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ABSTRACT: Tunnel construction in highly compressible soils, such as porous clays, may induce large ground 

deformations, potentially damaging buildings and existing infrastructure. Typically, these soils exhibit 

significant volumetric contraction, leading to a complex distribution of displacements around the tunnel. 

Notable examples of tunnels in porous clays are the Metro tunnels in Brasilia and the Paraíso tunnel in São 

Paulo. Given the complexity of the problem, the use of numerical modeling with sophisticated constitutive 

models becomes imperative. The Hardening Soil Model, a well-known constitutive model for soils, accurately 

reproduces the behavior of various soil types. Its parameters can be easily derived from laboratory tests or 

estimated from in-situ testing. For this reason, this constitutive model is widely used in Geotechnical 

Engineering practice. In this paper, the Paraiso tunnel is analyzed using a 2D plane strain Finite Element 

Method (FEM) model using the tunnel volume loss control technique. The Hardening Soil Model was 

calibrated using compression and extension triaxial tests on undisturbed samples of the residual porous clays 

of São Paulo. A good match was found between the numerical model results and field data when the tunnel 

volume loss equals 1.25%. Then, a sensitivity analysis was conducted to assess the influence of the 1D-

compression stiffness, Eoed, on the ground deformations observed. The Eoed parameter is related to the isotropic 

compression stiffness. The results demonstrate that larger displacements at the ground surface, compared to 

those at depth, occur when the 1D-compression stiffness (Eoed) is significantly smaller than the secant stiffness 

at 50% of failure, E50. This is a consequence of the pronounced increase in volumetric contractive strains near 

the ground surface above the tunnel as Eoed decreases. Observing larger settlements at the surface than at depth 

is an unusual behavior commonly seen in tunnels excavated in porous clays. Thus, the results presented in this 

paper suggest that the Hardening Soil Model can represent this unusual behavior by selecting an Eoed that is 

sufficiently smaller than E50. 

 

KEYWORDS: Shallow tunnel, Hardening Soil Model, Numerical modeling, FEM, Compressible soils, 

Collapsible Soils, Porous clay. 

 

1 INTRODUCTION 

 

 Tunneling in compressible soils can lead to substantial surface displacements that can damage the 

nearby infrastructure. These soils undergo significant contractile volumetric deformations, resulting in a 

complex distribution of displacements around the tunnel. High void ratios and unsaturated conditions often 

characterize the porous clays. Notable examples of tunneling in such conditions include the Metro tunnels in 

Brasilia (Ortigão et al., 1996; Marques, 2006) and the Paraíso tunnel in São Paulo (Parreira, 1991; Azevedo et 

al, 2002; Almeida e Souza et al., 2011; Vitali et al., 2022a). In these tunnels, the settlements at the surface 

were often greater than those at depth, which is an unusual behavior. 

 The complex behavior of these soils presents challenges in predicting their response. Marques (2006) 

and Almeida e Souza et al. (2011) modeled the Brasília and Paraíso tunnels, respectively, using the finite 
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element method. They employed the Lade’s constitutive model (Lade, 1977) to capture soil behavior, which 

requires 16 input parameters and as well as a rigorous parameter calibration process. In contrast, Vitali et al. 

(2022) achieved excellent agreement between the 3D FEM modeling and tunnel instrumentation data for the 

Paraíso tunnel using the well-known Hardening Soil Model (Schanz et al., 1999). The Hardening Soil Model 

combines simplicity with efficiency, incorporating features from other constitutive models. It adopts the 

hyperbolic stress-strain relationship for drained triaxial tests as proposed by Duncan and Chang (1970) and 

integrates the hardening mechanism due to increased confining stress observed in oedometer tests, originally 

formulated by the Cam-Clay model (Schofield and Wroth, 1968). Additionally, unloading is assumed to be 

linear-elastic, with stiffness varying as an exponential function of the minor principal stress. The failure 

criterion it uses is the Mohr-Coulomb envelope. 

 In this study, a 2D plane-strain FEM model was developed to analyze the Paraíso tunnel, employing the 

Volume Loss Control technique (Addenbrooke et al., 1999). The Hardening Soil Model parameters calibrated 

by Vitali et al. (2022a) were adopted. A good match between numerical results and field data was achieved for 

a tunnel volume loss of 1.25%. Subsequently, a sensitivity analysis was performed, varying the 1D 

compression stiffness, Eoed, which is related to the isotropic compressive behavior of the soil. The objective of 

the parametric analysis was to assess the ability of the Hardening Soil Model to replicate the unusual behavior 

of shallow tunnels excavated in porous clays. 

 

2 SOIL BEHAVIOR AND FEM MODELING 

 
 The Paraíso Tunnel, situated in São Paulo, was completed in 1991 and is detailed in Parreira (1991). 

This tunnel was excavated in the well-known red residual porous clay of São Paulo (Massad et al., 1992). 

Parreira (1991) conducted an extensive series of laboratory tests on this soil using undisturbed samples 

extracted at depths of 3.5 and 6.5 meters. These tests were selected by Vitali et al. (2022a) to calibrate the 

hardening soil model. 

 Table 1 illustrates the parameters of the Hardening Soil Model calibrated by Vitali et al. (2022a) 

alongside the Eoed values utilized in the sensitivity analysis. The 1D compression stiffness (or oedometer 

stiffness) correlates with the plastic deformations induced by increased soil confinement. Typically, the 1D 

compression stiffness approximates the secant stiffness in drained triaxial tests. Notably, to capture the 

compressible behavior of the red residual porous clay, Vitali et al. (2022a) adopted a relationship Eoed=E50/3. 

 Figure 1 presents the results of triaxial compression tests conducted by Parreira (1991) under confining 

stress of 50 kPa. Just one confinement stress is sufficient to illustrate the response of Eoed in soil behavior. 

Figure 1 plots the deviatoric stress (q) and volumetric strain (εvol) against axial strain (εax). The numerical 

results for different Eoed are depicted. The base case (Eoed=E50/3) closely aligns with the experimental data, 

which was calibrated by Vitali et al. (2022a). When considering Eoed=E50, the contractile volumetric variations 

decrease significantly, albeit without a substantial stiffness gain. In the case of Eoed=E50/12, the contractile 

volumetric variations become pronounced, and the soil exhibits a significant loss of stiffness, indicating a 

substantially more compressible behavior. 

 Figure 2 shows the 2D plane strain finite element mesh with second order elements (quadratic shape 

function) adopted to represent the Paraíso tunnel. Boundary conditions and mesh refinement followed the 

recommendations from Vitali et al. (2018a, 2021a) and Vitali et al., 2024. These recommendations have been 

validated by matching exact analytical solutions (Vitali et al., 2018b; 2019a; 2019b; 2019d; 2020a; 2020b; 

2020c; 2021b; 2022b) and by replicating the observed behavior of underground excavations (Vitali et al., 

2019c; 2022a). At approximately the springline of the tunnel, a division occurs between the porous clay layer 

and the stiff clay layer. The stiff clay was modeled using a perfect elastoplastic model, with elastic parameters 

defined as 120 MPa for the Young Modulus and 0.17 for Poisson's ratio, following the Mohr-Coulomb failure 

criterion (c=66 kPa and φ=25º). Those are the same parameters adopted in previous studies (Almeida e Souza 

et al., 2011). 

 The modeling process was conducted in two steps. Initially, the stress state was generated according to 

the K0 condition, with a natural specific weight of 15 kN/m3 and K0=0.5 for the porous clay, and a natural 

specific weight of 18 kN/m3 and K0=0.84 for the stiff clay. Displacements from this step were disregarded. 

Subsequently, stress relief was implemented. Nodal forces replaced the finite element mesh representing the 

excavated volume to achieve equilibrium. These forces were gradually reduced until a specified tunnel volume 
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loss was attained. The tunnel volume loss is expressed as a percentage, calculated by the ratio of the volume 

loss due to tunnel displacements and the initially excavated volume. This procedure is described by 

Addenbroke et al. (1999) and adopted by Vitali et al. (-) and Vitali (-) to successfully replicate centrifuge 

tunnel tests.  

 

Table1. Hardening Soil Model Parameters. 

Parameter Definition Value 

E50,ref (kPa) Secant stiffness in standard drained triaxial test 6000 

Eoed,ref (kPa) Tangent stiffness for primary oedometer loading 

500 (= E50,ref /12) 

2000 for base case 

6000 (= E50,ref ) 

Eur,ref (kPa) Unloading / reloading stiffness 12000 

Rf Failure ratio 0.9 

pref (kPa) Reference stress for stiffness 50 

m Power for stress-level dependency of stiffness 1 

φ (°) Angle of internal friction 30 

K0,NC K0-value for normal consolidation 0.5 

Ψ (°) Angle of dilatancy 0 

c (kPa) Cohesion 30 

γn (kN/m3) Natural specific weight 15 

ν Poisson's ratio for unloading-reloading 0.27 

OCR Overconsolidation ratio 1 

 

 
Figure 1. Experimental data and numerical simulations of the triaxial compression tests under 50 kPa 

confinement stress. 
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Figure 2. Plane strain finite element mesh for the Paraiso Tunnel. 

 

3 RESULTS AND DISCUSSION 

 

 Employing the Volume Loss Control technique and using the calibrated Hardening Soil Model 

parameters to analyze the Paraíso tunnel, we found that a tunnel volume loss of 1.25% resulted in a good 

alignment between the numerical results and field data. Note that the tunnel volume loss, derived from 

displacements at the tunnel perimeter, differs from the soil volume loss, which is measured from the settlement 

trough. In this case, the soil volume loss is substantially larger than the tunnel volume loss due to significant 

soil contraction. 

 Figure 3 illustrates the settlement trough measured during the tunnel's construction (field data) alongside 

the numerical results for a tunnel volume loss of 1.25%. The base case, which uses the calibrated Hardening 

Soil Model parameters with E50=3Eeod, predicts the shape of the settlement trough reasonably well. It is 

noteworthy that the magnitude and shape of the settlement trough vary significantly with changes in the 1D 

compression stiffness (Eoed), even when the tunnel volume loss remains the same. Specifically, when E50 equals 

Eoed, the model predicts smaller displacements and narrower settlement troughs. Conversely, a more 

compressible soil condition (Eoed = E50/12) results in larger displacements and wider settlement troughs. 

 

. 

Figure 3. Settlement troughs from field data and 2D plane-strain FEM simulations. 

 

 Figure 4 shows the vertical displacements at depth above the tunnel crown. Field data and studied 

numerical cases are shown. The base case replicates well the field data, where vertical displacements were 

relatively constant with depth. With Eoed=E50/12, surface displacements were larger than those at depth, 

whereas for E50=Eoed the opposite was observed. For shallow tunnels in porous clays, it is often observed that 

settlements at the ground surface are larger than those at depth. This outcome is highly unusual, as vertical 

displacements normally increase with depth in shallow tunnels (Mair et al., 1993). The results presented 

indicate that this uncommon behavior can be simulated using the Hardening Soil Model by adopting a 
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substantially smaller Eoed with respect to E50. França (2006), to the best of our knowledge, was the first to point 

out this characteristic of the Hardening Soil Model. 

 

 
Figure 4. Vertical displacements with depth above the tunnel crown from field data and numerical 

simulations.  

 

 Figure 5 depicts tunnel deformations when the tunnel volume loss (VLt) is equal to 1.25%. 

Displacements have been amplified by 10 times. In all cases, the part of the tunnel in stiff clay practically 

remained undeformed. In line with Figure 4, the case where Eoed=E50/12 showed greater displacements at the 

tunnel crown. Conversely, Eoed=E50 exhibits greater displacements at the tunnel springline. Therefore, higher 

stiffness seems to result in more evenly distributed displacements around the tunnel. 

 

  
Figure 5. Tunnel-deformed shape for the different cases. 

 

 Figure 6 illustrates the maximum shear and volumetric strain fields for the three cases studied for a 

tunnel volume loss of 1.25%. From the figure, it is evident that stiffer soils mobilize more pronounced shear 

strains to achieve the same tunnel volume loss, as expected. However, contractile volumetric deformations are 

substantially more pronounced in soils with smaller Eoed for a given E50. Notably, in all cases, the volumetric 

contraction at the ground surface above the tunnel was larger than that at the tunnel crown. For an E50/Eoed 

ratio of 1/12, the soil contraction near the ground surface was significantly greater than for a ratio of 1, while 

the soil contraction near the tunnel crown was only marginally larger for a ratio of 1/12 compared to 1. This 

mechanism explains the larger displacements observed at the ground surface, compared to those at depth, as 

the Eoed decreases. Additionally, shear and volumetric contraction strains develop over larger areas as the soil 

compressibility increases. Therefore, tunnels in compressible soils induce greater displacements over a larger 

area, a factor that should be taken into consideration in assessments of damage to adjacent structures. 
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Figure 6. Shear strain fields (a) and volumetric strain fields (b). 

 

4 CONCLUSION 

 

 In this study, the Paraíso tunnel was analyzed using 2D-plane strain Finite Element Method (FEM) 

modeling and the volume loss control technique, employing the well-known Hardening Soil Model. This 

tunnel was excavated in porous clay, characterized by its highly compressible behavior and unsaturated 

conditions. The parameters for the Hardening Soil Model were calibrated by Vitali et al. (2022a) based on 

triaxial tests conducted by Parreira (1991) on undisturbed samples of the same residual porous clay. From this 

calibration, it was determined that the ratio between the 1D-compression stiffness (or oedometer stiffness, Eoed) 

and the secant stiffness at 50% to failure (E50) is E50/Eoed = 3. This ratio is notable since, for most soils, this 

value is expected to be close to 1. However, considering the highly compressible and unusual behavior of São 

Paulo’s porous clay, this ratio is deemed reasonable. 

 The settlements at the ground surface predicted by the 2D-plane strain numerical model, using the 

calibrated Hardening Soil Model with E50/Eoed=3 and the tunnel volume loss control technique, matched the 

displacements measured during the tunnel’s construction for a tunnel volume loss of 1.25%. Following that, 

the impact of the 1D-compression stiffness, Eoed, on induced ground deformations was assessed. The analysis 

considered a softer 1D-compression stiffness (Eoed=E50/12) and a typical Eoed value for most soils (Eoed=E50). 

 The findings indicate that volumetric contractive strains near the ground surface above the tunnel 

significantly increase as Eoed decreases. In contrast, near the tunnel crown, the soil contraction is only slighly 

affected by Eoed. Consequently, the smaller the Eoed is relative to a given E50, the greater the settlement at the 

ground surface compared to the settlement at depth near the tunnel crown. 

 Larger surface displacements compared to those at depth represent an unusual behavior, often observed 

in shallow tunnels in porous clayey soils. Therefore, these results suggest that the behavior of porous clays can 

be represented by adopting a relatively small Eoed with respect to E50. This has significant practical implications 

because the Hardening Soil Model is a well-established constitutive model in geotechnical engineering 

practice, and Eoed and E50 values can be readily obtained from laboratory tests or estimated from in-situ testing. 
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