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Effect of the construction of a shallow tunnel on surficial foundations in soft soil
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ABSTRACT: Tunnel construction in urban areas requires assessing the effects that the construction process generates on shallow
foundations. In soft soils, high compressibility and low stiffness increase susceptibility to surface deformations. This study analyzes,
under undrained conditions, the displacements induced by the excavation of a semi-deep tunnel using an Earth Pressure Balance Tunnel
Boring Machine (EPB-TBM)), considering three foundation types: compensated (C), partially compensated (PC), and overcompensated
(SC), which represent different vertical load and depth combinations. The methodology combines an analytical and a three-dimensional
numerical approach. The first applies the solution of Loganathan and Poulos (1998) to obtain a transverse profile of maximum surface
displacements, based on the ground loss parameter, g, calculated using geometric parameters and operational conditions of the tunnel
construction process. The second, developed in Plaxis 3D V23.3, models 14 geotechnical units using the Soft Soil constitutive model.
Excavation advances of 1.5 m and face pressures of 100, 200, 300 and 400 kPa were simulated, without grout injection, for a
conservative scenario. The results show that the numerical model exhibits minimal settlement with a face pressure close to 200 kPa,
which later increases due to localized plasticization, while the analytical approach predicts a continuous decrease. Without
instrumentation data for validation, the comparison focuses on identifying trends and behavioral patterns, useful for design criteria and
the development of codes and standards for tunnels in soft soils.
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1 INTRODUCTION trends and magnitudes obtained in order to identify behavioral
patterns and methodological differences. These observations
are intended to provide useful guidelines for the development
of codes, manuals, and design standards that consider the
specific conditions of tunnels in soft soils and their interaction
with shallow foundations.

Tunnel construction in densely built urban environments
requires a detailed assessment of the effects that the
construction process may have on existing structures,
particularly their foundations. In soft soils, characterized by
high compressibility, low stiffness, and often saturated
conditions, these effects can be amplified, causing differential

settlements and stress redistribution that may compromise 2 ANALYTICAL METHOD

structural performance. Existing analytical and empirical solutions for determining

This study focuses on analyzing the short-term effects of maximum  displacement values and defining vertical
excavating a semi-deep tunnel using an Earth Pressure Balance displacement profiles are based on ground loss. Lee (1992)
Tunnel Boring Machine (EPB-TBM), under undrained defines this loss as the parameter g, obtained from three factors
conditions. The objective is to assess the deformations induced resulting from the construction process:
in the ground and their transmission to shallow foundations of
different configurations, without considering primary or g=Uptw+Gy 1)
secondary consolidation phenomena, and thus limited to the Where: Usp, is the elastoplastic deformation at the ground
immediate behavior associated with the excavation stages. face, in m; w, is the overcut and the quality of the tunnel boring

Three types of foundations are analyzed: compensated (C), machine operation, in m; and G, is the physical void created
partially compensated (PC), and overcompensated (SC), which by the thickness of the TBM tail (4) and the space between the
represent different combinations of applied load and foundation segments and the TBM (&), in m.
depth. These differences imply variations in the initial stress Elastoplastic deformation, Usp, is one of the aspects
state of the soil, which ideally should be reflected in parameters susceptible to the pressure applied at the face, since the net
such as the preconsolidation pressure; however, in this study, pressure obtained will define the magnitude of this parameter.
the types were modeled based on differences in the vertical load The overcut and operation quality, w, is an estimated aspect,
applied at the depth foundation. The methodology combines an because although the dimensions of the tunnel boring machine
analytical approach with a three-dimensional numerical are fixed, its operational control may not be, which could cause
approach. this parameter to be underestimated.

In the analytical method, the expressions of Loganathan Finally, the physical void, G,, is a fixed value whose
and Poulos (1998) were used to estimate vertical displacements determination does not pose complexity; however, this void
in the cross-section, using ground loss (g) as a control could be reduced by considering the application of grout. In this
parameter, calculated from the geometric components of the example, for a conservative approach, this mitigation measure
excavation, overcut, execution quality, and the geometry of the to reduce the construction void produced by the excavation will
tunnel boring machine. be omitted.

In the numerical method, developed in Plaxis 3D V23.3, Using parameter g, Loganathan and Poulos (1998)
the sequential excavation of the tunnel and the response of a developed an expression that allows the calculation of vertical
three-dimensional domain composed of 14 geotechnical units movements at any depth in the ground, primarily based on the
with Soft Soil behavior were modeled, with a water table at 3 geometric aspects of the tunnel.

m depth, tunnel axis at 15 m depth, external radius of 2.1 m,
and face pressures of 100, 200, 300, and 400 kPa, simulating
the extrusion of material in the TBM—EPB chamber.

No instrumentation data are available for validation;
therefore, this work does not aim to mutually validate the
analytical and numerical methods, but rather to compare the
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Where: Rg,., is the external radius of the cutter head, in
meters; z, is the depth of interest in the cross-sectional profile,
in meters; H, is the depth to the tunnel axis, in meters; x, is the
horizontal distance to the tunnel axis, in meters; and v,, is the
Poisson’s ratio, dimensionless.

The expression can be simplified if one wishes to calculate
vertical movement at z = 0, that is, at the surface.
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It should be noted that the objective of this method was not
to achieve exact agreement with the numerical results, but to
establish trends and orders of magnitude that allow the
identification of methodological differences and potential
implications for the design and risk assessment in tunnel—
foundation interaction.
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3 NUMERICAL METHOD

The numerical analyses were carried out using a three-
dimensional finite element model developed in Plaxis 3D
V23.3. The domain measured 80 m in the longitudinal direction
(X), 73.5 m in the transverse direction (Y), and 34.5 m in depth
(Z), with edges set sufficiently far from the area of interest to
avoid interference from boundary conditions. The mesh was
progressively refined until a number of elements and nodes was
reached that ensured the stability of the results, totaling 629,118
elements and 999,122 nodes (Figure 1).
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Figure 1. Finite element mesh.

The underground layers were modeled using fourteen
geotechnical units with properties representative of soft and
compressible soils. Each unit was assigned the Soft Soil
constitutive model, suitable for simulating undrained behavior
and plasticity in highly compressible cohesive soils. The water
table was set at a depth of 3 m. The properties considered
included unit weight, undrained cohesion, friction angle, elastic
modulus, initial void ratio, and compressibility and
recompressibility coefficients.

The construction process was modeled by considering a 9
m-long tunnel boring machine, idealized with a conical surface
to represent the progressive closure of the tunnel on the ground,
and a circular surface to provide stability at the face and allow
the extrusion of material into the TBM.

This was represented in the numerical model using
cylindrical surfaces 1.5 m in length and a circular surface with
openings, both with a radius of 2.1 m.
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The surfaces of the tunnel boring machine body were
assigned a prescribed displacement, whose value depended on
the position of the TBM. That is, the surface corresponding to
the first section of the TBM had a displacement of 0.025 m,
while in the subsequent sections this value was increased by
0.025 m until reaching the target value of 0.125 m.

The face of the tunnel boring machine was represented by
a circular surface with pressure increasing with depth to balance
the ground thrust, and areas with reduced pressure on the grilles
(100 kPa) to represent the controlled entry of material into the
TBM. The pressures applied to stabilize the soil thrust were
100, 200, 300, and 400 kPa (Figure 2).

Figure 2. Characteristics of the numerical model.

Grouting was not modeled in order to analyze a
conservative scenario regarding settlements and to maintain
consistency with the considerations made using the analytical
method.

The model aimed to evaluate the vertical and horizontal
displacements generated during the excavation advance,
considering only the immediate effects of the construction
process. Long-term phenomena and validation with
instrumentation data were not included; therefore, the
comparison with the analytical method was made in terms of
general trends and behaviors.

4 CASE STUDY

4.1  Site description

At the site, information from three boreholes was available: one
SPT and two CPTu (Figure 3). Samples were recovered from
these boreholes and analyzed in the laboratory to obtain index
properties, unconfined compressions, triaxial tests, and one-
dimensional consolidation tests.
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Figure 3. Existing boreholes (II-UNAM, 2021).

The CPTu tests included pore pressure measurements,
which indicated that the site exhibited hydrostatic behavior
down to a depth of approximately 45 m; below this depth, some
reductions in pore pressures were observed (Figure 4).
Therefore, hydrostatic behavior will be assumed, with the water
table set at 3 m depth.
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Figure 4. Site pore presure récords (II-UNAM, 2021).
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Using the information from the boreholes and site samples,
a geotechnical model was generated, from which the properties
of 14 geotechnical units were defined, as well as hydrostatic
conditions for the semi-deep tunnel.

The parameters used for the analytical method were: unit
weight, y, 13.71 kN/m?; undrained cohesion, C,, 84.88 kPa;
elastic modulus, E, 6879.71 kPa; and Poisson’s ratio, v,,, 0.49.
These values represent a homogeneous set of soil properties,
intended to generate settlement profiles that serve as a reference
for comparison with the numerical model.

Table 1 shows the properties used to represent the site
stratigraphy in the numerical model. The properties correspond
to the parameters of the Soft Soil model, which provides a better
response in terms of deformation behavior and plasticity at the
site in a short term.

Table 1. Geotechnical properties of the numerical model.
Layer ng% ykN/m* ¢, C; Cs
uGol  0.00 1.80 18.6 04 029 0.03
UuG02  1.80 3.60 159 1.0 0.78 0.08
UG03  3.60 5.70 13.7 23 172 0.17
uGo4 570 7.20 18.2 0.5 035 0.03
uGo5s  7.20 8.40 12.7 34 252 0.03
UG06 840  10.60 11.3 80 6.06 061
UG07 10.60 14.20 12.4 40 3.07 031
UG08 1420 17.80 11.3 8.0 6.01 0.60
UG09 17.80  20.10 12.3 42 3.07 031
UGI10 20.10 21.50 11.3 8.1 6.03 0.60
UGI1  21.50 23.00 17.2 0.7 049 0.05
UGI12 23.00 27.50 13.9 21 245 025
UGI13  27.50 31.50 13.4 26 204 0.50
UG14 31.50 34.50 14.5 1.7 133 0.13

4.2 Tunel description

The structure to be analyzed corresponds to a semi-deep tunnel,
with its axis located at a depth of 15 m. The radius of the
primary lining is 1.975 m; however, construction will be carried
out using an EPB-TBM with an external cutter head radius of
2.1 m.
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The overcut considered was 0.075 m, the shield thickness
0.025 m, and the gap between the lining and the machine
0.025m. The tunnel boring machine advance is planned to cover
72 of the 73.5 m of the model extent in the Y direction.

The tunnel crown is located at a depth of 12.9 m, while the
invert is at 17.1 m. At these depths, the total vertical stresses
were 187 kPa and 236 kPa, with an average value of 211.5 kPa.
For this reason, a value of 200 kPa was chosen as the
approximate equilibrium pressure to stabilize the excavation
face.

4.3 Considerations for the foundation.

The foundation was considered as a square-based box, 10 m on
each side, founded at a depth of 3.3 m, whose effect on the soil
would be transmitted as a variation in vertical stress with a
magnitude of 10 kPa.

The estimation of the effects on the foundations was
considered in a simplified manner by first obtaining a
settlement or heave profile in the ground and then
superimposing the tunnel effect.

The foundations could have been subjected to more
stringent criteria to evaluate their behavior based on stiffness or
to consider the effect of soil preconsolidation due to unloading;
however, these aspects were not within the scope of this work
and remain for future research.

4.4 Results

Using the available information for the analytical methodology,
the ground loss parameter, g, was calculated for each case of
applied face pressure. The values are shown in Table 2.

Table 2.  Calculation of g.

0 kPa Usp [m] @ [m] Gp [m] g [m]
100 0.0155 0.1716 0.0750 0.2621
200 -0.0016 0.1569 0.0750 0.2303
300 -0.0187 0.1521 0.0750 0.2084
400 -0.0358 0.1507 0.0750 0.1899

Regarding the numerical method, the target prescribed
displacement applied by the tunnel boring machine on the
surfaces was 0.125 m, due to the physical void generated and
the overcut. Issues related to workmanship or an elastoplastic
deformation value at the face were not considered; therefore,
the g parameter would be 0.225 m.

Using the expression from Loganathan (1998), it was
possible to determine the maximum surface settlement for each
of the analysis cases. In the numerical model, a settlement curve
could be obtained at each stage of the tunnel advance, as shown
in Figure 5.

The obtained curves show that the settlement values
produced in the ground were variable. It is only in the curves
corresponding to 45 m and 54 m that a maximum value is
observed, with little variation in subsequent stages. The values
near the 0 m position do not reach the maximum due to
boundary conditions that limited movement.
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Figure 5. Longitudinal profiles obtained for different tunnel boring machine advance positions using the numerical method.

The maximum settlements for the numerical model were
taken from the curve corresponding to a 72 m advance, at the
36 m position. The values obtained for the analytical and
numerical models are presented in Table 3. The International
Tunnelling Association (2007) establishes serviceability limits
for total and differential settlements that must be less than 20
mm; therefore, the results obtained would exceed these
standards, making evident the need to mitigate TBM over-
excavation with grouting around the lining to fill voids.

Table 3. Maximun displacements obtained.
Method Analytical Numerical
o, kPa g, [m] u, [m] gw [m] u, [m]
100 0.2671 -0.0772 0.2250 -0.0795
200 0.2303 -0.0676 0.2250 -0.0776
300 0.2084 -0.0610 0.2250 -0.0785
400 0.1899 -0.0555 0.2250 -0.0889

The maximum values obtained showed that the
magnitudes calculated with the analytical method and the
numerical model differ by up to 0.03 m. The analytical methods
showed a clear trend of settlement reduction with increasing
face pressure, whereas in the numerical model, a decrease was
observed up to 200 kPa, and beyond this value, an increase
occurred, associated with soil plasticization in localized areas
around the tunnel boring machine and in the grating areas of the
excavation chamber.

The numerical results obtained are consistent with the
settlement curves of models that were calibrated using field
data, in which variations of the face pressure were also
analyzed, by authors such as Kim, K. (2018) and Yun, J. (2025).

Figure 9 and Figure 10 show the longitudinal and
transverse profiles obtained for the two calculation methods,
considering a face pressure of 200 kPa. In the longitudinal
profiles, it can be observed that the soil deformation due to the
change in stresses remains almost constant, with magnitude
variations between methods, while maintaining the original
trend produced by the foundation.

In the transverse profiles, it can be seen that the settlements
induced by the soil on the foundations are no longer uniform,
as in the Y direction, causing the surface configuration to
change. The profiles from the analytical method are more
pronounced than those obtained numerically.

Figure 11 presents a comparison of the transverse profiles
corresponding to the different face pressure cases using both
methods. Visually, a trend of settlement reduction with
increasing pressure is observed; on the other hand, in the
numerical results, the pattern shows an increase.

The variations in the transverse profiles are mainly
associated with the nonlinear response captured by the

6222

numerical model, compared to the elastic behavior assumed in
the analytical solutions.

The numerical simulations showed that pressure increases
above the equilibrium value led to an expansion of the plastic
zones and, consequently, greater settlements (Figure 6).

Figure 6. Plastic points obtained for a 36 m and a g, de 400 kPa.

In the excavation chamber, the distribution of horizontal
displacements showed a clear differential between the grating
areas and the rest of the face, confirming the controlled
extrusion of material into the machine (Figure 7).
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Figure 7. u, displacementsfor a 36 m advance and a g, of 400 kPa.

The stress distribution (Figure 8) indicated that the effect
on the ground is predominantly local with a low probability of
a blow-out occurring under the analyzed conditions.
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Figure 8. Total horizontal stresses gy, for a 36 m advance and a g,

of 400 kPa.
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Figure 9. Comparison of longitudinal settlement profiles for the foundation types obtained using the numerical (N) and analytical (A) methods.
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Figure 10. Comparison of transversal settlement profiles for the foundation types obtained using the numerical (N) and analytical (A) methods.
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Figure 11. Comparison of transverse profiles with variable pressures obtained using the numerical (N) and analytical (A) methods. (1) General view of
the settlement profiles. (2) Detail of the maximum settlements obtained.
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One of the advantages of the numerical model was the
ability to visualize the three-dimensional effect of the
excavation on the ground surface. The deformed surface
(Figure 12), scaled for visualization purposes, allowed the
identification of areas of greatest impact and the smooth
transitions between regions influenced and not influenced by
the excavation.

Among the possible effects caused by these deformation
surfaces is the generation of angular distortions in the
foundations; however, an analysis of the stiffness of these
elements is required to assess their response to the passage of
the tunnel boring machine.

Since no instrumentation data are available for validation,
the analytical and numerical results should not be assessed in
terms of which method provides greater accuracy. Instead, their
comparison allows for the identification of similarities and
differences in the response of the ground and foundations under
different face pressure conditions, as well as an understanding
of the inherent limitations of each approach. This interpretation
is aimed at recognizing general behavior patterns and
associated effects that may be relevant for design practice and
construction planning in tunnels excavated in soft soils.

L.

Figure 12. Ground surface deformed, scaled 100 times, corresponding
to a 36 m advance and a g, of 400 kPa.

5 CONCLUSIONS

The analysis confirms that the displacements generated by the
advance of a tunnel excavated with a TBM—EPB in soft soils
strongly depend on ground loss, making the accurate definition
of this parameter essential for any prediction approach.
However, factors such as the quality of the tunnel boring
machine operation, which directly influence overcut and
material extrusion into the machine, cannot be precisely defined
in either analytical or numerical models, constituting an
unavoidable source of uncertainty.

In the comparison of maximum settlements, the numerical
model produced values ranging from approximately 0.03 to
0.60 times those obtained with the Loganathan and Poulos
(1998) solution. The analytical solutions showed a continuous
decrease in settlements with increasing face pressure, whereas
the numerical model identified a minimum near the equilibrium
pressure (200 kPa) and a subsequent increase associated with
localized soil plasticization. This nonlinear behavior highlights
the need to consider localized failure mechanisms when
defining operational ranges for the TBM.

Compensated, overcompensated, and partially
compensated foundations are susceptible to tunneling effects.
The angular distortions resulting from these differential
settlements could compromise structural performance in the
field.

The use of grilles in the modeling allowed for a partial
representation of the controlled entry of material into the
chamber, but it did not fully capture the extrusion phenomenon.
Likewise, the distribution of stresses and horizontal
displacements indicated that, under the analyzed conditions, the
occurrence of a blow-out is unlikely.

The longitudinal and transverse profiles obtained for the
foundation cases provide evidence of the different deformation
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behaviors they are subjected to during tunnel passage.
Therefore, it is highly necessary to carry out additional analyses
that consider foundation stiffness, irregular shapes, non-
uniform load distributions, and soil preconsolidation effects.
In the absence of instrumentation data, the results should
not be interpreted in terms of relative accuracy between
methods, but rather as a comparison of trends and behavior

patterns.
Tunnel design must consider an optimal range of face
pressures that avoids, as much as possible, surface

displacements. Using pressures outside this range will induce
settlements in surface structures through longitudinal and
transverse deformation mechanisms generated by the
construction process.

The numerical and analytical results indicate that,
regardless of the face pressure applied, surface settlements were
recorded. Factors such as over-excavation and the amount of
material extruded toward the interior have a significant
influence; therefore, the use of grout is necessary to mitigate
their effect.

These findings can contribute to the development of
operational and design criteria in codes, manuals, and standards
for underground works in soft soils, incorporating face pressure
limits and considerations of tunnel-foundation interaction.
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