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Abstract

This paper outlines the key developments in the second generation of the Eurocodes, with
a focus on the integration of rock engineering into the updated Eurocode 7—Geotechnical
Design (EN 1997). It introduces the various methodologies used for safety verification of
geotechnical structures and provides a brief overview of limit state design, including the
semi-probabilistic approach and other reliability-based methods. The paper details the
introduction of specific partial factors for intact rock, rock mass, and discontinuities and
discusses specific aspects of the design of spread foundations on rock using calculations.
This includes the shift from traditional global safety factor methods to the partial factor
format prescribed by Eurocode 7, as well as the use of fully probabilistic analyses. To
assess the practical implications of these updates, a case study on the design of a spread
foundation is presented. The study compares three design approaches: the global safety
factor method (based on mean values of actions and strength properties), the Eurocode 7
partial factor method (using characteristic values), and a probabilistic method (based on
statistical distributions). Additionally, the paper examines the application of two failure
criteria—Mohr–Coulomb and Hoek–Brown—in the calculation process.

Keywords: rock engineering; Eurocode 7; reliability-based design; spread foundations

1. Introduction
1.1. The Structural Eurocode System and Its Evolution to the Second Generation

The structural Eurocodes are a suite of European standards (EN 199x) for the design
of buildings and civil engineering works. EN 1990 [1] sets the basis of structural and
geotechnical design, while the other Eurocodes address different materials and specific
design aspects. Geotechnical design is covered by EN 1997 [2–4], also known as Eurocode 7.

Their implementation started in 2010, when contradictory national standards were
withdrawn. The revision of the Eurocode system was initiated in 2012 by the European Com-
mittee for Standardization (CEN). The primary goals were to incorporate improvements
reflecting the state of the art in engineering design and the needs of the civil engineering
market, to improve the ease of use, and to harmonize practice between countries. While
the original version of Eurocode 7 [5,6] was developed largely based on soil mechanics, the
revised version aims to give equal consideration to both soil and rock in geotechnical design.

For Eurocode 7, plans were laid to make the following changes:

• Restructuring the document to make it more consistent with other Eurocodes, easier
to understand and navigate, more comprehensive in its technical coverage, and easier
to add new topics.
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• Improving guidance on selecting characteristic ground parameters and designing water
pressures, application of numerical methods, rock engineering, and dynamic design.

• Improving ease of use by clarifying existing clauses, removing repetitions, and remov-
ing unnecessary information.

The second generation of the Eurocodes is now nearly completed, with the revised
EN 1997 formally approved and published. All updated Eurocodes share a common latest
date of publication set for September 2027. This will be followed by the latest date of
withdrawal in March 2028, by which time existing standards must be withdrawn. From
that point forward, all rock engineering design will be required to comply with the new
Eurocode provisions.

Eurocode 7 has undergone significant restructuring and is now divided into
three parts:

• Part 1—General rules (EN 1997-1 [2]). This part supplements EN 1990 [1] by setting
out additional principles and requirements for the safety, serviceability, robustness,
and durability of geotechnical structures. Design and verification are based on the
partial factor method or other reliability-based methods, prescriptive rules, testing, or
the observational method.

• Part 2—Ground properties (EN 1997-2 [3]). This part establishes rules for obtaining
information about the ground at a site, necessary for the design and execution of
geotechnical structures, including temporary geotechnical structures.

• Part 3—Geotechnical structures (EN 1997-3 [4]). This part establishes principles and
requirements for the design and verification of: (i) permanent or temporary geotechni-
cal structures (slopes, cuttings, embankments, shallow foundations, piled foundations,
retaining structures, reinforced fill structures, soil nailed structures, and ground im-
provement); (ii) supporting elements (anchors, reinforcing elements in reinforced fill
structures, soil nails, rock bolts and rock surface support, and ground improvement);
(iii) groundwater control measures (reduction of hydraulic conductivity, dewatering
and infiltration, and the use of impermeable barriers).

Significant changes and additions have been made to EN 1997 concerning rock engi-
neering [7–10]. These include:

• Clear definitions of rock, rock masses, and discontinuities, with explicit consideration
of the discontinuous nature of rock masses.

• Recognition that rock mass geometrical properties—such as discontinuity spacing and
orientation—can be treated probabilistically.

• Recognition that ground properties must consider the geometrical properties of the
discontinuities when they affect the mechanical behavior of the ground.

• Recognition that reliability-based methods may be used.
• Understanding that risk-informed approaches may apply in design situations where

uncertainties or consequences are outside common ranges.
• Inclusion of rock mass classification systems.
• Inclusion of the physical and chemical properties relevant to rock.
• Acknowledgement of the potential need to determine in situ stress states, along with

methods for their assessment.
• Introduction of specific failure envelopes for rock, rock masses, and discontinuities,

along with specific aspects of rock and rock mass deformability.
• Identification of failure mechanisms specific to rock masses.
• Specification of partial factor values on ground properties for rock, rock masses, and

discontinuities.
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• Increased attention given to the use of the observational method and prescriptive rules
in rock engineering design.

• Design considerations for rock anchors, rock bolts, and surface support systems.
• Guidance on groundwater control measures in rock engineering applications.

1.2. Application of the Second Generation of the Eurocodes to the Design of Spread Foundations

Limit state design, as defined in EN 1990 [1], is applied consistently across all Eu-
rocodes, including those for geotechnical structures. Verification of limit states, such as
bearing failure, may be carried out through calculation (using the partial factor method or
other reliability-based approaches), prescriptive rules, testing, or the observational method.

The design of spread foundations follows the principles given in EN 1997-1 [2] and
is addressed in detail in Clause 5 of EN 1997-3 [4]. While this clause primarily focuses
on foundations on soil and fill, it also includes provisions for spread foundations on rock.
Regarding the design situations, reference is made to the particular features of rock, such
as discontinuities, weathering, and susceptibility to scouring.

For the bearing resistance of spread foundations on a rock mass, Eurocode 7 distin-
guishes between two cases: the rock mass may be treated either as a discontinuous medium
or as an equivalent continuous medium. In the discontinuous case, the bearing resistance is
verified using the shear strength along discontinuities, determined in accordance with EN
1997-2 [3], where the Barton–Bandis and Mohr–Coulomb failure envelopes are referenced.
Potential failure mechanisms such as planar sliding, wedge sliding, and toppling must
be considered in the analysis. In the continuous case, the bearing resistance is verified
using the shear strength of the intact rock or rock mass. Both the Hoek–Brown and the
Mohr–Coulomb failure envelopes may be applied. A calculation model based on rock
wedge equilibrium is provided in Annex B of EN 1997-3 [4] to support this analysis.

The aim of this paper is to present the key aspects involved in the design of spread
foundations on rock masses in accordance with the second generation of the Eurocodes.
A very simple geotechnical structure has been selected to clearly illustrate the complete
design process, as outlined in the relevant Eurocode provisions. The study also explores
various approaches for verifying the bearing failure limit state, thereby providing a com-
prehensive understanding of the procedures and options available within the updated
regulatory framework.

Section 2 provides a detailed overview of the relevant sections of Eurocode 7 pertaining
to the design of spread foundations on rock masses. These provisions form the basis for the
calculations and verifications developed in the subsequent sections. Section 3 introduces
the case study—a strip spread foundation on a rock mass—describing its geometry, the
applied actions, and the ground properties. This section also outlines the methodologies
used for safety verification by means of deterministic, semi-probabilistic, and probabilistic
approaches, using the Hoek–Brown and the Mohr–Coulomb failure envelopes. Section 4
explains how the fundamental input parameters required for each verification approach
are obtained, including data related to actions, geometry, and ground conditions. Section 5
presents the verification of the bearing failure limit state using the three approaches,
along with a comparative analysis of the results. Section 6 discusses the rationale behind
the choices made, the procedures adopted, and the results obtained. Finally, Section 7
summarizes the main conclusions of the study.
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2. Design of Spread Foundations on Rock Mass in Eurocode 7
2.1. Basis of Limit State Design in Eurocode 7 in EN 1990 and EN 1997-1
2.1.1. General

The limit state design framework of the Eurocodes requires the consideration of all
the relevant failure modes associated with a given geotechnical structure. For spread foun-
dations, the bearing and sliding failures due to possible load combinations are considered
as primary ultimate limit states (ULSs) in most practical design applications.

For spread foundations, to prove that a given ULS is not exceeded at the design stage,
verification by calculation is the preferred method, where a specific reliability level needs
to be achieved. This reliability level is achieved by appropriate adoption of representative
values of loads and ground properties, selection of an appropriate calculation model, and
providing a sufficient margin of safety to ensure the probability of failure is sufficiently
low [11–14]. Such an approach is intended to address the design uncertainties closer to
their source. This contrasts with the traditional practice of using global safety factors (SF),
often on the order of SF = 2 to 3 [15], which were intended to provide sufficiently large
margins of safety without the need for detailed consideration of uncertainties [12].

The calculation methods for verification of adequate performance presented in the
Eurocodes are based on the partial factor method (semi-probabilistic approach) or other
reliability-based methods, including fully probabilistic approaches. The former combines
the selection of representative values and the use of prescribed partial factors to address
the design uncertainties and the reliability level (or safety margin), while the latter makes
use of probabilistic concepts and explicit consideration of design uncertainties. The partial
factor method is the default method of limit state verification in the Eurocodes, used in
common design situations, while fully probabilistic approaches are intended primarily for
unusual design situations, including limit states sensitive to geometrical uncertainties, and
code calibration.

As an alternative to calculations, prescriptive measures may be applied for limit
state verification, although no default prescriptive approach is specified. The chart-based
approach to estimate the presumed bearing capacity, presented in the first-generation
Eurocode 7, following an older British standard [16], was removed in the new version
of the standard. However, it could still be used if allowed in the national annex of a
specific country.

2.1.2. Reliability-Based Design

In reliability-based design, probabilistic models consisting of random variables,
stochastic processes, and random fields are applied to represent design uncertain-
ties [14,17,18]. All sources of uncertainties relevant to the verification of performance
should be considered. The exception is the uncertainty associated with the possibility of
gross human error, which is difficult to address explicitly, and it is supposedly minimized
by appropriate quality control procedures and measures [1,2,19].

Three consequence classes (CC1, CC2, and CC3) are considered for geotechnical struc-
tures and the target reliability levels have different values for each of them, as presented
in Table 1 [1]. The target reliability indexes (β) and probabilities of failure (Pf) associated
with them are generally based on the risk tolerance of the society rather than the number of
observed failures.
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Table 1. Target values of reliability index in relation to consequence classes [1].

Consequence Class 1-Year Reference
Period β

50-Year Reference Period

β50 Pf,50

CC3 5.2 4.3 ~10−5

CC2 4.7 3.8 ~10−4

CC1 4.2 3.3 ~10−3

2.1.3. Partial Factors in the Semi-Probabilistic Framework

In the semi-probabilistic framework, utilizing partial factors for ensuring a sufficient
reliability level, partial factors are applied to representative values of actions, material
properties, and resistances to obtain their design values. For spread foundations, the
verification of the ULS of bearing failure using partial factors is based on the material
factor approach (MFA) or the resistance factor approach (RFA). It is worth noting that,
conceptually, the RFA is very similar to the load and resistance factor design (LRFD) used in
many guidelines [20,21]. The sets of partial factors relevant for spread foundations on rock
mass, as considered in this paper, are presented in Table 2. The factoring approach is based
on the use of combinations of sets of factors for actions or effects of actions represented by
verification cases (VC), and for material properties (M).

Table 2. Partial factors for verification of bearing resistance of spread foundations for fundamental
design situations [4].

Partial
Factors on

Symbol

Material Factor Approach,
Either both (a) and (b) or only

(c)

Resistance Factor
Approach, Either (d) or

(e)

(a) (b) (c) (d) (e)

Actions,
effects of
actions

γF, γE VC1 VC3 VC1 VC1 VC4

Ground
properties γM M1 M2 M2 Not factored

Bearing
resistance γRN Not factored 1.4

The default values of the partial factors in the Eurocodes were selected based on
theory combined with calibration to existing practice [22]. Furthermore, the use of MFA
and RFA resulted from the different national approaches adopted in European countries.
Those default values can be further modified in national annexes to better match overall
safety levels achieved in past practices [23]. This gives each country more flexibility in the
selection of their targeted level of reliability.

When the MFA is used, either both (a) and (b) or single (c) combination is used. For
RFA, the distinction is made between factoring actions (VC1) and effects of actions (VC4).
Design values of actions or effects of actions (Ed) are obtained based on the following
general equations, respectively:

Ed = E{ΣFd; ad; XRd} = E{Σ(γFψFk); ad; XRd} (1)

Ed = γEE
{

ΣFrep; ad; Xrep
}
= γEE

{
Σ(ψFk); ad; Xrep

}
(2)
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where Fd, Fk, and Frep denote the design, characteristic, and representative values of actions,
respectively, ad denotes the design value of geometrical properties, XRd and Xrep denote
the design and representative values of material properties, γF, γE are partial factors on
actions and effects of actions, respectively, and ψ denotes the set of combination factors.

The partial factors for actions and effects of actions for persistent and transient design
situations for different types of structures are presented in EN 1990 [1], which ensures
consistency of factoring of loads between structural and geotechnical design. Selected
values for verification cases for structural resistance and geotechnical design of building
structures are presented in Table 3. Those partial factors are applied to load values together
with combination factors, which are relevant when more than one source of variable actions
is considered in the analysis. To allow for differentiation of reliability levels in the semi-
probabilistic framework, consequence factors (kF = 0.9 to 1.1) are used to modify the basic
values of the factors.

Table 3. Partial factors on actions and their effects for verification cases VC1 to VC4 [1].

Action or Effect Partial Factor γF and γE for Verification Cases

Type Resulting Effect Structural Resistance Geotechnical Design
Verification Case VC1 VC3 VC4

Permanent
action (Gk)

Unfavorable γG 1.35 kF 1.0 Not
appliedFavorable γG,fav 1.0 1.0

Variable
action (Qk)

Unfavorable γQ 1.5 kF 1.3 1.5/1.35
Favorable γQ,fav 0 0 0

Effects of
actions (E)

Unfavorable γE Not
applied

Not
applied

1.35 kF
Favorable γE,fav 1.0

The design value of resistance (Rd) considering a specific design situation and load
combination should be calculated based on the following general equation:

Rd =
1

γRd
R
{

ηXk
γm

; ad; ΣFEd

}
(3)

where γRd is the partial factor associated with the uncertainty of the resistance model
and geometric deviations not modeled explicitly, η is a conversion factor accounting for
scale effects and other relevant parameters, γm is the partial factor on material property,
accounting for unfavorable deviation of material property from its characteristic value,
Xk represents the characteristic values of material properties, and FEd is for design values
of actions.

This equation takes the following forms depending on whether the MFA or RFA
factoring approach is considered, respectively:

Rd = R{Xd; ad; ΣFEd} = R
{

ηXk
γM

; ad; ΣFEd

}
(4)

Rd =
R
{

Xrep; ad; ΣFEd
}

γR
=

R{ηXk; ad; ΣFEd}
γR

(5)

where Xd is the design value of a material property.
The design values of material properties in the MFA are obtained by applying the

specified partial factors to relevant ground properties using the equation below. Selected
values of partial factors for material properties relevant for design of spread foundations
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on rock are summarized in Table 4. Similarly to factors on actions, in this case consequence
factors (kM = 0.9 to 1.1) are also implemented for reliability differentiation.

Xd =
Xrep

γM
=

ηXk
γM

(6)

Table 4. Partial factors on material properties [2].

Ground Property Symbol Set M1 Set M2

Rock material
and rock mass

Shear strength γτr 1.0 1.25 kM
Unconfined compressive strength

(for foundation purposes only) γqu 1.0 1.40 kM

Rock
discontinuities

Shear strength γτdis 1.0 1.25 kM
Coefficient of residual friction
(when roughness component

neglected)
γtanφdis,r 1.0 1.10 kM

It should be noted that partial factors to be used for rock material or for rock mass
should be applied to the shear strength and not to parameters specific to a failure envelope.
They can be used for linear and non-linear envelopes, such as Mohr–Coulomb and Hoek–
Brown. With regard to the value of γqu, its inclusion in this table may cause some confusion,
because its application to the unconfined compressive strength in the context of a shear
failure envelope, such as Hoek–Brown, basically reverts the verification to the equivalent
of the RFA.

As can be seen in Tables 3 and 4, the values of partial factors for consideration in
the respective sets of factors should be modified by consequence factors, increasing or
decreasing the expected reliability level depending on the importance of the structure and
potential consequences of failure. Default values of consequence factors are summarized in
Table 5. It should be noted that the consequence factor should be applied to either actions,
material properties, or resistances, not to all of them. In the context of spread foundation
analysis, the consequence factors for resistances are not used in either the MFA or RFA since
only a single consequence factor should be applied. Furthermore, when the single MFA
combination (c) is considered, the consequence factor on material properties is omitted and
only the consequence factor on actions is applied.

Table 5. Consequence factors [2].

Consequence
Class

Description
Consequence Factor

Actions
kF

Resistances
kR

Material
Properties kM

CC3 High 1.1 1.1 1.1
CC2 Normal 1.0 1.0 1.0
CC1 Low 0.9 0.9 0.9

2.1.4. Consideration of Geometrical Uncertainties

In addition to the application of partial safety factors, geometrical uncertainties should
be considered when the design is sensitive to deviations of geometrical properties. The
design value of geometrical properties (ad) can be obtained from the following equation [1]:

ad = anom + ∆a (7)
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When the design is not significantly sensitive to those deviations (∆a), the design value
can be assumed as equal to the nominal value (anom).

In the case of spread foundations [4], the design width of a rectangular foundation (Bd)
should be calculated as the nominal width (Bnom) reduced by the assumed deviation (∆B),
following Equation (8), unless said otherwise in the national annex or unless measures are
specified and taken to control the dimensions of a cast-in-place concrete foundation. The
default value of the considered deviation is ∆B = 0.1 m.

Bd = Bnom − ∆B (8)

2.2. Rock Mass Behavior and Ground Properties in EN 1997-1 and EN 1997-2

EN 1997-1 [2] clearly distinguishes continuous and discontinuous behavior of rock
mass and its implications for the design process. In EN 1997-2 [3], for rock masses consid-
ered as a continuum medium the Hoek–Brown failure envelope [24] may be used, with
Mohr–Coulomb as an acceptable alternative approach. This assumption applies when the
limit state considered in the analysis is not controlled by discontinuities or other discreate
geological features.

Strength of discontinuities with rock-to-rock surface contact may be described using
linear (Mohr–Coulomb) or non-linear (Barton–Bandis) failure envelopes. For infilled
rock discontinuities without rock-to-rock surface contact, only the Mohr–Coulomb failure
envelope is recommended by the standard. Other alternative approaches are permitted
provided they are sufficiently validated.

Characteristic values of ground properties are defined as statistically determined
values of ground properties that affect the occurrence of a limit state. Conversely, nominal
values are cautious estimates established on a non-statistical basis, usually based on expert
judgement. The values considered as representative in the verification of a considered
limit state are selected based on these nominal or characteristic values. Although the
standard allows for the use of either of those approaches, in reality, a combination of
statistical methods and expert judgement is often used in practical design when selecting
the ground properties.

The described selection process is intended to address the underlying uncertainties
involved in characterization of the ground. The underlying assumption behind the selection
of representative ground properties in the Eurocodes on a statistical basis is to achieve a suf-
ficient probability that the actual value is not lower than the characteristic value (Xk). When
statistical analysis is used to estimate the relevant ground property, the following equation
can be used when normal or log-normal (after proper data transformation) distributions
can be assumed:

Xk = Xmean[1 ∓ knVx] (9)

where Xmean is the mean value of the material property, kn is the coefficient that depends
on the number of sample-derived values used to evaluate the mean, and Vx is the coef-
ficient of variation of the material property, considering inherent ground variability and
measurements and transformation errors.

As the coefficient of variation can be known from prior knowledge only based on
evaluation of previous tests conducted in comparable situations, in many design situations,
this approach will not be applicable due to a lack of reference data. Furthermore, the
alternative approach, based on the lack of initial assumptions about the ground property
variability, will often lead to very conservative estimates. Therefore, indicative values of
Vx were proposed in EN 1997-1 [2], as presented in Table 6, which are expected to be used
most often. However, it should be noted that, even in this case, as the range of values is
provided, some level of expert judgement must be utilized.
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Table 6. Indicative values of coefficient of variation for different rock properties [2].

Rock Property Symbol Coefficient of Variation,
Vx (%)

Weight density γ 5–10

Peak or residual effective cohesion c′p or c′r 30–50

Coefficient of friction tan φ 5–15

Shear strength at failure τf 15–25

Unconfined compressive strength qu 20–80

These ranges of coefficients of variation, as presented in an informative annex of EN
1997-1 [2], were based on literature review; however, most of those values were derived
from data obtained for soils. No indicative values are given for the parameters of non-linear
failure envelopes, such as Hoek–Brown. This difficulty will be treated in the case study
presented in this paper.

2.3. Bearing Failure Limit State for Spread Foundations in EN 1997-3

Specific design requirements for spread foundations are presented in clause 5 of EN
1997-3 [4]. This includes the specific requirements of verification of the bearing failure
limit state. The main text of the standard outlines the procedure of verification, only
generally addressing the choice of calculation model used for prediction of bearing capacity.
Eurocode 7 states that the calculation model should account, among other things, for
failure mechanisms and the associated strength of the ground, including its discontinuities.
Although not explicitly stated, it is the designer’s responsibility to use a calculation model
which is sufficiently representative for the design situation and the limit state considered.

As jointing characteristics usually govern the possible failure modes of the rock, the
main design decision is related to the assumed behavior of the rock mass. Depending on
the level of jointing, rock may be considered as a discontinuum or equivalent continuum
medium. However, it has to be recognized that, in both cases, the simple analytical or
empirical methods can provide only an approximate estimate of the bearing capacity [25].

Eurocode 7 requires that the design bearing resistance normal to base (RNd) shall be
sufficient to resist the normal component of the resulting force acting on the foundation
base (Nd), based on the following equation:

Nd ≤ RNd (10)

Depending on the possible load combinations, more than one design situation might
have to be considered, e.g., when normal force acts as a favorable or unfavorable action, as
this affects the design eccentricity of the applied load. When the foundation is subjected
to such eccentric loading, the eccentricity should be determined using design values of
actions, considering the partial factors.

Limits on maximum design eccentricity may be imposed at the national level. How-
ever, to limit the physical gap beneath the strip foundation, Eurocode 7 requires that the
ratio of eccentricity (eB) to the foundation width (B), under permanent and variable action
effects at serviceability limit states, should not exceed:

eB
B

≤ 1
3

(11)
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2.4. Calculation Model for Spread Foundations on Continuous Rock

The normative text of Eurocode 7 does not prescribe a specific calculation model for
prediction of bearing resistance, but it suggests using the calculation model presented
in the informative Annex B of EN1997-3 [4], in section B.16. This is an analytical limit
equilibrium model, retrieved from Wyllie [15], based on rock mass strength properties and
wedge equilibrium, as presented in Figure 1.

 

Figure 1. Bearing capacity model for spread foundations based on wedge failure [4,15].

Although not explicitly stated in Eurocode 7, according to the original reference [15],
different equations should be used for foundations, which are embedded deeper in the
rock mass, or for weak rocks with little fracturing, considering different confining stresses.
Moreover, when joint sets are aligned with the surfaces of the passive wedge, the joint
strength will dictate the capacity rather than equivalent continuum behavior. For more
complex cases, numerical models, accounting for particular design situations, should
be used.

The bearing resistance RN normal to the base of the spread foundation is given by

RN = A′·C f 1·σ1A (12)

where A′ is the effective area of the footing; Cf1 is a shape correction factor (1.0 for strip
footing); and σ1A is the major principal stress. Assuming the rock mass as a continuous
medium and the wedge failure mechanism, the Hoek–Brown and the Mohr–Coulomb
failure envelopes, expressed in terms of principal stresses are, respectively, given by:

σ1A = σ3A + σci·
(

mb·
σ3A
σci

+ s
)a

(13)

σ1A =
2·c′·cosφ′

1 − sinφ′ +
1 + sinφ′

1 − sinφ′ ·σ3 (14)

where σci is the unconfined compressive strength, mb, s, and a are the parameters of the
Hoek–Brown failure criterion, and c′ and φ′ are the parameters of the Mohr–Coulomb
failure criterion, effective cohesion and effective friction angle, respectively.

The effective area of the foundation (A′) is estimated based on effective width (B′)
and length (L′ = 1 m for strip foundation) of the foundation (EN 1997-3 [4], 5.5.2.1 (2),
Formula (5.2)) as:

A′ = B′·L′ = (Bd − 2eB)(L − 2eL) (15)

where the design eccentricity (eb) for a strip foundation is determined using design actions
in terms of overturning moment (Md) and the force normal to the base (Nd):

eB =
Md
Nd

(16)
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3. Case Study
3.1. Basic Assumptions

The calculation example of a strip spread foundation on rock mass is considered.
Its assumptions are based on the example to be published in the Report of the Joint
Research Centre of the European Union (JRC), containing design examples using the second-
generation Eurocode 7 [26], intended to provide additional guidance for the implementation
of the second-generation Eurocode.

The purpose of this example is to calculate the bearing resistance of a strip footing,
with an assumed thickness of 1.0 m, founded on a rock mass considered as a continuous
medium, to support the actions shown in Figure 2, applied at the top of the foundation. No
ground inclination is present near the foundation and the nominal width of the foundation
is assumed to be Bnom = 4.0 m. The footing is composed of reinforced concrete with unit
weight of 25 kN/m3. The permanent action is a vertical force, and the variable action is
a combination of a vertical force and an overturning moment (i.e., resulting in eccentric
vertical load), considered as coming from the same source; therefore, no combination
factors are considered in the analysis. Characteristic values are used to quantify the actions,
namely 1000 kN/m for the permanent vertical force and 500 kN/m and 200 kNm/m for
the variable vertical force and the moment, respectively.

 

Figure 2. Spread foundations geometry and applied actions [26].

No measures are specified for controlling the dimensions of the foundation during
execution (assuming possible deviation of ∆B = 0.1 m). Therefore, the design width is
determined based on EN 1997-3 [4], Equation (5.10), as:

Bd = Bnom − ∆B = 4.0 m − 0.1 m = 3.9 m (17)

The considered structure is assigned to consequence class CC3, with corresponding
consequence factors of 1.10 on either the actions or properties (Table 5), depending on the
considered verification case.

The design should be based on Eurocode 7, following the methodology detailed in
Section 2. No requirements for settlement limitation were defined; therefore, verification of
SLS is not considered in this example.

3.2. Ground Conditions

The ground at the site is composed primarily of a relatively homogeneous, fractured
marl rock mass to a significant depth, reaching beyond the expected zone of influence
of the foundation, with no water table identified. No relevant set of rock discontinuities,
coinciding with the potential bearing failure path, occurs in the zone of influence of the
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foundation, which could form a failure mechanism driven only by joint strength; therefore,
the rock mass is considered as an equivalent continuous medium. Therefore, the model
presented in Eurocode 7 is applicable in its default form.

The Hoek–Brown strength envelope is considered to characterize the rock mass. Selec-
tion of representative values of the rock mass properties was originally beyond the scope
of the example. The characteristic values of parameters for the rock material within the
zone of influence of the foundation were assumed as representative in the design:

• Geological Strength Index: GSI = 40
• Uniaxial compressive strength of intact rock: σci = 5.0 MPa
• Non-dimensional material parameter: mi = 7
• Disturbance factor: D = 0

Based on those values, the following parameters of the Hoek–Brown failure criterion
for the rock mass were calculated based on EN 1997-2 [3] Annex E.6, Equations (11)–(13):

mb = mi·e(
GSI−100
28−14D ) = 0.8212 (18)

s = e(
GSI−100

9−3D ) = 0.00127 (19)

a =
1
2
+

1
6

(
e(

−GSI
15 ) − e(

−100
15 )

)
= 0.5114 (20)

3.3. Methodologies Used for Safety Verification

In the paper, safety verification methodologies using deterministic, semi-probabilistic,
and probabilistic approaches are explained and applied and the results are compared. On
one hand, since the application of Eurocodes is a paradigm shift from traditional design
practice, it is interesting to compare the solutions obtained following the semi-probabilistic
approach of the Eurocodes, based on the partial factor method, and the traditional deter-
ministic approach of global safety factors. On the other hand, the harmonized Eurocode
methodology for safety verification is a coarse approximation of a more complex proba-
bilistic framework aimed at complying, in a simpler way, with the underlying reliability
requirements. Therefore, it is also worthwhile comparing results with a fully probabilistic
approach where the relevant sources of uncertainties are explicitly considered.

However, the different input data used, and the safety verification rationale followed,
must be consistent across all alternatives. The basic data used in the case study are
assumed to be in the format suitable for application of the Eurocode procedure—specifically
as characteristic, representative, and nominal values of actions, ground properties, and
geometrical properties, respectively. For the deterministic approach, mean values of actions,
ground properties, and geometrical properties are needed, which were not presented in
the original benchmark example, while, for the probabilistic approach, a complete set of
probabilistic models are required.

Additionally, in the absence of objective data, realistic coefficients of variation and
probabilistic distributions must be assumed. As noted in Table 6, there are no indicative
values for the coefficients of variation of Hoek–Brown parameters. Although some studies
have addressed this issue [27,28], these parameters are inherently dependent on the Geo-
logical Strength Index (GSI), which is a property often determined subjectively in practice.
This makes it challenging to establish a common dataset suitable for all approaches. As an
alternative, expressing the bearing resistance (Equation (12)) in terms of Mohr–Coulomb
parameters offers a solution. In this case, one can adopt indicative values of coefficient of
variation presented in Table 6 and the probability distributions suggested in the Eurocodes
to derive probabilistic models consistent with the given information.
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For this reason, the next section focuses on deriving the input data required for all
approaches, not only in terms of ground properties but also regarding actions and other
sources of uncertainty expected to be relevant to the analysis.

4. Derivation of Basic Input Data
4.1. Representative Values of the “Equivalent” Mohr–Coulomb Parameters

As mentioned, the case study data given presuppose the utilization of the Hoek–Brown
model to estimate the bearing resistance. The given values of GSI, σci, mi, and D, and the
corresponding values of mb, s, and a, are considered as representative values. To proceed
with the analysis, the statistical background of these values must be recognized, making
them also the characteristic values. This assumption is relevant since the equivalent values
for cohesion and friction angle would then also be considered as characteristic.

Equivalent values for the friction angle and cohesion can be obtained by linearizing the
Hoek–Brown envelope within a predefined range of minor principal stresses. According to
the wedge equilibrium (see Figure 1), the minor principal stresses range from σ3B to σ3A,
whose values in this case, according to the Hoek–Brown parameters, are, respectively,

σ3B = 0 (21)

σ3A = σci·sa = 165.25 kPa (22)

Linearization is an optimization procedure where the squared differences between the
two models are minimized by changing the unknown c and φ parameters, i.e.,

ĉ, ϕ̂ = min
c,ϕ

σ3A∫
σ3B

(σ1A,HB − σ1A,MC)
2 dσ3 (23)

where σ1A,HB and σ1A,MC are the major principal stress below the foundation computed
in terms of the Hoek–Brown parameters (Equation (13)) and Mohr–Coulomb parameters
(Equation (14)), respectively. Considering the representative values of σci, mb, s, and a,
equivalent values of c′ and φ′ of 60.7 kPa and 39.9◦ were obtained; it is worth noting
that, in the semi-probabilistic approach of Eurocode 7 [2], the partial factor is not applied
to the friction angle but to the coefficient of friction tanφ′ = 0.84. Figure 3 shows the
adjustment of the Mohr–Coulomb envelope to the Hoek–Brown envelope, within the range
of minor principal stresses between 0 and 165.25 kPa (shadowed in grey). The fitted linear
approximation beyond this range would not comply with the assumed loading conditions.
If significant differences between minor principal stresses would exist for different design
situations, a similar fitting procedure would have to be employed to each of them.

Figure 3. Adjustment of the Mohr–Coulomb envelope to the Hoek–Brown envelope within the range
of minor principal stresses from 0 to 165.25 kPa.
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4.2. Mean Values of the “Equivalent” Mohr–Coulomb Parameters

In the absence of objective data, the estimation of mean values from characteristic
values requires information regarding the associated percentile, the coefficient of variation,
and the probability distribution adopted.

Table 6 summarizes the coefficient of variations for different ground properties, includ-
ing cohesion (30 to 50%) and coefficient of friction (5 to 15%), indicated in EN 1997-1 [2],
Table A.1. Although not mandatory, EN 1990 [1] and EN 1997-1 [2] state that “adopting a
log-normal distribution for certain variables has the advantage that no negative values can
occur” as, for instance, for geometrical, material, and resistance properties. Having that in
mind and considering the large values of the coefficient of variation indicated, specifically
for the cohesion, a log-normal distribution is chosen for both cohesion and coefficient
of friction.

The characteristic value of a variable property Y following a log-normal distribution
can be calculated based on EN 1990 [1] Annex C “Reliability analysis and code calibration”,
Equation (C.15):

Yk = Ym·eΦ−1(p)√ln(1+V2
Y) (24)

where Yk and Ym are the characteristic (5th percentile, p = 0.05) and mean values, re-
spectively, VY is the coefficient of variation, and Φ−1 is the inverse normal cumulative
distribution function. In this case, the distribution models illustrated in Figure 4 are ob-
tained for the coefficient of friction and cohesion, respectively. Considering an intermediate
value for the coefficient of variation (40% for the cohesion and 10% for the coefficient of
friction), mean values for the cohesion and coefficient of friction of 123.3 kPa and 0.99
(φ′ = 44.7◦), respectively, were obtained.

   

Figure 4. Probability distributions of coefficient of friction tan φ′ (left) and cohesion c′ (right).

However, it should be recognized that, for marl rock mass, such high mean angles of
friction, as presented in this example, are the result of fitting the Mohr–Coulomb envelope
to the Hoek–Brown envelope at relatively low confining stresses, as well as back-calculating
the mean value from the characteristic one; the latter is performed for the benefit of the
calculation example and comparison with the use of the deterministic approach utilizing
global safety factors. Marls are generally considered as low-friction rocks [29]. In practical
design, care should be taken when selecting values of angle of friction above 40◦, as, due to
the nature and composition of such sedimentary material, high values of friction angles
would be in the upper ranges of values reported in the literature [30,31].

4.3. Mean Values of Actions

According to the EN 1990 [1], the permanent action should be represented by a single
characteristic value, taken as a mean value, provided that its coefficient of variation is
small (<10%). Since it is reasonable to consider the permanent action as a dead load due
to the weight of the superstructure, the JCSS Probabilistic Model Code [32] suggests, in
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such a case, a coefficient of variation of 4% for ordinary concrete. Furthermore, a normal
distribution is assumed, also according to EN 1990 [1].

For variable actions, the procedure to determine representative values is more com-
plex. To address the time-dependent nature of actions, such as imposed (live), wind, or
snow loads, EN 1990 [1] introduces several representative values—characteristic, combi-
nation, frequent, and quasi-permanent values—each associated with a specific level of
severity. This framework establishes a harmonized procedure for accounting for expected
combinations of actions and for verifying both ultimate and serviceability limit states.

A representative value of a time-variable action also reflects its duration and frequency
of occurrence, typically expressed in terms of a return period. Since the target values
specified in EN 1990 [1] are based on a reference period of 50 years, it is generally assumed,
unless stated otherwise, that the return period of the associated variable actions is also
50 years. Consequently, the probabilistic analysis to be conducted will yield a probability
of failure over this time frame. Moreover, extreme-value probability distributions, such as
the Gumbel distribution, are to be adopted [33] to model the uncertainty of time-variable
actions. This is assumed in the case study presented.

The variable loads acting on the spread foundation, namely vertical load and moment,
are assumed as imposed loads, which is typically the case for residential buildings. Model-
ing this type of load can be challenging, since it typically encompasses both sustained and
intermittent load components with complex stochastic characteristics. For simplicity, in this
case study, the variable actions are assumed to account only for the sustained component
of an imposed load, for which the JCSS Probabilistic Model Code [32] indicates values for
the coefficient of variation of about 50%. According to EN 1990 [1], characteristic values of
variable actions correspond to the 98th percentile of their underlying probabilistic model
(assuming a Gumbel distribution). In that case, the mean value can also be computed from
the characteristic value, based on EN 1990 [1] Annex C, Equation (C.19):

Yk = Ym·
(

1 − VY·
√6

π
·[0.5772 + ln(−ln[p])]

)
(25)

where Yk and Ym are the characteristic (98th percentile, p = 0.98) and mean values, respec-
tively, and VY is the coefficient of variation. Therefore, mean values of 217.8 kN/m and
87.1 kNm/m for the vertical load and moment, respectively, were obtained. In addition,
given that both loads come from a single source, they should plausibly be correlated.
Therefore, in the probabilistic analysis, a correlation coefficient of 0.7, reflecting a strong
correlation between variable vertical load and moment, is conservatively assumed.

4.4. Other Sources of Uncertainty
4.4.1. Geometrical Properties

As mentioned, the Eurocodes recommend geometrical properties to be defined in a
conservative way, especially in case the design is sensitive to deviations in their value. In the
case study analyzed in this paper, a possible deviation of 0.10 m in the width of the spread
foundation is assumed, due to the expected lack of execution control measures employed.
This source of uncertainty can be relevant since the eccentricity of the load directly depends
on the considered width of the foundation. For that reason, the nominal value adopted
in the semi-probabilistic approach accounts for such deviation, and, in the probabilistic
analysis, the width of the spread foundation is also considered as a random variable. The
nominal value (Bnom = 4.00 m) is considered as a mean value, and the given geometrical
deviation is assigned with a probability of non-exceedance of 5%, corresponding to the
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5th percentile (p = 5). A normal distribution is assumed. The corresponding coefficient of
variation can be estimated from EN 1990 [1] Annex C, Equation (C.13).

Yk = Ym·
(

1 + Φ−1(p)·VY

)
(26)

where again Yk and Ym are the characteristic (here assuming the design Bnom − ∆B) and
mean values and VY is the coefficient of variation. A coefficient of variation of 1.5% was
obtained (corresponding to a standard deviation of 0.06 m).

On the other hand, the geometric uncertainties on the superstructure are assumed
irrelevant and covered by the probability distribution of the permanent action exerted on
the foundation.

4.4.2. Bearing Resistance Model

Model uncertainties come across different calculation situations where simplifications
or idealizations of structural or material behavior are assumed. They are expected to be
covered in the Eurocodes through the partial factors and model coefficients recommended.
However, in probabilistic calculations, model uncertainties should be explicitly accounted
for by incorporating model error terms, treated as random variables, as outlined in EN
1990 [1] Annex C.

The calculation model for bearing resistance (Equation (12)) is affected by several
sources of uncertainty due to simplifications made and idealizations of a more complex
problem:

• When expressing the bearing resistance in terms of Mohr–Coulomb parameters, which
are obtained by linearizing the Hoek–Brown failure envelope [24] within a specific
range of minor principal stresses, there is an error due to a second-order behavior that
is being ignored. A small coefficient of variation of 1% was obtained when analysing
the ratio between equivalent Mohr–Coulomb and Hoek–Brown models within the
fitting range (Figure 3).

• The Hoek–Brown envelope itself is an empirical model obtained after curve fitting to
testing data [34]. The standard deviations obtained could be considered a measurement
of the Hoek-Brown model’s uncertainty, but such values are not given. A roughly
estimate of 10% for the coefficient of variation can be assumed, given the coefficients
of determination between 0.68 and 0.99 obtained for different rock materials [34].

• The wedge failure mechanism is an idealization of the true mechanism of bearing
failure of spread foundations on rock mass. Other failure mechanisms have been
proposed by other authors [35]. Because of that, there is a model uncertainty, which is
difficult to quantify.

Forrest and Orr [36] examined the effect of different coefficients of variation on the
resistance model of spread foundations on soil and found that values up to 15% do not
considerably affect the reliability of the structure. The JRC report on the reliability back-
ground of the Eurocodes [37] suggests a coefficient of variation of the model uncertainty of
the bearing resistance of spread foundations of 15%.

The model uncertainty is considered in probabilistic calculations by a random variable
multiplying the bearing resistance computed using Equation (12), leading to

RN = A′·c f 1·σ1·θM (27)

where θM is then a random variable representing the calculation model uncertainty, sup-
posedly following a normal distribution, with unit mean and a coefficient of variation that
accounts for the abovementioned sources of uncertainty. For the reasons presented, a value
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of 10% to 15% is considered realistic. A coefficient of variation of 15% is then considered, as
suggested in the JRC report [37], Table A.29.

5. Safety Verification Against Bearing Failure
5.1. Deterministic Approach—Allowable Stress Design

The traditional deterministic approach follows a classical design methodology for
safety verification based on the computation of global safety factors. This is a straight-
forward design approach for spread foundations, consisting of computing a global safety
factor SF, given by the ratio between the calculated bearing resistance (RN) and the normal
action (N):

SF = RN/N (28)

Uncertainties on the estimation of actions, material properties, geometrical properties,
and other factors (e.g., model uncertainties) are accounted for by requiring a sufficiently
large safety factor, while their mean values are used in the calculations. This way, the
safety margin is concentrated into a single factor, to which rock engineers have developed
a particular sensitivity. As a rule of thumb, values between 2 and 3 are commonly sug-
gested [15] for the safety verification against bearing failure of spread foundations. This
approach essentially means that the designer only accounts for one third to one half of the
expected resistance to face external actions, which roughly corresponds to the allowable
stress design principles.

For the calculation of bearing resistance with the deterministic approach, the Mohr–
Coulomb envelope was considered, and the mean values of its parameters were calculated
in Section 4.2. The mean values of the permanent and the variable actions were calculated
in Section 4.3, and for the geometrical parameter, the nominal value was used, as explained
in Section 4.4.1. They were used in the calculations as listed in Table 7.

Table 7. Mean values of actions, geometrical properties, and ground properties.

Quantity Symbol Mean Value Units

Permanent vertical load NG 1100.0 kN/m
Variable vertical load NQ 217.8 kN/m

Variable moment MQ 87.1 kNm/m
Foundation width B 4.00 m

Cohesion c′ 123.3 kPa
Friction angle φ′ 44.7 ◦

Table 8 presents the values of some quantities computed during the intermediate steps
of the safety verification procedure and the obtained safety factor.

Table 8. Relevant output data obtained during the deterministic safety verification.

Quantity Symbol Expression Value Units

Normal load N NG + NQ 1317.8 kN/m
Moment M MQ 87.1 kNm/m

Eccentricity eB M/N 0.07 m
Effective width B′ B – 2 × eB 3.87 m

Major principal stress σ1 Equation (13) 1541.3 kPa
Bearing resistance RN Equation (12) 5961.4 kN/m

Safety factor SF Equation (28) 4.52

The obtained safety factor of 4.52 is clearly above the range of traditionally used values
(2 to 3) for the design of spread foundations, indicating a comfortable global safety margin.
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5.2. Semi-Probabilistic Eurocode 7 Solution—Limit State Design
5.2.1. General

The semi-probabilistic approach presented in Eurocode 7 addresses several uncer-
tainties involved in the structural problems by setting, as detailed earlier, representative
values of actions, ground properties, and geometrical properties, whose selection can have
a statistical background (characteristic values) or solely subjective judgement (nominal
values). In addition, the semi-probabilistic approach applies partial factors, according to the
methodology presented in Section 2, to obtain the design values actually used in the calcula-
tions. The integration of rock engineering problems in the scope of the second generation of
Eurocode 7 introduced partial factors specifically defined for ground properties related to
the rock material, rock mass, and rock discontinuities. Although also recommending partial
factors for the unconfined compressive strength (see Table 4), these mostly apply to those
situations where the resistance models are strongly (or solely) dependent on this ground
property. For the general cases, it is the shear strength that should be factored, ensuring the
generalization that is needed in rock engineering, since different failure criteria, linear and
non-linear, are used in specific problems. Otherwise, factoring the uniaxial compressive
strength is equivalent to the resistance factor approach.

For the case study presented, the Hoek–Brown parameters are given as input. Express-
ing the major principal stress below the spread foundation in terms of Mohr–Coulomb
parameters (c′ and φ′) offers a low-cost workaround, since Mohr–Coulomb is a linear failure
criterion—as presented in Section 4.1—and factoring the shear strength is equivalent to
equally factoring each of its components (cohesion and coefficient of friction). Although for
the deterministic and the fully probabilistic approaches it is not possible to proceed with the
safety verification, directly considering the Hoek–Brown envelope, the semi-probabilistic
verification presented in Eurocode 7 can be carried out. Therefore, in this following section,
the safety verification is conducted using the “equivalent” Mohr–Coulomb failure envelope
but also the Hoek–Brown failure envelope.

Actions are similarly computed for both variations. According to Table 3, the partial
factors for verification of bearing resistance of spread foundations for fundamental design
situations are applied to actions or effects of actions, depending on the verification case.
Table 9 presents quantities computed during the procedure to obtain the design value of
the actions and effect of actions for different verification cases. As detailed before, for VC1,
both permanent (1.35 kf) and variable actions (1.5 kf) are factored. For VC3, only variable
actions are factored (1.3). And for VC4, not only are variable actions factored (1.5/1.35) but
also the resulting effect of actions (1.35 kf).

Table 9. Design values of actions, effects of actions, and geometry for different verification cases.

Quantity Symbol Units VC1 VC3 VC4

Permanent vertical load NG;d kN/m 1634 1100 1100
Variable vertical load NQ;d kN/m 825 650 556

Variable moment MQ;d kNm/m 330 260 222
Eccentricity e′B m 0.13 0.15 0.09

Effective width B′ m 3.63 3.60 3.72
Vertical load Nd kN/m 2459 1750 2459

5.2.2. Using the “Equivalent” Mohr–Coulomb Failure Envelope

As mentioned, Mohr–Coulomb is a linear shear failure criterion, given in terms of
cohesion and friction angle. Factoring the shear strength is equivalent, in this case, to
factoring the ground properties c′ and tanφ′ by the corresponding partial factor (γτr). As
derived already, representative values of c′ and φ′ are 60.7 kPa and 39.9◦, respectively.
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According to Table 2, combinations (a) to (c) correspond to the MFA, where ground
properties are factored but not the computed resistance, whereas combinations (d) and
(e) correspond to the RFA, where ground properties are not factored but the resistance is.
Table 10 shows the values computed during the safety verification procedure, namely the
major principal stresses (according to Equation (14)), the design bearing resistance, and the
design vertical load. The utilization ratio, quantifying the portion of the design resistance
mobilized, and the overdesign factor, representing a safety margin, are also presented.

Table 10. Relevant output data obtained in the semi-probabilistic safety verification procedure using
the Mohr–Coulomb model.

Quantity Symbol Units
MFA MFA MFA RFA RFA

(a) (b) (c) (d) (e)

Major principal stress σ1 kPa 1017 680 761 1017 1017

Bearing resistance RN;d kN/m 3692 2450 2765 2637 2701

Vertical load Nd kN/m 2459 1750 2459 2459 2459

Utilization ratio—Nd/RN;d 67% 71% 89% 93% 91%

Overdesign factor—RN;d/Nd 1.50 1.40 1.12 1.07 1.09

In combination (a) the set M1 of partial factors is used, in which, according to Table 4,
ground properties remain unfactored in practice (γτr = 1.0). In this combination VC1 is
used to factor actions. In combinations (b) and (c) the set M2 of partial factors should be
used but the consequence factor is omitted in combination (c), resulting in γτr = 1.25 kM

and γτr = 1.25, respectively. In these combinations, verification cases VC3 and VC1 are
used, respectively.

In combinations (d) and (e), the ground properties are not factored, but the design
bearing resistance is computed after factoring the obtained resistance (γRN = 1.4). These
combinations differ based on the verification case used to compute the design value of
actions, namely VC1 in combination (d) and VC4 in combination (e), affecting the design
value of the bearing resistance. This is due to its dependency on the effective width, which
is calculated based on the eccentricity calculated either using design or representative
actions, respectively, in the case of RFA (d) and RFA (e).

5.2.3. Using the Hoek–Brown Failure Envelope

The challenge arising from using the Hoek–Brown model to estimate the bearing
resistance of a spread foundation is due to the difficulty in expressing the major principal
stress below the foundation in terms of the shear strength. If that was possible, factoring
the shear strength would allow direct calculation of the design (factored) value of the major
principal stress. However, the Hoek–Brown model is given in terms of principal stresses,
and both shear and normal stresses are computed from them, respectively, by [38]

τ = (σ1 − σ3)·

√
1 + a·mb·

(
mb· σ3

σci
+ s

)a−1

2 + a·mb·
(

mb· σ3
σci

+ s
)a−1 (29)

σN =
1
2
(σ1 + σ3)−

1
2
(σ1 − σ3)·

a·mb·
(

mb· σ3
σci

+ s
)a−1

2 + a·mb·
(

mb· σ3
σci

+ s
)a−1 (30)
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There is no closed-form solution for the reverse problem, i.e., to retrieve the principal
stresses from these quantities. A workaround of this limitation can be found in Hammah
et al. [38], who present a methodology employed in numerical analysis software to perform
the shear reduction method using the Hoek–Brown failure criterion. The rationale is to
find another set of Hoek–Brown parameters (GSI, σci, and mi) whose shear envelope better
adjusts the original model after factorization. This new set of parameters can then define a
“design” Hoek–Brown model and be used directly to compute the design bearing resistance.
This optimization problem is expressed as

ˆGSI, σ̂ci, m̂i = min
c,ϕ

σn,max∫
σn,min

(
τapp − τ/γτr

)2 dσn (31)

where σn,min and σn,max are the minimum and maximum normal stresses, computed using
Equation (30), considering the range of values of the minor principal stresses (σ3B to σ3A).
To reduce the number of parameters to be determined, the design value of the unconfined
compressive strength is suggested to be obtained by factoring the given representative
values exactly by the reduction factor [38], in this case the partial factor, i.e., σci,d = σci,rep/γτ .
This assumption is justified since (σ1 − σ3) in Equation (29) is, according to Equation (13),
linearly proportional to σci. Furthermore, assuming GSI and mi as the unknown parameters
(keeping D = 0, which is logical), instead of mb, s, and a, simplifies the calculations at
a minimal penalty to accuracy [38]. Since mb is linearly proportional to mi, and s and a
are both dependent on GSI, this assumption also avoids numerical inconsistencies, while
preserving the physical meaning of these parameters.

This procedure is needed for the MFA combinations. For combinations (b) and (c),
the shear strength must be factored by γτr = 1.25 kM and by γτr = 1.25, respectively. For
combination (a), the shear strength remains unfactored in practice (γτr = 1.00), so the
original values of the Hoek–Brown parameters can be used to compute the design bearing
resistance. For combinations (d) and (e), corresponding to the RFA, it is the resulting
bearing resistance that shall be factored, and, therefore, the original set of representative
Hoek–Brown parameters can still be used.

Table 11 shows the Hoek–Brown parameters computed considering the original pa-
rameters (GSI = 40, mi = 7, σci =5 MPa) and partial factors γτr of 1.00 (for combination (a)),
1.25 kM (for combination (b)), and 1.25 (for combination (c)). Although in practice the use of
fractional GSI values is not used [39], these back-calculated values do not carry the physical
meaning of the original parameters. Instead, they should be interpreted as design values
obtained from the representative ones, accounting not only for the inherent variability but
also for the reliability requirements of the Eurocodes.

Table 11. Design values of the Hoek–Brown parameters considering different partial factors applied
to the shear strength.

Partial Factor γτr GSI mi σci (MPa)

1.00 (comb. (a)) 40 7.00 5.00

1.25 kM (comb. (b)) 32.98 5.12 3.36

1.25 (comb. (c)) 35.26 5.52 4.00

Figures 5 and 6 show the outcome of this procedure in principal stresses and normal
shear stresses plots, respectively. A very good match between approximate factored (AF-
HB) and original factored (F-HB) shear envelopes, within the range expected normal stress
shadowed in grey, is observed.
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Figure 5. Original (HB) and approximate factored Hoek–Brown (AF-HB) envelopes in a principal
stresses plot.

Figure 6. Original (HB), original factored (F-HB), and approximate factored Hoek–Brown (AF-HB)
envelopes in a normal shear stress plot.

Finally, Table 12 shows the values computed during the safety verification proce-
dure, namely the major principal stresses (according to Equation (13)), the design bearing
resistance, the design vertical load, as well as the utilization ratio and overdesign factor.

Table 12. Values computed during the safety verification procedure using the Hoek–Brown model.

Quantity Symbol Units
MFA MFA MFA RFA RFA

(a) (b) (c) (d) (e)

Major principal stress σ1 kPa 975 667 741 975 975

Bearing resistance RN;d kN/m 3541 2402 2693 2530 2590

Vertical load Nd kN/m 2459 1750 2459 2459 2459

Utilization ratio—Nd/RN;d - 69% 73% 91% 97% 95%

Overdesign factor—RN;d/Nd - 1.44 1.37 1.10 1.03 1.05

When compared to the values of the bearing resistance computed using the Mohr–
Coulomb model, a decrease in resistance is observed. This is a consequence of the lin-
earization process, with the “equivalent” Mohr–Coulomb model slightly overestimating
the major principal stress below the foundation σ1A for a value of the principal minor stress
of σ3A (see Figure 3).
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5.3. Probabilistic Analysis—Limit State Design

The probabilistic approach consists of estimating the probability of bearing failure
of the spread foundation and comparing it against threshold values. To achieve this, the
relevant sources of uncertainty must be considered through probabilistic models, and
reliability analysis techniques are employed to estimate the probability of failure.

Probabilistic methods are also recognized in EN 1997-1 [2] as an alternative to the
partial factor method for the safety verification by calculation, with particular utility when
the limit state is sensitive to variations on geometrical properties, such as often happens
in rock mechanics, namely when discontinuities are involved. These methods offer well-
established advantages, including the explicit treatment of various uncertainties and the
generation of tailored results since the harmonization constraints inherent in standard-
based design, due to wide coverage, are avoided. Nonetheless, probabilistic methods for
safety verification have their own complexities and challenges. These include reliance on
the engineering judgement in identifying and appropriately modeling the relevant sources
of uncertainty, and, for most practical problems, the need to perform multiple structural
analyses. This requirement can become a time-consuming task, especially for complex
structural models.

Probabilistic methods are also grounded in the limit state design principles. In fact, the
limit state function is defined to represent the boundary conditions between the occurrence
of failure and its avoidance. It is given in terms of random variables, and the probability of
failure is computed, according to the probability theory, using the following integral:

p[G(X) < 0] =
∫

G(X)<0

fX(x) dx (32)

where fX(x) denotes the joint probability density function of the random variables X.
Analytical and direct numerical evaluation of this integral is often infeasible due to the
high dimensionality that such problems can easily attain and the difficulty in constructing
an accurate joint probability density function from marginal distributions.

To address these challenges, several approximation techniques can be employed.
These include reliability approximation methods such as the first-order and second-order
reliability methods (FORM and SORM), as well as simulation-based approaches like the
Monte Carlo method, which can provide cost-effective estimates of the probability of failure.
The applicability, and thus the selection, of a specific method is largely determined by
the computational effort required to evaluate the limit state function [18]. In the problem
analyzed in this paper, the number of random variables is moderate, and the limit state
function is explicitly defined, through a closed-form expression, making any method
suitable. FORM was selected, which is an iterative method that not only provides an
estimate of the reliability index, related to the probability of failure through pf = Φ(-β), but
also outputs influence factors α, expressing the sensitivity of the standardized limit state to
changes of each random variable.

The limit state function for the safety verification against bearing failure of a spread
foundation, given the description of the bearing resistance in terms of cohesion and friction
angle (Equation (13)), can be given by

G(B, G, Q, M, c, tanφ, θM) = σ1A(c, tanφ)·A(B, G, Q, M)·θM − (G + Q) (33)

Table 13 summarizes the marginal (individual) probabilistic models adopted for each
random variable. In addition, a coefficient of correlation of 0.7 between the variable moment
and vertical load was considered, as when the semi-probabilistic approach was used.



Geotechnics 2025, 5, 46 23 of 28

Table 13. Marginal probabilistic models of each random variable adopted in the analysis.

Random Variable Symbol Units Distribution Mean
Value

Coefficient
of Variation

Foundation width B m Normal 4.00 1.5%
Permanent vertical load G kN/m Normal 1100.00 4%

Variable vertical load Q kN/m Gumbel 217.76 50%
Variable moment M kNm/m Gumbel 87.10 50%

Cohesion c′ kPa Log-normal 123.30 40%
Coefficient of friction tan φ′ Log-normal 0.99 10%

Model uncertainty θM Normal 1.00 15%

A reliability index of β = 4.87, corresponding to a probability of failure of 5.63 × 10−6,
was computed after 29 iterations and 248 realizations of the limit state function. This value
exceeds the reference threshold value for consequence class CC3, namely βref = 4.3 (see
Table 1), for a 50-year reference period. This means that safety is verified according to the
reliability requirements specified in the code. The influence factors α obtained are listed in
Table 14.

Table 14. Influence factors α obtained after FORM analysis.

B G Q M c′ tan φ′ θM

−0.03 0.06 0.18 0.03 −0.23 −0.23 −0.92

These values provide valuable insights. Small absolute values of the influence factors
indicate that changes in the corresponding variables have little impact on the probability
of failure. Consequently, the base width, the permanent vertical load, and the variable
moment could, in principle, be considered as deterministic in the analysis and represented
only by their mean or design values. For the base width and the permanent vertical action,
this is justified by their low coefficients of variation. In the case of the variable moment, its
limited influence is due to its minimal effect on the calculation of the effective base width,
through the eccentricity, in this particular case.

6. Discussion
Uncertainty in the design of geotechnical structures in general, and spread foundations

in particular, cannot be neglected or eliminated but has to be recognized and managed in
practice. The paper addresses this problem by applying three different design approaches to
a simple geotechnical structure—a spread foundation on rock. They include: a deterministic
approach based on traditional design using a global safety factor; a semi-probabilistic
approach aligned with the second-generation Eurocode principles using partial factors;
and a fully probabilistic approach, also consistent with the Eurocode principles. For ease of
comparison, the final results for each approach, specifically regarding the verification of
the bearing failure limit state, are summarized in Table 15.

In the traditional deterministic approach, uncertainty is implicitly accounted for by
setting large safety factors. These are necessary because structural models are idealizations
of complex behavior, where the intensity of actions often cannot be precisely predicted,
and material and geometrical properties cannot be perfectly known. However, the global
safety factor method cannot address specifically the uncertainties inherent in the design.
As a result, the traditional approach may significantly underestimate or overestimate the
actual safety level, potentially leading to overconservative and uneconomical designs
or a false sense of security, respectively. In the case study presented, a global safety
factor of 4.52 was computed, substantially higher than the typical range of 2 to 3 used in
current practice. Although the global safety factor a designer may adopt should reflect
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not only the uncertainties but also the consequences of a structural failure, the obtained
final result illustrates how uncalibrated deterministic approaches may distort the perceived
safety margin.

Table 15. Summary of the final results obtained following all approaches.

Approach Safety Indicator Comb. Mohr–Coulomb Hoek–Brown

Deterministic Global safety
factor 4.52 (>3.00)

Semi-
probabilistic

Overdesign
factor

(a) and (b) (1.50 and 1.40)
1.40

(1.44 and 1.37)
1.37

(c) 1.12 1.10

(d) 1.07 1.03

(e) 1.09 1.05

Probabilistic Reliability index 4.89 (>4.30)

The Eurocodes address uncertainty in a codified and harmonized manner to ensure
consistency across different countries and structural types. In this framework, random
variables, such as actions, material properties, and geometrical properties are represented
by representative values, whose quantification should be based on statistical analysis of
data (characteristic values) or may be obtained from informed engineering judgement
(nominal values). These values serve as cautious estimates, intended to reflect the uncertain
nature of the underlying phenomena. Additionally, partial factors are applied to these
variables, distributing the overall safety margin according to their relative influence on the
design outcome.

The Eurocodes present alternative safety verification approaches and provide recom-
mended values for partial factors. Nonetheless, permission is granted for the national
standardization bodies to adopt the approach that best aligns with national practice and to
modify the partial factors accordingly. In the case study that was analyzed, a considerable
difference was observed between the outcomes produced by the MFA and the RFA. As
shown in Table 15, large overdesign factors were computed for combinations (a) and (b),
respectively, 1.50 and 1.44 using the Mohr–Coulomb failure criterion and 1.40 and 1.37
using the Hoek–Brown failure criterion. These values align with the final results of the
deterministic approach, given the ratio between the computed global safety factor and the
upper bound of its typical range (4.52/3 = 1.51). Although smaller overdesign factors were
computed for combinations (c), (d), and (e), respectively, 1.12, 1.07, and 1.09, using the
Mohr–Coulomb failure criterion and 1.10, 1.03, and 1.05, using the Hoek–Brown failure
criterion, safety is still verified. For the MFA, this is mostly due to either actions or material
properties being significantly factored in combinations (a) and (b), respectively, while for
combination (c) both are factored, simplifying the verification at the expense of a higher
safety margin being required. In the RFA, both actions and resistances are factored, yielding
close results to combination (c). This divergence in results suggests that these combinations
are suited to different contexts, each reflecting distinct treatment of uncertainties. For
spread foundations, if the overdesign factor is considered as a proper indicator of the
suitability of the approach, the combinations (c), (d), and (e) would offer a more tailored
and realistic representation of resistance-related uncertainties.

Eurocode 7 specifies that, for the rock material, rock mass, and rock discontinuities,
the shear strength is the ground property to be factored. However, challenges arise when
attempting to apply partial factors to a non-linear failure criterion, such as Hoek–Brown,
which is expressed in terms of principal stresses. In such cases, no straightforward solution
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currently exists, and practical workarounds must be employed to approximate the factor-
ization process. A procedure often considered for the strength reduction method using the
Hoek–Brown failure criterion within numerical analysis software was successfully used to
obtain design values of the Hoek–Brown parameters GSI, σci, and mi. The final results of
the limit state verification closely match those obtained using “equivalent” Mohr–Coulomb
failure criterion.

However, the trade-off between harmonization and ease of use in the Eurocodes
may result in solutions less tailored to specific design situations. Moreover, the semi-
probabilistic approach cannot adequately account for geometrical uncertainties when these
significantly affect the structural behavior, i.e., when the limit states become sensitive to
deviations in geometric parameters. In such cases, or in design situations beyond the
scope of the semi-probabilistic framework, the Eurocodes recognize that more advanced
reliability-based methods, including fully probabilistic approaches, may be appropriate.

In probabilistic approaches, uncertainty is addressed explicitly by modeling input
parameters as random variables with defined probability distributions. While this pro-
vides a more transparent and quantifiable treatment of risk, it also introduces subjectivity.
Designers must make decisions about the sources of uncertainty, the choice of probability
distributions, and the estimation of their parameters, whether based on data, possibly
limited, skewed, or non-representative, or on expert judgment. Therefore, while prob-
abilistic methods offer a more rigorous understanding of reliability and promise more
tailored solutions, they require careful implementation and professional expertise to be
applied effectively.

In the case study presented, a reliability index of 4.89 was computed, exceeding the
target value of 4.3, attesting to the structural safety of the spread foundation. This outcome
suggests that, given the assumed actions, material properties, and geometrical properties,
the foundation may in fact be overdesigned. This is in line with the larger overdesign factors
computed with the semi-probabilistic approach. Furthermore, the obtained influence
factors α (Table 14) suggest a strong sensitivity of the estimated reliability index to the
variable vertical load and ground properties, but even more to the model uncertainty.

Indeed, the calculation model used, based on wedge equilibrium and the Hoek–Brown
failure criterion, is a simplified representation of the actual, more complex behavior of the
geotechnical structure. The associated model uncertainty was shown to have a significant
impact on the computed reliability index, suggesting that it is a critical variable deserving
special attention in uncertainty modeling. In fact, reducing the model uncertainty may
yield substantial improvements in reliability assessment. To that end, it may be worthwhile,
in certain cases, to invest in the choice and development of more realistic models that
better capture the structural response. As long as such models offer the potential for a
more accurate representation of structural behavior, they ultimately lead to more informed
and efficient design decisions. The model considered in this paper is suggested in an
informative annex to Eurocode 7, but its use is not mandatory. The standard leaves it to the
designer to select an appropriate model and to quantify the associated uncertainty.

The partial factor method itself is not intended to cover incorrect idealizations of
the failure mechanism or improper selection of the calculation model. To that end, model
factors were incorporated in Eurocode 7 to compensate for any significant bias or additional
uncertainty in a calculation model compared with a reference model. Physical, analytical, or
numerical models may serve as reference models, provided that they accurately reproduce
the limit states being considered. In the absence of such information, comparable experience
based on case studies shall be used to set model factors.
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7. Conclusions
Eurocode 7 establishes a comprehensive framework for the design of spread foun-

dations on rock masses, accommodating both semi-probabilistic and fully probabilistic
approaches. This framework addresses all relevant sources of uncertainty in the design
process, promoting a more robust and transparent assessment of structural safety. To assess
the suitability of Eurocodes for the design of spread foundations, three methods of limit
state verification by calculations were compared: the global safety factor method (based
on mean values of actions and strength properties), the Eurocode 7 partial factor method
(using characteristic values), and a probabilistic method (based on statistical distributions).

The results obtained using the deterministic, semi-probabilistic, and fully probabilistic
approaches demonstrated a consistent safety margin across all methodologies, reinforcing
the reliability of the semi-probabilistic Eurocode design framework. In the considered case
study, the results of the traditional deterministic approach are aligned with the results
of the Eurocode 7 semi-probabilistic framework, specifically, the combinations (a) and
(b) that either factor actions or material properties. Combinations (c), (d), and (e), where
both actions and material properties or resistances are being factored, show consistency
with the underlying reliability requirements, given the small overdesign factor computed.
The probabilistic analysis, which explicitly modeled the uncertainty in input parameters,
resulted in a reliability index slightly higher than the target value, further validating the
adequacy of the Eurocode methodology in achieving the intended safety performance for
spread foundations on rock. This convergence of results confirms that the semi-probabilistic
method, as implemented in Eurocode 7, provides a balanced and dependable means of
satisfying underlying reliability requirements.

Eurocode 7 permits multiple safety verification approaches, including the material
factor approach and resistance factor approach, offering flexibility in the implementation at
a national level. The existence of alternative design combinations reflects the recognition
that no single method is universally optimal. As such, national standardization bodies
were encouraged to evaluate the suitability of each approach in the context of their local
design traditions, construction practices, and typical ground conditions. Adopting the
format that best aligns with national practices while still maintaining conformity with the
Eurocode framework will ensure both harmonization and practical applicability across
diverse geotechnical design contexts.
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