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Abstract: Sustainable building construction requires a design process that ensures long-term struc-
tural durability and minimizes risks of failure or damage during construction and throughout the
structure’s service life. One critical aspect of this process is the excavation of simple basements, which
often requires discontinuously supported excavation (shielding) when soil stability is compromised,
or nearby buildings or infrastructure are at risk. Despite the apparent simplicity of this technique, the
lack of a standardized procedure to verify the safety of excavated slopes frequently leads to accidents
and damage to adjacent structures. This research introduces a methodology for assessing the safety of
discontinuously supported excavations. The proposed method involves a series of calculations based
on the Finite Element Method (FEM) to develop a stability chart. Currently, no established approach
exists to address this complex three-dimensional problem. The models used are characterized by
the slope height and the width between supports. The soil is modeled as elastoplastic, following
the Mohr–Coulomb failure criterion, with parameters including the friction angle and the cohesive
strength. A comprehensive set of simulations is conducted for various heights, widths, and friction
angles to determine the minimum cohesive strength required to achieve a specific safety factor.
All results are appropriately non-dimensionalized to generate stability charts, which provide an
accessible tool for assessing the stability of discontinuously supported slope configurations with a
given width between shields.

Keywords: discontinuously supported slope; sustainable excavation; building construction; slope stability

1. Introduction

The calculation of slope stability in building construction is intrinsically linked to
sustainability as it involves the assessment and implementation of measures that ensure the
stability and safety of the excavation slopes, preventing the risk of human harm and dam-
age to the surrounding buildings and infrastructures. Safe excavation practices, especially
in urban areas, support sustainable retaining structures by reducing the environmental
impact on surrounding terrain and adjacent buildings, and by improving economic effi-
ciency through optimized resource use, reduced auxiliary equipment needs, and faster
project completion. Additionally, it carries social benefits by minimizing risks to nearby
structures (especially those that are more vulnerable or of lower construction quality),
which minimizes the likelihood of extensive and costly future repairs, ultimately fostering
a more resilient and sustainable built environment.

Technical codes do not usually include a procedure to check the stability of shallow
excavations when they are discontinuously supported, either by shielding in trenched
excavations or by shores or berms in open excavations. These supporting procedures
are used in urban excavations for one-level basements when the depth or the location
(nearby buildings) of the cut needed to build the retaining wall makes the allowable slope
impractical. The existing specific references on construction with discontinuous shielding
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or berms only briefly address the problem as in Spain with the Technological Codes of
the Ministry of Housing [1] and internationally, for example, with the BS 6031:1981 [2]
“Code of Practice for Earthworks” standard or the DIN 4124:2012-01 [3] “Excavations and
trenches—Slopes, planking and strutting breadths of working spaces”.

Despite its frequent use, there are no widely accepted references or standards for
designing and verifying discontinuously supported slopes, unlike for homogeneous slopes,
which have established methods, such as the Taylor or Hoek and Bray charts, or two-
dimensional calculations using the Bishop method, finite elements, or finite differences.
The primary challenge in developing standardized guidelines lies in the three-dimensional
nature of the problem, which makes it difficult to address it in a general way without using
numerical models. Additionally, because it is not considered a significant geotechnical
issue, it has not received much attention from researchers, despite being a well-known
cause of accidents and damage to nearby buildings.

Construction safety finally relies on the general guidelines for continuous slopes
and trench excavations, as well as on the constructor’s experience and good judgment.
While these guidelines provide a reference for safety, they correspond to a less stable
configuration than discontinuous-supported slopes. Thus, these guidelines do not permit
the vertical slopes necessary for constructing basement walls, except for a limited range of
soil types. Consequently, when vertical excavations are required, the constructor must rely
on their previous experience, as there are no technical procedures to support their decisions.
Therefore, it is essential to provide the technical community with a method for analyzing
the stability of discontinuous-supported slopes. The use of shield-supported and berm-
supported sub-vertical excavations continues to be a common strategy in shallow urban
excavations when a uniform slope does not achieve enough safety and certain conditions
are met. An image of the problem is presented in Figure 1, showing the construction
procedure to build a series of retaining walls between supporting shields, section by
section, around the site perimeter. Figure 1a shows the building of a retaining wall using
shielding supported by struts leaning on the already excavated center. The subfigure on the
left shows two consecutive shields placed laterally at the unsupported slope zone where
a retaining wall will be constructed, as shown in the subfigure on the right. Similarly,
Figure 1b shows shielding in a trench, leaving a center usually called “dumpling” to
be removed after the completion of the retaining walls. Each shield is supported by an
additional shield on the opposite slope of the trench.

However, despite its frequent use, there is no extensive and contrasted reference avail-
able that allows its design and verification similarly as is done in the usual homogeneous
slopes, either by charts such as those of Taylor or Hoek and Bray or two-dimensional
numerical calculation with the Bishop method, finite elements or finite differences, among
others (as described by Rotaru et al. [4]). The difficulty with calculating the stability of
slopes supported by berms lies in the fact that it is a three-dimensional problem, not admit-
ting any of the simplifications that allow it to be reduced to a two-dimensional case and
using one of the methods mentioned above.

Many authors have addressed the three-dimensional analysis of slope stability using
limit equilibrium methods, which can be followed in the review paper by Azarafza et al. [5].
However, these methods focus on a general 3D stability problem and were not applied to
solve the present discontinuously supported slope.

Hisham [6,7] presented the study of a 3D slope with translational failure that may be
used to represent a vertical slope supported by discontinuous berms. Similarly, Zhang et al. [8]
analyzed the stability of 3D slopes assuming different angles in turning corners, considered in
the plan view, which also resembled the problem of a bermed excavation when the slope is
vertical, being a valuable procedure to address it.

Several authors, such as Ho [9], Nian et al. [10], Griffiths and Marquez [11], and
Samadhiya and Chavda [12], among many others, studied the case of a 3D slope, con-
sidering a slope between two parallel boundaries and studying the effects of different
boundary conditions on the slope’s stability. The case is very similar to the case of a slope
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discontinuously supported by shields when the inclination angle is vertical. However,
none of them studied this specific configuration.
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Figure 1. Sketch of a discontinuously supported slope used to build a retaining wall. (a) Shields;
(b) Shields in a trench.

Gourvenec and Powrie [13] addressed a somewhat similar problem to that considered
in this research, considering embedded retaining walls supported by discontinuous earth
berms, including the effect of the discontinuous support, differently from many other
authors that study the so-called bermed excavation (deep excavation supported by an
excavation wall and a berm) considering a continuous berm [14–16]. The issue discussed
in the referenced research differs from the current study, as it focuses on an embedded
retaining wall rather than a traditional one. Additionally, the support mechanism analyzed
in the research employs a soil berm instead of a shield, leading to variations in rigidity
and performance.

Only recently has some research dealt with the problem, representing the specific
conditions of a shallow excavation in building construction. Sabzi and Fakher [17] studied
the behavior of a 3D excavation supported by inclined struts adjacent to a building using
a 3D FEM model. They centered their research on a prediction of the excavation top and
excavation face. Cano et al. [18,19] presented a specific and detailed study on the stability of
bermed basement excavations using FEM and proposed design stability charts to address
the problem.

The present investigation is oriented towards ensuring the sustainability of shallow
excavation in building construction. It provides a model of excavation supported by shields,
considering its three-dimensional configuration, and including as main variables the height
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of the slope, the open excavation width, and the properties of the ground, represented with
a Mohr–Coulomb failure criterion. Stability charts will be obtained from a large number
of calculations to allow pre-sizing and verification of the main cases that occur in practice.
Providing these stability charts will improve safety in shallow excavation, safeguarding the
health and safety of workers while minimizing damage to nearby structures.

2. Materials and Methods
2.1. Problem Definition

This study models two scenarios of discontinuously supported slopes, illustrated in
Figure 1a,b. Each configuration shows an open slope with temporary lateral support from
shields during the wall’s construction. As explained before, these configurations correspond
to usual construction procedures in the day-to-day practice of building basements.

The excavation is assumed to be vertical and performed in a uniform soil medium
characterized by an elastoplastic behavior, density γS, with associated dilatancy, perfect
plasticity with linear Mohr–Coulomb failure criterion (with friction angle φ and cohesive
strength c′). These assumptions are common in practice when evaluating slopes of reduced
heights, although the presence of uniform soil is a simplification. Future research will
address the consideration of heterogeneous soils. The objective is to analyze the stability of
the slope section located between the supported ends, considering the specific conditions
that define those supports. The slope geometry, common for all models, is defined (Figure 2)
by the unsupported slope width (B) and the slope height (H). Two symmetry planes are
included at both ends of the model to reduce its size. The support conditions include rigid
support corresponding to rigid shielding, assuming no deformation perpendicular to the
sloping plane. Although some deformation of the shielding or the bracing may be expected,
null deformation is an acceptable hypothesis since the bracing usually has mechanisms to
adapt and restore initial positions.
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Figure 2. Geometrical definition of the discontinuously supported slope.

Table 1 details the main parameters considered in the evaluation of slope stability. The
geomechanical parameters are associated with elastic behavior (E and ν) and the failure
criterion (φ and c′), as well as the specific soil weight. The geometrical parameters define
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the slope geometry (B and H), and the support condition defines the boundary condition at
the shielding.

Table 1. Details the main parameters involved in the evaluation of the slope stability.

Parameters Considered for Evaluating Slope Stability

Geomechanical

Elasticity modulus (E)
Poisson coefficient (ν)
Specific soil weight (γ)

Friction angle (φ)
Cohesive strength (c′)

Geometrical
Slope width (B)
Slope height (H)

Support conditions Non-deformable (shielding)

2.2. Slope Stability Analysis

The usual practice assumes as an established calculation method the so-called Shear
Strength Reduction Method [20]. This method uses a resistance reduction factor F that
applies to both the friction angle and the cohesion of the terrain, as follows:

c′ f =
c′

F
(1)

ϕ′ f = arctg
(

tgφ′

F

)
(2)

By successively increasing the value of the coefficient F, in such a way that the resistant
properties of the terrain decrease until the model does not converge to a solution, the safety
factor is defined as the value of F immediately before failure. The method is employed
within the finite element method framework, executing a progressive calculation within the
same model while systematically decreasing the cohesive strength at each iteration until
the software identifies instability in the model.

The number of stability Ns is used to normalize the stability results, dividing the
cohesive strength by the gravity vertical stress at the bottom of the slope:

Ns =
γ·H
ca

(3)

The stability number Ns represents the ratio between the vertical stress at the toe of
the slope, which is the most stressed point in the soil, and the main resistant parameter of
the soil (Cu/F). This ratio establishes the importance of stresses in the soil relative to its
strength and can be used to compare the response for different soils.

This formulation is expanded to include the influence of surface loads (q) on top of the
slope, representing building foundations, and roads adjacent to the excavation, etc. It is
supposed to be extended over the top surface of the terrain.

The number of stability Ns is changed, including the stress due to the load q in the
vertical stress at the bottom of the slope:

Ns =
γ·H + q

ca
(4)

In present research, the ratio Ns/Ns∞ is used to normalize the stability number for
all the results, being Ns∞ the stability number for the 2D slope, corresponding to a slope
having infinite width.
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2.3. Finite Element Models

A three-dimensional finite element model of the problem is built using the commercial
software Abaqus 2017 [21].

The model assumes a uniform soil structure, overlooking potential heterogeneity,
which should be investigated in future research.

Unlike the traditional slope stability analysis that can be represented with a two-dimensional
model, the studied problem needs a full three-dimensional one because of its discontinuity
and the different boundary conditions in the free slope and the supported one.

The model employs symmetrical conditions to minimize the size by representing only
half of the domain, as illustrated previously in Figure 2. The assumption of symmetry
means that the model is mirrored on both sides, which restricts normal displacement at
these symmetry planes (referred to as sliding boundaries). The boundary at the bottom
plane is fixed, while the shielded boundary allows for shear displacement only, prohibit-
ing normal displacement. The model represents the free and shielded slopes, as shown
in Figure 3.
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Figure 3. Schematic representation of the numerical model with shielded support (represented by
the red area in the figure).

Boundary conditions are properly arranged to represent symmetry and to determine
conditions at the extremes consistent with the assumed behavior of the soil. They are
detailed in Figure 4 on an elevation and floor plan of the model.
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The Mohr–Coulomb (MC) model in Abaqus is different from the traditional MC
model [22]. In Abaqus, a smooth flow potential with a hyperbolic shape in the meridional
stress plane and a piecewise elliptic shape in the deviatoric stress plane are used. The
friction angle and cohesive stress should be defined in the plane of the maximum and
minimum principal stresses and then converted to be expressed in the traditional MC
plane σ-τ.

The model uses 8-node linear brick-type elements (C3D8R in Abaqus), and 6-node
linear triangular prism elements (C3D6 in Abaqus), depending on the model part. The mesh
is adapted to have a denser distribution around the high stressed zones. A convergence
study is performed to test the accuracy of the results depending on the mesh density,
resulting in Figure 5. As can be seen, with a representative size greater than 1/d = 3
(elements with size 0.33 m or smaller), the obtained value of c′ (cohesive strength needed
to the slope stability) does not change, meaning that no better results of c′ can be obtained
with finer meshes, making it unnecessary to reduce its size.
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2.4. Case Studies

A sensitivity study of slope stability is performed for different values of the geometrical
dimensions and the soil properties. The values adopted in this work for the geomechanical
and geometrical parameters are included in Table 2.

Table 2. Case studies for evaluating slope stability.

Geomechanical

Elasticity modulus (E) 200 MPa
Poisson coefficient (ν) 0.3 (non-dimensional)

Specific soil weight (γS) 20 kN/m3

Friction angle (φ) 5/10/20/40 (sexagesimal degrees)
Cohesive strength (c′) Obtained as a result (MPa)

Geometrical
Slope width/height ratio

(B* = B/H) 0.25/0.5/1/2/2.5/3/3.5/4 (m/m)

Shield width 3 m

All the cases considered above are studied for the three different support conditions
defined in Table 1. The results obtained are normalized using the ratios Ns/N∞, where N∞
is the stability number corresponding to the slope of infinite width, and the geometry using
the ratio of the slope width to its height B* = B/H.

The reference model is defined using H = 4 m. Identical results are obtained using
a different slope height H if the same B/H ratio is considered, as proved in Figure 6 for
H = 10 m and friction angle φ′ = 30.
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Figure 6. Comparison of the model validity for different sizes of the reference model. Case: Friction
angle φ′ = 30.

The soil is assumed to have perfect elastoplastic behavior, with the Mohr-Coulomb
failure criterion characterized by the internal friction angle φ′ and the effective cohesion
c′. This method is generally utilized for analyzing stability issues without requiring more
complex models. A mixed-type soil is considered, the common one that may need the
use of the discontinuous support analyzed in this research, being studied the long-term
stability only (a purely cohesive soil with high undrained cohesive strength may not need
such specific support measures).

3. Results and Discussion
3.1. Rigid Shielded Support

A perfectly rigid shielded support is assumed in this case on the lateral sides of the
slope. No friction is assumed on the shield-soil interface.

The Ns results obtained for this configuration are presented in Figure 7, which shows the
expected behavior of the supported slope. When increasing the non-supported slope width
B, stability significantly reduces, approaching the behavior of the infinite slope. When the
value of B is reduced to a level comparable to the slope height H (specifically when B/H = 1),
stability increases significantly. This is due to the arching effect that occurs between the soil
and the supports, which will be explained in the next section. This finding demonstrates that
discontinuous support is an effective solution for excavating unstable soils.
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Figure 8 presents the normalized results by the infinite slope stability number Ns/Ns∞.
Though Figure 7 is undoubtedly helpful in estimating slope stability, Figure 9 offers more
insight into physical behavior. Figure 8a highlights three distinct stability ranges: from
B/H = 3 to infinity, where results match the 2D findings (Ns/Ns∞ = 1); from B/H = 1 to 3,
where results are consistent across soil properties; and from B/H = 0 to 1, where stability
varies with soil friction angle and the B/H ratio. Detailed observations of the two zones,
specifically H/B = 0 to 1 and H/B = 1 to 3, can be found in the expanded Figure 8b.
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Figure 9. Plan view of the arching effect represented by the middle principal stress in the soil σ2. Case:
Friction angle φ’ = 30, c′ = 20 kN/m2, B = 6 m. Horizontal cut of the slope at 3 m over the slope foot.

This difference between parts is due to the relative importance of the soil weight and
the contribution of the lateral support to the slope stability in each of them. For higher
H/B values, the lateral support does not contribute much to general stability, the resistance
depending on the shear stress developed along the slip circle, obtaining a Ns/Ns∞ ratio
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near 1. This situation changes for smaller B/H ratios, increasing the Ns/Ns∞ ratio with the
friction angle of the soil.

This differentiation greatly helps to develop a practice procedure since it reduces the
complexity of determining the slope safety factor to the third part (H/B = 0 to 1).

Construction practice can directly use these ratios to define the stable slope width
(B) supported by shields, for a given slope height (H). This categorization simplifies the
practical process of determining the slope safety factor by focusing on the third range
(H/B = 0 to 1). For this specific part, the stability number changes dramatically with the
soil angle of friction and requires a close study. In all the other cases, the curve behavior is
almost identical, regardless of the soil properties.

3.2. Arching Effects

The “arch effect” in soils refers to a phenomenon that occurs when soil forms an
arch-like structure due to pressure distribution. This effect typically happens when forces
applied to a granular material cause the particles to interlock or form a stable arch, allowing
the material to support weight without directly transferring it through the entire mass. The
arching effect produced by the discontinuous-supported slopes causes a redistribution of
stress in the body of the soil due to the restriction to its natural movement imposed by the
lateral supports. This effect enhances the slope stability and, at the same time, increases the
stress and pressure on the supporting structure. The friction between particles deviates the
second principal stress towards the rigid shields, as shown in Figure 9.

The influence of the arching effect produces a reduction in the horizontal displacement
of the slope, characterizing the same phenomenon and correlating with the same three B/H
zones distinguished in the previous section. The horizontal displacement is less important
as the free slope width B increases, reaching a point where the center top of the slope moves
without restriction. In this case, slope stability equals that of the unshielded case. Figure 10
shows this variation. Comparing these results with those in Figure 9, one can see that by
increasing B/H from 3, the influence of the supports is minimal, resulting in a stability
number very close to the asymptote of value 1 in Figure 9 (infinite slope). From value
B/H = 2 to B/H = 1 there is an important reduction in ux (Figure 11), which means a
significant increase in Ns/N∞ (Figure 9).
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Figure 11. Simplified procedure to consider a load over the top of the slope. (a) Actual excavation
near a building (b) Load equivalent to the building (c) Soil stratum added to the initial excavation to
study slope stability.

3.3. Consideration of Loads Adjacent to the Slope

In urban environments, excavation is usually constructed near a street, road, or build-
ing, being crucial to ensure sustainability factors, especially those related to economic and
environmental sustainability, including risk reduction because it increases the likelihood of
damage. The impact of these nearby structures on slope stability can be directly assessed
using the previously developed model.

It is important to note that the proposed model only assesses slope stability and does
not include deformation control to address induced settlement on nearby structures, which
is outside the scope of this research. Future studies will consider different models to
adequately represent deformations, adding some other models with more complexity to
the basic elastic behavior.

The most common method used in practice when the load is extended over the whole
top of the slope (or this conservative hypothesis is adopted) is to add an equivalent soil
stratum to slope height that produces the same increase of stress in the soil as the substituted
load. Figure 11 provides a schematic representation of the calculation process.

Consequently, the slope with a load q on top will be directly changed by a slope with
a new height equal to H∗ = H + q/γ, where H and H* are the original and the corrected
height, and γ is the soil self-weight.

The use of the proposed calculation charts is then straightforward, considering the
variables B/H* and Ns/Ns∞

∗, where the superscript (*) refers to the variables calculated
using the corrected height H*.

3.4. Worked Example

A practical example is provided below to aid in using the charts for calculations.
Consider an excavation of 3.5 m in soil with a friction angle of φ′ = 20◦ and cohesive

strength c′ = 10 kN/m2. A load of 20 kN/m2 is applied on top of the slope. To obtain the
maximum shield separation with a safety factor of F = 1.5, we use the chart in Figure 8 if no
deformation is considered in the shield.

The equivalent infinite slope can be calculated using common software, considering
the previous problem data, but with H∗ = H + q/γ = 4.5 m. This calculation gives a safety
factor of Fs∞

∗ = 0.71, and then Ns/Ns∞
∗ = Fs/Fs∞

∗ = 1.5/0.71 = 2.11.
Taking the previous value at the vertical axis in Figure 8 and drawing a horizontal

line towards the φ′ = 20◦ curve, the intersection gives the corresponding B/H* value. The
procedure is presented in Figure 12.
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From the graphical procedure in Figure 12 the ratio B/H* = 0.46, and consequently,
B = 0.46 × 4.5 = 2.1 m, which is the maximum open slope for a safe excavation with F = 1.5.

It is important to note that the proposed methodology assumes some simplifying
hypotheses that require proper consideration for each case, including homogeneous soil
and perfect elastoplastic behavior.

4. Conclusions

This research presents a study on the stability of discontinuously supported slopes,
which are very common in practice but receive limited attention in the literature and only
partial references in professional codes.

The main results obtained from the research are:

1. The behavior of a slope with discontinuous support is analyzed, presenting a model
that characterizes its performance and allows for the calculation of its safety.

2. A novel, easy-to-use procedure based on normalized charts is presented to check
discontinuously supported slopes with a specific safety factor.

3. Normalization using the ratio Ns/Ns∞ helps clarify the behavior of the supported
slope. It reveals that all lines associated with different soil properties converge to a
single line, diverging only at specific values of B/H where the arching effect becomes
significant. This normalization also simplifies the calculation. All the slopes behave
almost identically when B/H > 1, only diverging for very small widths.

4. Since there is no established method to check the safety of shallow discontinuous-
supported excavation, the sustainability of excavation work in building construction
can be enhanced by the proposed method. By adopting this procedure, we can pro-
mote a safer and more environmentally responsible excavation process that prioritizes
the safety of workers and decreases the likelihood of damage to nearby structures.

5. This research supports Sustainable Development Goal 11—promoting inclusive, safe,
resilient, and sustainable cities—by providing an accessible safety analysis method
for discontinuously supported shallow excavations that does not require expertise in
complex numerical models.
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