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1. Introduction 

Nowadays, the subsoil plays a major role in the development of cities, particularly in the construction of 

underground structures. Because current structures are usually executed in highly urbanized areas, it 

is essential to evaluate the construction effects on neighboring buildings. 

The study aimed to evaluate the effects of a better characterization of the soil response in the small to 

very small deformations range, in order to better estimate the displacement of the wall and ground. 

To achieve this goal, first we needed to understand how the adopted finite element software (PLAXIS 

8.6) simulates this range of deformations by using the Hardening Soil Small-strain Stiffness (HSsmall) 

constitutive model. Laboratory tests were simulated and the results compared with the Hardening Soil 

constitutive model (HS), which is the typical constitutive model used in practice for projects of this nature. 

This methodology was applied to a case study corresponding to a reinforced concrete bored pile wall 

for the construction of a basement in Lisbon, composed of 6 underground floors. The final goal was to 

compare the measured deformations with the displacements estimated by the two models, one 

considering the design assumptions and the other using the HSsmall constitutive model. 

2. Behavior of flexible retaining structures 

Flexible retaining structures are used for the support of excavations, particularly in urban environments, 

where both the need for underground structures and the space constraints are bigger.  

In general, it is necessary to use intermediate support elements in these structures; typically, struts, 

anchors or floor slab, which are successively installed as the excavation progresses. Struts and floor 

slabs are elements placed on the inside of the excavation that function under compression, while 

anchors are installed in the supported soil, behind the wall and, work in tension. 

For the design of the curtain structural elements and their supports it is necessary to know the forces 

and displacements mobilized in these elements, which depend on the earth pressure on the wall. Given 

the interaction between the soil and the retaining structure, the earth pressures acting on it are 

dependent not only on the properties of the supported soil, but also on the displacement of the wall and 

the construction process used (Terzaghi et al., 1967) 



2 

3. Case Study 

3.1. General Framework 

The case study is located in Lisbon, in the Saldanha area (Figure 1), and refers to the construction of a 

new building with 17 above ground floors and six underground levels. Regarding neighboring structures, 

the most relevant is the Lisbon metro tunnel. 

 

Figure 1 – Location of the Case study 

The various conditioning factors, especially those related to the existence of neighboring structures, led 

to the adoption of 3 different solutions for the perimeter wall. This study focused on the analysis of the 

east retaining wall, which consists of a reinforced concrete bored pile wall with 600 mm diameter piles, 

spaced at 0.80 m centers, with 2 levels of support. The supporting elements consist of slab-bands that 

act as deep beams, and which were integrated in the permanent structure. 

3.2. Geotechnical characterization 

The geotechnical characterization was based on the execution of 5 boreholes and SPT tests. Soil 

samples were also collected to perform laboratory classification tests. The results of the tests allowed a 

geotechnical zoning in three distinct strata, as defined by the design team (JetSJ, 2014): 

• ZG3 – “Fills ", which is the most superficial layer (thickness ranging from 2 to 5 m), and 

comprising heterogeneous sandy clays and silty sands. 

• ZG2 – “Uncompressed clays and Prazeres limestones"(NSPT smaller than 60) 

• ZG1 – “Compact clays and Prazeres limestones"(NSPT higher than 60). 

In addition to these tests, environmental vibration records (passive) with a single station and active and 

passive linear records with several stations were recorded (Gouveia, 2017). The seismic tests were 

carried out in a register with a line of acquisition of 24 geophones at 1,5 meters spacing. 

Figure 2 shows the results of the SPT tests of the 5 boreholes performed, as well as the profile of shear 

wave velocities determined from the seismic tests. 
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Figure 2 – SPT and VS profile (JetSJ, 2014 and Gouveia, 2017) 

4. Numerical Simulation 

4.1. Constitutive Models 

The constitutive models have a great influence on the results obtained in geotechnical modeling. 

Complex models tend to represent better the behaviour of the materials, but the number of parameters 

that need to be defined for their implementation is often high, and the data for the correct definition of 

parameters is not always available. The two constitutive models used in this work, as in the software 

are now described. 

4.1.1. Hardening Soil Model (HS) 

The complexity of the strain-strain relationship and the variability of soil stiffness as a function of the 

confining tension and the stress path, requires models that give a realistic representation of soil 

behavior. The Hardening Soil (HS) model allows this by considering the discharge and recharge cycles 

imposed, for example, by successive stages of excavation and the application of prestressing anchors. 

The model HS can also simulate the increase of the stiffness of the strata with the increase of the 

pressure, because in its definition it displays a non-linear hyperbolic strain-deformation relation. 

4.1.2. Hardening Soil Small-strain Stiffness Model (HSsmall) 

The extent of deformations in which soils can be considered as truly elastic is limited to the range of 

very small deformations. With increasing deformation, the soil stiffness decreases non-linearly, as 

showed in Figure 3. The HSsmall model can model this by using a stiffness degradation curve, with the 

tangent stiffness modulus calculated by integrating the secant stiffness modulus reduction curve along 

the extension increment. 
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Figure 3 – Stiffness degradation curve and deformation levels of various types of tests and geotechnical works 
(Brinkgreve et al, 2006) 

4.2. Triaxial tests simulation 

Drained triaxial tests were modeled using the two described constitutive models, where the axial stress 

increase was simulated after the application of isotropic confinement pressure of 100 kPa. The triaxial 

test was simulated through an axisymmetric model with 1mx1m unit dimensions, and three different 

materials, corresponding to sands with different compactness were modeled, following the methodology 

proposed in the software manual. 

It was possible to observe that both constitutive models provided similar results for bigger deformations, 

differing fundamentally in the initial phase of the test, due to the greater initial stiffness considered in the 

HSsmall model (Figure 4). The determination of the value of the secant distortion modules and their 

graphical representation confirmed the soil stiffness degradation curve. The results show significant 

differences between the two models, in particular in the range of small deformations (distortions up to 

approximately 3x10-4). In chapter 5 the impact of this difference in the estimation of displacements in 

the case study is demonstrated. 

Figure 4 – Results for drained triaxial test simulation (loose sand) 

4.2.1. Undrained triaxial tests 

Undrained triaxial tests were also simulated, and the analysis of the results made it possible to verify 

that, unlike the simulation of the triaxial drained tests, there is a significant difference between the q-εa 

curves of the two constituent models. The HSsmall model leads to a lower resistance, as this constitutive 

model leads to the generation of a bigger excess pore pressure (Figure 5). 
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Figure 5 – Stress path (q’ – p’,p) of the drained and undrained triaxial test simulations 

5. Numerical simulation of the case study 

Two models were developed, representing the East wall of the case study. In the first model the soil 

characteristics are the same as those defined in the detailed design, and the second model the soil 

characteristics are complemented with the data from the seismic tests, using the HSsmall model. 

The dimension of the model was 100 m x 60 m, the water table was represented as a 22.3 m deep 

horizontal line. In order to model the traffic in the existing road behind the wall, a load of 2 kN/m/m 

(ψ.SCk=0,2x10 kN/m/m) was considered. The geometry can be seen in Figure 6. 

 

Figure 6 – Geometry of the model 

5.1. Concrete materials proprieties 

The retaining wall is simulated by a plate element, which represents a linear element in the xz plane. 

The concrete used in the piles is of class C30 / 37, and the possible cracking of the concrete after its 

construction was considered by reducing the E value by 50%. The values of the various input parameters 

of the software for the characterization of the pile wall are shown in Table 1. 

Table 1 –Input parameters for the concrete pile wall  

EA [kN/m] 5,83 x 106 

EI [kNm2/m] 1,31 x 105 

ω [kN/m/m] 8,84 
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The slab band is simulated by its axial stiffness. A 2D model of the slab was developed in the Autodesk 

Robot Structural Analysis software to determine its axial stiffness. With this model it was possible to 

obtain an estimate of the displacement field caused by a unitary distributed load. In the Plaxis software 

slab bands are represented by fixed-end anchors, whose axial stiffness is defined by EA, which can be 

determined by the inverse of the calculated displacements, giving a value of 7.83 x 104 kN. 

The tunnel lining of the Lisbon Metro was simulated with a plate element. Considering the properties of 

a C16 / 20 concrete, a tunnel thickness of 0,7 m and assuming that the cracking of the concrete causes 

a reduction of 50% of the deformability module, the following elastic parameters were calculated: 

• EA = 1,02 x 107 kN/m 

• EI = 4,14 x 105 kN/m 

• ω = 8,40 kN/m/m 

• ν = 0,15 

5.2. Geotechnical materials proprieties 

5.2.1. HS Model: Design data 

The first model uses the constitutive model Hardening Soil (HS). As considered in the design, a 3 layer 

geotechnical zoning was used, corresponding to the results of the field tests. The characteristic values 

used in the simulation are defined in Table 2. 

Table 2 – Parameters used for soil modeling (HS model) 

  ZG3 ZG2 ZG1 
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 ggggsat [kN/m3] 17 24 24 

ggggunsat [kN/m3] 17 24 24 

kx / ky  [m/day] 4,32x10-3 4,32x10-3 4,32x10-3 
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 c’ [kN/m2] 5 40 75 

∅∅∅∅ [º] 28 30 35 

ΨΨΨΨ [º] 0 0 0 

S
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rs
 ���

���
 [kN/m2] 10 000 15 000 60 000 

����
���

 [kN/m2] 10 000 15 000 60 000 

�	�
���

 [kN/m2] 30 000 45 000 180 000 

m [-] 0,8 0,8 0,8 

 Rinter 1,0 1,0 1,0 

Given the clayey nature of the materials, undrained conditions were considered.  
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5.2.2. Data from seismic tests (HSsmall model) 

The application of the surface wave method (see Figure 2) allowed to identify 3 zones with different 

velocity of the shear waves (VS), varying from 200 to 1 300 m/s. Considering the geometry of the HS 

model and the results obtained in the seismic tests, the ZG2 and ZG1 strata were divided in 2 sub 

geotechnical zones so that the design assumptions were not significantly altered (Figure 7).  

 

Figure 7 –HSsmall model geometry 

For each layer, the additional 2 parameters required for the HSsmall model have to be determined. The 

maximum distortion modulus (G0) was obtained from the shear propagation velocity profile (VS), and the 

value of g0.7 was defined using the Ishibashi and Zhang (1993) rigidity degradation equations, that are 

a function of the plasticity index. The calculated values are on Table 3. 

Table 3 – Additional input parameters for the HSsmall soil model 

  ZG3 ZG2.1 ZG2.2 ZG1.1 ZG1.2 

H
S

s
m

a
ll

 


�
���

 [kN/m2] 69 000 98 000 392 000 392 000 3 826 000 

gggg
0.7 [-] 2,7 x 10-4 5,7 x 10-4 8,0 x 10-4 9,8 x 10-4 1,2 x 10-3 

5.3. Results 

5.3.1. Forces on structures 

The analysis of the forces in the retaining wall show that the consideration of bigger soil stiffness in the 

range of small deformations leads to significant reductions in the maximum values of the transverse 

forces and bending moments, around 60% and 80%, respectively.  

The results also show that the slabs act as a support of the retaining wall. Concerning the forces installed 

in the slab bands, in the final calculation phase, we have values of -278.3 kN/m and -207.5 kN/m for the 

first and second level, respectively, in the case of the first simulation (HS). These values decrease to 

about one-third (-98.6 kN/m and -68.7 kN/m), when the simulation is done using the HSsmall model. 
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5.3.2. Displacements 

In the following figure it is possible to compare the plot of the deformed mesh on the final phase of 

calculation, where significant differences between the two models are visible. 

      

Figure 8 – Deformed mesh at final excavation, scaled 100x (HS model on the left; HSsmall model on the right) 

It is visible that the consideration of bigger soil stiffness in the small deformations range leads not only 

to smaller displacements, but also to a more linear deformation of the retaining wall towards the inside 

of the excavation. The differences in the total displacements of the two models are significant, with 

maximum values around 41 mm in the first model (HS) and only 9 mm in the second. 

By analyzing the distortions obtained in the simulation using the HSsmall model, it is possible to confirm 

that, at the final excavation phase, we are in the range of small deformations. The analysis of 2 distortion 

vertical profiles for each of the simulations, located at 1 and 5 m behind the retaining wall, confirms that 

the HSsmall model has distortions with an average value of 3x10-4 and 1, 4x10-4 in the profiles 1 and 5 

m from the wall), thus justifying the big difference in the displacements. 

Regarding the tunnel, the displacement field is relatively uniform throughout the structure of the ML, 

corresponding almost to a rigid body movement. Table 4 summarizes the maximum values of absolute 

and relative displacements obtained in the two models, where it is clear that the HSsmall model leads 

to much smaller values. 

Table 4 – Maximum displacements in the Metro tunnel  

Displacements 
Maximum values Allowable maximum values 

HS HSsmall Alert criteria Alarm criteria 

Absolute values 26,63 mm 6,11 mm 
10 mm 15 mm 

Relative values  1,79 mm 0,94 mm 

 

5.3.3. Comparison with measured deformations 

The retaining wall was instrumented with 2 inclinometers I4 and I5, thus making it possible to compare 

data between the two simulations and the measured deformations during the construction, to evaluate 

the accuracy of the numerical simulations. 
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It is important to highlight the higher displacements near the surface in the inclinometer I4 were 

influenced by a long period of time during which the construction works were stopped at a stage where 

the first excavation was already carried out, but the slab band had not yet been built 

Figure 9 shows a better approximation of the results of the simulation made with the HSsmall model to 

the measurements of the inclinometers, not only regarding the value of the displacements, but also the 

variation of the displacements with the depth, for the final phase of excavation. 

 
Figure 9 – Displacements in the retaining wall at the 

final excavation (I4 and I5 inclinometers vs modeling) 

In general, the average displacement estimated 

by the HS model in the last calculation phase is 

around 33 mm, which is more than 5 times higher 

than the HSsmall model estimates and of the 

average value measured by the inclinometer I5. 

Analyzing the differences between the estimated 

displacements and those measured on site, we 

found that the mean error of HS modeling is 

262% (greater than 22 mm), while the HSsmall 

model manages to reduce this error to 34% 

(average difference smaller than 5 mm). 

 

It is also relevant to evaluate the displacements in intermediate phases of the excavation, especially 

when it was at the level of the 1st and 2nd slab band, approximately at depths of 6.8 m and 12.3 m. Figure 

10 represents these displacements, which confirm the conclusions drawn regarding the final phase of 

the excavation, namely the overestimation of displacements by the HS model and the best 

approximation to reality by the HSsmall model. 

     

Figure 10 – Displacements in the retaining wall at intermediate excavation phases 
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6. Final remarks 

The influence of characterizing the deformability of the soil in the small deformations range, and 

incorporating it into numerical modeling using the Hssmall model, was analyzed by comparing it with 

traditional geotechnical characterization based on penetration and laboratory tests and the use of 

constitutive models that do not adequately simulate the small deformations range. 

The analysis of the case study, corresponding to the retaining pile wall built for the construction of a 

building in Lisbon, was based on the following methodology: replicate the modeling done in the design 

phase; repeat this numerical simulation taking into account the HSsmall constitutive model and the 

seismic in-situ test data; and compare the displacements estimated numerically with the measured 

deformations during construction. It was verified that, as expected, the displacements obtained through 

the modeling that considered the effect of greater soil stiffness in the range of the small deformations 

were lower than those obtained when using the Hardening Soil model. The comparison with the 

measured deformations allowed us to verify that the displacements estimated by the HSsmall model 

were more realistic, even though it underestimated the actual measured displacements. 

Given the scope of the topic studied in this dissertation, it is possible and desirable to deepen the work 

developed. Some aspects that can be developed are listed below: 

• Apply the same methodology to the other solutions that were adopted in the case study. 

• Based on the real measured values, a retro-analysis could be done in order to better estimate 

the input parameters of the model. 

• Finally, it would be particularly interesting to apply this methodology to other case studies where 

there is available data (namely, seismic test results and measured wall deformations during 

construction). 
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