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Featured Application: Justifying the novelty of the approach, this proposal considers the pro-
gramming of parametric calculation tools for the evaluation of the stability of historical ramparts
built with earth, which work as retaining walls. Given the amount of examples located in urban
contexts, the applica-tion of these methods to the medieval ramparts of Seville (Spain) is highly
representative and replicable.

Abstract: Institutions such as ICOFORT (International committee on fortifications and military
heritage) encourages the development of diagnosis strategies for the conservation and maintenance
of historic earthen walls as highly necessary. Thus, it is important to be aware of the conditions in
urban contexts, where the deterioration can be more aggressive and the risk of damage increases.
Despite this, there are many strategies of constructive diagnosis for these kinds of monuments, but
not many of them are concerned with the structural assessment of situations in which the ramparts
work as a retaining wall in an unforeseen way. The medieval ramparts of Seville (Spain) are shown as
a completely representative case study of the above-mentioned situation. In the research sector, the
monument resists the lateral earth pressure developed by the new difference in height at both sides
of the wall. Based on the limited states principle and on different international codes formulation, a
tool was programmed to carry out automatic calculations to verify the case study’s overall stability
conditions using standard sections. The obtained results were based on the overturning, bearing,
and sliding overdesign factors (ODF) and determined a stable situation that could be at risk because
of changes in the surrounding such as, excavations or the movements of the ground water table, or
seismic events. Thus, the need and usefulness of strategies and control instruments that should be
integrated into heritage intervention projects have been proved.

Keywords: building heritage; rammed earth; limit states; calculation methods; retaining walls

1. Introduction

The importance of historical military architecture is particularly significant in the
case of monuments built on earth, and especially abundant when dealing with medieval
fortresses in the Iberian Peninsula [1]. The ecological value of the material, the traditional
approach of the construction techniques employed, and their territorial scale make this
type of heritage of special interest for the development of research and conservation
initiatives. International institutions such as ICOFORT (ICOMOS International Scientific
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Committee on Fortifications and Military Heritage) highlight the main risks threatening
this architectural category. A specific approach to earthen fortifications is in need due
to their specific problems and values, which are completely different to other kinds of
heritage [2].

In the case of the urban fortified enclosures, and to the normal risks, we must add
the pressure of urban development, which throughout history has altered or destroyed a
large part of these structures. The emerging sectors of these fortifications nowadays often
receive regular maintenance, but also endure physical and mechanical conditions for which
they were not designed. The most common transformations of their context derive from
topographical operations and changes in the alignment of urban streets, as well as from
the demolition and reconstruction of their surrounding buildings.

On many occasions, urban changes over the centuries mean that certain sectors of
historic earthen walls end up working as retaining elements. This is due to the massiveness
and proportions of the defensive ramparts. Nevertheless, this situation was not usually
foreseen in the original design of the fortification walls and can lead to a significant physical
deterioration of the monument and to situations of structural instability. Often walls in
urban areas suffer changes of use, which requires drastic measures to be taken for their
conservation as the new use can be incompatible with the original design. For instance,
part of the rampart found in Granada [3], which was initially designed to protect the city
from flooding of the Genil river ended being up part of a new building. The continuous
changes in the initial conditions can damage the wall in the medium/short term. In most
cases, as the walls are gravity type structures and are usually very stable, the damage
does not compromise the structural stability, although it does lead to weathering and
mass-loss processes. In these cases, there are different ways of solving the problem, which
usually take into account, among other things, the restitution of the lost material not to
compromise stability. In the restoration of several walls in the Generalife of the Alhambra
in Granada, an innovative technique of soil projection was applied, in order to restore
the lost part of the section because of the water seepage from the backfill [4]. In any case,
stability verifications should be performed after any changes have been in use and also
whenever the section of the wall is changed. The authors have found that this issue has
been inadequately addressed in literature.

Despite the large number of studies that address the constructive degradation of
military earthen architecture in urban contexts [5–8], no research has been found on the
structural study of cases in which historic ramparts work as retaining elements. This is
precisely the main novelty of the topic discussed and developed in this research. Therefore,
quick testing tools that can be mathematically validated are in need.

However, some interesting experiences approach the assessment of fortified structures
with compacted soil from different perspectives, especially in consolidated urban areas.
The first approach to this problem is risk management and hazard assessment in these
environments. To this end, Ladiana [5] proposes the use of satellite interferometry as a
method to monitor real-time movement of these structures to predict certain behaviors that
may pose a threat in the short term. Other authors have developed qualitative-quantitative
methodologies to evaluate the displacements of historical retaining walls using numerical
analysis [9]. With this approach, through a new algorithm, it is possible to select and design
the most appropriate technical solutions for each case based on the types of displacements
analyzed. Other approaches focus more on the analysis of the original materials themselves,
using a set of physical-mechanical tests designed specifically for the wall, which allow
the subsequent selection of the most compatible materials for restoration [10,11]. The
proposal for the conservation of the Pingyao Wall (China) follows a similar approach.
This structure, several meters thick, built with a large core of compacted soil and partially
covered with brick, was threatened by collapses. The authors hence proposed a qualitative
methodology for monitoring the damage and studying the materials to choose the most
suitable restoration techniques, basically by restoring the mass of the affected wall [12]. In
any case, these proposals have been designed to evaluate a type of threat or to analyze
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the current state of conservation materially. There are other proposals in the literature
using a multi-criteria option to establish a more global assessment of the vulnerability
of compacted earth structures. Fuzzy logic tools and parameterization were used in the
section of the Great Wall of China (Qinghai Province) obtaining the risk of collapse of the
earth structures [7,8]. However, none of the alternatives found in the literature specifically
address the structural and mathematical analysis of compacted earthen walls, and neither
the lateral earth pressure is considered.

Based on the limit states method, and the main standards of calculation currently
in use, a safety verification tool for structural calculation purposes is proposed for the
assessment of historic ramparts with lateral earth pressure. Thus, the main objective of
this research is to develop, and validate, an automated calculation model, based on the
current national and international regulation codes, useful to take decisions regarding the
diagnostic and intervention. Likewise, an assessment of the case study will be addressed
in order to check its structural stability and validate the model using safety factors. The
following sections explain the mathematical basis of the tool and the indicators that will
be used to establish the safety factors (Section 2), the operational development of the
calculation tool (Section 3) and its application to a representative case study such as
the Medieval Wall of Seville, located in Spain (Section 4). Finally, the results and their
discussion are provided (Section 5), as well as the conclusions of the research (Section 6).

2. Structural Assessment. Limit States Calculation Methods, Design Situation,
and Loads

The assessment of existing structures is intended to quantify their safety factor and,
subsequently, determine whether conservation and reinforcement works are in order.
Whatever structural analysis based on limit state calculation methods is conducted, there
is a set of variables that must be considered, such as geometric data, material properties,
and loads, among others [13]. Depending on whether the parameters are considered fixed
values or random ones, two approaches for structural assessment can be distinguished:
probabilistic and deterministic [14–16]. Most of the structural design codes are based
on the second approach, where the limit state surface is the boundary between the safe
and unsafe domains. It should be noted that addressing this problem strictly in terms of
probability could be extremely complex [17] so that it is common practice to simplify the
structural assessment by using partial factors. Therefore, the use of safety coefficients is a
key indicator for the verification of the structural condition of the buildings analyzed in
this research.

Mainly two limit states are proposed on structural and geotechnical assessment [18]:
Ultimate Limit State (ULS), related to those situations that compromise people’s life, either
caused by the partial or total collapse of the structure (e.g., loss of overall stability, bearing
capacity, sliding or overturning failure); and Serviceability Limit State (SLS), related with
user comfort or the appearance of the construction (e.g., excessive settlements, unacceptable
vibrations). Basically, state limits aim at ensuring the safety, serviceability and durability of
the construction. This paper mainly focuses on analysing ultimate limit states since the
collapse of the structure could occur in these cases.

Based on previous research [19], the comparative study between the formulations
provided by different international codes allows to obtain an appropriate mathematical
basis for the verification of built structures. According to its representativeness and validity,
the following documents have been selected for a comparative study as a basis for the
developed tool. Due to a recent update in 2019, Basic Document Structural Safety of
the Spanish Technical Building Code (CTE DB SE, v2019) [20], the 2019 version of Basic
Document Structural Safety Foundations of the Spanish Technical Building Code (CTE
DB SE-C, v2019) [21] and the 2009 version of Earthquake Resistant Construction Standard:
General Part and Building (NCSE-02) [22], the Spanish regulation documents have been
selected as remarkable samples from a national structural design code [23]. On the other
hand, the last published versions of Eurocode constitute highly representative documents
at the international level. For this study, there will be considered the following ones: EN
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1991-1-4 Eurocode 1: Actions on Structures. Part 1–4: General Actions- Wind actions (EC1-4,
v2010) [24], EN 1990-7-1 Eurocode 7: Geotechnical design—Part 1: General rules (EC7-1,
v2005) [25] and EN 1998-8-5 November Eurocode 8: Design of structures for earthquake
resistance—Part 5: Foundations, retaining structures, and geotechnical aspects (EC8-5,
v2004) [26]. These documents set a long list of ultimate limit states, but only three of
them are considered: overturning, sliding, and bearing failures. In simple terms, the first
limit state is verification of static equilibrium (EQU Limit State) of the structure, which
is considered as a rigid body, whereas the two others are verifications based on ground
resistance (GEO Limit State). The main formulations for determining equilibrium states
are discussed in the next sub-sections.

2.1. EQU Ultimate Limit States

According to EC7-1 and CTE DB SE-C, the verification of static equilibrium of the
foundation is determined by Equation (1), where Estb;d is the design value of the effect of
destabilizing actions, Estb;d is the design value of the effect of stabilizing actions and Td is
the design value of any stabilizing shear resistance of the ground or structural elements. In
accordance with EC7-1, expression to obtain the two first terms is given by Equation (2),
which includes several parameters: Fk is the characteristic value of an action, Ψ is the factor
for converting the characteristic value to the representative value, γF is the partial factor for
an action, Xk is the characteristic value of material property, γM is the partial factor for a
soil parameter and ad is the design value of geometrical data. As it can be seen in Equation
(3), the expression given by the CTE DB SE-C to obtain these terms is quite similar, but
adding a partial factor for the effect of actions (γE).

Edst;d ≤ Estb;d + Td (1)

Ei;d = E{γF(Ψ·Fk); Xk/γM; ad}i (2)

Ei;d = γEE{γF(Ψ·Fk); Xk/γM; ad}i (3)

EQU Limit State: Overturning Resistance

The structure is considered as a rigid body for this limit state. This assumption implies
that both soil and structure are considered non-deformable and, consequently, failure is
not expected from them. Basically, verification of this limit state requires solving a static
equilibrium problem according to Equation (1).

2.2. GEO Ultimate Limit States

Regarding sliding and bearing failures, the determining factor is the ground resis-
tance. The verification of such limit states, both with EC7-1 and CTE DB SE-C, is given
by Equation (4), where Ed is the design effect of actions and Rd is the corresponding
design resistance.

Ed ≤ Rd (4)

EC7-1 proposes Equation (5) for the calculation of Ed and distinguishes three design
approaches, each one of them with different values for actions (A), soil parameters (M)
and resistances (R). According to National Annex, design approach 2 is used for these
limit states in Spain, taking this set of partial factors: A1, M1, R2. The proposal of CTE
DB SE-C for verification includes a partial factor for the effect of actions (γE) as defined in
Equation 6).

Ed = E{γF(Ψ·Fk); Xk/γM; ad} (5)

Ed = γEE{γF(Ψ·Fk); Xk/γM; ad} (6)

To obtain the value of Rd, both EC7-1 and CTE DB SE-C propose Equation (7),
which includes the single resistance factor γR as a novelty concerning the previously
explained terms.

Rd = R{γF(Ψ·Fk); Xk/γM; ad}/γR (7)



Appl. Sci. 2021, 11, 2744 5 of 22

2.2.1. GEO Limit State: Bearing Resistance

Table 1 contains the approaches of EC7-1 and CTE DB SE-C for the calculation of
the design bearing resistance for drained conditions. As shown in Equations (8)–(35),
the expressions are quite similar in both codes. In order to determine this resistance it is
necessary to apply a set of correction coefficients: bearing capacity factors (N values), the
inclination of the base (b values), the depth of the base (d values), the shape of the footing
(s values), foundation on top of a slope (t values) and the inclination of the loads (i values).

Table 1. EC7-1 and CTE DB SE-C: comparative calculation of the design bearing resistance for drained conditions.

EC7-1 CTE DB SE-C
R/A′ =

c′Ncbcscic + q′Nqbqsqiq + 0.5B′γ′Nγbγsγiγ
(8) qh =

ck
′Ncdcscictc + q′0k Nqdqsqiqtq + 0.5B∗γK Nγdγsγiγtγ

(9)

Bearing capacity factors, Nc, Nq, Nγ Bearing capacity factors, Nc, Nq, Nγ

Nc =
(

Nq − 1
)

cotg φ′ (10) Nc =
(

Nq − 1
)

cotg φ′ (11)

Nq = eπtg φ′ tg2(45 + φ′/2) (12) Nq = 1+senφ′

1−senφ′ eπtg φ′ (13)
Nγ = 2

(
Nq − 1

)
tg φ′ (14) Nγ = 1.5

(
Nq − 1

)
tg φ′ (15)

Design values of the factors for the inclination of the base, bc, bq, bγ Depth factors, dc, dq, dγ

bc = bq −
(
1− bq

)
/(Nctg φ′) (16) dc = 1 + 0.34 arctg (D/B∗) (17)

bq = bγ = (1− α tg φ′)2 (18) dq = 1 + 2 Nq
Nc

(1− senφk)
2arctg (D/B∗) (19)

dγ = 1 (20)
Shape factors of the footing, sc, sq, sγ Shape factors of the foundation base, sc, sq, sγ

sc =
(
sq Nq − 1

)
/
(

Nq − 1
)

(21) sc = 1 + 0.2 (B∗/L∗) (22)
sq = 1 + (B′/L′) sen φ′ (23) sq = 1 + 1.5 tgφk(B∗/L∗) (24)

sγ = 1− 0.3 (B′/L′) (25) sγ = 1− 0.3 (B∗/L∗) (26)
Inclination factors of the load to the vertical, ic, iq, iγ Inclination factors of the load to the vertical, ic, iq, iγ

ic = iq −
(
1− iq

)
/(Nc tgφ′) (27) ic =

iq Nq−1
Nq−1 (28)

iq =
[
1− H

V+A′c′cotgφ′

]m
(29) iq = (1− 0.7tgδB)

3(1− tgδL) (30)

iγ =
[
1− H

V+A′c′cotgφ′

]m+1
(31) iγ = (1− tgδB)

3(1− tgδL) (32)

m is a parameter that depends on the direction of the horizontal load
component of the resultant force at the foundation base. In this case,

such component always acts in the direction of B′
Proximity factors of the foundation to a slope, tc, tq, tγ

m = mB = [2 + (B′/L′)]/[1 + (B′/L′)] (33) tc = e−2βtgφk (34)
tq = tγ = 1− sen2β (35)

2.2.2. GEO Limit State: Sliding Resistance

Determination of design sliding resistance for drained conditions according to EC7-1
is given by Equation (36), where V′d is the design value of the effective vertical action, δk is
the friction angle, and γR is the partial factor for resistance. In the absence of information,
the value of the second parameter can be determined by means of Equation (37). The
expression to quantify the design sliding resistance according to CTE DB SE-C is given by
Equation (38), where N is equivalent to V′d in Equation (36) and B is the width of the base
of the wall. In this case, effective cohesion is included, but its value is reduced by a factor
of 0.5. For verifications, the friction angle of shearing resistance is also reduced by a factor
of 2/3.

Rd =
(
V′d tgδk

)
/γR (36)

tg δk ≤ 0.8 tg φ′ (37)

Rd =
(

N tg φ′ + c′B
)
/γR (38)

2.3. Design Situations

On one side, EC7-1 defines three design situations: persistent (or transient), accidental
and seismic, being the design effect of actions given by Equations (39)–(41), respectively.
Essentially, these expressions are an expanded version of those seen previously, since the
characteristic value of action expressed as Fk has been replaced by the specific type of action,
namely: Permanent (G), Variable (Q), or Accidental (A). Although prestressing actions (P)
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are contained in the expressions, there are no such actions in the case study. Partial factors
are particularized for each type of action by using the corresponding sub-index.

∑
j≥1

γG,jGK,j + γPP + γQ,1QK,1 + ∑
i>1

γQ,iψ0,iQK,i (39)

∑
j≥1

GK,j + P + Ad + ψ1,1QK,1 + ∑
i>1

ψ2,iQK,i (40)

∑
j≥1

GK,j + P + Ad + ∑
i≥1

ψ2,iQK,i (41)

On the other side, two design situations are mentioned in the CTE DB SE: persistent
(or transient) and extraordinary. The design effect of actions for the first scenario coincides
with Equation (39). The second scenario includes the consideration of accidental actions
on the structure. In case of seismic action, the design effect of the actions is computed
according to Equation (41). Otherwise, Equation (40) is applied.

Considering all limit states and design situations presented before, the number of
cases for verifications is significant. Values for partial factors on actions or their effects
are summarized in Table 2, whereas partial factor for resistances are shown in Table 3. As
for partial factors for soil parameters (such as the angle of shearing resistance, effective
cohesion or the weight density, among others), they take a value of 1 for GEO limit states,
according to the design approach appointed for Spain. However, a partial factor of 1.25 is
applied to the angle of shearing resistance and the effective cohesion for EQU limit state.

Table 2. Partial factors for unfavorable (or destabilizing) and favorable (or stabilizing) actions.

Action EQU Limit State GEO Limit State

Persistent Seismic Persistent Seismic

EC7-1 CTE EC7-1 CTE EC7-1 CTE EC7-1 CTE

γF γF γE γF γF γE γF γF γE γF γF γE

Unfavourable - - 1.80 - - 1.20 - - 1.00 - - 1.00

3 Permanent 1.10 1.00 - - - - 1.35 1.00 - - - -

3 Variable 1.50 1.00 - - - - 1.50 1.00 - - - -

Favourable - - 0.90 - - 0.90 - - 1.00 - - 1.00

3 Permanent 0.90 1.00 - - - - 1.00 1.00 - - - -

3 Variable 0 0 - - - - 0 0 - - - -

Table 3. Partial factors for resistances.

GEO Limit State (Bearing) GEO Limit State (Sliding)

Persistent Seismic Persistent Seismic

EC7-1 CTE EC7-1 CTE EC7-1 CTE EC7-1 CTE

γR 2.15 3.00 2.15 2.00 1.10 1.50 1.10 1.10
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2.4. Loads

For geotechnical verifications, several actions have been considered, namely: self-
weight of the structure, the lateral earth pressure from the backfills, a uniform surcharge
loading over the backfill, the wind, and the effect of a possible seismic event. The weight
of the structure is directly determined by multiplying the density of the wall by its cross-
sectional area. However, the magnitude of the rest of the forces acting on the structure is
not straightforward to estimate and will be discussed in detail hereafter.

2.4.1. Lateral Earth Pressure

Checking the lateral pressure from the backfill, two methods have been considered
among the possibilities currently available [27]: the Coulomb method (Figure 1a), in case
of static conditions, and the Mononobe-Okabe method (Figure 1b) for dynamic conditions
from seismic events.

Figure 1. Schemes for determining the lateral earth thrust in retaining walls: (a) Coulomb theory [28]
(b) Mononobe-Okabe theory [29].

• Static case: Coulomb Method

Because friction between the wall and the soil is considered, Coulomb’s theory is
applied in order to determine the resultant force (PAS) in case of active earth pressure
(Figure 1a). This method assumes that the failure surface is two-dimensional and passes
through the heel of the wall, whose inclination to the horizontal plane (αA) is unknown.
This failure plane in conjunction with wall surface closer to the backfill defines a wedge
of soil, which can slide over these two planes [28]. For this particular case of active
earth pressure, this wedge moves away from the backfill and downward. By posing
the equilibrium of this wedge as a rigid body in terms of the angle (αA) and solving an
optimization problem, a maximum value for PAS is obtained. The force obtained thereby is
located at one-third of the height of backfill from the bottom and acts at an angle (δ) with
the normal to the back of the wall, which ranges from 1/3 to 2/3 times the soil friction
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angle (φ′). The magnitude of this force is obtained by applying Equation (42), where KAS is
defined by Equation (43).

PAS =
1
2

γ H2 KAS (42)

KAS =
cos2(φ′d − θ)

cos2 θ cos(θ+ δd)

[
1 +

√
sen(φ′d+δd)sen(φd−β)

cos(δd+θ) cos(β−θ)

]2 (43)

φ′d = tan−1

(
tan φ′

γ′φ

)
(44)

δd = tan−1

(
tan δ

γ′φ

)
(45)

In the case of the wall supporting a uniform surcharge (q), the resultant force (PAS)
must also include the lateral earth pressure of the soil skeleton as a result of the imposed
load. For this scenario, it is necessary to define a new value of unit weight for the wedge
(γ∗) to take the surcharge into account. Its magnitude can be obtained according to
Equation (46):

γ∗ = γ

[
1 +

2q cos(θ)
γH cos(β− θ)

]
(46)

By using Coulomb’s theory it is also possible to determine the magnitude of the
resultant force (PPS) in case of passive earth pressure (Figure 1a). In this case, the wedge
defined by the horizontal plane (αP) moves towards the backfill and upward. As previously,
this force is located at one-third of the height of the backfill from the bottom and acts at
an angle (δ) with the normal to the back of the wall, taking a zero value. The magnitude
of the resultant force is now obtained by applying Equation (47), where KPS is defined by
Equation (48).

PPS =
1
2

γ H2 KPS (47)

KPS =
cos2(φ′d + θ)

cos2 θ cos(δd − θ)
[

1−
√

sen(φ′d+δd)sen(φ′d+β)
cos(δd−θ) cos(β−θ)

]2 (48)

• Dynamic case: Mononobe Okabe Method

An estimation of the resultant force during earthquakes is performed using the
Mononobe-Okabe method [29–31], which is considered to be an extension of the above-
mentioned Coulomb’s theory. Seismic loads are applied to the soil wedge by using a
pseudo-static method, so that horizontal and vertical inertia forces are introduced into
the model using coefficients (Figure 1b). The horizontal component of the inertia force is
oriented away from the backfill, in order to obtain a greater value of the resultant force
(PAD) in case of active earth pressure. According to the simplified procedure posed by Seed
and Whitman in 1970 [32], this dynamic force can be decomposed into the sum of the static
case and a force increment, as shown in Equation (49). The seismic increment component
is determined by using Equation (50), where KAD is defined by Equation (51).

PAD = PAS + ∆PAD (49)

∆PAD =
1
2

γ H2(KAD − KAS) (50)
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KAD =
(1∓ kv) cos2(φ′d − ψ− θ

)
cos ψ cos2 θ cos(ψ + θ+ δd)

[
1 +

√
sen(φ′d+δd)sen(φ′d−ψ−β)
cos(δd+ψ+θ) cos(β−θ)

]2 (51)

It should be considered that high values for the inclination angle of the backfill surface
from the horizontal line (β) may result in a negative value for the square root term in
Equation (51). Consequently, parameter KAD would be expressed in terms of complex
values. In this situation, the term in brackets of this expression is forced to be 1 to work
with real numbers.

By applying this method, the total magnitude of seismic active force is determined.
However, even though some research has been carried out, its point of application is not
straightforward. EC8-5 states that this force increment is located at mid-height of the
backfill, whereas NCSE-02 sets its location at 2/3 of the height from the foundation plane.
Static and dynamic components are orientated in the same direction and act at an angle (δ)
with the normal to the back of the wall.

Similarly to the procedure described for the dynamic active case, Towhata and Islam
in 1987 [33] developed a simplified procedure to determine the resultant force (PPD) in
case of passive earth pressure. Among the main hypotheses considered, the following
should be highlighted: vertical wall (θ = 0), granular horizontal backfill (β = 0), and no
friction between the soil and the retaining wall (δ = 0). The seismic increment component
is determined using Equation (53), where KPD is defined by Equation (54). Static and
dynamic components are orientated in the same direction and act at an angle (δ) with the
normal to the back of the wall. No information about the point of application of force
increment is considered in the codes, so it is assumed to be the same considerations as in
the active case.

PPD = PPS − ∆PPD (52)

∆PPD =
1
2

γH2(KPS − KPD) (53)

KPD =
(1∓ kv) cos2(φ′d − ψ + θ

)
cos ψ cos2 θ cos(ψ− θ+ δd)

[
1−

√
sen(φ′d+δd)sen(φ′d−ψ+β)
cos(δd+ψ−θ) cos(β−θ)

]2 (54)

Comparing Equations (43), (48), (51), and (54) it is obvious that a new parameter (ψ)
is introduced, whose value is determined by employing Equation (55), where kh and kv are
the horizontal and vertical seismic coefficients, respectively.

tan ψ =
kh

1∓ kv
(55)

The horizontal coefficient is obtained by Equation (56) and it depends on several
factors, namely: α, the ratio of the design ground acceleration on type A ground

(
ag
)

to the
acceleration of gravity; S, the soil factor; and r, which is a factor that accounts for the type
of retaining structure (taken from Table 7.1 of EC8-5). Conversely, the vertical coefficient is
calculated more easily by multiplying the horizontal coefficient previously calculated by a
constant according to Equation (57a,b).

kh = α
S
r

(56)

kv = ±0.5kh ifavg/ag is larger than 0.6 (57a)

kv = ±0.33kh otherwise (57b)
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According to Equation (58), ag is calculated from the reference peak ground accelera-
tion on type A ground

(
agR
)

and the importance factor (γI).

ag = γI agR (58)

CTE-DB-SE estimates that seismic forces acting on the structure must be taken into
account according to NCSE-02, which refers to the Mononobe-Okabe method to account for
the seismic action on the retaining wall. It should be noted that its expressions are following
EC8-5 but with a slight difference in the value of the horizontal seismic coefficient, which
is calculated through Equation (59).

kh =
ac

g
(59)

According to NCSE-02, design ground acceleration is obtained by Equation (60), where
ab is the basic seismic acceleration, ρ is a dimensionless risk coefficient (1.0 or 1.3 depending
on the importance of the structure) and S is the soil amplification coefficient. The latter is
obtained using Equation (61a–c), depending on the product of the two previous coefficients.
These expressions include a new parameter C, called soil coefficient and its value ranges
from 1.0 to 2.0.

ac = Sρab (60)

S =
C

1.25
for ρab ≤ 0.1g (61a)

S =
C

1.25
+ 3.33

(
ρ

ab
g
− 0.1

)(
1− C

1.25

)
for 0.1g ≤ ρab ≤ 0.4g (61b)

S = 1.0 for 0.4g ≤ ρab (61c)

2.4.2. Wind Action

Agreeing with the considerations of Rodriguez-León and Sanchez-Sánchez [19], EC1
and CTE-DB-SE provide remarkably similar formulation approaches to determine wind
action over structural elements. EC1 states that the wind pressure acting on an external
surface (wE) can be obtained from the Equation (62), where qb is the basic velocity pressure,
ce(ze) is the exposure factor at the reference height and cpe is the pressure coefficient, whose
value is based on the shape and geometry of the structure. Likewise, CTE-DB-SE calculates
the wind pressure on an external surface (qe) by Equation (64) using very similar factors
as EC1, namely: the basic velocity pressure (qb), the exposure factor (ce) and the pressure
coefficient

(
cp
)
.

wE = qb·ce(ze)·cpe (62)

qe = qb·ce·cp (63)

According to the first factor of Equations (62) and (63), the basic velocity pressure (qb),
is obtained by Equation (64), where vb is the basic wind velocity and cprob is the probability
factor, given by Equations (65) and (66), respectively; and ρ is the air density (recommended
value 1.25 kg/m3). Additionally, cdir is the directional factor, cseason is the season factor (set
equal to 1 in both cases following recommendations) and vb,0 is the fundamental value of
the basic wind velocity, whose value is specified in each National Annex. Additionally,
K is the shape parameter depending on the coefficient of variation of the extreme-value
distribution, n is a constant (their recommended values are 0.2 and 0.5, respectively) and p
is the annual probability of wind velocity exceeding the fundamental value of basic wind
velocity (expressed as the inverse of return period).

qb =
1
2
·ρ·
(

vb·cprob

)2
(64)

vb = cdir·cseason·vb,0 (65)
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cprob =

(
1− K· ln(− ln(1− p))
1− K· ln(− ln(0.98))

)n
(66)

The exposure factor at the reference height (ce(ze)) is obtained according to Equation (67).
It should be noted that the numerator is known as the peak velocity pressure at the reference
height

(
qp(ze)

)
whereas the denominator is the basic velocity pressure introduced above.

The terms Iv(ze) and vm(ze) are the turbulence intensity and the mean wind velocity at
the reference height (ze) respectively, determined by Equation (68a,b) and (69) as appro-
priate. Additionally, k1 is the turbulence factor and c0(ze) is the orography factor (their
recommended values are (1); and zo is the roughness length. Finally, a new parameter is
introduced in this last expression, called the roughness factor (cr(ze)). Its value is obtained
using Equation (70a,b), depending on the height reference, taking zmax at a value of 200 m.

ce(ze) =
[1 + 7·Iv(ze)]· 12 ·ρ·v2

m(ze)

1
2 ·ρ·

(
vb·cprob

)2 (67)

Iv(ze) =
k1

c0(ze)· ln
(

ze
zo

) for zmin ≤ ze ≤ zmax (68a)

Iv(ze) = Iv(zmin) for ze ≤ zmin (68b)

vm(ze) = cr(ze)·c0(ze)·(vb·Cprop) (69)

cr(ze) = 0.19·
( z0

0.05

)0.07
· ln
(

ze

z0

)
for zmin ≤ ze ≤ zmax (70a)

cr(ze) = cr(zmin) for ze ≤ zmin (70b)

According to Equation (64), CTE-DB-SE proposes that basic velocity pressure (qb)
is calculated by Equation (71), and the exposure factor (ce) is obtained according to
Equations (72) and (73), where k, L, Z are parameters selected in accordance with the sur-
roundings of the structure (Table D.2 of CTE).

qb =
1
2
·δ·
(

vb·cprob

)2
(71)

ce(z) = F·(F + 7·k) (72)

F = k· ln(max(z, Z)/L) (73)

3. Calculation Tool Features

Basically, fortified enclosures, such as the Macarena Wall, consist of a set of towers and
rectangular cross-section walls that span long distances between them. On many occasions,
the urban development of cities has led to the construction of streets or even buildings
attached to these historic structures. As a result, there is a significant variation in the level
of the backfill on both sides of the rampart. In other words, the fortified enclosure ends up
working as a retaining wall, clearly distinct from its primary military function. This new
situation could cause geotechnical instability of the foundation and, thus, the collapse of
this valuable heritage.

In order to check the safety of the ramparts under these new circumstances, an Excel
spreadsheet has been developed to quickly run geotechnical verifications on these kinds of
buildings. A quick structural safety assessment helps to prevent severe damage or even
collapse. This analytic tool is designed under the assumption that the walls of the rampart
are homogeneous rigid solids and infinitely long, as the separation between towers is
usually lengthy. On the safety side, the contribution to stability resulting from the wall-
tower connection has not been considered. Thus, the way to analyze the stability of the
fortified enclosure is to consider each stretch of wall in isolation. It is common for these
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ancient structures to have a slight difference in height between the ends, both for the wall
and the backfill. It is advisable to consider an average value for these parameters.

In the process of geotechnical verification of one of these retaining walls, there are
some parameters that remain constant. This is the case of the dimensions of the wall, its
foundation level, or the type of foundation soil. Precisely, the latter determines the bearing
capacity and the resistance to sliding. However, as a result of human action, the type of
backfill or its height may change over time. The resulting geometry and soil properties
determine the earth pressures on both sides of the retaining wall. The wind action together
with the imposed loads on the pavement in case of streets attached to ramparts have been
considered. Due to the high seismic vulnerability of this type of buildings, this action has
also been included in the geotechnical verifications. The change in the magnitude of these
actions is withstood by the weight of the retaining wall, as it is quite a massive structure.
Once the case study is well defined, the checks corresponding to the abovementioned
ultimate limit states are carried out. In this way, the level of security according to CTE DB
SE and the Eurocode 7 can be compared. The whole process is shown in Figure 2.

Figure 2. Flowchart for the geotechnical verification of a rampart.

4. Case Study Definition

The case study for the application of the developed tool is the medieval Wall of Seville
and, more specifically, its preserved part located in the urban sector of the Macarena neigh-
borhood. The design situations and the stretch selected for carrying out the geotechnical
verifications are explained below.
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4.1. Design Situations and Loads

Even though Seville is not a high seismic activity in a worldwide context, it has
been struck by several earthquakes throughout history. Among them, the 1755 Lisbon
earthquake can be highlighted, leaving about 10 people dead and causing severe damage
to many ancient buildings such as the Salvador Church and the Cathedral [34]. For this
reason, two design situations have been considered for geotechnical verifications of the
case study: (i) persistent situation, which corresponds to the usual condition of use; and
(ii) seismic situation, which includes the exceptional condition caused by an earthquake.
For each design situation, safety against overturning, sliding, and bearing is evaluated
independently by using the CTE and the Eurocode expressions.

The first situation (i) considers the weight of the wall itself, the static lateral earth
pressure of the backfill on both sides of the wall, a uniform surcharge of 5 kN/m2 on the
street and the action of the wind. For all the resistance verifications, two leading variable
actions have been considered, namely the uniform imposed load on pavement and the
wind, acting in both cases on the side of the wall next to the street. To compute the latter,
a return period of 50 years has been considered. For the city of Seville, the fundamental
value of the basic wind velocity is 26 m/s. As the case study is located in an urban area,
terrain category IV is selected in accordance with CTE-DB-SE, k, L , and Z parameters being
equal to 0.22, 0.3, and 5.0 m respectively. In the case of Eurocode 1, terrain category III is
chosen due to the low height of nearby buildings. Thus, z0 is equal to 0.3 m whereas zmin
takes a value of 5 m. It should be noted that the effect of wind for free-standing walls is
not included in the CTE-DB-SE, taking pressure coefficient from Eurocode 1. Although the
wall is divided into different zones, verifications is carried out for the one with the greater
pressure coefficient. In a certain way, the large towers attached to the walls represent
corners and, consequently, a value of 2.1 for the pressure coefficient has been taken.

In the second situation (ii) the inertia forces on the wall and the dynamic lateral earth
pressure derived from the backfills and the imposed load are considered, but the action of
the wind is neglected as its quasi-permanent value (ψ2) equals to zero. Horizontal seismic
action is directed towards the backfill on the street side. As for vertical seismic action, it has
been considered to act upward and downward. According to NCSE-02, the basic seismic
acceleration (ab) is set equal to 0.07 g for Seville and the dimensionless risk coefficient
is set to 1.3 because of the special importance of the structure. The soil coefficient (C) is
obtained from survey data taken in the vicinity of the case study, taken a value of 1.39. The
application of Eurocode 8 leads to a value of 0.088 g for the design ground acceleration on
type A, considering the location of the structure. As the building is considered a cultural
asset, the structure is considered to be of importance class IV and, thus, the importance
factor (γI) is taken as 1.4. For gravity walls with weak connections to the towers as in the
case of rammed earth ramparts, r factor is taken as 1.5 on the safety side. High values of
this parameter result in a reduction of the dynamic thrust. Data from the abovementioned
surveys reveal that the type of soil beneath the foundation of the rampart is of class B and
the soil factor (S) is set equal to 1.23.

4.2. Cases Selection

The Macarena Wall, the only preserved part of the old Wall of Seville, was erected by
the Almoravids in the first half of the 12th century and was completed at the beginning of
the 13th century by the Almohads. In the north, it borders the Macarena Arch, while in
the south it borders the Cordoba Gate, next to the Saint Hermenegildo Church, spanning a
distance of approximately 600 m (Figure 3). The structure is divided into nine stretches,
with eight towers located approximately 40 m apart. The barbican is still preserved on the
east side. However, the urban development has led to Macarena Street being annexed to
the fortified enclosure on the west side. It is made of rammed earth, whose density was
assumed to be 20 kN/m3 according to physical tests on cored samples from several sector
of the Seville city walls [11,35,36], which are in fact consistent with similar results in the
literature [10,37,38].
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Figure 3. Macarena Wall: (a) general view and (b) plan view.

The most recent interventions in the Macarena Wall have led to a variation in the
backfill level on the barbican side. During the last archaeological works in 2008, an
excavation of approximately 1.50 m in depth was carried out until the backfill level of the
Almohad period was reached [39,40]. Subsequently, some trenches were made near the
wall towers to investigate the foundation level of the wall together with the type of soil,
temporarily removing the backfill on the stem. This work encompassed the three stretches
located closest to the Saint Hermenegildo Church and only on the barbican side. There
is no information on the type of soil beneath Macarena Street. Because it is an artificial
backfill, it has been considered the same as on the barbican side.

Although the configuration on both sides of the Macarena Wall is similar along its
entire length, the third stretch starting from Saint Hermenegildo Church has been selected
to carry out this study. According to the archaeological intervention directed by Florentino
Pozo in 2008 [39,40], the rampart is 1.90 m thick, and its foundation is located at a level
of 6.52 m. This research campaign has revealed that there is a slight difference in the
topography of Macarena Street, with a level of 9.80 and 9.52 m at the north and south
sides, respectively. There is also a slight difference in the top level of the wall at the
border with the towers, ranging from 15.25 to 15.06 m. In both cases an average value
has been considered. In order to determine the geotechnical stability of the rampart, three
hypotheses have been considered on the barbican side, namely: (1) previous, at a level of
9.03 m; (2) Almohad, at a level of 7.48 m; and (3) foundation, at a level of 6.52 m; hence, the
hydrostatic pressure has not been taken into account in the calculations (Figure 4).

Figure 4. Scheme of the case study.

The soil layers found during the archaeological intervention are consistent with the
typical stratigraphic cross-section of the city of Seville. The foundation of the rampart is
laid on a layer of clay, while the backfill above is a heterogeneous granular mixture. Only
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drained conditions have been considered for the geotechnical verifications. From previous
investigations, the properties assumed for both materials are shown in Table 4 [34].

Table 4. Material properties.

γ (kN/m3) C′ (kN/m2) φ′ (◦)

Backfill 18 - 20
Clay 19.40 5.00 25

5. Results and Discussion

Figure 5 shows the overdesign factors (ODF) corresponding to the geotechnical verifi-
cations of the Macarena Wall. As can be seen, the stretch of the Macarena Wall selected as
the case study satisfies current design requirements of the CTE and the Eurocode concern-
ing overturning and sliding stability. However, this is not the case of the bearing capacity.
Apparently, the wall is going to collapse, but this geotechnical verification is tricky. To
explain this, a new partial factor for bearing resistance (γ∗R) can be determined in such a
way that the gross effective pressure on the foundation plane (Ed) equals bearing pressure
(Rd), as listed in Table 5. This partial factor exceeds the unit for all design situations in Case
1 and is close to the unit for persistent situations in Case 2. In other words, the bearing
failure of the wall does not occur, although the calculated partial factors are quite far from
those required by the two codes (Table 2). For seismic design situation in Case 2 and
all design situations in Case 3, the partial factor is less than the unit, so that the bearing
capacity of the wall is seriously compromised.

Figure 5. ODF verifications: (a) persistent design situation and (b) seismic design situation.
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Table 5. Calculated partial factor for bearing resistance (γ∗R).

Persistent Design Situation Seismic Design Situation

Leading Variable Action Vertical Acceleration

Imposed Load on
Pavement Wind Downward Upward

CTE EC CTE EC CTE EC CTE EC

Case 1 2.10 2.30 2.21 2.28 2.05 2.25 2.12 2.18
Case 2 1.35 1.02 1.27 0.96 0.46 0.51 0.52 0.53
Case 3 0.56 0.47 0.52 0.43 0.16 0.19 0.19 0.20

Numerical values of the ODF for each design situation and geotechnical verification
are summarized in Tables 6–9. Furthermore, a percentage analysis of the variation between
codes is provided, as well as the average of this difference. It should be noted that under
the hypothesis corresponding to Case 1, the horizontal component of the resultant of the
actions is directed towards the backfill on the street side due to the magnitude of the
passive earth pressure. In other words, there is no destabilizing horizontal component. In
this context, the safety factor against sliding is theoretically infinite. For this reason, this
value has not been defined.

Table 6. ODF for persistent design situation (i): imposed load on pavement as leading variable action.

Overturning Sliding Bearing

CTE EC Dif.
(%) CTE EC Dif.

(%) CTE EC Dif.
(%)

Case 1 3.78 5.21 37.88% - - - 0.70 1.07 52.79%
Case 2 2.93 4.04 37.88% 2.22 3.10 39.90% 0.45 0.48 5.78%
Case 3 2.88 3.98 37.88% 1.44 2.32 60.53% 0.19 0.22 17.32%

Average - - 37.88% - - 50.21% - - 25.30%

Table 7. ODF factors for persistent design situation (i): wind as leading variable action.

Overturning Sliding Bearing

CTE EC Dif.
(%) CTE EC Dif. (%) CTE EC Dif.

(%)

Case 1 3.01 4.07 35.31% - - - 0.74 1.06 43.41%
Case 2 2.34 3.16 35.31% 2.16 3.04 40.76% 0.42 0.44 5.13%
Case 3 2.30 3.11 35.31% 1.42 2.28 60.99% 0.17 0.20 16.44%

Average - - 35.31% - - 50.87% - - 21.66%

Table 8. ODF factors for seismic design situation (ii): vertical downward acceleration.

Overturning Sliding Bearing

CTE EC Dif.
(%) CTE EC Dif.

(%) CTE EC Dif.
(%)

Case 1 1.44 2.01 39.70% - - - 1.02 1.05 2.26%
Case 2 1.24 1.69 36.02% 1.34 1.64 22.38% 0.23 0.24 2.23%
Case 3 1.23 1.67 35.78% 1.10 1.35 22.44% 0.08 0.09 7.75%

Average - - 37.16% - - 22.41% - - 4.08%
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Table 9. ODF factors for seismic design situation (ii): vertical upward acceleration.

Overturning Sliding Bearing

CTE EC Dif.
(%) CTE EC Dif.

(%) CTE EC Dif.
(%)

Case 1 1.56 2.29 46.35% - - - 1.06 1.01 −4.38%
Case 2 1.25 1.83 45.78% 1.44 1.76 22.17% 0.26 0.25 −6.11%
Case 3 1.23 1.80 45.74% 1.16 1.42 22.23% 0.10 0.09 −2.72%

Average - - 45.95% - - 22.20% - - −4.40%

In general, the results obtained following the expressions of EC are greater than CTE-
DB-SE. Checking for overturning, this difference ranges change from 35.31% on average
in the persistent situation with the wind as leading variable action (Table 7) to 45.95% on
average in the case of the seismic situation with upward vertical acceleration (Table 9).
Checking for sliding, this variation is between 22.20% on average in seismic situation with
upward vertical acceleration (Table 9) and 50.87% on average in the case of the persistent
situation with the wind as leading variable action (Table 7). Additionally, as for the
verification of bearing, the maximum difference between both codes is 25.30% on average,
which corresponds to the persistent situation with the imposed load as the leading variable
action (Table 6). Nevertheless, in the seismic situation with upward vertical acceleration,
the results obtained according to the CTE are slightly higher.

Comparing Tables 6 and 7 reveals that the fact of considering the imposed load or
the wind as the leading variable action has significant influence checking the bearing
resistance. Although both actions practically have the same magnitude, the location of the
point of application of the wind action at a higher level leads to a significant reduction in
overturning stability. Likewise, if Tables 8 and 9 are compared, it can be seen that better
results are obtained when checking for overturning and sliding in case of vertical upward
acceleration. This enhancement of security is explained by the downward inertial force
acting on the wall, raising both the stabilizing moment and the axial load at foundation
level.

Table 10 shows to what extent a possible seismic event influences safety levels. The
persistent situation with imposed load as the leading variable action, which is more
favorable under normal conditions of use, and the seismic situation with downward
vertical acceleration, which is more unfavorable when an earthquake occurs, are taken as
references for comparison. Checking for overturning, the reduction in safety is around 59%
on average in both codes. Regarding verification of sliding, the reduction in safety is 31.61%
on average according to the CTE and 44.44% on average according to the Eurocode. For the
verification of bearing, taking into account Cases 2 and 3, the reduction in safety is 52.10%
on average in the CTE and 54.78% on average in the EC. In Case 1, an apparent increase
in seismic safety is observed when considering the CTE. The high level of backfill on the
barbican side leads to partial factors for bearing resistance (γ∗R) practically identical in
persistent and seismic situations, although slightly lower in the latter situation as it might
be expected (Table 5). However, the partial factor for bearing resistance (γR) is significantly
reduced when moving from a persistent situation to a seismic situation according to the
CTE (Table 2). This reason justifies a greater overdesign factor in the seismic situation in
this particular case.
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Table 10. Percentage reduction in safety based on ODF taking the persistent situation (i), with
imposed load on pavement as leading variable action, and seismic situation (ii), with vertical
downward acceleration.

Overturning Sliding Bearing

CTE EC CTE EC CTE EC

Case 1 61.98% 61.47% - - −46.47% 1.97%
Case 2 57.66% 58.23% 39.37% 46.96% 48.63% 50.35%
Case 3 57.38% 58.03% 23.85% 41.92% 55.58% 59.20%

Average 59.01% 59.25% 31.61% 44.44% 52.10% 54.78%

Finally, the influence of the backfill level on the barbican side on geotechnical verifica-
tions has been studied in Tables 11 and 12. The excavation of 150 m carried out to recover
the level of the Almohad period in 2008 has led to a reduction of the factor of safety both
in terms of overturning and bearing stability. In the first case, the decrease is around 20%
on average, while in the second one it is around 60% on average. Likewise, the complete
removal of the backfill leads to a reduction in overturning, sliding, and bearing safety
factor. Specifically, this reduction is 1.5%, 60%, and 20% on average, respectively.

Table 11. Percentage difference between ODF: Case 1 to Case 2.

Overturning Sliding Bearing

CTE EC CTE EC CTE EC

Persistent Design
Situation

Leading Variable
Action

Imposed Load on
Pavement 22.36% 22.36% - - 35.52% 55.36%

Wind 22.36% 22.36% - - 42.76% 58.04%
Seismic Design

Situation
Vertical

Acceleration
Downward 13.55% 15.83% - - 77.39% 77.39%

Upward 19.78% 20.09% - - 75.32% 75.76%

Average 19.51% 20.16% - - 57.75% 66.64%

Table 12. Percentage difference between ODF: Case 2 to Case 3.

Overturning Sliding Bearing

CTE EC CTE EC CTE EC

Persistent Design
Situation

Leading Variable
Action

Imposed Load on
Pavement 1.71% 1.71% 58.85% 54.36% 34.87% 25.27%

Wind 1.71% 1.71% 59.26% 54.88% 34.37% 24.93%
Seismic Design

Situation
Vertical

Acceleration
Downward 1.05% 1.23% 64.41% 62.49% 18.21% 18.17%

Upward 1.50% 1.52% 63.59% 62.27% 19.35% 19.31%

Average 1.49% 1.54% 61.53% 58.50% 26.70% 21.92%

This last issue, along with the rise in the water table, are factors to be considered
for future interventions that may jeopardize the stability of the case study analyzed. In
this way, the usefulness of this parametric verification tool for historic walls working as
retaining elements in urban contexts is demonstrated.

6. Conclusions

This paper focuses on the Macarena Wall, a well-known rammed earth construction
in Seville. The urban development of the city throughout the centuries has led to this
structure working as a retaining wall. Despite the fact that it is a military structure, it was
not conceived for this situation. Taking this into account, the geotechnical stability of the
Macarena Wall has been studied. One of the main problems to achieve this goal is the lack
of specific codes for the assessment of historic constructions. In order to fill this gap, actual
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codes for new structures have been used, namely the Spanish Technical Building Code
(CTE DB SE, v2019) and Eurocode 7 (EC7-1, v2005).

Urban fortified enclosures, as well as many other ancient buildings, have a high her-
itage value. The magnitude of the actions acting on a structure over its lifetime can change,
either by natural factors or by human action. In this context, an Excel spreadsheet has been
developed to quickly obtain the geotechnical verifications of this building, speeding up
the decision-making process in the case of instability. This analytic tool is designed on the
assumption that the retaining wall is infinitely long. It includes lateral earth pressure on
both sides of the retaining wall, an imposed load on pavement, and the action of the wind
together with seismic action. By changing the cross-section geometry and the mechanical
properties of the soil, it is possible to analyze any stretch of the fortified enclosure, either in
the current state or any other situation.

In order to carry out this study, a representative stretch of the Macarena Wall has
been selected in order to validate the accuracy of the proposed tool. Specifically, the
third corresponding to the end of Saint Hermenegildo Church. Three hypotheses were
considered, taking into account the variation in the backfill level on the intrados. In
general, the results obtained according to the Eurocode are greater than following the
CTE for overturning, sliding, and bearing verifications. Thus, it can be concluded that
the application of CTE DB SE is more conservative than Eurocode 7 for geotechnical
verifications. This disparity in the results can be explained by the different way in which
the partial factors are applied to the actions or their effects, soil properties, and resistances.
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Edst;d design value of destabilising actions
Estb;d design value of stabilising actions
Ed design effect of actions
Rd design resistance
Td design value of any stabilizing shear resistance of the ground or of structural elements
Fk characteristic value of an action
V′d or N design value of the effective vertical action
δk or φ∗ structure-ground interface friction angles
Ψ factor for converting a characteristic value to a representative value
γF partial factor for an action
γR partial factor for resistance
γM partial factor for a soil parameter
Xk characteristic value of a material property
γE partial factor for the effect of actions
ad design value of geometrical data
γI factor of seismic importance
c′ or c′k drained shear strength of soil
γ′ or γK design effective weight density of the soil below the foundation level
B′ or B∗ effective foundation width
q′ or q′0k design effective overburden pressure at the level of the foundation base
H height of the retaining wall
γ unit weight of the material
α inclination angle to the horizontal plane
β inclination angle of the backfill surface from the horizontal line
kh horizontal seismic coefficient
kv vertical seismic coefficient
ag acceleration of gravity
agR reference peak ground acceleration
ab basic seismic acceleration
ρ dimensionless risk coefficient
C soil coefficient
S soil factor
r type of retaining structure factor
wE or qe wind pressure acting on an external surface
qp(ze) peak velocity pressure at the reference height
qb basic velocity pressure
ce(ze) exposure factor at the reference height
cpe or cp pressure coefficient
cprob probability factor
cdir directional factor
cseason season factor
K shape parameter depending on the coefficient of variation of the extreme-value distribution
ρ air density
n constant



Appl. Sci. 2021, 11, 2744 21 of 22

Nomenclature

p annual probability of wind velocity exceeding the fundamental value of basic wind velocity
Iv(ze) turbulence intensity
vb basic wind velocity
vb,0 fundamental value of the basic wind velocity
vm(ze) mean wind velocity at the reference height
k1 turbulence factor
c0(ze) orography factor
zo roughness length
cr(ze) roughness factor
kr terrain factor
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