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Abstract: Unsupported excavations are frequently performed in several geological and geotechnical
projects, particularly for constructing roads and railways, and they are often carried out in different
materials. The design of such cuts in soils needs the determination of representative values of its
mechanical properties, particularly of the strength parameters, and the application of adequate safety
factors. The procedure should ensure a sustainable design of those cuts, allowing for economical
solutions that guarantee a low probability of geological-geotechnical failure. This paper assesses
the reliability of unsupported cuts in soils, under drained conditions, assuming a Mohr-Coulomb
strength criterion. Statistical meshes are generated considering the spatial variability of the friction
angle and of the true effective cohesion, which are assumed to be uncorrelated. In this process,
typical values of the coefficients of variation and of the horizontal and vertical scales of fluctuation
are applied. Soil characterisation is simulated in each statistical mesh, and the characteristic values
of the strength parameters are determined using statistical methods. Unsupported cuts of different
heights and inclinations are designed using typical safety factors. Slope stability analyses are carried
out using Random Finite Element Limit Analysis. The uncertainty in the actions is considered, and
the probability of failure is determined by direct reliability analysis. The results show the relevance
of the ratio between the scale of fluctuation and the excavation depth, the slope inclination, and the
characteristic value of the soil strength parameters on the probability of failure. Values of adequate
safety factors are proposed towards obtaining an appropriate probability of failure, compatible with
the sustainable design of the cuts.

Keywords: unsupported cuts; spatial variability; random finite element analysis; reliability analysis;
sustainable design

1. Introduction

The construction of roads, railways, and other civil engineering projects involves
the execution of unsupported excavations in different types of geotechnical materials, in
several geological conditions. Some of these geotechnical works stretch over large distances,
therefore significantly impacting the surroundings. The sustainable design of these cuts
involves, among other concerns, considering the safety level depending on the structure’s
importance. In fact, one of the United Nations” Goals for Sustainable Development is Goal
11, “Make cities and human settlements inclusive, safe, resilient and sustainable”, and
the subject of this paper is, in particular, related to the topics “Disaster risk reduction”
and “Sustainable cities and human settlements”. This sustainable design should involve a
certain minimum level of safety that should ensure an appropriate performance during
the structures’ life, with an economical solution leading to a robust geotechnical project [1],
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but should also take into account that a too-high level of safety for the importance of the
structure will certainly involve more resources than necessary.

This level of safety can be considered through a minimum probability of failure, and
modern design codes aim to specify values of safety factors (usually partial safety factors)
which have the goal of ensuring a certain probability of failure. More important structures
should be designed considering lower probability of failure. For the unsupported cuts
studied in this paper, a maximum probability of failure of around 10~* is considered.
This corresponds to a reliability index of 3.8 or higher, which is frequently considered in
standards [2] and in the traditional design methods [3-7].

The design of unsupported cuts needs the choice of appropriate calculation models,
strength parameters and safety factors. Good calculation models for unsupported cuts are
available, and therefore, its design needs appropriate soil strength parameters, capable of
adequately describing the strength of the material, and also appropriate values of the safety
factors, allowing the sufficiently low desired probability of failure.

The appropriate soil strength parameters are their characteristic values, which should
result from soil characterisation that should be as meticulous as possible [8-10]. Never-
theless, it is impossible to avoid uncertainties associated with the soil formation process
(inherent), the measurement error, or transformation models (epistemic) [11-14]. For this
reason, it is necessary to consider the effects of uncertainties when assessing the stability of
unsupported cuts, as demonstrated in previous studies [15-23]. Some of these studies have
shown that the spatial variability of soil shear strength parameters significantly influences
the outcome of the reliability analysis of soil slopes and, in particular, they indicate that the
probability of slope failure decreases as the scale of fluctuation reduces.

A few other contributions can be found in the literature considering spatial variability.
They focus on the location of site investigation for slope stability [24-27]. These works
assume an undrained soil behaviour and concluded that when considering a single site
investigation operation, the crest seems to be the optimal location to execute it. No similar
study considering drained conditions could be found in the literature.

Some authors [28-31] have investigated the measure to which the partial coefficients
of the EN 1997-1 [2] guarantee the desired level of safety. In these studies, spatial variability
was not considered. Their results indicate that the obtained safety level is mostly below
the expected.

The results from these studies highlight the need for further research on the issue
of obtaining the desired level of safety. Therefore, this paper aims to evaluate if current
procedures for determining the characteristic values of soil strength parameters and values
of safety factors currently used in codes and practices do ensure the desired minimum level
of safety of unsupported cuts, and therefore, their sustainable design. The level of safety
does not depend on the values of the safety factors alone, and they need to be analysed in
conjunction with appropriate soil strength parameters. The determination of safety levels
simultaneously considering the influence of partial coefficient values and the process of
determining characteristic values is the main innovative contribution of this paper.

This is achieved through a procedure involving the determination of collapse loads
using the software mechpy, developed within the authors’ team [32], which has previously
been applied to reliability analyses of other geotechnical structures [33-36].

2. Description of the Unsupported Cut

The problem of the unsupported cut analysed in this article is shown in Figure 1. It
has an excavation depth k and a constant inclination S. It is analysed under plane strain
conditions. The unit weight causing collapse, v, is, in this paper, determined by the finite
element calculations. The phreatic level is assumed to be deep enough to not affect the
stability of the slope. The shear strength of the soil is defined by the effective cohesion,
¢’, and the friction angle, ¢'. Therefore, the study considers drained conditions and the
soil strength described by the Mohr—Coulomb criterion. The drained condition is, in most
situations, the relevant case in unsupported excavation slopes.
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Figure 1. Geometry of the unsupported cut and soil properties; the unit weight causing collapse, v, is
determined by the finite element calculations.

The soil strength properties are described as random variables, modelled as random
fields using the mean value, the coefficient of variation, COV, and the vertical and horizontal
scales of fluctuation (6,,0}). The scale of fluctuation is a measure of the distance within
which the soil property shows a relatively strong correlation with itself [37]. In sedimentary
soils, it is usually an anisotropic parameter, as the horizontal scale of fluctuation is typically
significantly larger than the vertical scale of fluctuation [11,14].

The spatial correlation describes the correlation between the same property measured
at different points [14]. It is expressed by the coefficient of correlation, p, computed by
the vertical and the horizontal distance between the centre of mass of the elements in the
statistical mesh, Ay and Ax, and the scale of fluctuation. In this paper, p is described by a
two-dimensional ellipsoidal correlation function [38] expressed by

o) = exp| 2 (8) 4 (82 o

3. Methodology
3.1. Overview

The methodology followed in this work is summarised in Figure 2. A relatively large
number of statistical meshes are generated, considering the spatial distribution of the
effective cohesion and friction angle. These statistical meshes are samples that intend
to simulate different spatial distributions of those soil strength parameters. Before the
excavation is performed, the soil mass is considered to be divided into square elements.
Within each element, the soil strength parameters are constant.

Characteristic values of these strength parameters are determined, using two different
approaches, which will be detailed in Section 3.3. Using these characteristic strength pa-
rameters, the unsupported cuts are designed. The design usually involves specifying the
geometry that verifies safety, but in this case, the geometry is assumed fixed. Therefore, by
“design”, it is meant, in this case, determining the maximum value of the soil unit weight
that verifies the safety of the unsupported cuts. In this work, this procedure uses Finite
Element Limit Analysis (FELA) with the software mechpy, which is a finite element imple-
mentation of the upper- and lower-bound theorems of limit analysis, as described in Vicente
da Silva et al.’s work [39]. At this stage, calculations involve considering homogeneous soil
with the characteristic values of soil strength parameters mentioned above.
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the spatial distribution of ¢” and ¢".
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values of ¢’ and ¢".
“Design”: calculation of the maximum RFELA calculations: determination
unit weight that verifies safety, yr; 4. of Yrrera-

Computation of probability of failure
and reliability analysis.

Figure 2. Overview of the methodology.

A finite element mesh with the geometry of the excavation is superposed to each
statistical mesh, and the soil properties are mapped from the statistical elements to the
finite elements. Random Finite Element Limit Analyses (RFELA), both upper- and lower-
bound, are performed, also using mechpy. From each RFELA calculation, the unit weight
causing collapse is determined. Comparing the values of the unit weight determined from
“design” with those from RFELA, a reliability analysis is performed and the probability
of failure is determined. The following sections describe each step of the framework in
more detail.

3.2. Generation of the Statistical Meshes

The spatial distribution of ¢’ and ¢’ in each statistical mesh is generated using the Latin
Hypercube Sampling (LHS) technique, as it reduces the complexity and computational
effort relatively to a conventional Monte Carlo process [40,41]. LHS preserves the marginal
probability distribution of the simulated parameters using fewer samples [42]. This study
uses the LHS technique implemented in mechpy using the framework described in Olsson
etal. [41].

The description of the spatial variability of ¢’ and ¢’ is based on the random fields
theory that describes the soil profile using the following parameters used for the generation
of the statistical meshes: mean values of the strength parameters, c;ng and tangb,’ng, their co-
efficient of variation, COV, and their scales of fluctuation, 8, and ), [17,37]. Both properties
are assumed to follow the log-normal distribution and are considered uncorrelated. The
scale of fluctuation 6, (as well as 6j,) are assumed the same for both strength parameters.
The statistical meshes have the spatial distribution of ¢” and ¢’, with a different value of
these parameters assigned to each element of the meshes, as presented in Figure 3.

The statistical meshes have a width of 50m and a height of 30 m, discretised into
squared statistical elements with the length of the side equal to 1 m. This size of the squared
statistical elements corresponds to the value of the lower scale of fluctuation. As a result of
the relation between the dimensions of the statistical meshes and the number of elements
therein, the LHS process generates, in the case analysed in this work, 1501 statistical
meshes (samples).
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Figure 3. Example of a statistical mesh sample of ¢’ (a) and ¢’ (b) spatially distributed, obtained for
cﬁng = 10kPa; (P;ng = 30°;, COV equal to 0.3 and 0.1, respectively; 6, = 1 m and 6, = 30 m, superposed
by geometries of the unsupported cuts with different depths.

3.3. Determination of the Characteristic Values of Strength Parameters

The characteristic values of the strength parameters are estimated for two different
scenarios, corresponding to two degrees of knowledge of these parameters.

In the first scenario, a simulation of site characterisation is performed in the statistical
meshes of the effective cohesion and of the friction angle. For each sample, the characteristic
values of the strength parameters are estimated from the statistical elements intercepted
by a vertical line starting at the crest of the slope (point ¢ in Figure 3) down to 1.2 times
the depth of the unsupported cut. This process assumes that the characterisation can
determine the values of ¢ and ¢’ of the element intercepted by the vertical line, without
measurement errors. In this scenario, a set of characteristic strength parameters is obtained
from each sample.

In the second scenario, the characteristic values are estimated from the mean and COV
used, which are the input parameters used to generate the statistical meshes.

For the first scenario, the chosen location for the vertical line was the one reported as
the optimal location to conduct geotechnical exploration for slope stability evaluation [27].
The values of the properties are collected every one meter (the size of the statistical mesh
elements adopted in this case), for both ¢” and ¢’ statistic meshes. This leads to a number
of values collected for each strength parameter given by n = 1.2 h, with h given in me-
ters. In this first scenario, the characteristic values of ¢’ and ¢’ are determined from the
abovementioned collected values of the properties using the following expression:

Xk = exp[Yin (1 — kn.COVyyx)] )

where Y, is the mean value of the logarithms of the n strength parameters collected in
each sample, COV},x is the coefficient of variation of those logarithms, k;, is the statistical
coefficient related to the type of distribution, the confidence limit, and the number of test
values, n.

In the second scenario, Equation (2) is also used, with Y}, and COV}, x being equal to
the input values used to generate the samples. These calculations were performed using
n = 30.

In the first scenario, the COV of the soil property is unknown a priori and estimated
from the collected values of each soil property; k; can be obtained from [37]:

6 1
kn = 193 77 3)

In the second scenario, COV is known a priori, and k;, is determined from



Sustainability 2024, 16, 10596 60f 16

kn = Nos % + % 4)

In these equations, t%7 is the Student’s t-value for n — 1 degrees of freedom at a
confidence level of 95%; Nos represents the normal distribution, evaluated for a 95%
confidence level with infinite degrees of freedom; 6 is the relevant scale of fluctuation; and
¢ is a measure of the relevant dimension of the problem.

If 8, is assumed to be small compared to /, the characteristic values can be determined
using 0/{=0 in the previous equations. This can be applied in situations where a large
volume of ground is involved in the failure mechanism and the characteristic values of the
strength parameters can be considered as estimates of their mean values. In other cases, in
the present study, 6 is equal to 6, and ¢ is h.

Moreover, for the first scenario, the characteristic values of the set of soil properties
is estimated for each statistical mesh. For the second scenario, a single global set of
characteristic values is determined.

3.4. Design

The design values of the soil shear strength parameters are determined from the
corresponding characteristic values, using the following equation:

_ X

X, =
d M

(5)
where ) is a partial coefficient. In the present paper, 7 is set to 1.25 for both ¢’ and tan ¢’
This value is used in the Design Approach 1, combination 2 and in the Design Approach 3
of Eurocode 7 [2]. In some cases, other values of this partial coefficient will be used,
and they will be specified later. Only permanent actions are considered in the analyses.
Since the partial coefficient for permanent actions is 1.0, 7y is the only partial coefficient
being applied.

As previously explained, by “design”, in this case, it is meant to determine the max-
imum unit weight, yrgr 4, for which the unsupported cuts verify safety. It is computed
using FELA, with homogeneous soil properties equal to ¢/, and ¢/;. The analyses are per-
formed for the initial finite element mesh and for three additional remeshing steps, where
the meshes are progressively refined in the zones of higher plastic deformation (Figure 4),
according to a methodology based on Martin’s [43] work. The average of both upper- and
lower-bound results is calculated, yrg 4.

In the first scenario, 1501 upper- and lower-bound calculations are performed, each
one corresponding to each sample, and leading to 1501 values of yrgp 4. In the second
scenario, a single value is obtained.

a) b)

14.5 22.9 EI . .5 22.9 31.2 39.6
max distortion
0 0.0075 ©€.015 ©0.0225 0.03 0.0375 0.045 0.0525 0.06 0.0675 0.075
I — T

Figure 4. Example of finite element meshes for the FELA calculations: Figure (a) shows the initial
finite element mesh and Figure (b) shows the last step of the remeshing process and the maximum
distortion, determined for an upper-bound calculation.
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3.5. RFELA Calculations

For a given geometry, a finite element mesh is generated considering quasi-homogeneous
finite element sizes. This finite element mesh is superposed to each statistical mesh and, in a
mapping process, the soil properties of the element of the statistical mesh at the position of
the centroid of each finite element are assigned to this finite element (Figures 3 and 5). This
procedure is repeated for each remeshing step. As a consequence, in the last steps, there are
zones with very small finite elements and others where the finite elements are quite large.
The random field from the statistical mesh does not change, but since the properties are
assigned to the centroids of the finite elements during the mapping process, the random
field considered in the finite element calculations does change. Nonetheless, this change
does not affect the results, as the more refined areas with smaller finite elements are located
where the mechanism takes part.

RFELAs are performed for each sample, using mechpy to determine the values of
the estimates of the soil unit weight causing collapse for both upper- and lower-bound
approaches. For each sample, the analyses are performed using the remeshing process de-
scribed in the previous section and, for each stage, the mapping procedure described above.
The average of both upper- and lower-bound results is calculated for each sample, YrrerA-

S AAVAV Vi
R v A
LA

22.9

c s 31.2 . 9
friction_angle - step 1 in [3,1%01]
2.12 5.46 8.79 12.1 15.5 18.8 22.1 25.5 28.8 32.1 35.5 . . 29.4 32.9 36.4 39.8 43.3 46.8 50.2

31.2 9.6
cohesion - step 1 in [0,150%11

22.9

T
31.2 9
friction_angle - step 1 in [3,1%01]

L 312 N 9.6
cohesion - step 1 in [0,150%[]
2.56 5.74 8.91 12.1 15.3 18.4 21.6 24.8 28 31.1 34.3 15.1 18.4 21.7 24.9 28.2 31.5 34.7 38 41.3  44.5 47.8

e

Figure 5. Example of finite element meshes showing the values of ¢’ (a,c) and of ¢’ (b,d) mapped
from the statistical mesh. Figures (a,b) show the initial finite element mesh; Figures (c,d) show the
finite element mesh at the final remeshing stage. Results obtained for ci,,g = 10kPa, 4)£,,g =30°, COV
equal to 0.3 and 0.1, respectively, 6, = 1m, 6, = 30m, 1 = 10m and 8 = 75°.

Figure 6 presents the zones of maximum distortion obtained for the same case shown
in Figure 5, for the last step of the remeshing process. These results, as well as the areas
where the finite element mesh was more refined, allow us to infer the mechanism that
is developed.
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Figure 6. Example of finite element mesh showing the maximum distortion, determined for an
upper-bound calculation. Figure (a) shows the mesh undeformed, and Figure (b) shows the deformed
mesh. Results are for the same case for Figure 5.

3.6. Probability of Failure and Reliability Analysis

The probability of failure is estimated using direct reliability analysis of a performance
function F, given by

YRFELA
F= 6
YreLA(1+ COV,A) ©

where A accounts for the uncertainty in the actions and consists of a random number that
follows the standard normal distribution (with mean 0 and standard deviation 1). COV,,
is assumed to be 0.1, which is a common value of the coefficient of variation of the soil
unit weight [11,14]. The probability of F < 1 is estimated using the cumulative Log-normal
distribution function.

Figure 7 shows the cumulative distribution function of F for an example with & = 10m,
B = 75° ¢>§ng = 30°, cing = 10kPa, A # 0, the 1st scenario, and assuming 6/¢ = 0 in
Equation (3). From this figure, it can be seen that, for this case, the probability of failure,
corresponding to F = 1, is around 10°.

10° .
10—1 L
10—2 L
10—3 L
10—4 L

10—5 L

100

107 £

cumulative distribution function

10—8 L

107 '
0 05

[

Figure 7. Cumulative distribution function of F, for i = 10m, g = 75°, ¢;,, = 30°, c},,, = 10kPa,
A # 0, the 1st scenario, and assuming 6/¢ = 0 in Equation (3).
4. Cases Analysed

We aimed to study the influence on the probability of failure of the following parame-
ters using the cases analysed:
e  The value of the effective cohesion, cﬁng ;

¢  The dimensionless scale of fluctuation, @, = 6,/h;
*  The geometry of the cut (7 and p) and of the soil friction angle, ¢},
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4.1. Influence of the Value of the Effective Cohesion

Calculations were performed for ¢},, = 30°, B = 75°, and for two values of —5
and 10m. For i = 5m, calculations were performed for four values of c,’ng—l, 2.5, 10,
and 100kPa; for h = 10 m, two values of c’mg were used, 5 and 10 kPa. The coefficient of
variation used for ¢’ and for tan ¢’ was 0.15 and 0.30, respectively, and the vertical and
horizontal scales of fluctuation were 1 and 30 m. These values for the coefficient of variation
and for the scales of fluctuation are typical of sedimentary soils [11,14,44,45].

The post-processing of the computation outcomes was conducted according to the
procedures detailed in Section 3, and the results obtained for the probability of failure
are shown in Table 1. The analysis of the probabilities of failure obtained is included in
the results presented in Section 4.3; in this section, the most relevant issue is the fact the
probabilities of failure obtained are practically independent of the values of cj,, (When
the design value of the actions is equal to the design value of the resistance, which is the
process adopted in Section 3.4). This allows us to proceed with the study considering a
single value of c,.

/

Table 1. Results of the probability of failure for different values of c},, considering 6/¢ = 0 in

mg
Equation (3).
h ! ro ’ B 1st Scenario 2nd Scenario
(m) Pmg (°)/ICOV  c;,, (kPa)/COV 0,/h ©) A—0 A#£0 A—o0 A0
1/0.3 4%x107? 5x10°° 8x10* 4x1073
25/0.3 3x107° 8 x 107° 1x1073 5x 1073
5 30/0.15 0.20 75
/ 10/0.3 1x 107 8 x 107° 1x1073 5x 1073
100/0.3 1x1077 5x10% 9x107% 4x1073
5/0.3 3x1078 8x107° 1x107° 7 x 1074
1 1 1 7
0 30/0.15 10/0.3 0 > 2x10718  1x10°  9x10®  7x107¢
4.2. Influence of the Dimensionless Scale of Fluctuation
To assess the influence of the dimensionless scale of fluctuation, calculations were
performed considering gb;ng = 30°, cing = 10kPa, B = 75°, and three values of h—S5, 10,
and 20 m—and different 6, values were chosen to obtain, for each value of &, four different
values of @, = 6, /h (Table 2). The horizontal scale of fluctuation was considered equal to
30 times the vertical scale. The coefficient of variation used for ¢’ and for tan ¢’ were the
same as those used in the previous section.
Table 2. Results of the probability of failure for different values of 1 and ®,, obtained for (Pr/ng = 30°,
¢'mg = 10kPa, COV = 0.1and 0.3, and = 75°.
n 0, o 0/£=0 0/ £0
v 1st Scenario 2nd Scenario 1st Scenario 2nd Scenario
(m) (m) A=0 A#0 A=0 A#0 A=0 A#0 A=0 A#0
0.25 0.05 2x1071 3x107° 4x107? 1x107% 6x107® 4x10° 3x1071 2x107°
5 0.50 0.10 1x10718 1x107° 1x107° 8x10* 4x107® 8x1077 1x1077 6x107°
0.75 0.15 9x10712 6x107® 2x10% 2x10% 7x10712 8x1077 2x107® 1x10°*
1.00 0.20 1x1072 8x107% 1x10% 5x103 2x10? 2x107® 2x10° 2x10°*
0.50 0.05 3x1071 3x107° 3x107? 1x107% 5x107 3x10% 2x1071 1x107°
10 1.00 0.10 2x10718 1x107° 9x107°% 7x107* 9x107P® 8x1077 8x10® 5x107°
1.50 0.15 6x10712 5x107® 2x107% 2x1073 3x10712 5x1077 2x107® 9x107°
2.00 0.20 2x10710 5%x107% 9x107* 4x103 6x10710 1x107® 9x10°® 2x10*
1.00 0.05 6x1071 3x107% 2x107? 1x107% 3x107® 3x10° 1x1071 1x107°
20 2.00 0.10 5x107% 7x107% 1x107° 7x107% 2x107Y 5x1077 1x1077 5x107°
3.00 0.15 2x10712 4x10% 2x107% 2x10% 1x10712 5x107 2x10° 1x10°*
4.00 0.20 4%x10710 5x107® 9x10% 4x103 1x10° 1x107°® 1x10° 2x10*
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The results obtained for the probability of failure are included in Table 2, and rep-
resented in Figure 8. The results show that the probabilities of failure are very close for
different values of 0, and F, if ©, is the same. These results allowed us to proceed with the
study considering different values of & and a single value of 8,, and therefore, different
values of the relevant parameter, ®,.

2

a) 107 ‘ L3 b) 10°
10° £ e m e T . E 103 E
TS S . 0t E e W =TT T by
10*5 i
£
10° F ; 10 e
— st — st
107 ¢ . hh:755nrirl é}«d} 107 ¢ -+ hh:755rrr1n (g“d;*
h=10m (1) h=10m (159
108 L h=10m (2")] 108 L h=10m (2")]
—%— 1 =20m (1% —%— 1 =20m (1%
. ‘ - ® - h=20m (") Y ‘ - ® - h=20m(@2")
10 10
0.05 0.1 0.15 02 0.05 0.1 0.15 02
0, 0,
Figure 8. Probability of failure as a function of @, = 6,/h, for (]),’ﬂg = 30°, cfﬂg = 10kPa, g = 75°,
three values of h—5, 10, and 20 m—and for the 1st and 2nd scenarios: 8/¢ = 0 (a) and 6/¢ = ©, (b).
It can also be seen that for the second scenario, the probability of failure increases with
©®,, whereas for the first scenario, there is not a clear tendency and it overall varies in a
smaller range.
4.3. Influence of the Geometry of the Cut and of the Soil Friction Angle
The study considers nine unsupported cut geometries resulting from combining three
different depths, h = 5, 10, and 20 m, with three inclinations, § = 45°, 60°, and 75°, having
the slope crest, C, in common (Figure 3).
All geometries were combined with soils with ¢;ng = 30°, 35°, and 40°, with a COV of
0.15, and cing = 10kPa, with a COV of 0.30. Both parameters have vertical and horizontal
scales of fluctuation, 8, and ), of 1 m and 30 m, respectively. These values are within the
limits reported in the literature [11,12,14,44,45].
Table 3 summarises the results of the probability of failure assuming 6/¢ = 0 in
Equations (3) and (4); Table 4 shows the ones for §/¢ = ©, in the same equations. These
results are also shown in Figure 9.
Table 3. Results of the probability of failure obtained considering 6 /¢ = 0 in Equations (3) and (4).
/' /o ’ o 1st Scenario 2nd Scenario
h(m)  ¢he(°)ICOV ¢} (KPA)/COV  0,/h B(°) A—o A0 A A0
45 1x1077 3x10°° 2x107% 3x1073
30/0.15 60 2 x 107 3 x10°° 1x10% 3x1073
75 1x107?  8x10® 1x10% 5x1073
45 — — — —
5 35/0.15 10/0.30 0.2 60 2 %1077 1x107® 8x107%* 3x1073
75 6x10710  4x10°° 8§x107% 4x1073
45 — — — —
40/0.15 60 3x107?  5x1077 9x10* 2x1073
75 1x10710  1x107® 7x107% 3x1073
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Table 3. Cont.

1st Scenario

2nd Scenario

h (m) Pug(°)ICOV ¢}, (kPa)/COV 0,/h B(°) A=0 A0 A=0 A0
45 1x10~? 7 x 1077 8 x 107° 1x 1074
30/0.15 60 3x10712  2x10°° 5x 107° 3x 1074
75 2x1078 1x10°° 9 x 10 7 x 1074
45 — — — —
10 35/0.15 10/0.30 0.1 60 6x10712  8x1077 5x 106 2x 1074
75 4x107%  3x10°° 6 x 107° 5x 1074
45 — — — —
40/0.15 60 5x 10712 2x1077 6 x 107° 1x 1074
75 1x1071%  1x10°° 5x 106 3x10°4
45 2x1071  5x1077 4 %1077 7 x 1077
30/0.15 60 3x1071%  5x10°° 2x 1079 3x10°°
75 6x1071  3x10°° 2 x 1077 1x 1074
45 2x10710 8% 108 3x10°8 1x 107
20 35/0.15 10/0.30 0.05 60 I9x107®  9x1077 6x10710 9x10°°
75 3x10717  8x10° 6x10710 5x10°°
45 — — — —
40/0.15 60 3x10716  7x10®  7x1071 3x10°°
75 2x107Y  2x10®  5x1071%  2x107°
Table 4. Results of the probability of failure obtained considering /¢ = ®, in Equations (3) and (4).
h (m) Prng(°)ICOV ¢, (kPa)/COV 0,/h B(°) A :lf,t Scena?# 0 A :2131 ScenarAlo# 0
45 2x107%  3x1077  5x107°  1x1074
30/0.15 60 1x107  5x1077  1x107°  1x107*
75 2x1077  2x10®  2x107° 2x107*
45 — — — —
5 35/0.15 10/0.30 0.2 60 1x10° 2x 1077 1x10°% 8 x 107>
75 1x107? 8 x 1077 1x107° 1x 1074
45 — — — —
40/0.15 60 8x 10710  8x10°8 2 %1075 9x10°5
75 3x10°10  3x1077 9 x 107 1x 1074
45 3x1071  3x10°8 1x 1077 4 x 107
30/0.15 60 4 x 10714 1x 1077 3x 108 1x10-°
75 9x107  8§x1077 8 x 108 4x10°5
45 — — — —
10 35/0.15 10/0.30 0.1 60 1x10718 4x10°8 5x 1078 7 x 107°
75 2x107%  2x1077 5x 1078 3x107°
45 — — — —
40/0.15 60 9x107% 8x107? 9 x 108 5x 107°
75 4x10716  6x10°8 4 %108 2 x107°
45 2x10718  3x10% 6x10711  2x1077
30/0.15 60 1x107%  4x1077 1x1071 3x10°°
75 3x10718  3x10° 1x1071! 1x10°°
45 3x10712 5x107 9x1070 1x1077
20 35/0.15 10/0.30 0.05 60 2x107Y7  6x10% 5x10712  6x1077
75 7x10720 9x1077 4x1072 5x10°°
45 — — — —
40/0.15 60 6x107PY  3x107° 8x10712 2x1077
75 3x1072  1x1077 3x10712 2x10°°
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Figure 9. Probabilities of failure obtained for 8, = 1m, 6;, = 30m, different values of ¢{11g with COV

equal to 0.15, cing = 10kPa with COV equal to 0.30, different geometries, 1st and 2nd scenarios, and

assuming in Equations (3) and (4) that /¢ = 0 (a,c,e) and ®, (b,d,f).

Tables 3 and 4 and the graphics in Figure 9 do not always show the results obtained for

B = 45°. In fact, for this case, and for some situations where the soil friction angle is 35 and
40°, the values obtained for the performance function Equation (6) cannot be appropriately
described by the Log-normal distribution (and, also, no other distribution could be found

to be able to describe them).
From Figure 9, it can be concluded that the probabilities of failure obtained for the

second scenario are higher than the ones for the first scenario. This is an interesting result,
although expected, and emphasises the importance of soil characterisation performed at the
exact location of each project. Also, more inclined slopes (greater values of B) have greater
probability of failure, and for the second scenario, the probability of failure decreases
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as the excavation depth, h, increases. This tendency is more accentuated when 6// is
assumed equal to zero in Equation (4). It seems, therefore, that a single characteristic value
determined from the global soil properties (in this case, from the friction angle used to
generate the samples) can better describe the soil when the excavation depth is high, and
therefore, the probability of failure obtained for the first and the second scenarios are closer.
In fact, the probabilities of failure obtained for the first scenario seem more constant (and
without a clear tendency) than the one obtained for the second scenario.

As expected, the probability of failure obtained when /¢ = ®, is lower than the one
obtained when 6/ is assumed zero, as the first case always results in lower characteristic
values. It can also be seen that for the second scenario, and particularly for the case when
6/¢ is assumed zero, the probability of failure can be higher than 10~%.

It seems, therefore, that the partial coefficient of 1.25 is sufficient to allow for the prob-
abilities of failure lower than 10~* when the soil is carefully characterised (first scenario).

And even for the cases where the soil is not carefully characterised but the soil is
very well known (2nd scenario), the same partial coefficient would ensure the minimum
probability of failure in most cases if /¢ = ©, is correctly considered in Equation (4); a
slight increase in the partial coefficient to 1.3 would be sufficient to cover all the analysed
cases. If, however, 6// is considered zero in that equation, a greater partial coefficient
is needed.

Such an analysis was performed for the case ¢7,, = 30° and & = 5m, which gave
the highest probabilities of failure for the second scenario and 6/¢ = 0 (see Figure 9).
The results are presented in Figure 10, which also shows the results for 6// = ©,, for
comparison. It can be seen that for 8/¢ = 0, a partial coefficient of 1.5 (in fact, between
1.4 and 1.5) is needed, in order to obtain a probability of failure of less than 10~%.

102 &

s 0 F e e
B = == = = 0 e e oL oo g---=---"-""" ]

—— m=125()
10°% ¢ -+ - =135 ()
=135 ()

=135 ()
10-10 L —a— ™= 1.40 (*)1
-% - =140
——  p=150(9]

10-12 I I L | -8 - ’YM =1.50 (**)

45 50 55 60 65 70 75
B

Figure 10. Probability of failure for a 1.25 to 1.50 range of partial factors of safety, for h = 5m,
¢' = 30°, the 2nd scenario, cases /¢ =0 (*) and 6/¢ = @, (**).

The minimum values of the safety factors of 1.25 and 1.4-1.5 should therefore be
applied, depending on the type of soil characterization, in the design of unsupported
excavation slopes.

For other types of geotechnical structures, the same procedure used in this paper
can be used to assess the methods for determining the characteristic values of the soil
parameters and of the values of the safety factors.

5. Conclusions

It was shown how a sustainable design of unsupported cuts involves a careful process
of determining the characteristic values of the soil strength parameters and the usage of
appropriate safety factors in order to obtain an adequate probability of failure.

For simple geometries of unsupported cuts and different soil strength parameters, a
procedure involving the generation of samples of the soil mass, considering the spacial dis-
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tribution of those parameters, was carried out. It was applied to determine the probability
of failure of the unsupported cuts considering two scenarios, corresponding to two degrees
of knowledge of the soil strength parameters. In the first scenario, soil characterisation
is simulated in the generated soil samples and the characteristic values of the strength
parameters are obtained for each sample. In the second scenario, the characteristic values
are determined from the parameters used to generate the samples.

This analysis allowed us to conclude the following:

e The value of ¢’ does not significantly influence the probability of failure for cuts where
the design value of the actions equal the design value of the resistances;

*  The probability of failure depends on the dimensionless scale of fluctuation, and not
on the scale of fluctuation or excavation depth, which is considered isolated;

*  Combining careful soil characterisation performed at the exact location of the cut with
a partial coefficient of 1.25 applied to the strength parameters ensures a probability of
failure less than 10~%;

¢  For the cases where the soil is not carefully characterised but the soil is very well
known, a slightly larger value of the partial coefficient is needed to ensure the same
probability of failure if the scale of fluctuation is considered correctly when determin-
ing the characteristic values of the strength parameters; if the scale of fluctuation is
not considered, a partial factor of 1.4-1.5 is needed.

These minimum safety factors are, therefore, recommended to designers involved in
unsupported excavation slopes.

The procedure used in this paper can be applied to other types of geotechnical struc-
tures, such as shallow foundations, retaining walls, tunnels, etc., allowing in each case the
evaluation of the methods to determine the characteristic values of the soil parameters and
of the values of the safety factors adopted.
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