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Abstract.

The aim of this paper was to study the influence of the footing shape and the effect of the roughness of the

foundation base on the bearing capacity of shallow foundations on rock masses. For this purpose the finite difference method
was used to analyze the bearing capacity of various types and states of rock masses under the assumption of Hoek-Brown failure
criterion, for both plane strain and axisymmetric model, and considering smooth and rough interface. The results were analyzed
based on a sensitivity study of four varying parameters: foundation width, rock material constant (mo), uniaxial compressive
strength and geological strength index. Knowing how each parameter influences the bearing capacity depending on the footing
shape (circular vs strip footing) and the footing base interface roughness (smooth vs rough), two correlation factors were
developed to estimate the percentage increase of the ultimate bearing capacity as a function of the footing shape and the

roughness of the footing base interface.
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1. Introduction

Among the influencing factors on the ultimate bearing
capacity of the shallow foundations on rock mass two issues
have not been extensively studied: the influence of the
footing shape (Carter and Kulhawy (1988), Clausen (2013),
Ramamurthy (2014), Chakraborty and Kumar (2015) and
Keshavarz and Kumar (2018)) and the foundation base
roughness (no literature about this issue was found in rock
mechanics). In soil mechanic, however, the influence of
both topics is already recognized, and there are different
correction factors published for specific soil type.
Regarding the footing shape the studies performed by
Meyerhof (1963), De Beer (1970), Brinch Hansen (1970),
Anil et al. (2017) can be mentioned; while the interface
roughness the following authors made significant
contributions, Terzaghi, (1943), Meyerhof (1955) and Hjiaj
et al. (2005), Samanta et al. (2018).

Based on the Hoek and Brown failure criterion (1980),
Carter and Kulhawy (1988) proposed two formulations to
estimate the ultimate bearing capacity for the strip and the
circular footing, based on the lower bound solution by
adopting the hypothesis of the weightless rock mass.

According to Clausen (2013) there are no systematic
results in the literature on the bearing capacity of circular
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footings resting on a generalized Hoek—Brown failure
criterion. Clausen claims that there is no correction factor to
estimate how much load a circular footing can support more
than a strip footing as a consequence of only its geometry.
Therefore, a bearing capacity factor for circular footing was
proposed by the same author, that allows the bearing
capacity of a circular footing on the rock mass to be
estimated by multiplying the uniaxial compressive strength
of the intact rock mass (UCS) by this coefficient.

Chakraborty and Kumar (2015) emphasized that there is
no literature regarding the influence of the footing shape on
the bearing capacity of rock mass. These authors proposed a
methodology to determine the bearing capacity of a circular
footing over rock mass based on the quasi lower bound
limit analysis, in conjunction with the finite element method
and the non-linear optimization.

Ramamurthy (2014) suggested that the square or the
circular footing resting on the rock mass support 20% more
load than a strip footing of the same width. Ramamurthy
(2014) approach was to estimate the bearing capacity by the
formulation given by Carter and Kulhawy (1988) for strip
foundation and increase its results by 20% to obtain the
bearing capacity for a square or circular footing.

On the other hand, in soil mechanics the shape
coefficient is commonly used. According to Vesic (1973)
the engineering approach to evaluate the effect of the
foundation shape on the bearing capacity of soil has been
mostly semi-empirical, because of the considerable
mathematical difficulties to obtain a solution.

Clausen (2013) observed that the use of the equivalent
Mohr-Coulomb parameters on the Terzaghi bearing
capacity formula can overestimate the bearing capacity of
circular surface footings resting on a rock mass by up to
503%.
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In this paper, we report the results obtained by the finite
difference method employing the commercial code FLAC
(2007) that were quantitatively analyzed to define the
increase of the bearing capacity due to the shape of the
footing depending on the rock mass type. The study of the
influence of the geometrical and geotechnical parameters -
rock material constant (m,), footing width (B), uniaxial
compressive strength (UCS) and geological strength index
(GSI)- were done to obtain a shape correction factor (Cr) to
add as additional bearing capacity due to the circular shape.
The diameter of the circular foundation was considered
equal to the width of the strip foundation. Furthermore, an
analysis of the horizontal and vertical displacement of the
rock mass observed below the foundation was also done.
Therefore, the bearing capacity can be estimated by the
analytical formulation for the strip footing such as that
proposed by Serrano et al. (2000) or Carter and Kulhawy
(1988) and the result can be fitted for the circular footing
applying the proposed shape correction factor (Cr).

The second topic of this paper is the influence of the
footing base interface roughness on the bearing capacity of
the rock mass for which we could not find any published
papers in rock mechanics. Studies on roughness in rock
mechanics usually focus on the joints of rock mass (Barton
(1973), Barton and Choubey (1977), Tse and Cruden
(1979), Du et al. (2015), Tikou (2016)), the shear resistance
to evaluate the sliding stability of dam founded on rock (Lo
et al. (1990, 1991), Ghos (2010), Krounis et al. (2016),
Mouzannar et al. (2017)) or papers related to the shaft
resistance of the pile embedded in rock (Pells er al. (1980),
Rowe and Armitage (1984), Seidel and Collingwood
(2001), Nam and Vipulandan (2008), Jeong et al (2010),
Melentijevic and Olalla (2014), Gutiérrez-Ch et al. (2018)).

The analytical solution proposed by Serrano et al
(2000) to estimate the bearing capacity, does not take into
account the roughness of the foundation base, because the
formulation does not consider the displacement hypothesis.
The Serrano & Olalla solution for the Hoek-Brown failure
criterion (1997) wuses the characteristic line method
(Sokolovskii, 1965). In the analytical formulation, a
uniform distribution of the vertical stress on the ground
surface is assumed but the presence of the shear stress on
the support level is not considered.

The bearing capacity charts for strip footings (Merifield
(2006)) and circular footings (Clausen (2013)), based on the
GSI system, are given for a rough interface of the
foundation base without elaborating the associated failure
mechanism.

Meyerhof (1955) showed in soil mechanics that
theoretically in cases under the assumption of the
weightless material the bearing capacity is independent
from the interface roughness. The interface roughness is
associated with the self-weight of the material because the
friction of the surface changes the shape and the size of the
wedge (Meyerhof (1955), Hjiaj et al. (2005)). Therefore,
depending on the interface type, the failure affects a
different amount of the ground material. Hjiaj et al
(2005) observed that in cases of cohesionless material the
size of the wedge for a smooth footing is smaller than that
for an equivalent rough footing. According to Jahanandish
et al. (2012), for the frictional soils with relatively high

internal friction angles, the bearing capacity of the
foundation with a rough base is approximately two to three
times higher than those for the foundation with the smooth
base with the stress level taken into consideration. It is
emphasized that the influence of the interface roughness on
the bearing capacity, in soil material, depends on the
embedment depth (Meyerhof (1955), Benmebarek et al.
(2017)). With the increase of the embedment depth, the
influence of the base interface decreases, and the lateral
interface becomes more important. Considering that, under
the hypothesis of the footing supported on the ground
surface, the maximum influence of the base interface can be
obtained.

In cases of rock mass, the influence of the base
roughness of the footing on the bearing capacity is of great
interest, because the rock mass resistance can be equal to or
higher than the concrete resistance. However, the analytical
solution (Serrano et al. (2000)) cannot take into account this
hypothesis (base roughness) because it does not include the
displacement of the footing nor the footing stiffness effect
in its theoretical formulation.

In this paper we studied the influence of the base
interface of the footing by applying the numerical analysis,
taking into consideration the footing directly supported at
the surface level, without embedment. The variation of the
bearing capacity was analyzed according to the interface
roughness, based on geometrical and geotechnical
parameters (m,, B, UCS and GSI). A roughness correlation
factor Rr is proposed, that can be used to estimate the
percentage of the variation of the bearing capacity due to
the interface roughness. Finally, the size and the shape of
the wedge below the foundation was also analyzed by
considering the outputs of the displacements (horizontal and
vertical) developed below the foundation.

2. Numerical analysis

A total of 192 cases of rock masses were analyzed,
resulting from the combination of four influential
parameters in the ultimate bearing capacity. The values of
these parameters are given in Table 1 that covers a wide
variety of types and states of rock masses.

Numerical calculations were developed by the finite
difference method employing 2D models and applying the
plane-strain condition to represent a strip footing and the
axisymmetry condition to simulate a circular footing. A
cylindrical coordinate system was used in the axisymmetric
model that can represent objects with axial symmetry, for
example a circular footing. A symmetrical model is used in
the case of the plane-strain condition where only half of the
strip footing is represented (see Fig. 1). The axisymmetric
grid is viewed as a unit-radian sector (FLAC, 2007). The
boundaries of both models are located at a distance that
does not interfere with the result.

From the basic cases, five different calculation
hypotheses were implemented (Table 2), resulting in a total
of 960 cases. The rock mass was considered both under the
assumption of the weightless rock mass and taking into
account the self-weight of the rock mass with the unit
weight of 26 kN/m®. In all simulations the associative flow
rule was adopted and the Modified Hoek-Brown
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Table 1 Summary of the adopted parameters

m, B (m) UCS (MPa) GSI

5 (Claystone) 4.5 5 10

12 (Gypsum) 11 10 50

20 (Sandstone) 16.5 50 85
32 (Granite) 22 100

Symmetry axis Half foundation width
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Fig. 1 2D model used

Table 2 Hypothesis adopted for numerical analysis

Hypothesis adopted in

Models type Weight Interface Section
Axisymmetric Weightless Rough 3
Plane-strain Weightless Rough 3
Plane-strain Self-weight Rough 4
Plane-strain Self-weight Smooth 4
Plane-strain Weightless Smooth 4

mo=20/B=22m/UCS=10MPa/GSI=85

160
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Velocity increments (m/step)
Fig. 2 The ultimate bearing capacity-velocity increments
diagram of the central node of the foundation

constitutive model, available in FLAC v.7, was used.

It is assumed that numerically the ultimate bearing
capacity is reached when the continuous medium not
support more load, because an internal failure mechanism
had been formed. In FLAC the load is applied through
velocity increments, and the ultimate bearing capacity is
determined from the relation between stresses and
displacements of one of the nodes; in this case the central
node of the foundation was considered.

A convergence study was also performed that consisted
in the analysis of values of the ultimate bearing capacity
that was obtained under different increments of velocity
used (Fig. 2).

Fig. 2 shows the dependence of the result of the ultimate

bearing capacity in relation to the velocity increments
applied on the nodes and how with the decrease in the value
of velocity increments the result converges towards the final
value by the upper limit in the theoretical method. For each
case with different combination of geometrical and
geotechnical parameters (Table 1) a convergence study was
carried out with different values of velocity increments.

It is important to note that in the numerical calculations
the model was usually simplified by adopting a footing as a
load (velocity increments) applied directly on the ground
surface. Thus, it was not necessary to define strength
parameters for the footing, neither for the interface between
the ground and the structure. To simulate a perfectly smooth
or rough interface, the nodes where the load is applied are
loose or fixed, allowing or not the displacement.

In the cases studied, the vertical load was applied by
velocity increments: if the nodes where the load was
applied were fixed in two perpendicular directions (“x” and
“y”) the interface was perfectly rough. When the movement
in the horizontal direction ("x") was not restricted, a
perfectly smooth interface was simulated, because there was
no resistance to the horizontal movement.

We must emphasis that analytically the bearing capacity
only depends on the interface roughness in cases where the
self-weight of the material is considered. However,
numerically it was observed in our cases that under the
hypothesis of the weightless rock mass the bearing capacity
depends on the interface type as well. This is due to the fact
that analytically the stress state in failure is studied, while
numerically a stress path is carried out until the failure is
reached.

3. The influence of the footing shape

As generally known, a circular footing supports more
load than the strip footing of the same width. This is
because the resistance mechanism of the circular footing is
developed in 3D. Under the plastic hypothesis, a behavior
of a strip footing can be simulated by several rectangles
placed next to each other. The result is an overlapping of the
bulbs of pressure reaching greater depths, and these
pressure bulb depth differences can be expected at the
failure (elastic behaviour).

Regarding the difference between the circular and the
square footing, the circular footing supports more load,
because there are no vertices; weakness points that reduce
the bearing capacity. It is considered that the bearing
capacity of the strip and the circular footing are the upper
and the lower limits as function of the shape.

In this section were studied: the influence of the footing
shape on the bearing capacity under the assumption of the
weightless rock mass; the associative flow law; the rough
interface.

3.1 Results of the analysis

As anticipated, the results of the bearing capacity
obtained with the axisymmetric model (Pncr) for a circular
footing, are greater than the calculated footing under plane
strain conditions (Pxsr) that simulate a strip footing. So, the
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correlation can be expressed as in Eq. (1), taking into
account that everything was divided by the lowest value of
the bearing capacity (Pusr), thus making the equation
dimensionless. With factor Cr we could estimate the
percentage of the bearing capacity that the circular footing
supports more than the strip footing of the same width;
assuming the diameter of the circular foundation was equal
to the width of the strip foundation.

PhCF.

AP,
=1+—=1+4+Cg
PhSF

PhSF

(D

Fig. 3 shows the correlation between Pncr and Prsr as a
function of four variable parameters summarized in Table 1.
In each graphic parameter is highlighted (m, in Fig. 3(a), B
Fig. 3(b), UCS Fig. 3(c) and GSI Fig. 3(d)). If the
dispersion ranges of each parameter changes in function of
the value (represented in the abscissa axis), it means that the
parameter influences the relation between Pycr and Phsr.

Due to numerical instability problems of the model, it
was not possible to obtain a numerical result for a
combination of m, = 32 and GSI = 10 with different values
of UCS and B, under the hypothesis of plane-strain,
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Fig. 9 Instantaneous friction angle schedule adapted from Serrano et al. (2000)

weightless rock mass and the associative flow law.
Therefore, the variations in the results presented in the
figures do not cover all the cases that were analyzed.

In Fig. 3(a) the results for m, = 32 are not representing
the greater dispersion as expected due to instability
problems of the numerical model. Fig. 3(d) shows the
dispersion of the results of Pycr and Ppsr depending on the
GSI and it can be observed that for lower GSI the variation

between Pncr and Ppsr is the greatest. With GSI=10 the
range of dispersion varies from 35 to 65%, while for
medium and higher values of GSI, the range is between 35
and 50%. From Fig. 3 the most influential parameter on the
bearing capacity was GSI.

On the other hand, Fig. 3(b) and 3(c) do not clearly
demonstrate the influence of parameters B and UCS in
correlation between Pncr and Prsr, because in both parts the



396 Ana S. Alencar, Rubén A. Galindo and Svetlana Melentijevic

GSI =10 L GSI =50

y = 47.279x 1061 GSl = 85 y = 40.066x 9%

R?=0.972 R0/ p R?=0.987
14 12
12 ¢ 8
% B 10 8 S
10 g é %
v 8 ¢ :
w 8 = e
S G s : 5
6 4 g
) — e 3 =
0 0 0
0 5 10 15 20 25 0 10 30 40 0 10 20 30 40
mo mo
(a) GSI=10 (b) GSI=50 (c) GSI =85
Fig. 10 Cr in function of m, for different values of GSI
pemmmmm———
900 Pl Sa

o= 750 |¥=1008 199 Lot w 51~

(@) R?=0.999 = & L8

+ — 600 @90 O 135 P

«— (© 2\ + —~ ( AN

— 2 450 = P .

~ ® H Is @ @ '

w =300 pan 0P SEEY g 5 & o 1

& 1 fﬂi L i % & /p ’

L 0 4
0 ’

~B-1150 300 450 600 750 900
PhsF (MPa)

-
- PhsF (MPa) L’

0 45 %0 135 180 4

~ -

Nig -

~ - -
L

Fig. 11 Correlation of bearing capacity obtained with the Eq. (2)

dispersion range did not show a noticeable trend. In fact, a
wide range of the values were observed between Pucr / Phsr
independent of the value of parameters B and UCS. Indeed,
Fig. 4 was developed to study a global interpretation of the
influence of all parameters on the bearing capacity by
means of the correlation between Picr/Phsr and Pisr. From
Fig. 4 it can be concluded that bearing capacities greater
than 12 MPa were conditioned by the shape of the
foundation between 35 to 50%. For bearing capacities lower
than approximately 12 MPa, there was a greater dispersion
(Pncr/Prsr) ranging from 35 to 65%.

Fig. 5 shows the same results as given in Fig. 3(a),
subdivided by the rock type (m,), to analyze the combined
influence of the mo with other parameters (B, UCS and
GSI).

From Fig. 5(a)-(b) a general trend can be observed
regarding the decrease of the Pnce/Prsr with the increase of
the mo. However, in the absence of the most dispersed
results for m, = 32 (with GSI = 10), but this observation is
not completely accurate.

In Fig. 5(c) the missing results would form a separate
column, and it can be observed that with a lower GSI the
dispersion range is more dependent on the values of the mo.
However, for medium and higher values of GSI, the value
of mo slightly changes the dispersion of the results that
leads to the conclusion that the influence of the mo depends
on the overall geotechnical quality of the rock mass (GSI).

Fig. 3(b), Fig. 5(a) and Fig. 6 show that the influence of
the footing width is not constant for B=11m, which is an
intermediate value, when the maximum variation 1is
observed.

In the same way, the influence of the UCS cannot be
observed in Fig. 3(c), Fig. 5(b) and Fig. 6(b) considering
that independently of the value of the UCS, the dispersion

Table 3 Equations of Cr depending on m,, for different
values of GSI

GSI Equations

10 Cr = 59.863-ml%
50 Cr = 47.279 -ml06!
85 Cr = 40.066 - mJ9%

of the results of Pncr and Prsr were very similar.

Regarding Fig. 7 a slight increase in the dispersion
range of results obtained with low value of GSI can be
observed. Thus the UCS influences equally the bearing
capacity estimate in the plane-strain and in the
axisymmetric model, with which this parameter does not
condition the correlation of the results.

Finally, from our analysis the GSI was the most
influential parameter in the relationship between Pycr and
Puse. This observation can be justified because the
instantaneous friction angle is heavily dependent on the
GSI, and in soil mechanics the friction angle is one of the
parameters used to estimate the shape factor (De Beer
(1970)).

Fig. 8 shows how the instantaneous friction angle under
foundation (p2) (Serrano et al. (2000)) varies depending on
the GSI value. From Fig. 9 it can be deduced that for lower
value of GSI the p, is greater, because the failure occurs
when associated with low stress status, where the
instantaneous friction angle is higher.

It is important to emphasize that low quality granular
soils present a low internal friction angle, so the influence
of the shape factor is small. However, poor quality rock
mass (related to low GSI values) shows higher
instantaneous friction angles, so in cases of rock mass, the
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influence of the footing shape on the bearing capacity is
more significant for high weathered rock mass. For
example, it can be observed in Fig. 7 that the greater
dispersion range are associated with GSI = 10, between 35
to 65%, while for the medium and high values of GSI are
lower than 50%.

3.2 Coefficient Ce

Knowing that the most influential parameters are GSI
and mo, the correlation of the results for each value of the
GSI was analyzed according to rock type (m,) (Fig. 10)
resulting in formulating three equations (Table 3).

Therefore, since the equations in Table 3 have the same
structure, a single equation based on GSI can be formulated
(Eq. (2)), by which we could estimate the percentage of the
bearing capacity that the circular footing support more than
the strip footing of the same width; considering that the
diameter is equal to the width.

1.2 - (GSI-100)
1000 (2)

(o]

250 — GSI
- ()

In the graph in Fig. 11 it can be seen that the percentage
change calculated by Eq. (2) was actually observed in 192
of the cases studied, with a variation between the results
that did not exceed 1%. So this coefficient (Cr) can be used
in conjunction with the usual formulation for the bearing
capacity of the strip footing such as those proposed by
Serrano et al. (2000) or Carter and Kulhawy (1988), to
semi-analytically estimate the bearing capacity considering
a circular footing.

3.3 Displacement analysis

In the numerical calculation to estimate the bearing
capacity a stress path is formed until failure is reached,
taking into account the whole wedge of the ground below
the foundation. Therefore, the graphic outputs of the
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displacements (horizontal and vertical) developed below the
foundation were used to understand how the failure
mechanism affects the results.

In both models, the horizontal displacement decreases
when the GSI increases (Fig. 12). In the axisymmetric
model, in cases of low mo, the horizontal displacement was
concentrated close to the footing edge presenting different
shapes of the wedge in function of the increase of GSI.
However, for high values of mo the shape of horizontal
displacements was similar to a wedge, so the lateral
boundary of the foundation was more affected in these
cases (Fig. 13).

Regarding the vertical displacement, it was observed in
both models that for high values of m, and GSI the
displacement limits (wedge) was best defined in (Fig. 14).
Confirming the theory, the vertical displacements were
deeper in the plane-strain model compared to the
axisymmetric model (Fig. 13).

3.4 Example of the application and comparison of the
results

To semi-analytically estimate the bearing capacity of a
circular footing, the bearing capacity was first calculated for
a strip footing following the Serrano et al. (2000) method
and the result was then increased by applying Eq. (2).

P, = (1 + Cp) * Phggp (3)

The results obtained by eq. (3) are presented in Table 4
in the column “semi-analytical”.

To compare the results of the bearing capacity of rock
mass obtained by different methods can be done through the
bearing capacity factor (Ns). For circular footing the
abbreviation adopted for the bearing capacity factor was
Noc (Clausen (2013)).
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Fig. 15 Ngc as function of GSI

Table 4 Comparison of Nsc values

Parameters Naoc
m, B (Ildgi) GSI FDM a.nsa‘legi1 cal C(;e:)uls?,e )n (;?lﬁii;r;d
(Cp) (1988)

5 11 100 10 0.07 0.07 0.07 0.04
5 11 100 50 0.97 0.94 1.05 0.3

5 11 100 85 423 4.33 3.8 1.64
12 45 50 10 0.17 0.14 0.18 0.06
12 45 50 50 1.85 1.71 1.95 0.42
12 45 50 85 7.74 7.24 6.6 2.23
32 165 5 10 0.6 0.38 0.52 0.1
32 165 5 50 4.54 3.11 4.45 0.64
32 165 5 85 17.16 14.62 14.3 3.32

This factor multiplied by the UCS enabled us to
determine the bearing capacity, as in Eq. (4).

P, = N4 - UCS “)

Carter and Kulhawy (1988) and Clausen (2013)
proposed a formulation to estimate the bearing capacity
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factor Noc in function of the parameters of the Hoek-Brown
failure criterion (m,, GSI and UCS). Serrano et al. (2000)
proposed a bearing capacity factor No for strip footing that
by applying the factor Cr by eq. (2) becomes a Ngc. The
results of the bearing capacity obtained numerically by
FDM can also be expressed as a function of Ngc. The Noc
values obtained by these four methods are presented in
Table 4 and in Fig. 15 for different case studies, considering
the hypothesis of the weightless rock mass. There is a big
difference between the value of Noc estimated by the
formulation proposed by Carter and Kulhawy (1988) and
other results (the results can exceed 500%), that present
very similar values within the same order of magnitude.
According to Carter and Kulhawy (1988) the proposed
equation estimates the lower-bound bearing capacity, so it is
assumed that the bearing capacity can be higher.

From Fig. 15 it can be concluded that the dispersion
range of results increase was associated with the increment
of the GSI and that this parameter defines the range of the
bearing capacity value.

Comparing Nec calculated by FDM with those estimated
by the Clausen (2013) method, we observe the largest
variation between the results occurs for higher GSI values
(GSI = 85), with the FDM results in the range of 10% to
17% higher than those recommended by Clausen (2013).

The semi-analytical results compared with those
obtained by FDM, the semi-analytical values were lower
than estimated numerical values. Regarding the influence of
the geotechnical parameters the difference between the
results increase for high values of mo and low values of
GSI. For example, in cases where GSI=10 and m,=32 the
variation between the results can exceed 45%. However, it
must be emphasized that the semi-analytical result was
lower than the estimated numerical value, so the estimated
value is on the conservative side.

3.5 Comparison of the semi-analytical results with the
bearing capacity obtained in field tests

Apart from the study of the influence of the footing
shape on the bearing capacity for hypothetical rock masses,
eighteen real cases were also analyzed including those
found in the bibliography. It must be pointed out that in the
field tests some specific factors can affect the bearing
capacity; such as the scale effect, the developed flow law,
the contribution of the self-weight of material, amongst
other factors. In the analytical solution considered in this
study (Serrano et al, 2000), the adopted hypothesis were the
associative flow law, plane strain conditions and the
weightless material, while the size of the foundation was
not analyzed.

Therefore, it was expected that the results obtained by
both the semi-analytical method, i.e., Serrano et al. (2000)
with factor Cr defined by eq. (2), and the results from the
field tests published by different authors, would be similar.
However, considering that some hypotheses are different,
the results vary as was expected.

Tajeri et al. (2015) collected published experimental
data of the bearing capacity in shallow foundations by
different authors, among them: Maleki and Hollberg (1995),
Nitta et al. (1995), Pellegrino (1974), Pells and Turner

Table 5 Bearing capacity estimated for the different case
studies summarized in Tajeri (2015)

Reference GSI (ll\il(l:’:si) m, Cr (%) Pé‘l‘\ﬁ/f;:)s” Ph‘?ﬁ‘/‘[)i);r)CF
Hol\l/llgzl;(*}g‘;s) 62 138 7 43 20 26.89
Nitta et al. (1995) 80 107 32 39 18 12.81
Pellegrino (1974) 70 4.72 13 41 10.53 19.49

72 403 13 41 10 18.00
70 403 13 41 11.16 16.64
75 335 13 41 12 16.90
65 2 17 41 5.92 8.14
P(‘ig?gng‘:gggr 65 14 17 41 75.6 57.00
65 1161 17 41 72.8 4727
80 03 17 40 45 222
80 03 17 40 375 222
%paii?r‘lli(clh;;g()i 60 145 6 44 4.44 2.35
70 145 6 42 6.62 3.64
50 145 6 45 347 1.54
Williams (1980) 81 054 6 41 451 2.16
81 057 6 4l 498 2.29
9 06 6 39 72 355
100 044 6 38 10.57 4.04
80
- £ y =0.755x
o R?=0.860 s
% S a0 il
i‘g, E 20 | ¢ .,
i o.-"..
o &

0 20 40 60 80
Ph(field test) (MPa)

Fig. 16 Correlation of the Py obtained by semi-analytical
way and field tests for data summarized in Table 5

(1979, 1980), Spanovich and Garvin (1979), Williams
(1980).

Table 5 shows the geotechnical parameters of those
cases where the ultimate bearing capacity was obtained by
experimental study, the results from field tests of the
ultimate bearing capacity and the result estimated by
applying the method proposed by Serrano et al. (2000)
combined with the shape factor (Cp).

It can be observed in Table 5 that in all cases Cr is in the
order of 40%, that corresponds to the range of values of the
GSI medium or high. Fig. 16 shows that the correlation
between the results is acceptable, considering that many
aspects influence the bearing capacity. It must be
emphasized that for low values of the bearing capacity the
adjustment between the results is better. In addition,
according to the results shown in Fig. 16 that for the high
values of bearing capacity the results obtained from the
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Fig. 17 Correlation between Pnrg and Prrg depending on m,, B, UCS and GSI

field test are higher than those estimated by the semi-
analytical method.

4. The influence of the base roughness of the footing

The numerical results obtained from the case studies
described in Table 1 under the assumption of plane strain
condition, associative flow law, self-weight rock mass, and
two interface types: (A) rough base (Pwrs) and (B) smooth
base (Pnsg) were analyzed to establish the influence of the
interface roughness on the bearing capacity of the rock
mass and develop the formulation of the correlation factor
Rr; we could visually estimate this variation.

As expected, the values of the bearing capacity
calculated considering the rough interface (Puwrg) were
greater than those estimated for the smooth interface (Pusg).
To make the equation dimensionless, it was divided by the
lower value of the ultimate bearing capacity (Pusg),
resulting in the following equation

P _ 1 AP _ g 4R, (5)
Phse Phse

The Rr factor represents the percentage of bearing
capacity that a footing with a rough interface can support
more than a footing with smooth interface of the same
width. This coefficient was developed based on the analysis
of the influence of the geometrical and geotechnical
parameters (m,, B, UCS and GSI) on the correlation
between the Pnrg and Pisg. The bearing capacity was
calculated by applying the finite difference method; the
hypothesis adopted in the numerical model are given in
section 2.

Fig. 17 shows the correlation between Prrp and Pisp as a
function of four variable parameters summarized in Table 1.
The reader is reminded that in Fig. 3 each graphic image

highlights a specific parameter (m, in Fig. 3(a), B Fig. 3(b),
UCS Fig. 3(c) and GSI Fig. 3(d)). If the dispersion range for
each parameter changed as a function of the value
(represented in the abscissa axis) this meant that the
parameter influenced the relation between Pncr and Phsr.
From Fig. 17 it can be postulated that the two main
parameters that had most impact on the relation between
Pirs and Ppsg were GSI and mo. This is because in the
relation between B and UCS, the dispersion range did not
shown a noticeable trend, in fact, a wide range of values
were observed between Pnrp / Prsg independent of the value
of parameters B and UCS.

Fig. 17(a) shows that the dispersion range of the results
decreases with the increase of mo, e.g., for m, = 5 the
values obtained with rough interface were 3 to 33% higher
thanthose calculated for a smooth interface. While, for m, =
32, the dispersion range varies between 11 to 28%.

Regarding the footing width, Fig. 17(b) shows a slight
increase (less than 5 %) in the dispersion of the values of
bearing capacity obtained with increasing B. For example,
comparing the maximum dispersion for B = 4.5 m is 29%,
while for B = 22 m is 33%. Therefore, it can be concluded
that the value of B does not exert big influence on the
correlation between Ppsg and Pyrg.

In Fig. 17(d) a decrease in the dispersion range was
observed with an increase of GSI. The bearing capacity of
the poor quality rock mass (GSI = 10) varies from 20 to
33% depending on the interface type. However, for the
average and very good rock mass quality the dispersion
range was between 4 and 19%.

Fig. 17(c) shows than the minimum value of correlation
was independent of the UCS, as it was close to 3% for all
UCS values, while the maximum variation decreased
withthe increase of the UCS. In cases of low UCS, such as 5
MPa, the variation between Ppsg and Pirs can be up to 35%,
while for UCS = 100 MPa the maximum variation was
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Table 6 Equations of Rr depending on m,, for different

values of GSI

GSI

Equations

10
50
85

Ry = 27.131-m;1045
Ry = 8.182 - m01%8
Ry = 2.016- mQ562

close to 25%.

The correlation between Pprp and Ppsg, depending on
UCS, mo and GSI, are given in Fig. 18, where the minimum
values of the increment in the bearing capacity was
determined by the mo. Concluding that the minimum values
of increment is the same for all values of UCS, which were
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Table 7 Summary of the obtained results

Py, (MPa) Variation between the results (%) PhsB(estimated) USING
Pusp Pirs Pirg /Phsg — 1 Rr Eq. (6) Eq. (6) (MPa)
722 8.2 13.57 14.23 7.18

close to 4% for low values of the mo = 5 and 11% for high
values of m, = 32.

The maximum value of dispersion depends on the GSI,
when all the cases that exceeded 20% matched with a low
value for the GSI = 10. In the column of GSI = 10 it can be
observed that for high values of UCS, the maximum
dispersion was small. Therefore, it can be concluded that
the greatest variation between the results of Pirg and Puss
were associated with low values of UCS and GSI.

In Fig. 17(c), the correlation between Pnrg and Phss
depending on the UCS, and Fig. 18 an influence of the UCS
on the dispersion range was observed in cases of low values
of GSI. For average and high GSI values, the relation
between Pirp and Pisg was independent from the UCS.

To analyze which was the most conditional parameter in
the correlation between Pnrg and Phss, Fig. 19 shows the
influence of the m, as a function of the GSI, and the
influence of GSI depending on the mo. This statement can
be confirmed from Fig. 19 where GSI was the parameter
that most influenced the bearing capacity calculated with
different roughness interface. The influence of the GSI was
related, as in section 3 for the analysis of the shape factor,
to the instantaneous friction angle value: hence with the
increase of GSI the influence of the interface type on the
ultimate bearing capacity was reduced. It is clear that for
GSI close or greater than 50, the range between Pnrp and
Prsp is less than 20%.

It is also confirmed that the rock type is associated with
the dispersion of the results with rough and smooth
interface, decreasing the dispersion range with the increase
of mo value. It is emphasized that for low value of GSI
(GSI=10) the variation between Pnrp and Pxsg reduces with
the increases of m,, and for average and high GSI the
variation between the results increases with the increase of
Mo.

4.1 Coefficient Re

Bearing in mind that the most influential parameters
were GSI and m,, the correlation of the results for each
value of the GSI was analyzed according to the rock type
(mo): Fig. 20 deduced from Fig. 19(a). To improve this
relationship factor Rr was divided by m, and three
equations were obtained and summarized in Table 6.

Therefore, because the equations in Table 6 have the
same structure for different values of GSI, a single equation
based on GSI was formulated

Gs1-15

100 — GSI 100 (6)
o

RE=e 28 'm

Fig. 21 shows that the percentage variation calculated by
Eq. (6) had a good fit in the 192 cases studied, with a
variation between the results that did not exceed 4%, thus
emphasizing that most of the results were concentrated in
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Fig. 24 Correlation between numerical and analytical
results of P, under different foundation base roughness

the lower left area of the graph.
4.2 Displacement analysis

In this section, we confirm that the horizontal
displacement depends on the GSI and the shape of the
wedge is the same as observed in soils by Hjiaj (2005).
According to Hjiaj in the context of the rough case, a
curved rigid wedge immediately underneath the footing can
clearly be seen. If the soil-foundation interface is smooth,
the soil just below the footing becomes plastic and there is
no rigid wedge; these behaviors can be seen in Fig. 22.
Furthermore, it is clear that the size of the wedge for
smooth footing is smaller than that for an equivalent rough
footing (Fig. 22).

Regarding the vertical displacement, it can be observed
in Fig. 23 that the behavior and the size of the wedge is
similar to the horizontal, thus becoming deeper and bigger
with the increase of the GSI value and smaller in cases with
smooth interface.

4.3 Example

As an example, we estimated the bearing capacity of the
smooth foundation base by calculating the application of the
proposed coefficient Rr as defined by eq. (6). We
specifically chose the case study in Table 1 with m, =12, B
=4.5m, UCS =5 MPa and GSI = 50.

The ultimate bearing capacity was calculated
numerically by FDM under conditions of smooth (Pnsg) and
rough (Purg) interface which were Pnsg = 7.22 MPa and
PhRB = &.2 MPa.

The correlation between those two values of the bearing
capacity was

hep — 52 _ 11357 2Pr — 13.57%
PhSB 7.22 PhSB
Through the proposed Eq. (6) the difference between the
Puss and Pyre was the following

100 - GSI  GSIZ15
Rp=¢ 28 -m ' = e

=14.23%

100 — 50 50-15
28 - 12 100

Applying the correction factor Rr, it was estimated that
the bearing capacity calculated under the hypothesis of a
rough interface was 14% higher than that estimated for the
smooth interface. This is important because in cases where
the bearing capacity is extremely close to the safety factor,
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but it is not enough, a suggestion would be an increase in
the rugosity of the base interface to guarantee a greater
safety factor.

Therefore, the bearing capacity with smooth interface
(Pusp) estimated using factor Rr was

Prpy 82

Py = - =718 MP
hsE T 1+ AP,  1.1423 @

Table 7 shows the results obtained from the calculations
performed.

It can be concluded that, by the proposed correction
factor the bearing capacity of strip foundations on the rock
mass under hypothesis of the smooth foundation base was
equal to 7.18 MPa. Meanwhile the numerical result was
7.22 MPa, which shows a very effective adjustment, with an
error lower than 0.5%.

4.4 Comparison between the results obtained
numerically by FDM and analytically by Serrano et al.
(2000)

As previously stated, the analytical solution proposed by
Serrano et al. (2000) cannot include the hypothesis of
roughness. However, comparing the results obtained
numerically assuming weightless rock mass, associative
flow law, plane strain condition and rough interface (Piwrw)
or smooth interface (Pnsw) with the results calculated by the
Serrano et al. method (2000), Fig. 24 shows that the results
are more similar to the values obtained with the smooth
interface.

Considering that the analytical formulation does not take
into account shear stress on the support level in the stress
distribution on the ground, it can be expected that the
analytical results to be more similar to the numerical results
obtained with a smooth interface.

In addition, it can be observed in Fig. 24 that the
dispersion range obtained by comparing Prrw and Ppsgo was
higher than that obtained with Pysw and Prsgo, mainly with
low and moderate values of mo. Furthermore, the numerical
results obtained under the hypothesis of rough interface
were always higher than the results of bearing capacity
estimated by the analytical method; when applying the
smooth interface the numerical results were sometimes
lower than the analytical method.

It is important that the results obtained through eq. (6)
should not be used directly to increase the bearing capacity
estimated by the Serrano et al. (2000), for two reasons: (1)
the result resemble more the smooth interface, but the
method cannot include any hypothesis of roughness; (2) the
RF factor was developed considering the self-weight of the
material, which is a different hypothesis adopted in the
solution proposed by Serrano et al. (2000).

5. Conclusions

In our analysis on the influence of the footing shape on
the bearing capacity, we took into account the comparison
of the numerical results of the bearing capacity of shallow
foundations on rock masses, obtained through the FDM
under the hypothesis of plane strain, and the axisymmetric

conditions, including the associated flow rule, weightless
rock mass and rough interface. We can now conclude that:

* The bearing capacity obtained for the circular footing
(axisymmetric condition) (Pucr) is at least 35% higher than
the bearing capacity for a strip footing (plane strain
conditions) (Pxsr) of the same width.

* In cases of low values of GSI (e.g., GSI =10) the
footing shape shows an important influence on the bearing
capacity. This is associated with the fact that the rock mass
with low GSI shows a high instantaneous friction angle at
the point of failure. It is emphasized that in soil mechanics
the friction angle is the parameter that defines the influence
of the footing shape on the bearing capacity. The results of
the bearing capacity obtained for the circular footing (Pucr)
can reach 60% of the results for the strip footing (Pnsr).

* The influence of m, on the bearing capacity with
different footing shapes depends on the GSI value. For poor
quality rock mass (low value of GSI), the rock type directly
affects the correlation between Phsr and Pucr, following the
trend that with the increase of mo, the dispersion range of
results is reduced.

* The values of the parameters B and the UCS show a
negligible influence on the relation between Prsr and Ppcr.

e The results of the bearing capacity factor (Noc)
obtained by the FDM, and applying the proposed factor CF
to the analytical formulation of Serrano er al. (2000), are
very similar to the one proposed by Clausen (2013), with a
maximum variation for GSI = 85, ranging from 10% to
17%. There is a great difference between the value of Noc
estimated by the formulation proposed by Carter and
Kulhawy (1988) and the results obtained by other methods.

+ Confirming the theory, that the strip footing can be
simulated by several rectangles placed one next to each
other, resulting in the overlapping of the bulbs of pressure
reaching greater depths, the vertical displacement is deeper
in the plane-strain model compared to the axisymmetric
model. But when observing the horizontal displacement
output it can be concluded that the lateral boundary of the
foundation was more affected in the cases of plane strain
condition.

Regarding the influence of the roughness interface on
the ultimate bearing capacity, from the results obtained with
smooth (Pysg) and rough (Pnrg) interface, it can be
concluded that:

* GSI is the parameter with the most impact on the value
of the bearing capacity with different interface roughness.
The variation between the results (Pnsg and Prrp) decreases
with the increase of GSI, and exceeding 20% only in the
cases of poor quality rock mass (e.g., GSI = 10).

» With the increase of mo, the dispersion range between
Pwre and Pusg decreases, e.g., for m, = 5 the correlation
between the results varies from 3% to 33%, while, for m, =
32 the range is between 11% to 28%.

* The UCS has little influence on the correlation of the
results (Pnre/Phsg), but having more impact on cases with
low GSI, while the dispersion range reduces with the
increase of the value of UCS.

* Regardless of the calculation method used to obtain
the bearing capacity of a strip foundation on rock mass,
factor Rr proposed in Eq. (6) can be used to estimate the
percentage of variation of the bearing capacity depending
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on the roughness of the base interface as function of the
geomechanical characteristics (m, and GSI). According to
the analyzed results the value of Rr varies between 3% to
35% depending on the m, and GSI.

* The correlation of the results of the bearing capacity
under hypothesis of the rough and smooth foundation base
(PnrB and Ppsp) is independent from the footing width.

» The shape of the failure wedge observed numerically
by the displacement output of the finite difference method,
thus corroborating the results in soils mechanics by Hjiaj
(2005).

* The analytical solution proposed by Serrano et al.
(2000) cannot include any of the hypothesis of the
roughness on the foundation base, however, the results of
the bearing capacity are very similar to the values obtained
numerically with smooth interface, because, the analytical
formulation does not include the horizontal stress.
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