
are finished, the plastic deformations get started, 
the cracks are propagated in the foundation and 
the wedge begins to be formed. In case the grain-
size distribution is not homogeneous under the 
footing, an asymmetric wedge is automatically 
formed. In consequence, the structure is tilted. 
Both the torque force and force withdrawal from 
the center will increase the failure velocity and 
penetration of the footing. In due course, it makes 
the structure to fall onto one side.

Figure 7 clarifies a cross section of a wedge in 

  
 

 
 

 

Figure 6 The displacement - force diagram and failure 
geometry for a footing of 49 cm2, A) Dimension of 7 × 7 

cm, B) Dimension of 8.16 cm, C) Radius of 3.95 cm

(A)

(B)

(C)
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the form of triangle angles smaller and greater than 
∅. Nonetheless, the angles are close to ∅ in this 
study. If the effect of the foundation heterogeneity 
on the angles is eliminated, it may be determined 
that the internal angle of the triangle in the rock is 
equal to ∅.

Asymmetries of the triangular area create 
an asymmetric uplift around the foundation. 
Moreover, the failure shape in the zone of radial 
shear and passive Rankin will be different on each 
side of footing. The depth of defect is reduced 
and the radius of the impact becomes longer in a 
place with less inner angle. Over the entire path, 
the deflection will be longer and the soil drainage 
inclination underlying the footing. As the internal 
angle of the triangle gets greater, the depth of 
failure will be proliferated. Thus, the failure 
impact radius becomes shorter. In the whole path, 
the failure will be shortened and the soil drainage 
inclination in the foundation will be escalated 
from the same side (Figure 8).

According to Figure 7, the maximum 
displacement is equal to 2.1E-2 meters. The blue 
grains are located in this displacement range on 
the left side of the footing. Similarly, a comparison 
of displacements on the left and right sides of the 
footing (Figure 8) clearly indicates that the greatest 
displacement is 1.57E-2 meters. This occurred on 
the left side of the footing. These observations 
determine that the grains on the left side of the 
footing have more displacement than the ones on 

the right side.

This asymmetry in the triangle disappears after 
further penetration and passing the failure phase. 
As a cube box (8 × 8 cm) in a downward movement 
at fixed and constant speed was practiced as a 
footing, the grains underlying the footing displaced 
and created a symmetric triangle. However, this 
phenomenon will tilt the structure in nature. 

With further penetration of footing into the rock 
and symmetry of the triangle under the footing, 
the zone of radial shear and passive Rankin will 
also be symmetric. Lastly, a symmetrical failure 
is obtained similar to that of Terzaghi’s (Figure 9). 
The general shear failure ends after the footing is 
penetrated up to 2.14 cm.

As shown in Figure 10, the displacements were 
filtered in the positive and negative directions of 
X-axis (the length of the test box) and reached 
the grains with the highest displacement in the X 
-axis. This will make two zones: the one on the 
right and the other on the left side of the triangle 
below the footing, which are similar to the radial 
shear zone in the failure mechanism. 
 Figure 11 displays that displacements in the 
positive direction of the Z-axis were filtered 
(means in the direction of the test box height) and 
reached the grains with the highest displacement in 
the positive direction of the Z-axis. This will create 
two zones: one on the right and the other on the left 
side of the footing, which are similar to the passive 
Rankin zone in Terzaghi failure mechanism.

 
 

 
 

 
 

 
 

 
 

 
 

Figure 7. Failure triangle under the footing with 8 × 8 cm 
dimension (Active Rankine state) 

Figure 8. The geometry of failure when general shear starts
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These images were put on each other to 
determine the failure mechanism. As shown in 
Figure 12, there will be generally four areas for 
each foundation

 side. Region A is the half of the failure 
triangle underlying the footing. The grains move 
downward in this region. Region B is related to 
the grains moving almost horizontally and in 
a sheered manner. Region C is connected to the 
grains in a vertical upward movement and cause 
the uplift phenomenon. At the point shared by 
regions B and C, there is an extra region called 
Region D in which horizontal and vertical 

displacements simultaneously occur. This area has 
with the doughiest state and the most tension. 

 4- CONCLUSIONS
In the light of most important results, the 

following conclusions can be drawn:

1) The displacement-force diagram includes 
three areas before the failure point. Area A is 
associated with the closure of empty spaces inside 
the rock and the release of small cracks. Region 
B is an incomplete triangle with a round vertex 
formed underlying the footing. Region C is where 

 
 

 
 

 
 Figure 9. End of general shear failure after formation of symmetric triangle [31,39]

 
 

 
 

 

Figure 10. Grains with positive and negative horizontal motion in rock (Zone of radial shear)
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the triangle is completely formed in which the 
penetration of the footing will be at the highest 
speed.

2) The uplift appears the same in any particular 
geometry. In a square footing, the uplift is mostly 
expanded in the center of the foundation. Notably, 
the least expansion is figured out in the corners. 
It forms a rhombus in a rectangular footing and a 
circle in a circular base. In different footings, this 
issue relies on changes based on the distribution of 
grains and their heterogeneity.

3) Two mechanisms have been found in bearing 
capacity and settlement. The first mechanism 
is associated with the footing area in which the 
depth and bearing capacity will be increased, 
accordingly. The second one is related to the 
footing geometry and the load capacity will be 
only changed when it is altered at a constant area.

4) If the underlying footing is not homogeneous, 
an asymmetric wedge zone is automatically 
formed. Both the torque force and force withdrawal 
from the center will increase the failure velocity 
and penetration of the footing. In due course, it 
makes the structure to fall onto one side.

5) The failure area is divided into four zones. 
Zone A, which is a wedge failure area, lies in two 
dimensions of a triangular shape. The pressure 
that area A exerts on the bed will subject the grains 
to be sheered in zone B. Grain shearing in zone 
B affects the grains to move upward in zone C. 

Zone D will be located between B and C, where 
the grain upwardly moves. Holistically, it is the 
tension stress binding the region into two regions 
B and C. 

6) If it is assumed that the internal angle of the 
triangle is equal to ∅, a discontinuity plate will be 
formed with a slope ∅ on each side. The pressure 
applied by zone A to the substrate will cause the 
grains to be sheered in zone B. The sheered grains 
of zone B lead the particles to move upward in 
zone C and eventually move to the ground on a 
fracture plane under the angle ∅. The point shared 
by zones B and C is called zone D, where the 
grains obliquely move upward. In fact, it is the 
tension stress binding the region into two regions 
B and C. The uplift is decreased as it gets far from 
the footing. As a result, the highest uplift will be 
taken place near the footing.
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