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Abstract: One of the main difficulties in the geotechnicabkige process lies in dealing with uncertainty. Uteaty is associated with natural variation of
properties, and the imprecision and unpredictabdéused by insufficient information on parametarsnodels. Probabilistic methods are normally usegquantify
uncertainty. However, the frequentist approach comlynused for this purpose has some drawbacks, Kitacks a formal framework for incorporatingdwledge
not represented by data. Second, it has limitatioqsoviding a proper measure of the confidencparhmeters inferred from data. The Bayesian approéfers a
better framework for treating uncertainty in gebigical design. The advantages of the Bayesian apprfor uncertainty quantification are highlighiedhis paper
with the Bayesian regression analysis of laboratesy data to infer the intact rock strength patanses; andm used in the Hoek-Brown strength criterion. Two
case examples are used to illustrate differentcispef the Bayesian methodology and to contrastagheroach with a frequentist approach represenyeth®
nonlinear least squares (NLLS) method. The papudses the use of a Studemithstribution versus a normal distribution to handutliers, the consideration of
absolute versus relative residuals, and the cosgarof quality of fitting results based on standarcbrs and Bayes factors. Uncertainty quantifazatwith
confidence and prediction intervals of the freqistrapproach is compared with that based on scplités and bands of fitted envelopes of the Bayeajaproach.
Finally, the Bayesian method is extended to comgide improvements of the fitting analysis. Thesfiis the case in which the Hoek-Brown parameiteis treated

as a variable to improve the fitting in the tridxiagion. The second is the incorporation of theeutainty in the estimation of the direct tensiteesgth from

Brazilian test results within the overall evaluatiof the intact rock strength.
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1. Introduction

One of the major difficulties encountered by thekr@ngineer is dealing
with the uncertainties present in every aspecthef geotechnical design
process. Uncertainty is associated with naturahtian of properties, and the
imprecision and unpredictability caused by the latlsufficient information
on parameters or models (Baecher and Christiar8)2@esign strategies to
deal with the problems associated with uncertaiiniylude conservative
design options with large factors of safety, whéeim be adjusted during the
implementation phase based on observations of npeaftce, and the use of
probabilistic methods that attempt to measure aodwnt for uncertainty in
the design (Christian, 2004).

The probabilistic method commonly used to treateutainty in rock
mechanics design belongs to the so-called frecateafiproach, but this
methodology has some drawbacks (VanderPlas, 2%, the approach
lacks a formal framework to incorporate subjectiméormation such as
engineering judgement. Second, it has limitationsproviding a proper
measure of the confidence of parameters inferreth fdata. The Bayesian
approach provides an alternative route to the autiweal probabilistic
methods used in geotechnical design; some exangespresented by
Miranda et al. (2009), Zhang et al. (2009, 2012yvih (2012), Bozorgzadeh
and Harrison (2014), Feng and Jimenez (2015) andgvéa al. (2016). The
approach is based on a particular interpretatioprobability and offers an
adequate framework for the treatment of uncertamteotechnical design.

Probabilistic data analysis using the Bayesian @ggr involves numerical
procedures to estimate parameters from posteriobaility distributions.
These distributions are the result of combiningomprinformation with
available data through Bayes' equation (Kruschk@l52. The posterior
distributions are often complex, multidimensionahdtions whose analysis
requires the use of a class of methods called Madtwin Monte Carlo
(MCMC) (Robert and Casella, 2011). These methods weed to draw
representative samples of the parameters investigatoviding information
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on their best estimate values, variability and elations. The understanding
of the concepts behind various algorithms usecetéopn MCMC analysis is
important to properly assess the quality of resiswever, the analyst does
not have to develop the software in order to usentethod. There are already
elaborated open source packages in various progragnranguages
(Foreman-Mackey et al., 2013; Smith, 2014; Vince@t14) developed by
computer scientists and related specialists, whiare been tested extensively
by these communities. These packages can be @s=ilgporated into ad-hoc
codes for different modelling applications.

This paper presents initially the concepts of gelmtecal uncertainty and
provides a contrast between the frequentist andeflay approaches to
quantify uncertainty. The description of the Bagesapproach with reference
to the case of the inference of parameters is teséighlight the advantages
of this methodology over the frequentist approddte Bayesian methodology
is applied to estimating the intact rock strengénameterso; andm of the
Hoek-Brown strength criteriond; is the UCS of intact rock, andh is a
constant of the intact rock material), through tmealysis of data from
compression and tension tests. Two data set exange presented to
compare the Bayesian approach with the nonlineast lsquares (NLLS)
regression method representing the frequentistoaghr The results of these
example cases are used to discuss different asplettte analysis, including
the advantages of evaluating errors with a Studésdistribution to handle
outliers, the implications of using absolute anthtiee residuals, and the
measure of the quality of the fitting results. ¥exond example is used to
emphasise the advantages of the uncertainty gicatith with the scatter
plots and bands of fitted envelopes of the Bayeaggroach, in contrast to the
use of confidence and prediction intervals in tlegdientist method. Finally,
the versatility of the Bayesian method is illustchtwith two situations that
require the model to be extended to include aduifioparameters for
inference. The first case corresponds to the cerdiihn of the Hoek-Brown
parametera, as a free variable so that the fitting in thextiél compression
region is not constrained by that obtained in teesile and uniaxial
compression regions based on a two-parameter nibldelsecond case is the
inclusion of the uncertainty in the conversion fr@razilian tensile strength
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