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ABSTRACT: Soil – structure interaction in case of retaining walls for deep excavations in urban areas has a major importance upon 
the final response of the structure. The main characteristic influence parameters are: the initial stress state, soil – wall relative 
stiffness, geotechnical characteristics, groundwater regime, presence of neighboring structures etc. A major role in the numerical 
modeling of such works is played by the chosen constitutive law of the soil. The actual possibilities are wide and the only restrictions 
are related to the used software – if it considers an advanced constitutive law. Paper presents 2D numerical modeling using FEM for 
an anchored diaphragm wall for a deep excavation using different soil constitutive laws. It emphasizes the influence of the 
constitutive law on the results, being analyzed the following criteria: Mohr – Coulomb Model, Hardening Soil Model and Hardening 
Soil Model with Small Strain Stiffness. Main advantages and inconvenients are given for each criterion, as well as main features for 
the numerical model. Numerical model and results are validated through comparisons with experimental measures for the diaphragm 
wall. 

RÉSUMÉ : L’interaction sol – structure dans le cas des parois de soutènement pour excavations profondes a un impact majeur sur la 
réponse finale de la structure de soutènement. Les caractéristiques principales d’influence sont : l’état initial de contraintes, la rigidité 
relative paroi – terrain, les paramètres géotechniques, le régime des eaux souterraines, la présence des structures avoisinantes etc. La loi 
constitutive choisie pour le sol a un rôle majeur dans la modélisation numérique de tels ouvrages. Les possibilités actuelles sont vastes 
et la seule restriction est liée au logiciel de calcul utilisé – si celui-ci utilise des lois de comportement avancées. L’article présente une 
modélisation numérique par éléments finis 2D d’une paroi moulée ancrée pour une excavation profonde, en utilisant différentes lois 
constitutives pour le terrain. L’influence des critères constitutifs sur les résultats est analysée en considérant les lois suivantes : Mohr-
Coulomb, Hardening Soil et Hardening Soil with Small Strain Stiffness. Les principaux avantages et inconvénients de chaque loi sont 
présentés, ainsi que les caractéristiques numériques du model de calcul. Les modèles numériques et les résultats de calcul sont validés 
par comparaison avec des mesures expérimentales sur la paroi de soutènement. 
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1  INTRODUCTION 

The multi-phase character of soils leads to specific behavior 
under loading: a non – linear response, which is function of the 
stress path; total strain has an irreversible component (plastic); 
they can be dilatant or contractant; the response can be 
influenced by the loading history; the behavior is time 
dependent. Taking into account all these aspects it is normal to 
have several constitutive laws trying to model from theoretical 
point of view the complex soil behavior. Therefore, constitutive 
laws associated to various types of soils (cohesive or granular, 
saturated or unsaturated etc.) are continuously developed. 

Development of FEM application for geotechnical design of 
structures for which soil – structure interaction plays a major 
role (retaining walls, dams, bridges, special foundations etc.) 
allows the use of more and more complex laws to describe soil 
behavior. More complex the law, more difficult and onerous is 
the estimation of the defining parameters (Popa, Batali 2010). 

In the following chapters is analyzed the effect of different 
constitutive laws on the calculation results for a retaining 
structure. Firstly is used the Mohr – Coulomb elastic perfectly - 
plastic criterion, this being probably the most used for soil 
modeling, given its simplicity and the easiness in determining 
the main parameters. It is then used a hardening elasto–plastic 
model in two versions: the hardening soil model, which 
assumes an elastic material behavior during unloading and 
reloading and the yield surface expanding due to plastic 
straining and the hardening soil with small strain stiffness 
model, which considers than the strain range in which soils are 
elastic is very small and with increasing strain amplitude soil 
stiffness decays nonlinearly (Brinkgreve  et al. 2006). 

Numerical strains of a diaphragm wall, obtained by applying 
all three constitutive laws, are compared to those obtained by 
inclinometric measurements during execution. For FEM 
modeling Plaxis V8, 2 D software was used (Brinkgreve et al. 
2006). 

2  STRUCTURAL AND GEOTECHNICAL 
CHARACTERISTICS 

2 .1  Geometry of the retaining wall 

The modeled retaining wall is an anchored diaphragm wall for a 
deep excavation of 66 x 127 m and a maximum depth of over 
16 m. It was built in Bucharest, Romania, for the People’s 
Redemption Cathedral (Popa et al. 2013).  

The retaining structure consisted of diaphragm walls 80 cm 
thick and 20 – 24 m long. The lower level of the walls was 
constant (+60.50 m), while the upper level varied with max. 4 
m due to architectural details (+84.50 m along the long sides of 
the pit, +80.50 m along the short sides). The lack of 
neighboring buildings allowed to build working platforms and 
to start the diaphragm walls at levels below the ground level, by 
means of sloped excavation (as shown figure 1). Final 
excavation levels are +72.7 m and +70.7 m (where raft attempts 
6 m in thickness), respectively, which leads to a maximum 
excavation level of 16.3 below ground level. The temporary 
support of walls was insured by three levels of ground anchors 
(along the long sides – N and S) and by only 2 levels of anchors 
along the short sides (E and W). Total ground anchor length 
varied between 20 and 25 m. For this paper was considered 
only the sections with 3 ground anchors levels. Figure 1 
presents a cross section through the diaphragm wall and a photo 
of the final excavation stage. On the figure can also be observed 
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the simplified lithology used for numerical modeling purposes, 
as well as the groundwater level. 
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Figure 1. Cross section through the diaphragm wall and photo of the 
final excavation stage 

2 .2  Site investigation 

The geotechnical investigations consisted of: 8 boreholes 25 – 
70 m deep, SPT tests, hydro-geological measurements 
(permeability, analysis of the groundwater flow regime), 
laboratory tests  (static and cyclic triaxial tests and resonant 
column tests, for determining both shear strength and dynamic 
parameters of soils, tests with various stress paths, with 
unloading – reloading cycles). In case of granular layers no 
undisturbed samples were taken and the geotechnical 
parameters were estimated based on SPT tests. 

3  NUMERICAL MODEL CHARACTERISTICS 

3 .1  Type and size of numerical model 

Taking into account that the length of the wall on the analyzed 
side is over 120 m (for 16 m depth) it was considered that a 
plane deformation modeling is appropriate. In consequence, the 
local effect of the support (ground anchors) is not emphasized 
in this case (in horizontal direction); however, given the 
relatively small distance between anchors, it is considered that 
this effect can be neglected. 

The size of the model was established based on similar 
experience regarding boundary effects (Popa 2003). So, the 
extension of the numerical model is of about 5 times the 
maximum excavation depth behind the wall and of about 3 
times the excavation depth below the excavation. Meshing was 
chosen with finite elements with 15 nodes, resulting 623 finite 
elements and 5221 nodes. 

 

 
Figure 2. Cross section of the numerical model 

For the wall were used plate – type elements, while its 
behavior was considered to be elastic relative to the ground. 
Ground anchors were modeled using bar – type elements, while 
for the bulbs were used geogrid – type elements. Position and 
length of ground anchors are according to the design. For soil – 
wall interface specific contact elements were used, considering 
a strength reduction factor Rinter = 0.7. 

Figure 2 presents a cross section through the numerical 
model for the final excavation stage. 

3 .2  Constitutive laws 

Modeling has been performed using three constitutive laws for 
the soil: Mohr-Coulomb (MCM), Hardening Soil (HSM) and 
Hardening Soil with Small Strain stiffness (HSSMALL). For 
Mohr – Coulomb criterion, 2 versions of the calculations were 
considered: a calculation using Young modulus values 
according to table 1, representing the secant modulus (MCM) 
and another one for which the unloading – reloading modulus, 
Eur was used, which is 3 times higher than the elasticity 
modulus (MCM 3E).  
 
Table 1. Values for Mohr-Coulomb Model (MCM). 

layer E50, 
MPa 

Eur, 
MPa 

ν ` c`, kPa ψ 

1 5 15 0.25 10 5 0 

2 11 33 0.30 16 45 0 

3 25 75 0.25 35 1 5 

4 10 30 0.35 10 60 0 

5 38 114 0.25 30 1 0 

6 35 105 0.35 14 60 0 

where: 
 E50 – secant Young’s modulus; 
 Eur – unloading/reloading stiffness (for MCM 3E calculation); 
 ν – Poisson’s ratio; 
 ` - internal friction angle, drained conditions; 
 c` - cohesion, drained conditions; 
 ψ – dilatancy angle.  
 
Table 2. Values for Hardening Soil Model (HSM). 

layer
E50

ref, 
MPa 

Eoed
ref, 

MPa 
Eur

ref, 
MPa 

νur m pref
, 

kPa
ko

nc 

1 5 5 15 0.2 0.6 200 0.8 

2 11 11 33 0.2 0.7 200 0.6 

3 25 25 75 0.2 0.6 200 0.42

4 10 10 30 0.2 0.7 200 0.71

5 38 38 114 0.2 0.7 200 0.5 

6 35 35 105 0.2 0.7 200 0.7 

where: 
 E50

ref – secant stiffness; 
 Eoed

ref - oedometric modulus; in the calculation the values 
were considered equals to E50

ref; 
 Eur

ref – unloading / reloading stiffness; 
 νur – Poisson’s ratio for unloading/reloading; 
 m – power for stress-level dependency of stiffness; 
 pref – reference stress for stiffness; 
 ko

nc – k0 value for normal consolidation.  
 
Table 3. Values for Hardening Soil Small Strain Model (HSSMALL). 

layer Go, MPa γ0.7 

1 45 0.003 

2 50 0.003 

3 150 0.0006 

4 200 0.0003 

5 200 0.0003 

6 250 0.0002 

where: 
 G0 – shear modulus at very small strains; 
 γ0.7 – shear strain at which Gsecant = 0.7Go. 
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Tables 1 - 3 show the calculation parameters for each 
constitutive law (for each criterion only the additional 
parameters are shown, referring to the previous one). Parameter 
values are mean values as resulted from laboratory and in situ 
tests. As previously stated, for granular materials were used 
correlations with SPT results. 

Table 4 presents the characteristics of the diaphragm wall 
and ground anchors. For both, a linear elastic constitutive law 
has been used. 
 
Table 4. Characteristic values for the retaining wall and ground anchors. 

 EA, kN EI, kNm2 Lspacing, m 

Retaining wall 2.800E+07 1.493E+06 - 

Anchors levels 1, 2 7.438E+04 - 1.75 

Anchors level 3 1.1116E+05 - 1.20 

where: 
 EA – normal stiffness; 
 EI – flexural rigidity; 
 Lspacing – spacing out of plane. 

3 .3  Stages for numerical modelling 

Calculation stages were chosen according to technological ones 
for retaining structure and excavation: 
 stage 1: working platform at level +84.50 m (mean ground 

level at +87.00 m) and execution of the diaphragm wall; 
 stage 2: excavation level +81.70 m; 
 stage 3: first level of ground anchors (+82.20 m); pretension 

150 kN/m; 
 stage 4: excavation level +78.40 m; 
 stage 5: second level of ground anchors (+78.90 m); 

pretension 200 kN/m; 
 stage 6: excavation level +75.10 m ; 
 stage 7: third level of ground anchors (+75.60 m); pretension 

250 kN/m; 
 stage 8: groundwater level lowering inside the enclosure from 

+73.00 m to +68.00 m ; 
 stage 9: final stage of excavation (+70.70 m). 

4  NUMERICAL RESULTS AND COMPARISONS WITH 
INCLINOMETRIC MEASUREMENTS 

4 .1  Monitoring during works 

The enclosure monitoring was performed by measuring: 
- vertical and horizontal displacements of the wall at linking 
beam level, using geodetic methods; 
- horizontal displacements of the wall from linking beam level 
down to the final depth, using inclinometer measurements; 
- outflow rate from the dewatering wells; 
- groundwater level inside and outside the enclosure. 

 
For the numerical model calibration were used the 

inclinometric measures performed along the long sides. On each 
side were installed two inclinometric tubes having the same 
length as the walls (I1 and I2 on the Northern side and I4 and I5 
on the Southern side). 

4 .2  Numerical results. Comparisons 

Figure 3 shows the numerical results for horizontal 
displacements and bending moments of the wall for the final 
excavation stage.    

As far as the horizontal displacement is concerned, one can 
note the high differences between calculated and measured 
values, especially for Mohr – Coulomb criterion (MCM). By 
using unloading moduli (MCM 3E) the result is improved, but 

the numerical displacements are still 10 times higher than the 
measured ones. In addition, it can be noted a total wall 
displacement toward the pit, displacements at lower level being 
almost equal to those at upper part, which is not according to 
the real behavior as indicated by inclinometric measurements.  

By using Hardening Soil criterion (HSM) one can note an 
improvement compared to MCM, but differences are higher 
than for MCM 3E. The displacement curve has an improved 
shape, being closer than the real one. 
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Figure 3. Horizontal displacement and bending moment in the wall 

Only for Hardening Soil Small Strains (HSSMALL) the wall 
displacement are closer to the measurements, but even in this 
case the differences are still high, of up to 2 – 3 times. Absolute 
values are, however, around 15 mm, which is a value possible 
to be reached for such retaining structure. Total displacement 
vectors are modified in this case and show a more realistic 
behavior of the wall and ground. Figure 4 presents in 
comparison between MCM and HSSMALL results. 

 

  
MCM calculation            HSSMALL calculation 

Figure 4. Total displacements. MCM and HSSMALL calculation 

Figure 5 presents the heave of the excavation base and the 
ground settlement behind the wall for the four calculations.  
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Figure 5. Heave and settlement behind the wall 

Same observations as for lateral displacements can be made. 
Both ground settlement and base heave are exaggerated for 
MCM calculations. The previous experience gained on similar 
sites in Bucharest and for similar excavation depths shows that 
heave can reach 3 – 5 cm (Ene et al. 2014). Only HSSMALL 
criterion leads to such values. 

The conclusion drawn from the results presented here above 
is that only HSSMALL offers realistic displacement values. 
However, even for this model there are still important 
differences (of more than 100% in some cases). 
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For a more detailed analysis on the accuracy of HSSMALL 
in terms of wall displacements and stresses here below are 
given and discussed only the results obtained with this 
constitutive law. Figure 6 shows the lateral displacements of the 
wall for HSSMALL for each calculation stage – excavation, 
ground anchor execution and tensioning. On the same figure are 
also represented the experimental measurements for 
inclinometer  I4. 
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Figure 6. Numerical and measured horizontal displacements for 
HSSMALL 

One can note on figure 6 that the ground anchors tensioning 
leads to a recover of wall displacements in comparison with 
previous stage (HSSMALL). The reverse displacements are 
quite important, especially for the first anchoring level. This 
trend is also, more or less, emphasized by the inclinometric 
measurements: values recorded in July 2011 are lower than 
those measured in June 2011, showing that in the meantime the 
ground anchors next to the inclinometer were tensioned. 

For a better comparison with experimental measurements, 
graphs shown figure 7 emphasize the maximum horizontal 
displacement evolution during the various technological stages 
and similar for the displacements at anchoring levels.  
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Figure 7. Maximum horizontal displacements during execution stages 

 
Figure 7 shows also the displacements measured with all 

four inclinometers (I1, I2, I4 and I5). Also, for the inclinometric 
measurements can be observed the increases and decreases of 
displacements according to excavation or tensioning stages. 
Unfortunately, measurements on site were not performed in 
accordance with the execution stages, but at moments in time 
which are not corresponding to a specific and of interest 
working stage. For this reason, the superposition of graphs is 

not accurate, but it is still useful for following the general 
evolution up to the final excavation stage.  

5  CONCLUSIONS 

The study presented in the paper approaches the numerical 
modeling of an anchored diaphragm wall by using three of the 
most used soil constitutive laws.  
The conclusions of the study are the following: 
 Mohr-Coulomb criterion is easy to use, especially regarding 

the required parameters and their accuracy. The deficiencies 
are linked to the fact that it is an elastic perfectly – plastic 
model, which influences the numerical results. Wall and 
ground displacements are exaggerated and even the shape of 
the deformation curve is not realistic. An improvement can be 
obtained by using the unloading – reloading modulus, Eur 
instead of the secant elasticity modulus, E50.   

 Calculations using Hardening Soil criterion indicate a 
substantial improvement of results. Even if displacements are 
still high, it can be observed that the wall deformation shape 
is closer to the measured one. Parameters of the model require 
triaxial tests with loading – reloading cycle, as well as 
oedometer tests for determining the compression moduli. 

 The criterion leading to results close to the measurements is 
HSSMALL. For determining the model parameters are 
required dynamic laboratory or in situ tests, which is not 
always possible in current practice. For this reason, this 
criterion is less used than previously described ones, but, as 
stated here above, it is a model which fits very well in the 
deformation range usually encountered for retaining walls.   

 Using an inappropriate constitutive law, not describing 
accurately the overall behavior, leads to errors in the 
estimated displacements and stresses. Figure 3 showed that 
differences between maximum bending moments for MCM 
and HSSMALL is from simple to double. Of course, also the 
costs of the works will be increased. It is known that using 
advanced constitutive models requires more complex 
laboratory and/or in situ investigations, more onerous, but this 
price increase is less than those generated by an improper 
design based on a simplified calculation.  
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