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The observational method in geotechnical engineering is an acceptable verification method for limit
states in Eurocode 7, but the method is rarely used despite its potential savings. Some reasons may be
its unclear safety definition and the lack of guidelines on how to establish whether the observational
method is more favourable than conventional design. In this paper, we challenge these issues by intro-
ducing a reliability constraint on the observational method and propose a probabilistic optimization
methodology that aids the decision-making engineer in choosing between the observational method
and conventional design. The methodology suggests an optimal design after comparing the expected
utilities of the considered design options. The methodology is illustrated with a practical example, in
which a geotechnical engineer evaluates whether the observational method may be favourable in the
design of a rock pillar. We conclude that the methodology may prove to be a valuable tool for
decision-making engineers’ everyday work with managing risks in geotechnical projects.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

In geotechnical engineering, much construction work is per-
formed under significant uncertainty. Nevertheless, the accept-
ability of structural performance must be verified. The relevant
limit states are typically verified before construction has started
with either deterministic or probabilistic calculation methods.
However, when the structural behaviour is particularly hard to
predict, geotechnical engineers may apply an approach known
as the observational method, which was first defined by Peck
[1]. In the 1980s, a similar approach known as “active design”
was successfully applied in Sweden [2]. Today, the observational
method is—with some modifications from Peck’s original
version—an acceptable verification method for limit states in
Eurocode 7 [3], which is the European standard for the design
of geotechnical structures.

The benefit of applying the observational method instead of a
conventional design approach is its potential for savings in time
and money, while continuously maintaining safety [1]. The essence
of the method includes preparing (1) a preliminary design based on
what is known at the time, (2) a monitoring plan for verifying that
the structure behaves acceptably during construction and (3) a
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contingency action plan that is put into operation if defined limits
of acceptable behaviour are exceeded. To be successful, the prelim-
inary design must be chosen such that it avoids the use of costly
and time-delaying contingency actions with sufficiently high prob-
ability. Over the years, successful applications of the observational
method and discussions thereof have been reported [4-17].

However, the above examples seem to be exceptions: despite
the potential savings, the observational method is not common
practice, at least not in accordance to its formal definition. In fact,
in a symposium arranged by the Institution of Civil Engineers for a
special issue of Geotechnique on the observational method, it was
found that further clarification of how to apply the method prop-
erly was needed, in particular, with respect to safety aspects
[18]. Therefore, the concerns reported by Powderham [19] regard-
ing uncomfortably low safety margins may not be surprising, espe-
cially as the advantage of the method is to allow less conservative
designs than other design approaches. Recently, Harrison [20] and
Bozorgzadeh and Harrison [21] identified a need for further elabo-
ration of the observational method in Eurocode 7 for rock engi-
neering applications. On this topic, Spross et al. [22] highlighted
that Eurocode 7 does not explicitly require any safety margin for
the completed structure, which may lead to an arbitrary safety at
best and unknown safety at worst. In addition, there is currently
no general guideline for establishing when the observational
method is more favourable than other available conventional
design methods.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In this paper, we challenge the unclear definition of the obser-
vational method by suggesting that design with this method
should be made under a reliability constraint. Based on this con-
straint, we propose a probabilistic optimization methodology that
aids the decision-making engineer in choosing between the obser-
vational method and conventional design. The methodology sug-
gests an optimal design after comparing the expected utilities of
the considered design options. The methodology also addresses
an application problem in the observational method [11,22]: how
to satisfy the Eurocode 7 requirement “[to show] that there is an
acceptable probability that the actual behaviour will be within
the acceptable limits” [3]. Here, the “acceptable probability” refers
to the probability of not needing to put contingency actions into
operation.

The paper is structured as follows. The methodology is first pre-
sented in general terms. Its applicability is then shown with an
illustrative example, in which two available design options of a
rock pillar are analysed to find the more favourable one. Finally,
the importance of the suggested reliability constraint and its rela-
tion to the limits of acceptable behaviour are discussed. In addi-
tion, remarks are made on the practical difficulties of applying
the methodology in more complex cases.

2. Applied definition of the observational method

When the observational method is referred to in geotechni-
cal engineering, there is sometimes confusion about its mean-
ing. Some use the term for any design that is mainly based
on observations, while others use it only for designs following
a strict definition [18]. We have the latter view, and this paper
follows the definition in Eurocode 7 |[3]. This definition is
quoted below, in which “P” indicates principles that must not
be violated:

(1) “When prediction of geotechnical behaviour is difficult, it
can be appropriate to apply the approach known as ‘the
observational method’, in which the design is reviewed dur-
ing construction.

(2) P The following requirements shall be met before construc-
tion is started:

- acceptable limits of behaviour shall be established;

- the range of possible behaviour shall be assessed and it
shall be shown that there is an acceptable probability
that the actual behaviour will be within the acceptable
limits;

- a plan of monitoring shall be devised, which will reveal
whether the actual behaviour lies within the acceptable
limits. The monitoring shall make this clear at a suffi-
ciently early stage, and with sufficiently short intervals
to allow contingency actions to be undertaken
successfully;

- the response time of the instruments and the procedures
for analysing the results shall be sufficiently rapid in rela-
tion to the possible evolution of the system;

- aplan of contingency actions shall be devised, which may
be adopted if the monitoring reveals behaviour outside
acceptable limits.

(3) P During construction, the monitoring shall be carried out as
planned.

(4) P The results of the monitoring shall be assessed at appropri-
ate stages and the planned contingency actions shall be put
into operation if the limits of behaviour are exceeded.

(5) P Monitoring equipment shall either be replaced or extended
if it fails to supply reliable data of appropriate type or in suf-
ficient quantity.”

3. Bayesian decision framework for the observational method

The proposed methodology is based on classic Bayesian deci-
sion analysis, which assumes that the optimal decision maximizes
the expected utility [23,24]. Bayesian decision analyses generally
include four phases (Fig. 1): (1) a decision to perform an experi-
ment or measurement, e, (2) an outcome, z, of the performed e,
(3) a decision to take an action, a, based on z, and (4) the occur-
rence of an event, 0. Bayesian decision analyses have previously
been shown to be useful in geotechnical engineering [25-29],
and van Baars and Vrijling [30] have briefly discussed how such
analyses can be applied together with the observational method.
The decision analysis in this paper includes reliability assessments
and Bayesian updates to prior assumptions of relevant parameters
with measurements; each aspect is discussed in the following
subsections.

3.1. Limiting the observational method with a target reliability

In general, the performance of a structure consisting of j compo-
nents may be described by the combination of their limit state
functions G;(X), where X is a vector containing all relevant basic
variables. On a component level, the event of unsatisfactory perfor-
mance (hereafter denoted “failure”, F, for simplicity) is defined as
Fj = {G;(X) < 0}, and its complementary event—i.e., the event of
satisfactory performance—is F;. A measure of the probability of fail-
ure of the complete system, pg, is given by the multidimensional
integral

m=4n®m, (1)

where X is the realization of X, fx(x) is the joint probability density
function of X, and Q is the region for the failure event, defined by

@={JN).,(GX <0} )

This formulation of the failure region implies that the structure is
seen as a system of j components, and failure of the structure occurs
when some combination ¢ of these components fails [31]. The p; is
frequently presented in terms of the reliability index, g, given by

=~ (pp), 3)

where @' is the inverse of the standard normal distribution
function.

Using a conventional design method, the suggested design of
the structure should, prior to its realization, meet an acceptance
criterion, which is usually defined by a design code. For probabilis-
tic design, the criterion is defined by a target probability of failure,
Prr» such that pt” < pg, where the superscript {0} indicates that
the assessment is based on prior information, e.g., from pre-
investigations and engineering judgement.

From a probabilistic view, the “realization” implies that the
built structure is one realization of many possible outcomes [32].
The realization causes the aleatoric uncertainties of the structural

Experiment Measurement Actions Outcome Cost
outcome of event
C(e,z,a,0)
E V4 A (€]

Fig. 1. General decision tree.
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design to transform into epistemic uncertainties of an existing
structure. The difference between the two categories of uncer-
tainty is that, by definition, only epistemic uncertainties can be
updated [33,34].

For the observational method, the design is only preliminary,
and it will be altered if performed measurements or other observa-
tions indicate that the structure violates a predefined warning
level, which in Eurocode 7 is known as the limit of acceptable
behaviour (see Section 2). Before construction has started, the pre-

liminary design has a probability of failure, p{*’, comparable to that

of the conventional design. Note, however, that p{”’ for the prelim-
inary design may exceed pg;, as observations and contingency
actions are used to improve the reliability during construction. This
makes the distinction between aleatoric and epistemic uncertain-
ties essential for the observational method, as only epistemic
uncertainties can be reduced to improve the structural reliability.
If the observations do not sufficiently reduce the epistemic uncer-
tainties to satisfy pg, further action must be taken to ensure safety:
e.g., strengthening the structure.

Note that the probabilities of failure in this paper should be
calculated and interpreted in the Bayesian sense (i.e., not frequen-
tistically or nominally). This implies that a calculated probability of
failure is the best representation of the degree of belief in the
occurrence of structural failure [35]. For further discussions
on reliability-based design in geotechnical engineering, see e.g.
[36-39].

3.2. Pre-posterior decision analysis

The objective of the proposed methodology is to find an optimal
design after comparing the expected utility of applying the obser-
vational method with the expected utility of other available design
options. As an example, the observational method includes the
respective costs of a preliminary design, a measurement program
that is more elaborate than usual, and the design and installation
of possible contingency actions. However, regardless of the chosen
design approach, the completed structure must satisfy the safety
requirement established by society. Therefore, the objective is to
identify the design that maximizes the expected utility while sat-
isfying the reliability constraint, p; < py. We assume that all utility
can be expressed in monetary terms such that utility is inversely
proportional to the cost. However, the proposed framework can
be straightforwardly adjusted for other preferences, if they can
be expressed by utility functions (e.g., Ditlevsen and Madsen [40]
and Straub [41]).

This decision problem is known as a pre-posterior decision
analysis [23,24]. The additional information Z that is provided
through monitoring or other observations will reveal whether
the behaviour is acceptable or not. In the latter case, further action
is needed. In general, any measurement action or contingency
action may be followed by additional actions before the design is
accepted. However, note that Eurocode 7 (see Section 2) requires
that the actions are planned in advance and that the plans prespec-
ify which observed z that activates a certain action. In the context
of Bayesian decision analysis, this is known as a decision rule: a is a
function of z; i.e., we have that a = f(z). Such actions may imply a
modification of a limit state function from G(X) into Gpeq(X).

The considered system states of the structure are collected in a
set, ® = {04, ...,0n}. If only failure and non-failure behaviour is of
interest, the events are 0; = F and 0, = F. The set E= {e;,...,e;}
contains all possible design solutions, where each solution, e;,
includes all relevant design considerations: e.g., geometrical con-
siderations, extent of planned monitoring and design of required
contingency action plans (see Section 2). The optimal design solu-
tion to prepare is then given by

" <) (4a)

n
eopr = argmin{y_P(zjle)C(ei,z; @)y
=
where P(zj|e;) is the probability of having the measurement out-
come z; when some design solution e; is applied, and C(e;,zj,q;)
describes the expected cost of each possible design outcome and
is given by
m
Clei,zj, ) = Y _Clei,zj, a;, 0)P(Oilei, 2, @), (4b)
k=1
where C(e;, z;, a;, 0;) is the expected cost of event 6y (including the
cost of executing the design and contingency actions that are
related to that event), and P(6kle;, z;, ;) is the probability of event
0, occurring given the executed design and contingency actions

and taking into account the additional information that is expected

to be gained. The constraint p{#%’ < p,; in Eq. (4) ensures that the

probability of failure is less than or equal to the target probability of
failure after executing the design and contingency actions, and tak-
ing the additional information into account. Goulet et al. [42]
recently suggested a similar reliability constraint in an optimisation
framework for sequences of measurement and intervention actions
for existing structures; though, the concept dates back to the 1980s
(e.g., [43]).

If eqpc Only contains a design decision and no plans for measure-
ments or observations (with accompanying contingency action
plans), the optimal design is of a conventional type. A decision tree
for the choice between conventional design and the observational
method is presented in Fig. 2.

Typically, one of the prepared contingency action plans in
eqpr Will be a drastic change in design that is put into operation
for extremely unfavourable monitoring outcomes, because the
reliability constraint must be satisfied for all possible monitor-
ing results. An example is replacing the structure with a very
robust design solution that satisfies p; without any need for
further actions. This may be seen as a worst-case scenario.
However, such costly actions must be sufficiently unlikely to
be needed; otherwise, they will not be a part of e, after eval-
uating Eq. (4).

The expected cost associated with implementing the design
described by e, is

Copt = ZP(Zj|eopt)C(eoptvzj7 aj)7 (5)
j=1

the components of which are evaluated as in Eq. (4), but for the
specific design solution e.

3.3. Reliability updates from additional information

To find e,y the probabilities of the respective system states,
i.e., P(0y), must be evaluated conditionally on the information, Z,
gained from possible outcomes of monitoring. In general, mea-
surements and observations can be used to improve reliability
in a number of ways: e.g., direct and indirect measurements of
relevant parameters, load tests, and calibration of model errors.
More examples are discussed by Goulet et al. [42]. In principle,
gaining additional information implies an updated probability of
failure:

Drz = /QZfX\z(x)dx» (6)

where € is the failure region of Eq. (2) updated such that the limit
state functions are conditional on Z, and fy(X) is the updated joint
probability density function given the information Z. Bayes’s rule
may be used to update fy;(X):
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Fig. 2. Decision tree illustrating the observational method versus conventional design.

__ Lxfx®x)
fxz(X) = fL(T:(x)dx (7)

where L(x) is the likelihood of observing Z, given the variable X.
Bayesian updates have previously been used in observational
method applications [9,22,44-46].

When the information, Z, is provided as monitoring data of an
equality or inequality type (e.g., [47]), which both are common in
observational method applications, the explicit computation of
L(x) can be avoided by obtaining py, directly from the definition
of conditional probability:

P(FNZ)

Prz = W (8)

Equality information means that the outcome of X is known to
belong to a subset of the original domain, such that

Z ={h(X) =0}, 9)

where the equality h(X) =0 can be exemplified by measuring a
specific deformation, load, or crack size. In contrast, inequality
information implies that

Z = {h(X) < 0}, (10)

which can be exemplified by monitoring of a parameter X; showing
that it does not exceed a predefined alarm level, X,j,.m ;. If inequality
or equality information is available, Eq. (8) may be computed with
structural reliability methods [40,41,47]. A geotechnical engineer-
ing application was discussed by Papaioannou and Straub [48].

For example, if we have inequality information showing that a
parameter X; will not exceed the predefined X,j3:m 1, We know that
the outcome of X will belong to the set

Hz = {X|X1 < Xalarm,1 }7 (11)

which implies that p, is evaluated with the distribution function of
X; truncated at Xaam1 (Fig. 3). Note that considering only the
inequality information of a measurement does not use the full
information of the measured value; however, updating with
inequality information may be preferable because of its simplicity.
Moreover, the effect of the additional information on py, is depen-
dent on the degree of uncertainty in the observation; for example,

X X2

Original
distribution

Truncated
distribution

Xalarm,1

Fig. 3. Knowing that X; does not exceed Xajarm 1, the p; is significantly reduced.

expecting a large measurement error in the monitoring restrains
the improvement of pp, [49].

3.4. Establishment of acceptable limits of behaviour

A crucial aspect of the observational method is how to establish
the alarm levels, X3jarm = [Xalarm 1, - - - , Xalarm n), Te€ferred to as accept-
able limits of behaviour in Eurocode 7 (see Section 2). If exceeded,
they require that contingency actions be put into operation to
ensure safety. Because of the reliability constraint,
P(G < O|X < Xajarm) = Prr the Xam must be established such that
the potential monitoring outcome of the preliminary design at
most corresponds to the target reliability of failure:

P(G < O|X < Xajarm) = Ppr- (12)

Having defined X.1.:m, the “probability that the actual behaviour will
be within the acceptable limits” (in the Eurocode 7 requirements in
Section 2) can be calculated as P(x{®' < X1, ), Which is an example
of P(Z) with Z being of the inequality type (Eq. (10)). Finding that
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eope after evaluating Eq. (4) includes a measurement plan with the
alarm limits X,,m, and a corresponding contingency action plan,
shows that P(x!% < x,,m) is “acceptable”; thereby, this Eurocode
requirement is satisfied. On the other hand, if contingency actions
are expected to be needed with too high probability with respect
to their corresponding cost, e, will consist of the conventional
design option. Then, the observational method does not provide
the more favourable option. This concept is later exemplified in
Section 4.4.

4. Practical example of optimal design method decision-making

To illustrate the proposed methodology for the identification of
the optimal design method, we present a practical example in
which the performance of an underground rock pillar is evaluated.
A decision-making geotechnical engineer evaluates which design
method is more favourable: making a conventional design or
applying the observational method. The relevant limit state func-
tions are described in Section 4.1. The prior probability of failure
based on information available at this stage is evaluated in Sec-
tion 4.2. The available design options and the decision-making pro-
cess are discussed in Section 4.3. Measurements of the vertical
deformation of the pillar are introduced in Section 4.4. The method
for establishing a limit of acceptable behaviour that satisfies the
reliability constraint is discussed in Section 4.5. Lastly, calculation
results of the predicted costs of the respective design options are
presented in Section 4.6.

4.1. Case description: Vertical deformation of a rib pillar

4.1.1. Limit state function

The structure to be excavated is a very long rib pillar (Fig. 4).
The considered limit state concerns the vertical strain of the pillar,
&1, which may not exceed a maximum allowable strain, &1 may:

G(X) = &1 max — &1. (13)

The rib pillar is very long; hence, we assume plane strain conditions
[50]:

12 v(1+v)

& = E, 1T, 03, (14a)
1-—v2 v(1+v

b=t a0, (14b)

where &; and &; are the strains in vertical and horizontal direction,
respectively (defined positive for compression), v is the Poisson’s
ratio of the rock mass, g; is the vertical load of the overburden,
o3 is the confining pressure, which may be provided by rock
anchors (see Section 4.1.2), and E, is the Young’s modulus of the
rock mass.

The overburden is assumed evenly distributed over a large set
of rib pillars [51], such that

o1 = yh(l +:v”—;)l//, (15)

where 7 is the unit weight of the rock, h is the overburden, w, is the
excavation width, wy, is the pillar width, and y is the model uncer-
tainty in the load distribution. In this example, we let ¢; be
increased by step-by-step increases of w,, i.e., making the excava-
tion wider on both sides of the pillar. However, w,, is kept constant.

The maximum allowed vertical strain is defined via the empir-
ical Hoek-Brown failure criterion [52]; specifically, we apply the
updated version presented by Hoek et al. [53]:

a
. 03
G103+ 0 (mm &y s)
81.,max = E = E 3
T T

(16a)

where g is the compressive strength of the intact rock. The Hoek-
Brown parameters for the rock mass are given by

My = m; exp[(GSI — 100)/(28 — 14D)), (16b)
s = exp[(GSI — 100)/(9 — 3D)], (16¢)
a=0.5 + [exp(~GSI/15) — exp(—20/3)]/6, (16d)

where m; is a material constant, GSI is the geological strength index,
and D is the disturbance factor. The rock mass is assumed

Overlying rock

——
N\
W, /2 < Wy
<
Excavation < Rib pillar
<

| h
_ X X |
K >~ [
7
> W, /2
M
_ H
N Excavation
M
p Vg

A A A

Fig. 4. Cross section of the analysed rib pillar.
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Fig. 5. Conceptual idealisation of the pillar reinforced with rock anchors, which
provide confinement pressure.

undisturbed (i.e., the disturbance factor, D, is set to 0). It is also
assumed that the &; max of the rock mass increases proportionally
to 01 as g3 increases (i.e., constant E; ), which matches the behaviour
of intact rock [50]. However, numerical simulations of fractured
crystalline rock by Bidgoli et al. [54] indicate that rock masses also

Table 1

show a slight increase in E; as g3 increases, but this effect is disre-
garded here for simplicity. The strain is assumed perfectly elastic as
long as &; max is Not exceeded.
Inserting Eqgs. (14a) and (16a) into the limit state function in Eq.
(13) yields
03 + Oci(Mm 2 +5)°

2
G(X) = 1-v v(1+v)

E. “ITE ' E

03] (17)

4.1.2. Limit states with and without the installation of rock anchors

The rock pillar may be constructed with or without confining
rock anchors. If ground conditions are favourable, rock anchors
may not be needed, because the unreinforced rock pillar, i.e.,
g3 = 0, does not violate the limit state with acceptable reliability.
Then, Eq. (17) is reduced to

oqst 1 —v?

GX) = E L o1 (18)
If the ground conditions are unfavourable, rock anchors are needed
to provide a confining pressure, i.e., g; > 0, giving the modified
limit state function Gy.q(X). In this case, 3 may be provided by
two components: the prestress, g3, applied on the rock anchors
at installation, and the additional stress, 039, caused by the addi-
tional anchor elongation, J.,ca, as the vertical load increases
(Fig. 5). Thus,

TlFo EsAancnéanc A
O03=030+03p =— +— 19
3 3,0 30 =4 ALunco (19)
where n is the number of anchors, Fy is the preload in each anchor,
A; is the area of the pillar wall, E is the Young’s modulus of the steel
anchors, A,pc is the total cross-section area of the anchors, and Ly, o
is the length of the anchors immediately after prestressing.

To find an expression for how &,,. 4 relates to gy, two equilibria
are established and combined (Eqs. (20) and (21)). Immediately
after prestressing the anchors, the &; of the pillar will be

1-v? v(1+v) do

&30 = E. 030 — E, 010 = _W_p’ (20)

where 01 is the vertical load at the time of anchor installation, and
do is the horizontal expansion of the pillar immediately after
prestressing.

Prior information available to or judged by the decision maker. All random variables are assumed normally distributed.

Parameter Symbol Unit Mean Coefficient of variation
Rock mass properties®

Poisson’s ratio of rock mass v - 0.25

Unit weight of rock mass y kN/m? 26 0.10
Model uncertainty in load distribution v - 1 0.20
Compressive strength of intact rock [ MPa 80 0.10
Young’s modulus of rock mass E, GPa 10 0.10
Hoek-Brown parameter for intact rock m; - 15

Geological strength index GSI - 55 0.07
Pillar geometry

Pillar width wp m 4

Pillar height H m 8

Overburden h m 36

Excavation width at anchor installation Wo0 m 4

Final excavation width Wo m 9

Anchor properties”

Number of rock anchors n - 4

Preload in each anchor Fo kN 373¢

Young’s modulus of steel anchor E GPa 210 0.03
Cross-section area of steel anchors As mm? 300

2 Set to simulate average quality rock mass [55].
b Rock anchor with 3 strands, 13 mm each.
¢ Preloaded to 67% of ultimate load.
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For vertical loads larger than g, the anchors are elongated by
danca and provide additional confining pressure a3 4; thus,

1-—v2 v(1+v) 80 Oanca
S o Y

(030 + 034) —

Combining Egs. (19)-(21) and rearranging such that ,,c4 becomes
a function of o, gives

V(l + ) /|:1 —? EAsncnt 1 :|
s iy ) 22
anc.A E, (01— 010) E:  LancoAr Wy 22

The complete G,0q(X) is given by inserting Eqs. (19) and (22) into
Eq. (17):

a
03+0d(mmg—i+s) 1-12 v(1+v)

= E - { E 01— E 03}, (23a)
where

an EsAancnéancA
O3 = 0 el 23b

’ Ar ArLanc,O ( )

in which

V(1 +v) 1—-v?2 EAucn 1
5anc,A = T(O’] — 01_0)/ |:E—r Lanc,oAr + W_p . (23C)

The effect of installing prestressed rock anchors is both an increase
in & max and a minor reduction in é&;.

4.2. Prior probabilities of failure of the design options

To make a prior assessment of the pillar reliability, the decision
maker evaluates the probabilities of failure based on the available
prior information for two situations: not installing any rock
anchors and installing four rock anchors. The prior information is
presented in Table 1. The p;; to be satisfied is set to 107>, which
corresponds to # = 3.1. The rock mass properties are set to simulate
average rock quality with parameter values inspired by the sugges-
tions in Hoek and Brown [55]. For simplicity, the random variables
are assigned normal distributions and assumed uncorrelated. The
coefficients of variation are assumed either known from the pre-
investigation or judged by the decision maker based on the avail-
able literature (see e.g. [39,56]).

Using 1.6 million Monte Carlo simulations, the prior probability
of exceeding & max for the case with no anchors, i.e., pi2® is
found to be 0.0046 (p =2.46), which exceeds the acceptable pg.
However, for the case with four anchors installed, p{*m«®} is neg-
ligible. Consequently, the decision maker may choose to go directly
with the reinforced design. The prior probabilities of failure are
illustrated in Fig. 6a.

4.3. Design and decision-making processes

There are significant uncertainties related to the prior knowl-
edge. Therefore, applying the observational method to reduce the
uncertainties may be beneficial, because additional measurements
may show that the ground conditions are favourable enough to sat-
isfy per without having to pay for the rock anchor installation. The
decision is illustrated in Fig. 7a. The optimal design described by
the decision tree is evaluated with Eq. (4). The costs associated
with the respective design options are presented in Table 2; the
presented costs are for illustrative purposes only in this example.

In the example, the observational method is simplified to one
acquirement of more information followed by either acceptance
of the preliminary design or installation of a predefined number
of rock anchors as a contingency action. In a more complex analy-
sis, the installed number of rock anchors could be adjusted with

Distribution of

€, max With anchors

€, [millistrain]
A
1.0 T Mean & . after prestressing of anchors

81,ma>< —————————— -

0.5 1

E1,a|arm

Distribution of &,
when wy=9m

»
T T T T T T T T T »

5 9 wym]
a)

€, [millistrain]
A
1.0 T

Distribution
Of E'I,max

€ Mean €& ¢ without anchors
imax - — — — — — — — — — — —_ =

0.5
E1,a|arm ____________________
increases_ _ - - - -
Jincreasé in € S0
Expected T - - - Truncated distribution of €,
- whenwy=9m
N

5 9 wylm]
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Fig. 6. a) The grey dashed distributions and the continuous black distributions
represent the case without anchors and the case with installed anchors, respec-

tively. Based on the prior information, the probability of failure, Pﬁmc{x”' becomes

too high when w,=9m, unless prestressed rock anchors are installed. b) Rock
anchors are not needed, if it is shown that & < & jam, because the failure
probability is significantly reduced with this information.

respect to the measurement outcome, so that the cost is further
reduced. Note that the reinforced design with four rock anchors
is used both for the contingency action and for the conventional
design.

4.4. Expected range of measurement outcomes

More information is gathered by measuring the vertical defor-
mation of the pillar each time the excavation width is increased.
For simplicity, we assume that the measurement results from the
early stages of the sequential excavation are able to predict &, per-
fectly. In the design phase, the possible outcomes of this perfect
prediction are represented by the distribution of corresponding
prior knowledge, 8§°}, based on Eq. (14a) and Table 1. Measurement
errors can straightforwardly be considered [42], but that aspect is
disregarded here.
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Fig. 7. Decision tree illustrating the choice between a conventional design and applying the observational method for the rock pillar. In a), the tree is described qualitatively;
in b), the calculation of the expected cost of each design alternative is visualised. The outcome is that the observational method is found more favourable.

Table 2
Costs associated with the available design options: a conventional design or the observational method that includes a preliminary design and a modification.
Events \ costs [monetary units] Construction cost Advanced measurements Structural failure Total cost
Conv. design success 150 - - 150
Conv. design failure 150 - 5000 5150
OM prel. design success 30 20 - 50
OM prel. design failure 30 20 5000 5050
OM mod. design success 200 20 - 220
OM mod. design failure 200 20 5000 5220

4.5. Establishment of limit of acceptable behaviour

An alarm level for the measurement of the vertical deformation,
€1.a1arm, that satisfies the reliability constraint of the completed pil-
lar is found by truncating the probability distribution of its &l* at
€1alarm Such that P(G < 0|&; < &a1arm) = Ppr» in accordance with

Eq. (12). This gives &;aam = 0.33 millistrain, which corresponds
to a vertical deformation of 2.7 mm. The procedure is illustrated
in Fig. 6b. Having defined & sjarm, the probability of observing a
behaviour within the acceptable limits is given by
P(&!” < & aarm). This probability indicates how likely the design
is to satisfy pg without needing to install rock anchors.
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4.6. Calculation results

Evaluating Eq. (4) for this example, the decision maker should
adopt the observational method and, as a preliminary design, not
install any rock anchors: the expected cost of applying the observa-
tional method is 95 monetary units (Eq. (5)) and the expected cost of
implementing a conventional design is 150. The calculation results
are presented in Fig. 7b. The preliminary design is expected to be suf-
ficient with a probability of 76%, which gives a probability of 24% for
needing rock anchors. The p;; = 1072 is satisfied for all situations:
for the preliminary design, p{““®" — P(G < 0l¢; < & a1arm) = 107;
for the modified design after the contingency action,
pleAema®} — (G g < 0le; > &1 1am) < 107%; and for the conven-

tional design, p{”¢m¢™®} — P(Goqa < 0) < 107 (where the latter is
evaluated based only on the prior information in Table 1). The prob-
ability of failure for the modified design is negligible; therefore, it is
set to 0 in the calculations.

5. Discussion
5.1. On the reliability constraint

The reliability constraint on the completed structure that we
have suggested for observational method applications eliminates
a conceptual difference between the current use of the observa-
tional method and conventional design. While conventional design
must satisfy a defined safety level, the observational method does
not require this, regardless of the applied definition (Peck’s original
version [1] or Eurocode 7 [3]). However, considering society’s
demand for structural safety, we find it reasonable to add a relia-
bility constraint on the observational method in future updates
of Eurocode 7. The suggested methodology satisfies such a require-
ment. A desirable effect of applying the methodology is that the
safety concerns previously reported [18,19] can be rejected.

5.2. On the limits of acceptable behaviour

In introducing a reliability constraint in the Eurocode definition
of the observational method, we show how acceptable limits of
behaviour can be established, so that contingency actions are put
into operation only when they are needed to ensure safety: see
Eq. (12). Furthermore, the reliability constraint enables showing
that, for the preliminary design, “there is an acceptable probability
that the actual behaviour will be within the acceptable limits”,
which Eurocode 7 requires (Section 2). The proposed methodology
ensures that this probability is acceptable, as Eq. (4) only finds the
observational method favourable, if the acceptable limits are suffi-
ciently unlikely to be exceeded in relation to the cost of the corre-
sponding contingency actions. If the contingency actions are too
expensive and too likely to be needed, e,, will contain a conven-
tional design.

5.3. On the practical aspects in finding the optimal design approach

We acknowledge that realistic modelling of the design process
and solving the optimization problem in Eq. (4) may seem over-
whelming for cases more complex than our example, considering
the large number of design alternatives and monitoring options,
the possible monitoring outcomes and the corresponding contin-
gency actions. The cost estimation for each event may also prove
difficult. However, even simplified decision analyses may provide
essential information for engineers working in practice. In our
opinion, risk management should permeate decision-making engi-
neers’ everyday work [57], and the proposed methodology may

prove to be a valuable tool for improving both the risk awareness
of engineers and the quality of the decision-making process. We
acknowledge that this paper contains few guidelines for practical
application, but we intend to study this further in future research
and improve the applicability for different types of geotechnical
structures.

6. Conclusions

We have presented a methodology that allows a geotechnical
engineer to optimize the choice of design approach, when the
observational method is believed to be a viable option. The
methodology introduces a reliability constraint on the observa-
tional method that proves essential in establishing the acceptable
limits of behaviour for the preliminary design in accordance with
the requirements in Eurocode 7. We believe that applying the
methodology may contribute essential information to the design
process, even if the engineer chooses to simplify the analysis. Thus,
the methodology may prove to be a valuable tool for decision-
making engineers’ everyday work with managing risks in geotech-
nical projects.
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