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Abstract. In general practice, the shalow foundations serve as economic and
reliable solution to support high-rise buildings, bridges and other heavy struc-
tures constructed on rock-mass. The aim of the present study isto simulate frac-
tured homogenous rock-mass in finite-element framework and to obtain bear-
ing capacity of a strip footing. For this purpose, both displacement-based Finite
Element (FE) analysis and Finite Element Limit Analysis (FELA) are carried
out and results are compared. Finite element models of the flat rock-mass with
supported foundations are developed in finite element package ABAQUS. The
foundation is modelled using 2-node cubic beam (B23) and rock-mass using
plane-strain quadratic (CPESBR) element with reduced integration, having
“Equivalent Mohr-Coulomb parameters”. Models with the same rock and foun-
dation properties are modelled in OptumG2 based on FELA to obtain the Upper
Bound (UB) and Lower Bound (LB) solutions with a constitutive model based
on the Hoek-Brown failure criterion. The comparative study illustrates the criti-
cal issues that arise while implementing the failure criterion using the equiva-
lent Mohr-Coulomb parameters, particularly in bearing capacity estimation,
where the overburden pressureislow.

Keywords: Foundation, Bearing Capacity, Finite Element Method, Finite Ele-
ment Limit Analysis, Hoek-Brown failure criterion, Equivalent Mohr-Coulomb
Parameters.

1 I ntroduction

Bearing capacity estimation is an important design consideration in the construction
of foundations to support high-rise buildings, bridges and other heavy structures. The
type of geo-material supporting the foundation uniquely characterizes its bearing
capacity. Various methods have been developed in past for the accurate estimation of
bearing capacity of soil, the most widely used foundation material in case of shallow
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foundations. However, it has been observed that in specific cases foundations are also
placed on rocks and majority of rocks have been proven to be an excellent foundation
material. The engineering characteristics of rock have been found to be different from
the soil. Thus, it is necessary to exclusively establish techniques for the bearing ca-
pacity estimation of rocks. However, unlike soil, simple closed form solutions or rig-
orous charts for bearing capacity estimation for rock-massis limited owing to its more
complex natural state as compared to soil.

In the past, efforts have been made to estimate the bearing capacity of rock-mass. The
non-homogenous, discontinuous rock-matrix with the presence of naturally existing
faults, bedding planes, and fractures makes it difficult to derive a smple expression
for the bearing capacity estimation using the limit equilibrium method [1]. Largely,
the bearing capacity estimation has been carried out using the non-linear Hoek-Brown
failure criterion [2] and its subsequent modifications, as the linear Mohr-Coulomb
was found inconsistent in capturing the pressure dependent failure envel ope exhibited
by the rock-mass. Serrano et a. [3] has obtained the bearing capacity using the modi-
fied Hoek-Brown criterion [4] for a strip footing placed on a weightless rock medium
using the method of stress characteristics. Further, MSC was employed by Keshavarz,
Kumar [5] to obtain bearing capacity for strip and circular footings and by Keshavarz
et al. [6] for seismic bearing capacity. Yang, Yin [7] employed the limit analysis theo-
rems [8] to find the upper bound solutions for ultimate bearing capacity using the
modified HB criterion. Further, limit analysis theorem was employed by Merifield et
a. [9] to obtain both the upper and lower bound estimates of the bearing capacity
using the generalised HB criterion [10] and by Saada et al. [11] for its upper bound
estimates. Numerical analysis also offers a good tool for the estimation of bearing
capacity of rock-mass. However, it is difficult to explicitly model fractures and dis-
continuities that occur in rock mass using the displacement finite element method. So
mostly bearing capacity estimation is carried out using the HB criterion in the elasto-
plastic domain of the conventional displacement based finite element method. It is
also observed that “Equivalent Mohr-Coulomb Parameters” as suggested by Hoek et
a. [10] are used in the FE framework for the bearing capacity estimation. Clausen
[12] implemented the modified HB criterion in the FE framework without any corner
or apex approximations to obtain the bearing capacity of circular footings on rock-
mass using the axis-symmetric FE model. However, such a comprehensive implemen-
tation of the HB criteria in the FE framework is limited and the use of “Equivalent
Mohr-Coulomb Parameters” is quite prevalent.

The primary aim of this work, is to carry out a comparative study of the two methods
of implementing the HB criteria in the FE framework to understand and illustrate the
fineintricacies involved in the implementation of the HB criterion

2 Generalised Hoek-Brown failurecriterion

It is evident from a substantial amount of experimental evidence that unlike soil, the
failure envelope of amost all rock masses is non-linear in the 6,-03 stress space. This
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non-linearity has a significant effect on the bearing capacity estimation. Various re-
searchers have given semi-empirical non-linear failure criteria to capture the observed
non-linearity in the experiments. However, the Hoek-Brown failure criterion [2] given
in 1980 and its subsequent updates in the year 1983, 1988, 1992, 1995, 1997, 2001,
2002, 2007 and 2018 has been the most widely accepted failure criterion. A detailed
history of the development of the criteria over the years can be understood from [13].

In the present study the generalised Hoek-Brown failure criterion [10] is used which
iswritten in terms of principal stressas givenin Eqg. (2).

s.=5i+5,(m 22+ M
Where, a,; represents the uniaxial compressive strength of intact rock mass obtained
through experiment, ¢, and a5 represents the major and minor principal stresses re-
spectively and o, m,and s represents the dimensionless material parameters which are
defined in Eq. (2-4).

a=lil(e Mg %) @
m, = m exp(E57 ©)
s=exp(Sise )

Where, GS, Geological Strength Index signifies the state of fracture in the natural
state of the rock, varying between 10 to 100 with 10 and 100 representing highly frac-
tured and un-fractured state respectively. D, Disturbance factor signifies the degree of
disturbance in the rock-matrix due to blasting, varying between 0 and 1 with 0 and 1
representing the undisturbed and highly disturbed state respectively. Both of the pa-
rameters are non-dimensional in-situ parameters obtained from the observation from
the site. m is adimensionless parameter that represents the type of rock, varying from
4 for very fine weak rock like claystone to 33 for coarse igneous rock like granite. It
is obtained experimentally however if the test datais not available then Hoek [14] has
provided approximate values for five types of rocks.

Further, the unconfined strength of the rock-mass can be obtained from Eq. (1) by
substituting 0;=0 and given asin Eq. (5).

Sc:Scisa (5)

Here, it can be observed that the parameters s and o, which factor the fracture state of
the rock, limits the value of the unconfined compressive strength of the fractured
rock-mass to be less than the intact rock mass.

Also, the tensile strength of the rock-massis given by Eqg. (6).
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Here, it can be observed that parameter s limits the tensile strength to be less than the
unconfined compressive strength of the intact rock. Also, it can be seen that m, reduc-
es the tensile strength of the rock-mass as the rock type improves from soft carbonate
rocks to hard igneous rocks owing to their brittle nature.

2.1 Equivalent Mohr-Coulomb Parameters

Mohr-Coulomb failure criteria is a well-established failure criterion for soil and it is
widely used in the pre-defined constitutive models of the prevalent finite element
tools. Owing to this fact, the developers of the HB failure criteria have given an
“Equivalent Mohr-Coulomb Parameters” using the regression analysis in Hoek et al.
[10]. An equivalent ¢” and ¢ values were obtained by fitting an average linear Mohr-
Coulomb relationship to the curve generated by solving Eq. 1 for a range of minor
principal stress values defined by 0; < 03 < 0”31 As aresult of this regression analy-
sisthevalues of ¢” and ¢~ were given by the Eq. (7-8).

o S4 [(1+2a )s+(1-a)ms ;n](s+ ms ;n)“

— (7)
2(1+a )(2+a)\/1+ (Bam,(s+ms,,)* ™)

g 6amo(s+rnosgn)a*1
=9n ; _ (8)
2(1+a)(2+a)+6am(s+ms,,)*

where, 03,= 0 31a/0¢. Rest other parameters are same as defined in Eq. (1-4). A mgjor
concern above is the selection of the maximum minor principal stress, 6" zma Up tO
which the regression analysis gives satisfactory results. Hoek et a. [10] have provided
a comprehensive guidelines for selecting the value of 6”3, for slopes as well as shal-
low and deep tunnels. However, in case of bearing capacity of foundation placed on
rock no such recommendation is provided. Only an approximate value of ¢ 3y = 0.25
0g 1S suggested by Hoek, Brown [15] with a guideline to always verify the validity of
the recommendation with respect to the stress range encountered in a specific prob-
lem.

Calibration with Hoek-Brown criterion. In the present study, the equivalent Mohr-
Coulomb parameters have been obtained with the maximum minor principal stress,
0'3max CONsidered to be equal to 0.25 times the unconfined compressive strength of
the rock-mass, ¢,. The ¢” and ¢” values obtained from Eq. 7-8 have been used to de-
fine the Mohr-Coulomb criteria given by Eq. (9) for different input parameters of the
Hoek-Brown failure criterion.

t =c+s tanf (9)
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Further, the Mohr-Coulomb failure criterion has been expressed in terms of principal
stresses, 0, and 03 using the Eg. (10). and plotted on the principal stress plane with the
Hoek-Brown failure criterion so that the efficacy of this technique for different rock
properties can be studied. Illustrative graphs were shown in the Fig. (1-2).

. 2ccosf  1+sinf
' 1-sinf’ 1-sinf’

(10)
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It has been observed from the Fig. (1) that as the m value of the rock-mass increases,
the curvature of Hoek-Brown failure criterion increases. The increase in curvature can
be attributed to the improvement in the quality of rock, from being soft at lower m
and hard at higher values. With the increase in curvature the two criteria lose agree-
ment with each other.
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Fig. 1. Failure criteriain principal stress plane for G9=10, (@) m=35 and (b) m=5

Further, it has been observed from the Fig. (2) that, as the GS value of rock increases
the curvature of the Hoek Brown failure criterion increase. The increase in curvature
can be attributed to the improvement in the fracture state of rock, from being highly
fractured at lower values to intact at higher values. With the increase in curvature, the
agreement between the two graphs reduces.

It was also observed that as the fracture sate of rock improves with the increasing GS
the tensile strength of the rock also increases. The rock-mass gains its tensile strength
from the intact.

From the Figs. (1-2), it has been noted that for lower ranges of principal stresses, the
Equivalent Mohr-Coulomb failure criteria will overestimate the strength by a signifi-
cant amount. Thisis a concerning issue particularly in the case of problems involving
low over-burden pressure such as bearing capacity problem
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Further, it has been suggested that, since the Hoek-Brown failure criterion limits the
tensile strength of the rock-mass by Eq. 6, it would be advantageous to estimate the
bearing capacity factor using the modified Mohr-Coulomb criteria with a tension-
cutoff corresponding to tensile strength of the rock-mass so that a more comprehen-
sive comparative analysis could be done.
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Fig. 2. Failure criteriain principle stress plane for m=10, (a) GS=90 and (b) GS=10

3 Comparative study

In the present study, in order to understand and illustrate the cogency of the calibra-
tion technique involving “Equivalent Mohr-Coulomb Parameters” a comparative
study has been carried out by Displacement Based Finite Element (DBFE) method
using ABAQUS [16] and Finite Element Limit Anaysis (FELA) method using
OPTUMG2 [17].

3.1 DBFE with “Equivalent Mohr-Coulomb Parameters”

A DBFE analysis has been carried out to estimate the bearing capacity of the rock-
mass whose strength was characterized using the “Equivalent Mohr-Coulomb pa-
rameters” in the Mohr-Coulomb and the Modified Mohr-Coulomb material model
with a tension cutoff. A 2D plane-strain FE model of a footing resting on the rock-
mass has been developed. A DBFE analysis has been carried out to obtain the col-
lapse load Q using the load-displacement curve and bearing capacity factor N, given
by Eq. (11) as suggested by [9]
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Finite element (FE) model. A 2D plane strain FE model of arigid strip footing rest-
ing on the rock mass has been developed as shown in the Fig. (3). The dimensional
domain and the mesh density, as shown in the Fig (3) has been ascertained after carry-
ing out the sensitivity and convergence study. The base and the lateral boundaries of
the model has been set as fixed in x & y direction and x direction (as per the co-
ordinate system shown in Fig (3)) respectively. The rigid foundation has been mod-
elled as deformable elastic beam using 2-node cubic beam (B23) and rock-mass hav-
ing “Equivalent Mohr-Coulomb parameters” using the plane-strain quadratic
(CPES8R). element with reduced integration. Both the Mohr-Coulomb and Modified
Mohr-Coulomb failure criteria with a tension cutoff has been used to characterize the
strength of rock-mass. An associated flow rule (y=¢, where Y is the dilation angle)
has been assumed to obtain the plastic strain.

Load displacement curve. In order to obtain the load-displacement curve a conven-
tional displacement based finite element method was employed in the elasto-plastic
framework. The strength criteria of the rock-mass defined the yield criteria in this
framework. Forced displacement has been applied to the footing nodes corresponding
to the footing displacement and the sum of the reactions at the footing node has been
considered as the load carried by the rock-mass. The displacement and the load at
each time step has been plotted to obtain the load displacement curve. The load carry-
ing capacity of the rock-mass, Q is considered corresponding to the yield as shown in
theFig (4)

Fig. 3. FE Model

Estimation of N,: A non-dimensional bearing capacity factor, as proposed by
Merifield et a. [9] isgiven by Eq. (11).

N, =k (11)
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where, g, is the unconfined compressive strength of the rock-mass and q, is the bear-
ing capacity of the rock-mass obtained by dividing the load carrying capacity, Q ob-
tained from the load-displacement by the area of the footing.

3.2 FELA with Hoek-Brown failurecriterion

A FELA has been carried out to estimate the bearing capacity of the rock-mass with
the same properties as used in the DBFE analysis. However, the strength of the rock-
mass was characterized using the Hoek-Brown failure criterion instead of the equiva-
lent MC parameters. A 2D plane strain FELA model of a footing resting on the rock-
mass has been developed. A FE Limit Analysis has been carried out to obtain the
collapse load Q using the limit analyses theorem as given by Chen [8] in the Finite
Element FE framework provided in the OPTUMg@2 software. N, has been similarly
calculated using Eqg. (11).

Finite element (FE) model. A 2D plane strain FE model of arigid footing resting on
the rock-mass has been developed as shown in Fig. (5). The dimensional domain as

shown in Fig (5) has been ascertained after carrying out the sensitivity study. Adap-
tive meshing based on shear dissipation has been employed.

100

80f---- S

60 ---fo oo

Load (MN)

T P -

0 .

30 40 50 60 70 80
Displacement (mm)

Fig. 4. Load displacement curve

As shown in the Fig. (5), at the base of the FE model, the displacement in both the
directions (i.e. both x and y displacements) are restrained, while for the lateral bound-
aries, only vertical displacement is alowed (i.e. x displacement is zero). The strip
foundation has been modelled using ‘plate’ element. The interface material between
the foundation and the surrounding rock-mass has been considered to be same as the
rock-mass. An elasto-plastic constitutive model based on Hoek-Brown failure criteri-
on and following associated flow rule (U=¢, where () is the dilation angle) has been
used for modelling of rock-mass using triangular elements with LB and UB formula
tions
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Estimation of Ny : In the FELA framework, the load carrying capacity of the rock-
mass, the Upper Bound (UB) and Lower Bound (LB) estimates of Q has been ob-
tained using the limit analysis theorem. The average of UB and LB estimates has been
further used to estimate the non-dimensional factor, N, in a sSimilar manner as de-
scribed in the above section.

.........................
....................................

Fig. 5. FELA model

3.3 Comparison and Discussion

The comparative study in this work has been done to primarily examine the efficacy
of the “Equivalent Mohr-Coulomb parameters.” For this purpose, N, factors has been
ascertained using the equivalent MC parameters with and without tension cutoff for
the specified stress range (0, < 03 < 0 '31x=0.2504) in the DBFE and using the HB
criterion parameters in the FELA framework respectively. The results are illustrated,
compared and validated with[9] in Tab. (2) and Fig. (6).

Table 1. N, values obtained using different analyses

m N; using MC Ng using MC crite- Ng using N, from[9]
(Rock criteriaw/oten-  riawithtension cut- HBC criteria
type) sion cut-off off

1 0.040 0.038 0.024 0.020
5 0.150 0.130 0.090 0.100
10 0.280 0.228 0.180 0.190
20 0.550 0.500 0.370 0.380

30 0.870 0.780 0.560 0.600
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35 1.000 0.910 0.650 0.700

It has been observed that the bearing capacity factor, N, has a good aggrement with
[9] when the non-linear Hoek-Brown failure criteria is used in the bearing capacity
estimation.

However, N, varies by a significant amount when estimated using the equivalent
Mohr-Coulomb parameters. The variation varies from 40 % at m=1 (i.e. for very soft
rock) upto 54% at m=35 (i.e. for very hard rock). The difference in the values
increases as the rock type improves from soft to hard rocks. This disagreement in
values can be attributed to the disagreement in the failure criteria of the two
techniques. N, values with the equivalent MC parameters are over-estimated because
in the stress range usually encountered in the bearing capacity problem, the equivalent
linear criterion over-estimates the strength in comparison to the non-linear HB
criterion.

Although, the use of modified MC criteria with a tension cut-off reduces the N,
value but the reduction is not significant. The tension cut-off although limits the MC
criteria upto the tensile strength of the rock-mass as given in Eq. (6), but the limit to
the strength is not leading upto significant reduction in the N, values as can be seen
from Fig. (6).

This leads to the assertion that the over-estimation in the N, is primarily due to the
strength over-estimation by the linear MC failure criterion in the low stress range and
marginally due to the incompetence of the linear MC criterion to incorporate the
limiting tensile strength of the rock-mass.

1.0

. T . T .
—Eq.MC w/o tension cutoff
— Eq. MC with tension cutoff

0.8
0.6
%)
2

0.4

0.2

0.0

Fig. 6. N, values corresponding to different analyses
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4 Conclusions

In the present study, it is concluded that in case of bearing capacity estimation of
footings placed on the highly fractured homogenous rock-mass, characterized by the
non-linear Hoek-Brown failure criterion, the usage of equivalent Mohr-Coulomb
parameters as suggested by Hoek et a. [10] over-estimates the N, values by a
significant amount.

This linearization technique has been found to be very sensitive to the stress range
encountered in the problem; and thus should be implemented cautiously in the FE
framework, with due consideration of the stress range ecountered in a specific
problem.

As most of the available commercia software are provided with a Graphical User
Interface (GUI) based material model based on linear MC criteria, the use of equiva-
lent MC criterion is quite prevalent. It is strongly recommended that in case of bear-
ing capacity problems, the equivalent MC criteria should be implemented, cautioudly.
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