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Abstract: This study presents the application of the finite element method integrated with Terzaghi’s
principle. The definition of a model in oedometric or confinement conditions for settlement estimation
of a building after the construction of a tunnel, including the effect of Terzaghi’s principle, is an
unresolved problem. The objectives of this work include the demonstration of the need for a minimum
of three methodological states to estimate said settlement. For this, a specific methodology is applied
to a case study, with eight load steps and four types of coarse-grained soils. In the studied case, two
layers of 50 m and 5 m with different degrees of saturation are overlaying an assumed impermeable
rock layer. The excavation of a tunnel of 15 m in diameter at a depth of 30 m with drainage lining
inside the tunnel is assumed. The minimum distance from the tunnel’s outline to the mat foundation
is 15.8 m. It is determined that the settlement, according to Terzaghi’s principle, is around 11% of
the total settlement for the most compacted soil types, reaching 35% for the loose soil type, from the
tunnel’s outline. In the mat foundation, it implies an increase in the differential settlement of up to
12%. It shows a nonlinear relationship between some of the variables in the analysis. To detect the
collapse due to uplifting the tunnel invert, it was determined that it was not appropriate to model in
oedometric conditions. The novelty of the investigation relies on identifying and determining the
need for a minimum of three states for methodological purposes for a proper quantification of the
total settlement: (i) before the construction of the tunnel, (ii) immediately after the excavation of the
tunnel, but without groundwater inflow into the tunnel, and (iii) after the tunnelling, with stabilised
groundwater inflow into the tunnel.

Keywords: finite element method; Terzaghi’s principle; tunnel uplift; tunnel collapse; granular soils

1. Introduction

The estimation of the settlement due to Terzaghi’s principle after the construction of
a tunnel requires analysing the state-of-the-art in different disciplines. In the first place,
the problem is located in a building with a possible settlement after the construction of
the tunnel. The structural condition of a building’s construction primarily relies on the
reception and distribution of loads generated through a competent foundation onto the
ground [1]. Once built, repairing defects in a building’s foundation becomes a complex
task [2]. The construction of a tunnel in the vicinity of well-founded buildings can induce
failure due to unforeseen alterations in the terrain that were not considered in the initial
design of the foundation [3]. Failure due to this reason can be caused by the settlement of
buildings due to tunnelling [4–6]. The affected surface due to the underground excavation
progressively evolves depending on the loads and the type of soil. This phenomenon is
commonly called surface subsidence [7]. Some frequent causes are due to the vibrations
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and the subsequent loss of the bearing capacity of the affected soils during excavation [8,9].
Vibrations due to vehicular traffic or by railways can appear [10–12], and this can also
propagate through tunnels in the operation stage [13].

The interaction of a structure with a porous medium is the cause and object of the
appearance of soil mechanics. There is a cause of settlement which is directly related to
the porous media that constitutes the soil: pore-water pressure (also referred to as neutral
stress) variations [14]. This phenomenon is governed by Terzaghi’s principle, with a long
and complex evolution in the state-of-the-art [15]. It states that when stress is applied to a
porous material, it is opposed by the pressure of the fluid that fills the pores of the material.
This concept was introduced by Karl von Terzaghi in his work Erdbaumechanik [16].
Settlement due to Terzaghi’s principle appears as an opposition to the settlement in a
building produced by the elastic or elastoplastic behaviour of the soil. Thus, it appears
when there is a variation in the effective stress and not due to the total amount of the
effective stress. Nevertheless, the total stress in a granular soil is relevant to determine
settlement in a shallow foundation. In this case, the amount of load transmitted by the
foundation to the soil is critical [7,17].

Tunnel construction has notoriously evolved, in both construction aspects and mod-
elling of induced settlements. The quantification of the settlement of buildings caused by
tunnelling can be obtained by applying different formulations depending on some variables
in which the measurability can vary [18]. Analytical models become too complicated when
trying to accurately predict the soil behaviour [19,20]. There are also empirical formulations
with statistical adjustment in reference to tunnelling. In these cases, the original principle
of elastic or elastoplastic deformation of the soil is modified to favour the obtention of
more accurate predictions [21]. Although useful, these formulations require adaptations
to be used in a general manner. Regarding numeric formulations focused on discretising
the problem, they present some drawbacks. Specifically, the coupled relationship of soil
and flow in porous media is relevant [22–24]. In this context, there are relevant works
applying the finite element method (hereafter FEM) [25]. These studies focus on both
non-oedometric conditions (also called confinement conditions) [26] and plane strain with
severe discontinuities [27]. One of the most recent approaches to estimate settlements is to
integrate all these methodologies in a hybrid formulation. This new formulation is on the
safe or conservative side regarding the project’s decision-making context [28].

The type of foundation influences the settlement due to the construction of a tunnel.
Regarding the type of foundation susceptible to settlements, most of the problems deal with
shallow foundation calculations. In the specific case of granular soils, there is extensive
experience in this regard [17,29,30]. In the settlement calculations’ context, when referring
to primary consolidation, the variation in effective stress is considered, but the time also
appears as a key variable in the formulation [31]. Granular materials, whether they are sand
or gravel, settle almost instantaneously or over a short period. Therefore, the consolidation
concept (although not always, especially in loose soils) is usually associated with cohesive
materials such as silts and clays, or with sands or gravels mixed to some degree with
cohesive materials [32–34]. In the case of deep foundation piles, they are also affected by
tunnelling in their vicinity [35]. It is necessary to ensure that the soil-pile-rock complex
remains intact without alteration [36,37]. Concerning shallow foundations based on a slab
foundation without piles (hereinafter referred to as mat foundations), under analysis in
this study, interference with the water table is possible in the case of buildings with a
basement or underground car park, as their foundation contact surface is located just a
few meters below the ground level [2,38,39]. For this reason, waterproofing measures are
necessary, both on the surface and/or in the concrete composition [40]. However, beyond
functional and concrete preservation reasons, waterproofing on the contact surface with
the mat foundation is ineffective against settlement caused by variations in effective stress.
On the other hand, waterproofing of the tunnel can have a reducing effect on settlements,
although it is structurally difficult [41].
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The integration of the hydrogeological and geotechnical analysis gives rise to an
aspect of geological engineering applied to tunnels. When a tunnel is constructed, the
hydraulic gradient line (piezometric head) is altered due to the inflow of groundwater
into the tunnel [42]. Therefore, it implies pore-water pressure variation, and thus, effective
stress variation. The estimation of groundwater inflow into a tunnel represents one of
the unknown variables in some problems [43]. Hence, it must be solved due to different
reasons: provision of water equipment, water loss in aquifers, structural damages, etc. [44].
Nevertheless, once the groundwater flow is stabilised, in the case where the aquifer dis-
poses of sufficient water inputs, the piezometric head becomes stabilised [45]. Once the
piezometric or hydraulic head remains stable for any possible reason (grouting, specific
drainage, etc.), and in case there are no alterations in the loads transmitted to the ground,
the effective stress also becomes stable since there are no variations in the pore-water
pressure [46]. Therefore, the process of primary consolidation, due to the variation of
effective stress, finishes in a mat foundation with settlement due to tunnelling (i.e., there is
no further settlement for this reason).

In this study, the fundamentals and modelling using the FEM are presented for a
proper estimation of the settlement in a semi-deep foundation caused by the excavation of
a tunnel in a porous granular medium. The use of the FEM allows obtaining a satisfactory
solution by transforming a continuous problem of difficult resolution into a discrete one, re-
quiring for this purpose the use of established approaches in this field of knowledge [47–50].
An approach based on a displacement formulation has been followed [51]. This study
implements the coding and resolution using MATLAB software [52]. The finite element
mesh generator Gmsh tool (hereafter Gmsh) is selected [53] to create the discretisation
mesh, since it allows an exhaustive control of the process of creating it. The case study
involves the variables referring to four different types of granular soils described by Terza-
ghi [54]. The objectives of this work are: (i) To demonstrate the need for a methodology
and to define it in order to obtain the variation of the effective stress without distortion
in modelling due to the mechanical effect generated by the tunnel construction. (ii) To
obtain the settlement due to Terzaghi’s principle as well as the total settlement for a case
study under non-oedometric conditions and demonstrate the desirability of using these
unconfined conditions to assess tunnel uplift. (iii) To demonstrate the nonlinearity of partial
and total settlement in a constitutive model of elastic granular soil when non-oedometric
conditions are used. Additionally, stress and displacement field analysis in non-oedometric
conditions are part of the scope of this work. It should be noted that any aspect related to
clayey, silty soils, cohesive mixtures, and their deferred settlement is out of the scope of
this research.

2. Materials and Methods
2.1. Methodology

The problem to solve was formulated by starting from the application of the FEM to a
porous media [22–25,48]. It was intended to know the effect of Terzaghi’s principle when
estimating the settlement of a building due to tunnelling in granular soils. The process
followed requires the study phases of an elastic problem with modelling in porous media
(Figure 1). The weak form of the FEM was used, adding Galerkin’s approximation [55].
Including the Terzaghi’s principle in the FEM requires to know the effective stress and its
variation due to the groundwater inflow into a tunnel. The problem of flow was solved in
three phases, each of them in steady flow conditions. It should be noted that quantifying
the settlement’s generation time is not under the scope of this work. Nevertheless, in a
porous media composed by the soils of the study case (see Section 2.4), settlement appeared
over a short period [31,56].
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The implementation of the methodology was carried out using Gmsh and MATLAB
tools [52,53,57]. A rational discretisation of the domain was needed. For this purpose,
the mesh generation was carried out using Gmsh. The procedure requires two meshes
for the three different situations (Figure 2). Three states of the methodology (1, 2, and 3)
were needed during the calculation process. In this regard, state 1 represents the situation
before the tunnelling, state 2 corresponds to the subsequent situation of the tunnelling
without groundwater inflow, and finally, state 3 is the final situation of the tunnel, with a
stabilised flow towards the interior of the tunnel (Figure 3). A demonstration of this is fully
developed in Section 3.1. A total of 11,352 nodes were evaluated in this study. The mesh
of the analysis is of a semi-structured type, with a focus on high-quality finite elements
that incorporate quadratic shape functions. To obtain a more accurate analysis, the mesh
was refined around the tunnel and the mat foundation boundaries. In areas where the
highest resolution was not deemed necessary, the mesh became less dense in order to
avoid unnecessary computational costs. It should be noted that this mesh was specifically
developed for this study and consists of 2776 rectangular Lagrangian finite elements, each
containing 9 nodes.
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Buildings 2023, 13, 1343 6 of 23

The code used is specific to the problem at hand, allowing the necessary freedom to
apply the proposed methodology. The coupled problem, integrated with the Terzaghi’s
principle, was solved in a matrix form to obtain the displacement in the problem without
infiltration for the established load steps (eight in the study case, Section 2.4). From
this displacement, the total stress was obtained for each load step. The application of
Terzaghi’s principle requires knowledge of the variations of the effective stress (which
in turn requires knowledge of the total stress and pore-water pressure at each load step),
which forms a tensor with only octahedral components [58]. Using the bulk modulus
and the Terzaghi’s formulation (Section 2.3), volumetric deformation was obtained, from
which the displacement field was determined by integration, evaluating each node at each
load step. To calculate the effective stress, both meshes were defined, and the three states
(1, 2, and 3) were required.

Parameters and variables of the study case (Section 2.4), as well as the employed
tools, are not exclusive, so it is possible to employ the methodology in other study cases.
Nevertheless, states 1, 2, and 3, together with the two necessary meshes (Figure 2), must
be defined for each study case for a correct resolution of the problem posed, as shown
in Section 3.1.

2.2. Fundamentals of the Finite Element Method Applied in Porous Media

The main variables of the steady problem in porous media are: (i) piezometric head,
(ii) flow velocity, (iii) hydraulic gradient, and (iv) pore-water pressure. The governing
equations are as follows:

1. Mass conservation of flow. In steady flow conditions:

∇q = ρC
∂ψ

∂t
(1)

where ψ is the total potential energy of the soil water, which coincides with the hydraulic
head, ∇q is the conductive term, ρ represents the water density, and C is the slope of the
water storage curve. Considering that

→
v is the flow’s velocity vector, for the stationary case,

the problem is reduced to:

∇→v = −∂h
∂t

= 0 (2)

2. Constitutive law. The formulation of flow in a porous media with a free surface,
in a general case, requires the integration of the Navier–Stokes equations [23]. By
establishing the hypothesis of steady flow, Darcy’s law is obtained in the presented
form [59]. In this type of non-transient problem, Darcy’s law is the constitutive
equation:

→
v = −k∇h = k

→
i (3)

where k is the hydraulic conductivity (usually referred to as the coefficient of permeability

of soil and assumed uniform through all approaches), and
→
i represents the hydraulic

gradient. Therefore,
→
i is:

→
i = −∇h (4)

Not considering heat transfer phenomena allows us to dispense with Fourier’s law,
so the integration of the previous equations provides the only equation governing the
problem, i.e., Laplace’s equation:

∇2h = 0 (5)

The principle of virtual work (hereafter PVW) was used. The weak form of the FEM
was used, adding Galerkin’s approximation (to use the same shape functions as those used
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for the unknowns of the problem) [21,55]. Firstly, the governing equation as the weighted
residual method is defined by a test function, denoted as ∇ω :

∇ω =
∫
Ω

∇ω·∇(−k∇h)dΩ = 0 (6)

where Ω is the domain and ∇ω is the weighted function in the PVW. Since we do not have
a transient term result:

−∇(k∇h) = −
(
∇k(∇h) + k∇2h

)
= −∇k(∇h) (7)

The divergence theorem of Gauss was applied and integrated by parts in order to
reduce the requirement of differentiability, which is fundamental in the FEM formulation:

∫
Ω

∇ω(−k∇h)dΩ =
∮

Γ
ω(−k∇hn)dΓ = 0 (8)

where vn = −k∇hn is the normal flow velocity vector at the boundary Γ. The negative
sign in the second term is because the flow will follow a direction from points of a higher
to lower piezometric or hydraulic head. Therefore, the PVW for the problem of flow in
porous media is now defined by:

∇ω =
∫
Ω

∇ω(k∇h)dΩ−
∮

Γ
ωvndΓ = 0 (9)

Regarding boundary conditions, they need to be adopted for each study case and for
each state, 1, 2, and 3 (Figures 1 and 3):

1. Essential or Dirichlet boundary conditions: In the problem in porous media with
steady flow towards the interior of the tunnel, it consists of knowing the piezometric
head h in a part of the boundary Γh. In practice, it involves knowing the water
table level:

h =
−
h (10)

2. Natural boundary conditions, also known as Neumann’s conditions, consist of know-
ing the derivative of flow through a portion of the boundary Γvn . The porous media
flow problem is usually restricted to an impermeable boundary condition, such as in
the case of this study: the interaction between soil and an impermeable rock layer:

→
v
→
n =

−
0 (11)

Finally, it should be noted that when evaluating each state as a steady problem,
the variation of equipotential surfaces with time is not part of the problem. However,
there is an alteration in the free surface of the unconfined domain that must be known to
obtain the effective stress. The water table, even in a homogeneous and isotropic medium
(e.g., uniform k), moves relative to its initial position. The initial surface of the water table
in an unconfined porous media (state 1) was assumed to correspond to a horizontal plane.
However, after tunnelling, a local depression of the water level occurred, which caused its
curvature in the vertical direction of the tunnel crown (Figure 3c).

2.3. Implementation of Terzaghi’s Principle

Terzaghi’s principle states that when stress is applied to a porous material, it is
opposed by the fluid pressure filling the pores in the material [10,49]. To solve the problem,
a FEM model coded in MATLAB was used, so it allows solving the three considered states
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(Section 2.1). Terzaghi’s principle employs the bulk modulus, Ks, of a material, and it can
be defined as [56,58]:

Ks =
E

3(1− 2ν)
(12)

where E represents the soil’s Young’s modulus and ν is the Poisson’s coefficient. It is
important to clarify that, since we are not working under oedometric conditions but rather
under a 2D plane strain assumption, E cannot be equated to D (oedometer modulus or
constrained modulus) [56]. This is because the model used allows deformation in any
direction, in x or y [31]. The values of Young’s moduli will be assimilated to Esk, which
is the Young’s modulus referring to their mineral skeleton obtained in the laboratory.
This is acceptable, considering the geological uncertainty, however, assimilating E to D
(constrained modulus) means a serious error.

The estimation of settlement according to Terzaghi’s principle is obtained as:

∆εvol = ∆εx + ∆εy+∆εz =
1− 2ν

E
(
∆σ′x + ∆σ′y + ∆σ′z

)
=

1
Ks

∆σ′oct (13)

where ∆σ′oct is the effective octahedral stress tensor and ∆εvol is the tensor of volumetric
strains. Equation (13) was solved in a stationary way as an elastic problem coupled with a
porous media flow problem. Equation (13) predicts that volumetric deformation only occurs
due to variations in normal octahedral stress [58]. Therefore, there are only deformations,
but no distortions, so the shear strength is not involved in the formulation, nor is the shear
modulus, G [56,58]. Thus, the shear strength should never appear in Terzaghi’s formulation
for calculating settlement due to variations in effective stress (Section 3.2). Equation (13)
does not predict shear failure of the soil, with or without cohesion, nor under drained or
undrained conditions. This formulation estimates an additional settlement, induced by
groundwater inflow into a tunnel, in addition to the elastic or elastoplastic settlement of
the ground, due to the variation in effective stress.

2.4. Study Case

The study case refers to the type of cross-section, as shown in Figure 4, with eight load
steps (i.e., 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and 0.80 MPa) and four different typical
granular soils (Table 1). These load steps have been expressed in unit terms, i.e., they are
considered to be applied to a unit horizontal surface determined by 1 m along the direction
of the mat foundation and by 1 m in the direction of the tunnel axis. The value of the final
load (i.e., 0.80 MPa) is high, and it may exceed the permissible limit for granular soils in the
study case [38,39]. Nevertheless, since it is also intended to analyse the effect of the load
in settlement with and without tunnelling, it was necessary to reach this level of the load
intensity. The hypotheses framing the case study are as follows: (i) Steady flow in porous
media. (ii) For each analysis sub-variant, the hydraulic conductivity (k) of the granular soil
layers is uniform and identical in the x and y directions. (iii) The constitutive material of
the soil layers is cohesionless granular, with a non-limiting porosity index of the effective
stress. (iv) Settlement of any type happens over a short period, and thus, deformations are
elastic. (v) The tunnel, which is permeable around its whole perimeter, is at atmospheric
pressure inside and immediately evacuates any infiltrated flows, so it does not experience
hydrostatic pressure from inside. (vi) The granular soils rest on an impermeable rock layer.
(vii) The aquifer is instantaneously recharged from the lateral boundaries without any
limitation of flow discharge.
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Table 1. Parameter values for typical soils (according to Terzaghi) for the case study.

Soil Type

Parameter used in the model 1. Uniform
sand, loose

2. Uniform
sand, dense

3. Mixed-grained
sand, loose

4. Mixed-grained
sand, dense

Porosity, η (%) 45.9 33.8 40.1 30.1
Void ratio, e (unitless) 0.85 0.51 0.67 0.43
Water content, w (%) 32.0 19.0 25.0 16.0
Dry density, ρd (mg/m3) 1.43 1.75 1.59 1.86
Specific gravity, Gs (unitless) 2.65 2.65 2.66 2.66
Wet density, ρwet (mg/m3) 1.58 1.81 1.69 1.91
Saturated density, ρsat (mg/m3) 1.89 2.09 1.99 2.16
Young’s modulus, E (MPa) a 25 80 40 100
Poisson’s ratio, ν (unitless) 0.3 0.3 0.3 0.3
Bulk modulus, Ks (MPa) b 21 67 33 83
Permeability, k (m/s) c 10−2–10−5 10−2–10−5 10−2–10−5 10−2–10−5

a Table D.23 [39], b non-oedometric conditions, c Table D.28 [39].

Some of the assumptions, although harsh, can be relaxed provided that the procedure
was followed involving the three methodological states (Figure 1). The supposed soils
(Table 1) were four types of granular soils, with the parameters defined by Terzaghi for
each typical soil [54]. The E (Young’s modulus of soil) and ν (Poisson’s ratio), which are not
detailed for soil types in [54], correspond to mean values from Spanish technical regulations
on buildings [39], based on the Eurocode EC-7 [38]. The model for the case study allows
complete freedom of deformation in 2D, so it is not convenient to use laboratory parameters
obtained under constrained conditions.

It was necessary to adopt a soil deformation model for granular soils. In non-cohesive
granular soils without mixtures of silt or clay, within a certain interval there is linearity
of deformation due to initial stress, resulting in immediate and elastic deformation [56].
In constrained conditions, in elastoplastic models [27], it is possible to model the soil
behaviour using parameters from laboratory oedometer conditions. Nevertheless, due
to the scope of this work and to optimize the potential of the presented methodology
(Section 2.1), it was not implemented in oedometer nor constrained conditions. It allows
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assessing the decompressions in the tunnel invert and the stress in the horizontal axis
(Section 3.2). The constitutive relationship used was elastic type and not limited by effective
stress. With this type of constitutive model, the nonlinearity of settlement due to Terzaghi’s
principle can be demonstrated without interference.

The study case refers to a prototypical situation that includes some flexibility and
geological uncertainty. It is inspired by some types of soil, materials, and the rise of
the water table (at certain times of the year) present in some reaches of the M-30 orbital
motorway (Madrid). The assumed tunnel diameter of 15 m (Figure 4) corresponds to that
of the tunnel boring machine Dulcinea, which was one of the largest in the world. It was
used in tunnels of the above-mentioned M-30. The comparison of the results with models
in oedometric conditions is not satisfactory because, among other considerations, they do
not allow for evaluating the uplift of the tunnel. However, the ground’s subsidence has
been monitored [60]. The diameter of 15 m chosen for the tunnel (Figure 4) is appropriate to
evaluate Terzaghi’s principle with consideration of the effect on the differential settlement of
buildings, both in the area influenced by the tunnel and on the contour of the tunnel itself.

3. Results and Discussion
3.1. Effective Stress for the Three Methodological States

The model was applied to four types of granular soils, covered by the case study
(Table 1). Results for each of the nodes that compose the mesh were obtained for each type
of soil. Additionally, a total of eight steps were established for the ground load process.
Data from preeminent selected nodes are shown in Table 2. To illustrate the results related
to a singular value of effective stress, the two extreme values of the series of load steps
were selected: the first or initial step (q = 0.10 MPa) and the last or final step (q = 0.80 MPa).
Displayed results in Table 2 represent a selection of soil type 4 (i.e., mixed-grained sand,
dense: the most rigid from the four analysed soils) [54,56]. The locations of nodes used
to show the results of Table 2 correspond to the crown and invert of the tunnel, and to
the mat foundation’s extremes with the lowest elevation. These nodes themselves are
sufficient to illustrate the need for the three methodological states (Figure 3) of the applied
procedure (Figure 1).

Table 2. Effective stress (σ′yy ) and effective stress variation (∆σ′yy ) at preeminent tunnel and mat
foundation locations as a function of the load step (q) for soil type 4.

Location of Nodes Load Step, q (MPa) Effective Stress, σ’
yy (MPa) Effective Stress Variation, ∆σ’

yy (MPa)

State 1 State 2 State 3 States 1→2 States 2→3

Tunnel
Crown

0.10 0.25 −0.17 0.01 −0.41 0.17
0.80 0.42 −0.16 0.01 −0.57 0.17

Invert
0.10 0.38 −0.29 0.03 −0.67 0.32
0.80 0.61 −0.29 0.03 −0.91 0.32

Mat foundation

Extreme
left

0.10 0.17 0.16 0.18 −0.02 0.02
0.80 0.06 0.02 0.04 −0.04 0.02

Extreme
right

0.10 0.16 0.31 0.34 0.14 0.03
0.80 0.14 0.35 0.38 0.21 0.03

It can be observed that the results of effective stress significantly varied between the
three states for the nodes located in the crown and on the invert of the tunnel. These
also varied, although were more subdued, in the nodes located at the extremes of the mat
foundation. This is because the stress state of the ground before and after the tunnel varied
(Table 2, State 1→2), even when the tunnel was at 15.8 m from the nearest node of the mat
foundation, without infiltration occurring inside it. When the soil was excavated to open
the tunnel, passing from state 1 to state 2, the values of total stress in the ground were
altered, even without considering vibrations generated by the construction method [8], nor
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hypothetical dynamic loads due to vibrations in the operation stage [5,61]. Since effective
stress was equal to total stress minus pore-water pressure [31], effective stress was altered,
even though the pore-water pressure did not vary between states 1 and 2 due to no change
in the hydraulic head as there was no inflow within the tunnel [42]. Therefore, states
1 and 3 cannot be directly compared to estimate the settlement caused exclusively by the
variation of effective stress due to infiltration into the tunnel. Hence, state 2 is required as
an initial reference. In state 2, with respect to state 3, the effective stress values were not
distorted by tunnelling, since both states (2 and 3) already include the tunnel. Regarding
the elastic settlement of the soil due to tunnel construction, in this case without considering
the hydraulic processes, state 1 is necessary as it is the basic reference for the initial stress
state prior to tunnelling. Its necessity in the methodology is due to the sequential variation
in the total stress of the three states caused by the tunnel construction. Based on the above,
the need to establish three states (and not only two) to a proper estimation of the total
settlement due to tunnelling is considered justified and unavoidable. The developed code
integrates flow phenomena in a porous medium with the elastic problem, taking into
account the three methodological states.

3.2. Total Stress and Effective Stress in the Domain

To detect the soil sensitivity to loads transmitted by the foundation, the total stress, σyy,
was selected with two extreme load steps (q = 0.40 MPa and q = 0.80 MPa) and for two states
(without tunnel (state 1) and with tunnel and groundwater inflow (state 3)). In all the above
combinations, only soil type 4 (i.e., mixed-grained sand, dense) has been considered. Since
trends analogous to those described above, maintaining the proportions, were observed
for the other three soil types, these were not included in the comparison. The effect of the
foundation load on the stress state of the ground can be observed in Figure 5.

The effect of loads transmitted by the foundation was clearly observed, with and
without the tunnel. Before the tunnel, the loads expanded and gradually distributed as the
depth increased following a nonlinear law. The elastic isobaric model of the pressure bulb
would focus on the area near the mat foundation [56]. However, for the whole domain
established by the study case (Figure 2), it was necessary to evaluate a cross-sectional
area extending up to the impermeable rock layer, and the numerical model applied was
advantageous. In the FEM used, the nodes of the lower elements not only supported the
loads transmitted by the foundation through the nodes of the upper elements, but also
the self-weight of the ground and the water table. Therefore, the maximum stress without
the tunnel was reached for q = 0.80 MPa, with a value of around 1.4 MPa at a level of
−55 m, in contact with the lower impermeable rock layer. However, when the tunnel was
constructed, the maximum stress also occurred for q = 0.80 MPa, but in this case, it was
located on the left tunnel side with a value of around 2.15 MPa. This critical circumstance
must be considered in the tunnel support design.

Selecting a range of stress between 0 MPa and 0.18 MPa (Figure 6), a dangerous
decompression was detected in the invert and the tunnel crown. The areas affected by this
decompression around the tunnel occurred practically independently of the load value on
the mat foundation. Therefore, proper support measures must be taken to prevent tunnel
collapse [62,63]. This decompression in the invert and tunnel crown favours the collapse
of tunnels excavated in saturated sandy soils [64]. Analysing the invert of the tunnel,
especially for type 1 soils, the decompressions in the tunnel contour and the infiltration
flows suggest the possibility of a liquefaction of the sands. In the case of using segments in
the tunnel lining, the joints must be treated with a specific fibre-reinforced concrete [65,66],
suitable for the type of soil (particularly in mining tunnels) [67,68], or water-repellent
additives [40].

It was observed that in the less compact soils (Figure 7a,c), the decompressed zones
in the contour and adjacent areas of the crown and invert tunnel were somewhat larger.
The impact of this on tunnel collapse has already been discussed above. Moreover, if the
sandy soils were poorly compacted, to avoid collapse, the lining must be continuous [69].
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On the other hand, in the more compact soils (Figure 7b,d), the total stress in the left
and right sides of the tunnel was clearly higher. These effects may be due to differences
in the stiffness of the mineral skeleton (Esk) of each type of compared soil [70]. For soil
type 4 (i.e., mixed-grained sand, dense [54]), the stress in the left side of the tunnel reached
2.11 MPa, while in the right side it reached only 1.55 MPa.
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The tunnel construction generated a variation in the initial water level, and thus a
water drawdown was induced by the tunnel excavation [42]. It follows that there will be a
variation in the effective stress. This variation occurred in all four types of selected soils,
depending on the load step, as illustrated for the case of soil type 4, selecting four load
steps (0.10, 0.30, 0.60, 0.80 MPa) for the effective stress,σ′yy (Figure 8).
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It was observed that the load increment did not significantly affect decompression
of the crown and the tunnel invert. However, it did significantly affect the state of stress
in the left tunnel side, and to a lesser extent in its right side. The effective stress reached
a maximum of 2.11 MPa in the left side and 1.55 MPa in the right for a load step of
q = 0.80 MPa. When comparing the total stress for soil type 4 and a load step q = 0.80 MPa
(Figure 6d), and its corresponding effective stress value (i.e., for the same soil type and
load step) (Figure 7d), they did not exactly match, except at the tunnel contour and in
the unsaturated moisture zone. This is reasonable because: (i) At the tunnel contour after
stabilizing the groundwater inflow into the tunnel, the effective stress value (i.e., total
stress minus pore-water pressure) coincided with the total stress value since the pore-
water pressure was equal to the atmospheric pressure inside the tunnel according to the
hypothesis for state 3 (Section 2.4). (ii) The unsaturated moisture zone is outside the flow
problem, since minor suctions were neglected, and therefore the total pressure before and
after the groundwater inflow into the tunnel coincided.

Regarding the effective stress, σ′xx, except for the tunnel contour, its values differed
from the total stress. This is because the model does not work under oedometric conditions,
allowing for deformations in both the x and y directions within the restrictions of the 2D
plane strain deformation analysis [58]. However, as shown for soil type 4 and a load step
q = 0.80 MPa (Figure 9), the maximum stress values were of an order of magnitude lower
than the maximum σ′yy values. The maximum was obtained for state 3 with a value of
0.7 MPa. The influence of the tunnel was evident in the effective stress for the x-axis: all
three states entailed changes in its value. The most unfavourable situation for σ′xx occurred
with inflow into a drained tunnel (state 3). For σ′yy with a tunnel and without groundwater
inflow into the tunnel (state 2), the most unfavourable case is presented associated with
decompression of the tunnel crown and the invert (0.35 MPa). The maximum compressions
were observed for state 3 in the left tunnel side, with very high values, close to 2.15 MPa.
In conclusion, although oedometric conditions are suitable for certain cases [56], it is not
convenient to model the support system of a tunnel under oedometric conditions due to
the presence of non-negligible σ′xx values, as well as significant decompression values
in σ′yy, particularly in the crown and the invert. Similar trends to those described above,
maintaining the proportion, were observed for other load steps and soil types.
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Regarding the shear strength, τxy, values of the total stress and effective stress re-
mained constant. In state 1 (no tunnel), because there was no inflow into a tunnel, the
hydraulic head was stable and there was no fluid particles’ movement within the porous
media. Concerning the case with a tunnel and without groundwater inflow into the tunnel
(state 2), and that with inflow into the tunnel (state 3), the results were basically the same.
This is due to the consideration that the water flows into the tunnel with a very low veloc-
ity [59]. From the results of the shear strength, the following were selected to illustrate the
previous comments in Figure 10: no tunnel (state 1) and tunnelling (state 2 and 3) situations
were compared for soil type 4 and a load step q = 0.80 MPa.
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Shear strength only caused distortions [58], since the xy components (τxy) of the total
stress tensor before and after tunnelling were not affected by the pore-water pressure. It was
found that the most unfavourable situation with respect to shear strength occurred after
tunnelling at the nodes located on the tunnel contour in a direction of π/4 rad with respect
to a horizontal plane, taking the centre of the tunnel cross-section as a reference. This is
important for assessing the tunnel heading stability (Section 2.1). Shear stress must be
considered to evaluate the risk of collapse in granular soils, since for this type of soil, with
low or no effective cohesion, tunnel stability is governed by shear strength, and excavation
requires a shield [63].

From the previous results and from the results matrices, it was verified that the greatest
variation in the effective stress occurred in the contour of the tunnel (Figure 11), with a value
of around 0.32 MPa on the invert. The relationship of Terzaghi’s principle Equation (13),
apparently linear, considering the soil type and nodal analysis, was visualised in the FEM as
a nonlinear law. This nonlinearity was manifested in the foundation settlement (Section 3.3).
Linear models for settlement calculations are valid in numerous contexts [30], but this is
not the case for mat foundations with a tunnel in their vicinity.
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From the above, a question of interest arises: to establish an area of influence of
settlement predicted according the Terzaghi’s principle [54]. By setting 8 kPa (2.5% of the
total variation) as the minimum value of effective stress variation in y, a zone was obtained
that significantly extended around the tunnel (Figure 11). The area of influence extended
between eight and nine times the radius of the tunnel on each side. This zone exceeded
some of the usual distances considered safe [5,61,71]. The high extension is a consequence
of the flow established in a medium where permeability is not questioned. In turn, it is
not a symmetrical area, but this is due to the eccentric position of the mat foundation
with respect to the tunnel centre. It has a greater extension in the load zone of the mat
foundation. It is noteworthy that the extension of the area of influence is invariant to the
type of granular soil. This is true if a constant soil hydraulic conductivity and a steady
groundwater inflow into the tunnel are guaranteed.

3.3. Field of Displacement and Settlement

The displacement field generated by the tunnelling in non-oedometer conditions has
possible displacement in both x and y directions. The greatest displacement occurred for
soil type 1 due to its greater weakness in its mineral skeleton [56]. By operating with the
displacement of states 1 and 2 (taking > 0 as the settlement directed towards the underlying
rock layer and <0 as the settlement produced in the opposite direction), it was possible to
obtain the vertical settlement due to the tunnelling without considering the groundwater
inflow into the tunnel for the four soil types and the maximum load step q = 0.80 MPa
(Figure 12). This settlement has complete freedom of sign, which allowed us to evaluate
collapse due to decompression [72]. Tunnel uplift can be induced by a collapse of the
tunnel invert due to decompression. This decompression, as seen in Section 3.2, is favoured
by groundwater inflow into the tunnel. This type of collapse, the causes of which can be
diverse and favour movement and even uplift in lined tunnels [73], has led some countries,
such as Spain, to establish technical guidelines to avoid it [74].
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Figure 12. Cross-sectional distribution (selection of 100 m-wide by 55 m-deep) of the settlement (in m)
around the mat foundation and the tunnel (to state 2, i.e., without groundwater inflow). Comparison
according to soil type for q = 0.80 MPa. (a) Soil 1: uniform sand, loose, (b) soil 2: uniform sand, dense,
(c) soil 3: mixed-grained sand, loose, and (d) soil 4: mixed-grained sand, dense.

The soil effect is crucial in the settlement of a mat foundation [17], but also the tunnel’s
boundaries [5,18]. Loose soils (soil types 1 and 3, Figure 12a,c) present a larger settlement in
both vertical directions, including downward in the mat foundation and in the tunnel crown,
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and also upward in the invert. The mixed granulometries (soil types 3 and 4, Figure 12c,d)
present less settlement than the uniform sands for the same degree of compaction (soil
types 1 and 2, Figure 12a,b).

To obtain settlement caused by groundwater inflow into the tunnel, the following pro-
cedure was carried out. First, Terzaghi’s formulation was applied, considering variations in
effective stress [54]. In doing so, the analysis was not conducted under confined oedometer
conditions, but rather allowed for deformation in the x and y directions of the strain tensor.
Only changes in the elemental volume occurred because the variation in effective stress
only involves octahedral stress. There was no distortion due to Terzaghi’s principle, only
changes in volume. Second, in the 2D plane strain deformation analysis [58], each node
was evaluated to obtain the settlement, allowing freedom to reach positive or negative
vertical displacement. In this way, it is possible to detect that the effect of the Terzaghi’s
principle (due to groundwater inflow into a tunnel) on the tunnel invert is unfavourable
(in a similar way to the elastic settlement due to tunnel construction), which increases the
risk of collapse [69,72].

To illustrate this settlement due to groundwater inflow into the tunnel, the four
soil types were combined with the maximum load step q = 0.80 MPa (Figure 13). Since
settlement by the Terzaghi’s principle was lower than those in Figure 12 and considerably
varied depending on each soil type, isolines with different scales have been used for loose
or dense soils.
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Figure 13. Cross-sectional distribution (selection of 100 m-wide by 55 m-deep) of the settlement
(in m) around the mat foundation and the tunnel (Terzaghi’s principle). Comparison according
to soil type for q = 0.80 MPa. (a) Soil 1: uniform sand, loose, (b) soil 2: uniform sand, dense,
(c) soil 3: mixed-grained sand, loose, and (d) soil 4: mixed-grained sand, dense.

It was distinguished that there was an influence on the settlement due to ground-
water inflow into the tunnel on the mat foundation. Additionally, this influence was not
uniform throughout the mat foundation surface contact, nor was it linear with respect
to the load step. This is explained in detail in Section 3.4. Therefore, this influence will
generate a differential settlement, with dangerous consequences and limitations according
to regulations in the field of building foundations [38,39]. The loose soils (soil types 1 and 3,
Figure 13a,c) are more prone to settlement due to Terzaghi’s principle, as well as to elastic
settlement due to tunnelling, although there is no linearity (Section 3.3). It can be observed
that the effect of groundwater inflow into the tunnel was ostensible, even in the most com-
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pact soils (soil types 2 and 4, Figure 13b,d). The mixed granulometries (soil types 3 and 4,
Figure 13c,d), with the highest bulk modulus, also had lower settlement for the same
degree of compaction than the uniform granulometries of sands. Therefore, settlement
due to groundwater inflow into the tunnel cannot be neglected in any of the four types of
soil studied.

However, the most noteworthy aspect is that, as mentioned above for settlement due
to tunnelling, the oedometric conditions were not suitable for modelling and quantifying
settlement by Terzaghi’s principle. The effect of groundwater inflow into the tunnel,
according to this principle, increased the decompression in the tunnel crown and the invert.
If confinement conditions were imposed on a soil–structure interface, a contradiction would
arise, since in the zone of the tunnel invert, even by decreasing the effective stress in an
upward direction, the settlement would be downward, which is counterfactual. Therefore,
it is necessary to work under non-oedometric conditions to properly evaluate the effect
of groundwater inflow into a tunnel in order to determine tunnel settlement due to the
Terzaghi effect.

From the analysis of the minimum and maximum load steps of the case study
(i.e., 0.10 MPa and 0.80 MPa), the results of Table 3 are presented, taking the soil with
less settlement values (soil type 4).

Table 3. Maximum settlement caused by tunnelling (with and without groundwater inflow) for soil
type 4 (mixed-grained sand, dense) at prominent tunnel and mat foundation locations as a function
of the load step (q).

Location of
Nodes Load Step, q (MPa) Settlement without

Infiltrations, d0y (cm)
Settlement Due to Terzaghi’s

principle, d’
y (cm)

Settlement Total with
Infiltration, dTy (cm)

State 2 State 3 State 3

Tunnel
Crown

0.10 7.01 0.94 7.95
0.80 10.90 1.46 12.36

Invert
0.10 −6.19 −0.83 −7.02
0.80 −8.20 −1.10 −9.30

Mat foundation
Extreme left

0.10 0.32 ≈ 0 0.32
0.80 0.43 0.01 0.44

Extreme right 0.10 4.28 0.14 4.42
0.80 7.82 0.26 8.08

Regarding the mat foundation, a differential settlement without infiltrations: δd0y = 3.96 cm
of q = 0.10 MPa, and δd0y = 7.39 cm of q = 0.80 MPa, was deduced, as well as a differen-
tial settlement with infiltrations: δdy = 4.10 cm of q = 0.10 MPa, and δdy = 7.63 cm of
q = 0.80 MPa. This settlement increased in soil types 1, 2, and 3. Therefore, it can be veri-
fied that even for soils with a less open-structured mineral skeleton and for the smallest
load step considered, the settlement due to groundwater inflow into the tunnel was not
negligible. This settlement due to groundwater inflow into a tunnel constituted around
11–35% of the total settlement for the tunnel crown and the invert, depending on the degree
of compaction, the load, and the type of soil. For type 2 and 4 soils, the settlement due to
the Terzaghi principle for the maximum load reached up to 12% of the total settlement.
For type 1 and 3 soils, the settlement due to the Terzaghi principle for the maximum load
reached 35% of the total settlement, which is critical. In the mat foundation, the settlement
was between 4% and 12% of the total settlement, depending on the degree of compaction,
the load, and the type of soil. Settlement due to the Terzaghi principle, with 12% of the total,
occurred in type 1 soil, with the most uniform grain size distribution and the lowest degree
of compaction of the four soils compared here. If we consider the differential settlement
of the mat foundation, the additional settlement caused by groundwater inflow into the
tunnel generated increases above 12%. The values of the settlement considerably increased
as the soils became more open-structured and with grain size distribution without gravels.
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Therefore, settlement and differential settlement due to groundwater inflow into a tunnel
must be considered in the case under study.

3.4. Sensitivity Analisys of the Mat Foundation Settlement

Table 4 shows the sensitivity analysis results of the effect of the eight load steps in the
nodes’ settlements belonging to the mat foundation. Table 4 includes the settlement due to
Terzaghi’s principle in relevant nodes for the four types of soil and for a selection of the
eight load steps.

Table 4. Sensitivity analysis of settlement due to Terzaghi’s principle with respect to load steps.

Location of Node Load Step, q (MPa) Settlement Due to Terzaghi’s Principle, d’
y (cm)

Soil Type 1 Soil Type 2 Soil Type 3 Soil Type 4

Tunnel

Crown

0.10 12.76 1.40 5.29 0.94

0.40 16.33 1.75 6.69 1.16

0.80 21.10 2.22 8.55 1.46

Invert

0.10 −11.13 −1.24 −4.64 −0.83

0.40 −12.98 −1.42 −5.36 −0.94

0.80 −15.44 −1.66 −6.32 −1.10

Mat foundation

Left end

0.10 0.10 ≈0 0.04 ≈0

0.40 0.11 ≈0 0.05 ≈0

0.80 0.14 0.01 0.06 0.01

Right end

0.10 1.94 0.21 0.80 0.14

0.40 2.75 0.29 1.12 0.19

0.80 3.82 0.40 1.54 0.26

The non-oedometric linear elastic soil constitutive model predicted that the settlement
due to Terzaghi’s principle would adopt a nonlinear elastic behaviour with hardening. To
illustrate this, Figure 14 represents the settlement according to Terzaghi’s principle and the
total values for each load step and for soil type 4 (the most rigid).

From Table 4 and Figure 14, the existence of a foundation’s settlement can be seen.
The model follows a nonlinear law with respect to the x coordinate of each node of the mat
foundation, whether it concerns partial or total settlement. Furthermore, it can be observed
that there was a proportional relationship between the elastic settlement of the ground
and the settlement resulting from groundwater inflow into a tunnel (i.e., in accordance
with Terzaghi’s principle), which remained consistent over the entire load step range.
However, there was no linearity between the load and the settlement, although it was
evident, as expected, that higher loads resulted in greater settlements. For example, for
soil type 4, the load step/settlement ratio varied from 30.6 MPa/m for q = 0.10 MPa to
22.50 MPa/m for q = 0.80 MPa. A phenomenon of soil hardening appeared, which showed
that a doubling of loads does not imply a doubling of settlement, with the value in that
case being lower. However, settlement caused by tunnelling in the tunnel’s own perimeter
requires a corresponding support system [61–63]. A tunnel’s collapse would establish
mechanisms of soil failure that would configure a new case study.
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4. Conclusions

In correspondence with the objectives and results, it is concluded that: (i) For a proper
settlement estimation due to Terzaghi’s principle, a minimum of three methodological
states needs to be applied to the model. Therefore, the initial state 1, before tunnelling,
state 2, subsequent to the tunnelling without groundwater inflow into the tunnel, and state
3, after tunnelling and with stabilised groundwater inflow into the tunnel, were applied.
(ii) It is not recommended to model under oedometer conditions in order to properly detect
the possible collapse due to the uplift of the tunnel invert, which was favoured by the
decompression and enhanced by groundwater inflow into the tunnel. Moreover, under
non-oedometric conditions and allowing for deformations in both the x and y directions,
a thorough assessment of settlement in the tunnel crown and the invert can be achieved.
(iii) After applying the model combining four types of coarse-grained soil with eight load
steps, it was determined that the loads had a nonlinear effect on the value of partial, total,
and differential settlements. It was estimated that the settlement due to Terzaghi’s principle
was bounded by 11–35% of the total settlement predicted in the tunnel perimeter. It is
recommended for geotechnical designers to take into consideration the serious problem
of tunnel uplift in loose granular soils with a water table above the tunnel head. The
settlement due to Terzaghi’s principle represented up to 12% of the mat foundations’ total
settlement. Engineering and architectural practitioners should not ignore settlement due
to Terzaghi’s principle, even in compact terrain. (iv) The total stress in the x direction,
even if of a lower magnitude than the stresses in the y direction, is not negligible. Thus,
for the purpose of the strength calculation of the tunnel support systems, it is also not
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feasible to model the behaviour of the soil under oedometer conditions. (v) The influence
area of the settlement due to the variation in pore-water pressure can extend up to nine
times the tunnel radius on both sides of its centre, thus exceeding some of the established
safety distances.
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