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upcoming Eurocodes, including information on design approaches, verifica-
tion cases, factoring strategies, and numerical procedures. This is further 
complemented by relevant information on soil mechanics and constitutive 
modelling concerning embedded retaining walls.  

Chapter 3, Methodology, outlines a practical procedure for applying fac-
toring strategies in staged construction, based on Eurocode and research 
findings from the literature. The procedure is presented for both Plaxis 2D 
and GeoCalc software.  

Chapter 4, Results, features three different case example calculations with 
variations, such as the application of different constitutive models or stiffness 
variations. The internal forces  and displacements of structures are plotted in 
graphs. The geotechnical safety is assessed with strength reduction and limit 
equilibrium methods.  

Chapter 5, Discussion, explores the results presented in the previous chap-
ter, complemented by discussions on factoring strategies, Eurocode changes, 
and relates the findings to the existing literature.  

Chapter 6 Conclusions compiles and consolidates the findings, drawing 
conclusions and providing suggestions for future research.  
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vertical force resultants from support forces and earth pressures should be 
performed.  

Pull-out failure  of an anchor in the ground or rock (GEO ULS). This limit 
state requires verification of sufficient contact strength between anchors and 
soil (or rock) mass, as well as verification that the weight of the soil or rock 
mass the anchor utilises is enough to resist the anchor pull -out force.  

Failure  of the retaining structure by excessive hydraulic gradients  (HYD 
ULS). This can occur at the bottom of deep excavations due to large differ-
ences in groundwater levels. Also, failure can result from hydraulic heave, 
internal erosion or piping and transportation of soil particles beneath the 
wall.  

Additionally, EN 1997-1:2024 explicitly states that i f the structure is in an 
area where temperatures are around or below 0°C, frost heave and thaw 
weakening shall be considered in the ultimate (and serviceability) limit state 
design (SFS, 2024).   

Figure 1 presents examples of geotechnical failure modes against which 
the ultimate limit states should be verified.  

 
 

 
Figure 1 Examples of geotechnical failure mechanisms of embedded retain-
ing walls after (SFS, 2014) 
 
The ultimate limit state for structural integrity (STR) is defined as internal 
failure of the structure or its parts or excessive deformation, where 
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Figure 2 Examples of structural failure mechanisms of embedded retaining 
walls after (RIL, 2019) 
 
This thesis primarily focuses on the aforementioned ultimate limit states of 
overall stability, wall rotation, and structural capacity, although some cases 
within the structural category are excluded. The limit states mentioned are 
verified in relevant design situations, here, persistent and transient, using 
appropriate structural and geotechnical models.  

The limit states are verified using design values for actions, material prop-
erties, and geometrical properties obtained through the  partial factor 
method, although Eurocode also allows the use of probabilistic methods 
when appropriate  (SFS, 2023).  
 
2.2 Verification by the partial factor method (EN 1990 and 

EN 1997) 
 
The partial factor method, as outlined in EN 1990 , Chapter 6 (CEN, 2005) 
and EN 1990:2023, Chapter 8 (SFS, 2023), is used to verify limit states. This 
involves verifying that, in all applicable design situations, no limit state is 
exceeded when using design values for actions and material parameters, or 
when using design values of effects of actions and resistances. The design 
values are obtained by factoring actions and material parameters before cal-
culations, or by factoring the effects of actions and resistances after calcula-
tions have been performed, with appropriate partial factors.  (CEN, 2005; 
SFS, 2023) 

























34 

 

Table 5 Partial factors on ground properties for persistent and transient de-
sign situations (Table 4.8, EN 1997-1-:2024) (SFS, 2024a) 

 
 
The term kM refers to the consequence factor based on the consequences class 
of the design situation.  The values for consequence factors are given in Table 
6.  The consequence class is selected in accordance with Clause 4 of EN 
1990:2023. (SFS, 2023) 
 
 
Table 6 Consequence factors kM (Table 4.8, SFS-EN 1997-1-:2024) (SFS, 
2024a) 
Consequence class (CC) Description of consequences  Consequence factor kM 

CC3 Higher 1,1 
CC2 Normal 1,0 
CC1 Lower 0,9 

 
 

Symbol M1a M2a
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2.3.5 Verification cases  
 
Material Factor Approach and Resistance Factor Approach  
 
In addition to EN 1990:2023 Clause 8.3 Verification of ultimate limit states 
(ULS), EN 1997-1:2024 Clause 4.4 states that ultimate limit states concern-
ing ground should be verified using either the Material factor approach 
(MFA) or the resistance factor approach (RFA) (SFS, 2024a). EN 1997-
3:2025 specifies which approaches to use for specific geotechnical structures. 
Retaining structures are covered there in Chapter 7.  

Verification cases used for different geotechnical ultimate  limit states are 
determined in Table 7 (Table 7.2) (SFS, 2025). The Eurocode allows for na-
tional determination of  the verification cases. In  July 2025, based on the 
draft version of the upcoming Finnish National Annex , it appears that Fin-
land intends to adopt VC3 (b) and VC4 (e) for verification of bearing and ro-
tational resistance of embedded retaining walls. VC4 (a) is not to be used for 
verification of geotechnical ultimate limit states.  However, this interpreta-
tion should be confirmed once the Finnish National Annex is published.  

The same verification cases will also be used for verifying the  bearing and 
sliding resistance of gravity walls. Verifications of gravity walls are outside 
the scope of this thesis. 

As shown in Table 7, VC3 (b) falls under the Material Factor Approach, 
and VC4 (e) applies the Resistance Factor Approach.  
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Table 7 Partial factors for the verification of ground resistance against retain-
ing structures for fundamental (persistent and transient) design situations 
(SFS-EN 1997-3:2025, Table 7.2) (SFS, 2025) 

 
 
 
The partial factors used in persistent and transient design situations for each 
verification case are presented in Table 8, which is based on Table A.1.8 from 
SFS-EN 1990:2023 and modified using the draft version ( situation in  July 
2025) of nationally determined parameters. These partial factors  should be 
confirmed once the Finnish National Annex is published.  
 
 
 
 
 
 

(a) (b) (c) (d) (e)

Overall stability

Actions, 
Effects of 
actions
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Table 8 Partial factors on actions and effects of actions for verification 
cases VC1 to VC4 for persistent and transient (fundamental) design situa-
tions (Finnish National Annex draft version, July 2025) (SFS-EN 1990:2023, 
Table A.1.8(FI)) 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Action or effect Structural 
resistance 

Static equilibrium 
and uplift Geotechnical design 

Type Group Symbol Resulting 
effect VC1a3) VC1b3) VC2a 7) VC2b VC3 VC4a VC4b 

Permanent 
action G 

1) Applies to the dominant load in the load combination; other simultaneous loads: 1,5kF
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Paragraph (10) states that design values of the outputs of geotechnical 
structures may be compared against soil resistance to assess the reliability 
against a particular failure mechanism. This refers to a situation where the 
forces acting on a retaining wall are checked for potential failure due to rota-
tion.  

Paragraph (11) specifies that the value of geotechnical resistance can be 
determined by inducing a failure mechanism, such as increasing displace-
ments until soil failure occurs. This approach may be suitable for some ge-
otechnical structures, but for embedded retaining walls , it is not advisable, 
as discussed further in Chapter 5. 

In summary, t he different options for limit state verifications are catego-
rised into Input Factoring, Output Factoring, and Resistance Factoring Ap-
proaches, as shown in Table 9, which is a draft version of the upcoming Finn-
ish National Annex. The table is marked as a nationally determined parame-
ter, allowing for the selection of alternative approaches compared to the orig-
inal EN 1997-1:2024 Table 8.1. 

The National Annex can specify which ultimate limit state verifications 
should be conducted using specific factoring approaches. In July 2025, based 
on the draft version of the upcoming Finnish National Annex, Output Fac-
toring Verification Case 4 (from par agraph (1)) is not used for verifying 
ground failure (GEO ULS) in Finland, but rather to obtain design loads for 
structural ultimate limit state verifications (STR ULS). A Finnish National 
selection is to utilise the Resistance Factor Approach, presented in paragraph 
(2), for geotechnical ultimate limit state verifications. However, this selection 
should be confirmed once the Finnish National Annex is published.    

The Resistance Factor Approach is not employed in this thesis for Plaxis 
cases, as factoring earth resistances for embedded retaining wall cases using 
FEM is often not advised. This topic is further discussed in Chapter 5, Dis-
cussion. As a result, geotechnical ultimate limit states regarding embedded 
retaining walls are verified only using Input Factoring Verification Case 3 
with  Plaxis, whereas design loads for structural ultimate limit state verifica-
tions are obtained using both Input and Output Factoring. However, with 
GeoCalc, the Resistance Factor Approach is applied as described later in 
Chapter 3. 
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Table 9 Procedure for verification of ultimate limit states with numerical mod-
els, modified (SFS-EN 1997-1:2024, Table 8.1, National Annex draft version) 

 

Factoring approach (2), see 
8.2. (2) 

Output

VC4 + M1 
a

Input

VC3 + M2 
b

Resistance factoring
VC4 / RFA

See 8.2 (1), (9), (10) See 8.2 (1), (6) See 8.2 (2), (9), (10), (11)

Piezometric level or 
groundwater pressure

Ground properties

Structural element 
properties

External actions

Movements/ 
displacements

Structural forces

Verification of ground 
failure

Step 2
ULS Verification Step j

Step 2
ULS Verification Step

Step 2
ULS Verification Step

Piezometric level or 
groundwater pressure Design Level 

f
Design Level 

f
Design Level 

f

Ground properties
Design values by M1 

combination
Partial factors M2 g Design values by M1 

combination
Structural element 

properties
Representative values Representative values Representative values

External actions
Design values by VC4 

combination
Design values by VC3 

combination
Design values by VC4 

combination

Verification of ground 
failure

Combination VC4/M1 won't 
be used for Geotechnical 

Ultimate Limit State 
verifications

Geotechnical Ultimate Limit 
State verified if equilibrium is 
attained in the ground with 

no failure of the structure 
h

Design values of effects of 
actions (Ed) are obtained by 
factoring calculation results 
�•���e���Ù���(�ß�Ù�Ù�‹�ô�ô�Ù�W�ß�Q�Ù�ü�X�ý�Ù�Í�2�î�Ù�ü�P�O�ý�ß�Ù�Ù

GEO ULS resistance is 
determined by forcing an 

appropriate failure 
mechanism in a separate 

calculation phase. i

Result from forced failure is 
factored with partial factor for 

�X�ô�\���\�e�Í�2�è�ô�Ù���‡�à�Ù�\�ô�ô�Ù�W�ß�Q�Ù�ü�P�P�ý

Verification of structural 
failure

Design values (Ed) obtained 
�æ�…�Ù�Í�U�U�+�…���2���Ù���(�Ù�e�:�Ù�è�Í�+�è�j�+�Í�e���:�2�Ù
results. See 8.2 (9) and (10)

Design values (Ed) obtained 
directly from  calculation 

results. See 8.2 (8)

Design values (Ed) obtained 
�æ�…�Ù�Í�U�U�+�…���2���Ù���(�Ù�e�:�Ù�è�Í�+�è�j�+�Í�e���:�2�Ù
results. See 8.2 (9) and (10)

C
S

 2

Factoring approach (1),
see 8.2. (1)

Representative values

Representative values

Representative values

Output

These output values can be used for SLS verifications
 d

These output values can be used for SLS verifications
 d

Not an official limit state verification method, but useful for initial assessment of safety 

level 
e

Input

Representative values

Input

Output

Continue in the same way through any subsequent stage (CS2, CS3, etc.)

a  Combination VC4+M1 is applied in verification of structural ultimate limit state
b  Combination VC3+M2 is applied in verification of structural and geotechnical ultimate limit states
c  Each "Step 1" is continued from the previous Construction stage's "Step 1"
d  These output values can be used for serviceability limit state verifications
e  Calculation with overall safety is not an actual/official limit state design method, but often gives the designer a good overview of the safety 
level of a geotechnical structure.
f   "The design piezometric level" can be obtained by the maximum value, (see 6.5.1 (1) second bullet
g  Combination M2 soil parameters can be inputted in a separate calculation phase, or representative values can be used in strength reduction 
calculations
h  For structural optimization, determining the ODF value is recommended
i  Failure can be introduced in the model, for example, by applying loads or by forcing displacement to the structure until failure occurs. The 
designer must ensure that the failure mechanism is realistic.
j  When using the observational method (see 4.7), the ULS Verification in accordance with Step 2 is omitted.

C
on

st
ru

ct
io

n 
S

ta
ge

 1
 (

C
S

 1
)

Step 1

Representative step (SLS) 
c
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Figure 4 Stiffness degradation curve against logarithms of strains after 
(Mitchell & Soga, 2005) 
 
Figure 5 illustrates the stress-strain behaviour of both dense and loose soils, 
as well as the associated volume change behaviour under drained conditions 
and pore water pressure generation in the case of undrained conditions. 
Dense soils in drained states show slight densification during initial straining 
and exhibit dilative behaviour after reaching peak strength. At the critical 
state, deformations occur at a constant volume. Conversely, loose soils un-
dergo compaction until peak strength, which coincides  with the critical state. 
In undrained conditions, dense soils generate negative pore water pressures 
at large strains as the soil attempts to dilate, but volume changes are re-
stricted, resulting in increased strength. Loose soils, on the other hand, de-
velop positive pore pressures, causing a reduction in strength during shear-
ing. When the stress state reaches a critical state, the soil is considered to 
have failed. (Mitchell & Soga, 2005) 
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The benefit of using effective parameters is that the model can account for 
pore pressure changes and consolidation, which may increase strength (and 
stiffness with more advanced models). However, the user is highly recom-
mended to verify that the resulting mobilised shear strength does not exceed 
the real-world conditions. (Bentley Systems, 2023). 
 

 
Figure 15 Illustration of stress paths: reality vs. Mohr-Coulomb model, after 
(Bentley Systems, 2023) 
 
Advantage s and limitations  
 
The advantage of the Mohr-Coulomb model is its simplicity and the low num-
ber of input parameters. The failure criterion is shared with more advanced 
models, making it suitable for preliminary designs, especially when studying 
geotechnical failures at the ultimate limit state. The disadvantage is the con-
stant stiffness value, which is highly unrealistic and results in inaccurate dis-
placements for retaining structures. In problems with highly non -linear be-
haviour, such as excavations, using Mohr-Coulomb is not recommended, 
even though Plaxis allows for an increase in stiffness and strength as a func-
tion of depth.  
 
2.5.3 Hardening Soil (small ), Plaxis  
 
The Hardening Soil model is a material model that can simulate the varying 
stiffness of soil under different  stress and straining conditions. The yield sur-
face used in the model can expand due to shear hardening, which models the 
plastic straining caused by primary deviatoric loading, and compression 















76 

 

 
Figure 19 Procedures to undertake ULS verification as per next generation 
of EC7, after Yeow & Katsigiannis (2024) 
 
 
3.1.2 GeoCalc  procedure  
 
Figure 20 presents the procedure for GeoCalc. It is divided into two seg-
ments: the Representative Stage, where the serviceability limit state is veri-
fied, and the ultimate limit state verification stage, as outlined in Table 8.1 of 
EN 1997-1:2024. In GeoCalc, the serviceability limit can only be verified 
against wall displacements. 

In the ultimate limit state segment, Verification Case 4 is divided into  two 
sections: one with variable actions and one without, based on Equations 
2.15a and b (8.14a and 8.14b for combinations of actions for persistent and 
transient design situations , EN 1990:2023 ). The effects of actions from both 
calculations are factored with appropriate partial factors . Factored structural 
effects of actions are compared to members' structural capacity, and their 
structural ultimate limit state  (STR ULS) is checked.  

The Resistance Factor Approach is used to verify  the geotechnical ultimate 
limit state  (GEO ULS). In practice, the mobilised passive earth pressure is 
limited to the maximum allowable value by dividing the fully mobilised 
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Figure 20  Serviceability and Ultimate Limit State Verification Procedure for 
GeoCalc 
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Figure 21 Serviceability and Ultimate Limit State Verification Procedure for 
Plaxis (and other FEM software) 
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line category E4 from SFS-EN 15528 Railway applications, a category used 
for heavyweight freight wagons with 25-tonne axle loads.  
 

Table 11 Train loads according to different verification cases 

 
 
 
 
4.2.2 Geometry and soil parameters  
 
Figure 23 illustrates the geometry of Case Example 1. The soil layers, from 
top to bottom, include the railway embankment (h = 2 m), dry crust layer (h 
= 1 m), clay 1 (h = 8 m), clay 2 (h = 5 m), and dense sand (h = 4 m). The depth 
of excavation is 3 meters. The soil parameters are presented in Table 12, and 
the full parameter listing is found in  Appendix A, Tables A.3 to A.5. The clay 
properties are selected as representative of Finnish clays, but are not based 
on any existing case. The properties of the dense sand are the same as those 
used in the following two case examples. The procedure for obtaining the 
sand properties from triaxial tests is described in more detail in the following 
case example. The properties of the sheet pile walls and tie rods are presented 
in Appendix A, Table A.1.  
 
Table 12 Case Example 1 Soil parameters 
Soil layer  �@dry  (kN/m 3)  �@sat (kN/m 3) �…�ï / cu (kPa)  �Ö�ï (°)  
Embankment  20 20 0,5 42 
Dry crust 17 17 30 0 
Clay 1 16 16 21 0 
Clay 2 17 17 25 0 
Sand 15,6 19,7 0,5 41 

 

Representative E4 57,7 kPa 
Design Approach 2* 57,7 kPa 
Verification Case 4
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Figure 23 Case Example 1: Embedded retaining wall with deadman wall, ge-
ometry 
 

The distance of the deadman wall from the embedded retaining wall on 
the excavation side is based on the Finnish Association of Civil Engineers' 
publication RIL 263 -2014, Guidelines for Excavations (RIL, 2014), as illus-
trated in Figure 24. The guidelines specify that the passive failure surface 
originating from the base (or from the rotation point) of the deadman wall 
must not intersect with the active failure surface of the embedded retaining  
wall (RIL , 2014). An assumption is made in the case example where a friction 
angle of 0 degrees is used; thus, the failure  surface is assumed to be 45 de-
grees from both sides, starting from the toe of each wall.   

 

 
Figure 24 Distance of the deadman wall from the retaining wall, edited after 
(RIL, 2014) 

 
A design optimisation can be performed to reduce the distance. It then 

becomes necessary to verify that the failure surfaces do not intersect and that 
the two walls function independently of one another. One option to confirm 
this is to deactivate the tie rod in the calculation model and replace it with a 
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The differences between characteristic values obtained from different con-

stitutive models and software are relatively small , as shown in Figure 26. 
Hardening Soil Small, Mohr -Coulomb E50 and GeoCalc E50 all produce sim-
ilar results. The Mohr-Coulomb Eur and GeoCalc Eur stand out as giving 
lower reaction forces.  

With every material model or software, the VC3 provides the most unfa-
vourable case, and the corresponding results are presented in Figure 27. 
Here, the results begin to vary quite significantly. The  relative difference be-
tween the characteristic and VC3 design values is at least twice as high 
(>100%) with Plaxis, regardless of the constitutive model, whereas it is nota-
bly lower in GeoCalc. 
 

 
Figure 26 Horizontal Tie Forces, Characteristic effects of actions, Plaxis and 
GeoCalc 
 

 
Figure 27 Horizontal Tie Forces, compared to characteristic effects of ac-
tions, Verification Case 3, Plaxis and GeoCalc 
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Figure 29 Bending moments, Characteristic effects of actions, Plaxis and Ge-
oCalc 
 

 
Figure 30 Bending moments, compared to characteristic effects of actions, 
Verification Case 3, Plaxis and GeoCalc 
 

The stiffness of the soil, and thus the displacement behaviour of the wall, 
significantly impacts the development of bending moments, as seen in Figure 
31a, where the characteristic bending moment distributions  from different  
constitutive models in Plaxis are shown. Although the peak values are quan-
titatively similar  to those of Hardening Soil Small and Mohr -Coulomb E50, 
the qualitative distribution profile differs considerably.  

Figure 31b shows the characteristic bending moment distribution ob-
tained from GeoCalc. As seen from the figures, the characteristic bending 
moments are smaller in Plaxis (HSsmall) than in GeoCalc (E50) ; however, 
the design effects of actions from GeoCalc are less unfavourable than those 
from Plaxis, as shown in Figure 32a and 32b. A discussion of the results is 
presented in Chapter 5.  
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Figure 31a & b: Bending Moment Distribution, Characteristic, Plaxis and Ge-
oCalc 
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chosen stiffness was based on the soil stiffness of the counter berm, on which 
the deadman wall leans, with a height of 1,5 m and a width of 4,8 m. 
 
 

 
Figure 33a & b: Displacements, Wall on the excavation side, Characteristic 
and Verification Case 3 
 
 
4.2.4 Strength reduction and overall stability (GEO ULS) 
 
The evaluation of geotechnical safety involved calculating the overdesign fac-
tor by applying a strength reduction using Input Factoring (VC3) in Plaxis. 
This was carried out alongside a comparable overall stability analysis calcu-
lated with  GeoCalc, again employing the input factoring approach. This ap-
proach is identical to the current Finnish practice , which uses Design Ap-
proach 3 for stability calculations.  

A strength reduction phase in Plaxis gradually reduces the strength pa-
rameters of the soil until the most critical failure surface is identified.  This 
can be presented visually, for instance, by displaying the incremental shear 
strain contour plot in the output module. Table 13 presents the overdesign 
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factors obtained using different constitutive models in Plaxis and two limit 
equilibrium methods in  GeoCalc. 
 
Table 13 Geometry 1, Geotechnical ultimate limit state, overdesign factors 
Constitutive  model/calculation  
method 

Overdesign factor ODF, GEO ULS 

Hardening Soil  Small, VC3 + M2, un-
drained B (Plaxis) 

1,39 

Mohr -Coulomb, VC3+M2, undrained 
B (Plaxis) 

1,39 

Mohr -Coulomb, VC3+M2, undrained 
C (Plaxis) 

1,39 

Morgenstern-Price, VC3+M2, isotropic 
shear strength (GeoCalc) 

0,96 

Morgenstern-Price, VC3+M2, aniso-
tropic shear strength (GeoCalc) 

1,03 

 
Figure 34 illustrates the failure  surface obtained from Plaxis using the Hard-
ening Soil Small model. The failure surfaces obtained using the Hardening 
Soil Small and Mohr -Coulomb models in Plaxis are very similar, which is re-
flected in identical overdesign factors. The Morgenstern-Price method, as il-
lustrated in Figure 35, yields a failure surface obtained from GeoCalc follow-
ing iterative adjustments to the failure surface control parameters, which aim  
to achieve a satisfactory failure surface shape.  
 
 

 
Figure 34 Failure surface, incremental shear strain, Verification Case 3, 
Plaxis 
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Figure 35 Failure surface, Morgenstern-Price method, Verification Case 3, 
GeoCalc 
 
 
4.3 Case Example 2: Wall with one support level  
 
The second case example presents an embedded retaining wall on sandy soil. 
The soil parameters are derived from triaxial tests of Hostun sand, as pre-
sented in Appendix C. 

Figure 36 illustrates the geometry of Case Example 2. The soil layers, from 
top to bottom, include a loose sand layer (h = 1 m), dense sand 1 (h = 6,5 m), 
dense sand 2 (h = 6,5 m). The soil parameters are presented in Table 13 and 
full parameter listing in  Appendix A, Table A.2.  

 
Table 14 Case Example 2 Soil parameters 
Soil layer  �@dry (kN/m 3)  �@sat (kN/m 3) �…�ï / cu (kPa)  �Ö�ï��(°)  
Loose Sand 13,9 18,4 0,5 34 
Dense Sand 1 15,6 19,7 0,5 42 
Dense Sand 2 15,6 19,7 0,5 41 

 
The embedded sheet pile wall is PU-12 (h = 10,5) with an excavation depth 

of 5 m.  The anchor used is a 7-strand steel cable anchor, with a spacing of 
1,0 m (to prevent any possible deviation of the results between software due 
to load distribution) , with the bottom end fixed to the base of the model, be-
neath which is considered to be bedrock (not modelled here) . The variable 
load behind the retaining wall is a standard load of 20 kPa from construction 
machinery. The groundwater level is 1 m below the ground surface.  

This geometry was used to study the effects of overconsolidation and to 
examine the influence of the phreatic water level setting compared to the 
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steady-state flow setting on the ultimate limit state verifications  in Plaxis. 
With GeoCalc, only the effects of overconsolidation are examined, as GeoCalc 
assumes only phreatic groundwater conditions.  
 
 

 
Figure 36  Case example 2: Embedded retaining wall in sand, with one sup-
port level 
 
4.3.1 Effect of overconsolidation  
 
The effects of overconsolidation are first examined using Plaxis by applying 
an overburden load of 100 kPa to the entire model, then removing it in the 
subsequent construction phase as part of modelling the site's stress history 
before construction. The effect of this is illustrated in Figure 37, where the 
overconsolidation ratio (OCR) of the soil is shown to decrease with depth. 
The uppermost sand layer (h = 1 m) is considered loose and normally con-
solidated, and the OCR curve is traced from a depth of 1 m downwards.  

This overconsolidation ratio curve is then matched by hand calculation to 
assess the increased stress state and stiffness in the soil. The increased stress 
state in the hand-calculated curve corresponds to an overburden load of ap-
proximately  40 kPa. This information is then applied  to the GeoCalc input 
parameters as an increased K0 coefficient and stiffness.  

Based on the hand calculations, a new stiffness curve can be determined, 
which is then matched in GeoCalc through trial and error to achieve a satis-
factory fit with the overconsolidated stiffness curve, as seen in Figure 38. The 
stiffness values are based on Eoed of each sand layer.   
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Figure 37 Overconsolidation ratio from Plaxis and hand calculated 
Figure 38 Initial stiffness calibration, normally consolidated and overconsoli-
dated, GeoCalc. 
   
4.3.2 Obtained structural effects of actions (STR ULS)  
 
The internal forces and the effects of actions obtained through ultimate limit 
state calculations are compared between different design approaches and 
verification cases using the Hardening Soil Small model in Plaxis and Geo-
Calc. Both normally consolidated and overconsolidated situations are exam-
ined. The results are presented below.  
 
Anchor forces  
 
Design anchor forces (horizontal component) obtained from calculations are 
quite similar between GeoCalc and Plaxis in the normally consolidated case, 



100 

 

with GeoCalc producing slightly lower anchor forces. With both software, the 
Input Factoring Verification Case 3 is the most unfavourable one, and there 
is only a minor difference between the results from the two software, as seen 
in Figure 39.  

Compared to the currently used Design Approach 2*, VC3 results in a 
slight increase in design effects of actions, approximately 14% higher with 
GeoCalc and 6% with Plaxis. In contrast, Verification Case 4 produces a mar-
ginally lower design effects of actions compared to the current practice.  
 

 
Figure 39 Anchor Forces, Horizontal component, Normally consolidated, 
comparison between characteristic and verification cases, GeoCalc and 
Plaxis 
 

The differences between the software become more pronounced when 
considering the overconsolidated case. GeoCalc results are approximately 9 
to 14% smaller, while Plaxis results are nearly identical to those in the nor-
mally consolidated situation. Once again, VC3 proves to be the most unfa-
vourable, producing design effects of actions 9 to 11% higher than current 
practice DA2*, as seen in Figure 40. 
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Figure 40 Anchor Forces, Horizontal component, Overconsolidated, compar-
ison between characteristic and verification cases, GeoCalc and Plaxis 
 
Bending m oments  
 
The maximum bending moments obtained from both software are very sim-
ilar. With GeoCalc, Verification Case 3 is the most unfavourable one, whereas 
with Plaxis, the current Design Approach 2* and VC3 are practically identical 
after the bending moments from DA2* have been adjusted using the model 
factor, as seen in Figure 41. Verification Case 4 yields the lowest design values 
with both software.  
 

 
Figure 41 Maximum bending moments, comparison between characteristic 
and verification cases, GeoCalc and Plaxis, Normally consolidated 
 
In the overconsolidated case, the difference between software increases. Ge-
oCalc results in lower maximum bending moments  compared to Plaxis. 
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Again, the Verification Case 3 produces the highest design value, shown in 
Figure 42.  
 

 
Figure 42 Maximum bending moments, comparison between characteristic 
and verification cases, GeoCalc and Plaxis, Overconsolidated 
 
The bending moment distributions along the sheet pile wall are presented in 
Figures 43 and 44. From the figures, it can be observed that in the normally 
consolidated case and the overconsolidated case, the bending moment pro-
files differ between the software. GeoCalc produces positive bending mo-
ments on the top half of the wall and negative bending moments on the bot-
tom part of the wall, whereas Plaxis produces only positive bending mo-
ments.  
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Figure 43 Bending moment distribution, Normally consolidated 
Figure 44 Bending moment distribution, Overconsolidated 
 
 
Displacements  
 
To further analyse the different bending moment distributions, displacement 
profiles can be examined. In GeoCalc, the displacements are generally 
smaller than those obtained from Plaxis. At the toe of the wall, there is a slight 
rotation in the normally consolidated case  (Figure 45), or barely any move-
ment occurs, similar to the case of overconsolidated soil (Figure 46), which 
has higher stiffness.  

With Plaxis, the displacements are larger in the normally consolidated 
case than those observed in the overconsolidated case. In both scenarios, the 
toe of the wall exhibits more translational movement than what is observed 
in GeoCalc.  
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Figure 45 Sheet pile wall Displacements, Horizontal, Normally consolidated, 
GeoCalc and Plaxis 
Figure 46 Sheet pile wall Displacements, Horizontal, Overconsolidated, Ge-
oCalc and Plaxis 
  
 
4.3.3 Strength reduction and overall stability (GEO ULS)  
 
The overdesign factors obtained through strength reduction (Plaxis) or the 
Morgenstern-Price method (GeoCalc) using Input Factoring Approach VC3 
+ M2 with factored material parameters and variable actions are presented 
in Table 15. 

There was no difference in the obtained level of safety between normally 
consolidated and overconsolidated cases, with phreatic water pressures. Us-
ing the steady-state flow option, the ODF was 1,80, which is substantially 
larger than in  other cases. In GeoCalc, the obtained ODF for overall stability 
is 1,56.  
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Table 15 
Constitutive model/calculation 
method 

Overdesign factor ODF, GEO ULS 

Hardening Soil  Small, VC3 + M2, Nor-
mally Consolidated (Plaxis) 

1,17 

Hardening Soil  Small, VC3 + M2, 
Overconsolidated (Plaxis) 

1,17 

Hardening Soil  Small, VC3 + M2, OC, 

Steady-state flow (Plaxis) 

1,80 

Morgenstern-Price, VC3+M2, isotropic 
shear strength (GeoCalc) 

1,56 
 

 
 
4.3.4 Effect of steady -state flow instead of phreatic water level  
 
The effects of flowing water in the case example can be examined by setting 
the flow conditions to steady-state flow instead of using phreatic pressures.  
This can be useful for studying the effects of flowing water on structural re-
action forces and effective stresses on soil.  

In the case example, this selection resulted in lower design values of struc-
tural reaction forces, as well as a higher overdesign factor for geotechnical 
safety. Therefore, the design effects of actions cannot be considered con-
servative in this case.  
 
4.4 Case example 3: Wall with two  anchor  levels  and a rock 

bolt   
 
The third case example presents a retaining  wall on sandy soil, excavated to 
the bedrock level. The soil parameters are the same as those used in Case 
Example 2.  

Figure 47 shows the geometry of Case Example 3. The soil layers, from top 
to bottom, include dense sand 1 (h = 7,5 m) and dense sand 2 (h = 1,5 m). 
The soil parameters are listed in Table 16, and the full parameter listing is 
presented in Appendix A, Table A.2.  

 
Table 16 Case Example 3 Soil parameters 
Soil layer  �@dry (kN/m 3)  �@sat (kN/m 3) �…�ï / cu (kPa)  �Ö�ï��(°)  
Dense Sand 1 15,6 19,7 0,5 42 
Dense Sand 2 15,6 19,7 0,5 41 

 
The sheet pile wall is PU-22 (h = 9 m), and the anchors used are 9-strand 

steel cable anchors, with a horizontal spacing of 1,0 m apart (to prevent any 
possible deviations in results between software due to load distribution) and 
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a 45° inclination.  The bottom end is fixed to a grout body, modelled as em-
bedded beams. The prestressing forces applied are 75 kN for the upper an-
chor and 200 kN for the lower.  

Bedrock is considered to be extremely stiff and linear elastic. At the toe of 
the wall, there is a rockbolt (modelled as a rigid fixed-end anchor). The vari-
able load behind the retaining wall is a standard load of 20 kPa from con-
struction machinery.  The groundwater level is 1 m below the ground surface. 
 

 
Figure 47 Case example 3: Wall with two anchor levels and a rock bolt 
 
 
4.4.1 Obtained structural effects of actions (STR ULS)  
 
Anchor forces  
 
The horizontal components of design anchor forces obtained from calcula-
tions are shown in Figure 48. For the first anchor level, prestressing has a 
significant impact on the anchor force, making the design situation with only 
permanent actions (with a higher partial factor) more unfavourable than 
when variable actions are included. Therefore, identical values are obtained 
with Design Approach 2* and Verification Case 4. The Verification Case 3 
provides the lowest design values.  

The most notable differences between GeoCalc and Plaxis are observed in 
the design forces of the second anchor row. In GeoCalc, the most adverse 
condition occurs when the variable load is applied. In contrast, Plaxis shows 
that the highest design forces are obtained with just permanent actions, re-
sulting in identical design forces with Design Approach 2* and Verification 
Case 4, since the applied partial factor for permanent effects of actions is the 
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same for both cases. Again, Input Factoring VC3 provides lower design values 
than Output Factoring strategies.  

The design forces of the rockbolt show similar results from both software. 
Here, Plaxis yields higher values with variable load included compared to Ge-
oCalc, where adding an external load has little effect on the obtained reaction 
forces.  

  
 

 
Figure 48 Anchor Forces, Horizontal component, comparison between char-
acteristic and verification cases, GeoCalc and Plaxis 
 
 
Bending m oments  
 
The obtained design bending moments show almost identical results be-
tween GeoCalc and Plaxis, as seen in Figure 49. The current DA2* with addi-
tional model factor provides the most adverse design bending moments. Both 
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the VC3 and VC4 have significantly lower design values. The bending mo-
ment distributions for both software are shown in Figures 50 and 51.  
 
 

 
Figure 49 Maximum bending moments, comparison between characteristic 
and verification cases, GeoCalc and Plaxis 
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Figure 50 Bending moment distributions, Plaxis 
Figure 51 Bending moment distributions, GeoCalc 
 
  
Displacements  
 
The displacement profiles for both GeoCalc and Plaxis at the end of the exca-
vation stage, with a variable load added, are shown in Figure 52. As a varia-
tion , displacements from GeoCalc, calibrated to Eur are presented. Plaxis with 
Hardening Soil Small presents larger displacements than GeoCalc.  
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Figure 52 Displacements, horizontal, GeoCalc and Plaxis 
 
 
4.4.2 GeoCalc effect of calibrating with E ur vs. Eoed  
 
The stiffness calibration to  Eur using GeoCalc, as shown in the previous Figure 
52, displays almost identical horizontal displacement when the soil stiffness 
is increased considerably. This implies that the displacements, and therefore 
the structural effects of actions, are governed by the stiffness of the sheet pile 
wall, rather than the stiffness of the soil.  
 
 



111 

 

5 Discussion  
 
This chapter presents discussions on changes in the Eurocode, results from 
case examples and links some of the results with existing literature.  
 
5.1 Eurocode changes  
 
The most notable change that the second-generation Eurocode will introduce 
to Finnish design practice concerning embedded retaining walls is the inclu-
sion of the Material Factor Approach (or  Input Factoring) Verification Case 
3 in structural ultimate limit state (STR ULS) verifications . This is not a direct 
requirement of the Eurocode, as verification cases are decided nationally. At 
the time of writing, in July 2025, Finland intends to adopt Input Factoring 
as part of the required ultimate limit state verifications. This is likely to sig-
nificantly influence the structural design effects of actions obtained through 
calculations, as shown in the case examples in Chapter 4. 

The changes in the process are presented in Chapter 3, where the workflow 
for setting up a staged construction scheme, along with guidance on how and 
where to apply partial factors, is illustrated through flowcharts for Plaxis and 
GeoCalc. They provide a solid framework for basic cases, although engineer-
ing judgement is still necessary to determine the most critical design situa-
tions, loading conditions, and more.  

 The changes in partial factors compared to those currently in use are pre-
sented in Chapter 2, with their effects demonstrated through calculation ex-
amples in Chapter 4. Case examples demonstrate that, without any addi-
tional model factors, the resulting structural design forces obtained with 
Plaxis, using the new partial factors, are substantially higher for Case Exam-
ple 1. In Case Example 2, the structural design values obtained with Verifica-
tion Case 3 are slightly higher than those from Design Approach 2*. For Case 
Example 3, the design anchor forces are nearly identical to  those currently 
used. However, when a model factor is applied to bending moments, the de-
sign values obtained through the currently used Design Approach 2* are 
larger. For GeoCalc, the results indicate a similar trend, but the differences 
from the current design approach, DA2*,  are less pronounced. The results 
indicate that the Material Factor Approach may increase the required levels 
of design resistance of the structures.  

In terms of geotechnical safety, the currently used Design Approach 3 is 
identical to the new Verification Case 3, resulting in the same level of safety.  
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Clay properties  
 
For deep excavations in Scandinavian clays, a constitutive model that cap-
tures anisotropy, small-strain  stiffness, structure and creep is recommended, 
as concluded by Wood (2016). In the absence of a model that incorporates all 
these aspects, current model limitations leave a significant responsibility in 
the hands of the designer. Some of the uncertainties related to structural 
loads, for instance, may not be fully captured by Eurocode factoring ap-
proaches, as lower shear strength or stiffness properties do not always lead 
to safer designs.  
 
Wall  toe  embedded in a sand layer  
 
A variation of the previously presented geometry was investigated to assess 
the differences between various constitutive models and software when one 
variable, toe movement, is limited . This was accomplished by replacing the 
Clay 2 layer with the Dense Sand layer already present in the model. This 
alteration results in the toe of the wall being embedded one metre in a sand 
layer. It should be noted that the Hardening Soil model was used in this var-
iation.  

Again, similar to the original case example, Input Factoring Verification 
Case 3 resulted in the most adverse effects of actions across every constitutive 
model and software studied, as seen in  Figures 53 and 54. In Plaxis, the Hard-
ening Soil model produced a horizontal design tie reaction force of 121 kN/m 
and bending moments of 236 kNm/m. The displacement and bending mo-
ment distribution profiles between the models were noticeably different for 
the Hardening Soil  and Mohr -Coulomb models. The Mohr-Coulomb E50 re-
sulted in the highest effects of action, with a horizontal tie reaction force of 
128 kN/m and a maximum bending moment of  245 kNm/m.  

The strength reduction method provides an ODF factor ranging from 1,35 
to 1,38, utilising both Hardening Soil and Mohr -Coulomb models. However, 
no specific failure surface could be identified, as failures occurred more lo-
cally in various regions of the model.   

GeoCalc with Input Factoring VC3 results in lower design effects of ac-
tions, approximately 22% to 25 % less than those obtained with the Harden-
ing Soil Model. A significant factor influencing the results is the anchor stiff-
ness, which has the single most significant  impact on the structural reaction 
forces.  A realistic assessment of the anchor stiffness remains uncertain, even 
when the anchor stiffness is adjusted based on the horizontal stiffness of the 
soil against which the deadman wall is leaning. The ODF for overall stability 
obtained from GeoCalc is 1,29, displaying a slightly more accurate failure sur-
face, which goes just beneath the retaining wall , compared to the original  case 
where the toe of the wall is in clay soil.  
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In Plaxis, applying the Hardening Soil model with VC3 results in design 
effects that are 55% greater in tie forces and 61% higher in bending moments 
compared to the current method, DA2*. Similarly, with GeoCalc, VC3 results 
show design actions that are 13% and 16% higher in tie forces and bending 
moments, respectively, than those of the current DA2*. 

 

 
Figure 53 Horizontal Tie Forces, comparison between characteristic and ver-
ification cases, GeoCalc and Plaxis, 

 
 
 

 
Figure 54 Bending Moments, comparison between characteristic and verifi-
cation cases, GeoCalc and Plaxis 

 
The bending moment distributions, including characteristic values and the 
most adverse case of Verification Case 3, with Hardening Soil and Moh-Cou-
lomb E50 modelled in Plaxis and GeoCalc calibrated to E50. The bending mo-
ment distributions are presented in Figures 55 and 56: 
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Figure 55 Bending moment distribution, Characteristic, Plaxis and GeoCalc 
Figure 56 Bending moment distribution, Verification Case 3, Plaxis and Ge-
oCalc 
 
5.3.2 Case Example 2: Embedded wall one support  
 
In Case Example 2, the Verification Case 3 produces the most unfavourable 
design effects of actions in both the normally consolidated and overconsoli-
dated cases. The difference to the currently applied DA2* is approximately 
15 % for the tie forces. In this example, GeoCalc VC3 produced higher design 
values compared to characteristic values than those obtained from Plaxis.  

The bending moment distribution curves have different profiles , though 
the maximum design values obtained are relatively similar. This is again due 
to different displacement profiles, where in Plaxis,  the wall toe has more 
translational movement.  
 
Effects of overconsolidation  
 
Generally, overconsolidation raises the stress level in soil and consequently 
the stiffness. However, when designing for ultimate limit states, the displace-
ments are assumed to be quite large before failure, making the initial stress 
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construction sequence and how to apply partial factors using numerical 
methods in ultimate (and serviceability) limit state calculations. The 
flowcharts were created for the two most popular geotechnical design soft-
ware in Finland: beam-spring-based software GeoCalc and finite element 
software Plaxis.  

These procedures were demonstrated in practice using imaginary case ex-
amples that highlight the differences between the resulting design effects of 
actions and geotechnical safety levels obtained with current design ap-
proaches and upcoming verification cases, as well as showcase the variations 
in results caused by the selection of constitutive models and software. 

Since explicit studies on applying numerical methods in retaining wall de-
sign often focus on higher-level issues, such as factoring strategies, some 
more minor good practices were presented to help designers address fre-
quently encountered problems and questions. More detailed guidance for ge-
otechnical structures is expected in the future, as the work of the European 
Regional Technical Committee 7 Numerical Methods (ERTC 7) Subgroup: 
Eurocode 7-based design by means of numerical analyses, progresses.  

The case examples suggest that adopting the Material Factor Approach 
MFA (Input Factoring) Verification Case 3 (VC3) with partial factors for ma-
terial strength according to set M2  (Table 4.8 from  EN 1997-1-:2024) into 
Finnish design practice may potentially increase the design effects of actions 
in supported excavation structures in specific instances compared to the cur-
rently used Output Factoring Design Approach 2* (DA2*) , resulting in sup-
port structures with greater design resistances required. This applies espe-
cially in highly nonlinear cases, such as railway embankments or excavations 
in  soft clays, as demonstrated in Case Example 1.  

The chosen constitutive model and software have a considerable effect on 
the obtained design forces and geotechnical safety levels. It is generally ac-
cepted that advanced constitutive models better replicate real soil behaviour 
than simpler ones. Therefore, in cases involving complex soil-structure inter-
actions, such as Case Example 1 with a deadman wall, it is recommended to 
employ an advanced constitutive model, like Hardening Soil Small with 
Plaxis, which can consider the full geometry, unlike GeoCalc, where only one 
retaining wall can be analysed at a time.   

In Case Example 2, with a retaining wall with one anchor level embedded 
in sand, the differences between verification cases and software were less 
pronounced. The Input Factoring Verification Case 3 produced the highest 
design loads for structures with both software. If the design bending mo-
ments obtained from the current practice Output Factor Design Approach 2* 
are increased with the model factor, the results are close to those obtained 
from Verification Case 3.  

In Case Example 3, with a retaining wall featuring multiple support levels 
and a rock bolt, excavated to bedrock level, the Output Factoring Design ap-
proach 2* and Verification Case 4 provided the highest structural design 
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6.1 Future research  
 
Future research will undoubtedly  involve more cases using the Material Fac-
tor Approach (Input Factoring) as the industry adopts this design practice for 
retaining walls. It is widely recognised that input factoring is easily applied 
to the most common constitutive models by using partial  factors on strength 
parameters, but further investigation is needed on how to implement more 
advanced models, which do not rely on the Mohr-Coulomb failure criterion, 
in a Eurocode-compliant way, and what effects Input Factoring has when us-
ing those models.  
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A. Material parameters  

 
Table A. 1 Structural element parameters 
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Table A. 2 Sand parameters, Plaxis 
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Table A. 3 Clay parameters Hardening Soil Small (Undrained B), Plaxis 
 

 
Table A. 4 Clay parameters Mohr-Coulomb E50 (Undrained B), Plaxis 
 

Material Model Model HSS-model HSS-model HSS-model HSS-model HSS-model
Drainage type Type drained undrained B undrained B undrained B drained
Dry weight �vunsat 20 17 16 17 15,6 kN/m3

Saturated unit weight �vsat 20 17 16 17 19,7 kN/m3

Initial void ratio e 0,5 0,5 0,5 0,5 0,64 -
Young's modulus E50

ref 45 000 5 200 2 600 3 250 25 500 kN/m2

Shear modulus Gref

Oedometer modulus Eoed
ref 45 000 7 000 3 500 4 375 23 000 kN/m2

Unloading modulus Eur
ref 135 000 15 600 7 800 9 750 80 000 kN/m2

Stress exponent m 0,5 1 1 1 0,49 -
Poisson's ratio �† 0,2 0,3 0,3 0,3 0,25 -
Reference stress pref 100 100 100 100 100 kN/m2

Cohesion / Undrained shear strengthc'ref / Su 0,5 30 21 25 0,5 kN/m2

Depth dependency Su,inc 0 0,2 0,2
Friction angle �”�– 42 0 0 0 41 °
Dilatancy angle �— 10 0 0 0 12,7 °
Tensile strength �•tension 0,0 0,0 0,2 0,2 0,0 kN/m2

Interface strength reduction Rinter 0,67 0,5 0,5 0,5 0,67 -
K0

nc K0�A�í�r�•�]�v�” 0,3309 0,5 0,5 0,5 0,344 -

Small-strain shear modulus G0
ref 180 000 31 200 15 600 19 500 108 000 kN/m2

Threshold shear strain �v0.7 0,0002 0,0002 0,0004 0,0004 0,0002 -
Preoverburden pressure POP 0 0 0 0 0 kN/m2

Overconsolidation ratio OCR 1 1 1 1 1 -

Parameter
Undrained B

Symbol Embankment DryCrust Clay 1 Clay 2 Dense Sand 
2

Unit

Material Model Model HSS-model MC-model MC-model MC-model HSS-model
Drainage type Type drained undrained B undrained B undrained B drained
Dry weight �vunsat 20 17 16 17 15,6 kN/m3

Saturated unit weight �vsat 20 17 16 17 19,7 kN/m3

Initial void ratio e 0,5 0,5 0,5 0,5 0,64 -
Young's modulus E50

ref / Eu
ref 45 000 5 200 2 600 3 250 25 500 kN/m2

Shear modulus Gref (2 000) (1 000) (1 250)

Oedometer modulus Eoed
ref 45 000 (7 000) (3 500) (4 375) 23 000 kN/m2

Unloading modulus Eur
ref 135 000 80 000 kN/m2

Stress exponent m 0,5 1 1 1 0,49 -
Poisson's ratio �† 0,2 0,3 0,3 0,3 0,25 -
Reference stress pref 100 100 100 100 100 kN/m2

Cohesion / Undrained shear strengthc'ref / Su 0,5 30 21 25 0,5 kN/m2

Depth dependency Su,inc 0 0,2 0,2
Friction angle �”�– 42 0 0 0 41 °
Dilatancy angle �— 10 0 0 0 12,7 °
Tensile strength �•tension 0,0 0,2 0,2 0,2 0,0 kN/m2

Interface strength reduction Rinter 0,67 0,5 0,5 0,5 0,67 -
K0

nc K0�A�í�r�•�]�v�” 0,3309 0,5 0,5 0,5 0,344 -

Small-strain shear modulus G0
ref 180 000 108 000 kN/m2

Threshold shear strain �v0.7 0,0002 0,0002 -
Preoverburden pressure POP 0 0 0 0 0 kN/m2

Overconsolidation ratio OCR 0 0 0 0 1 -

Parameter
Undrained B

Symbol Embankment DryCrust Clay 1 Clay 2 Dense Sand 
2

Unit
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Table A. 5 Clay parameters Mohr-Coulomb Eur (Undrained B), Plaxis 
 

Material Model Model HSS-model MC-model MC-model MC-model HSS-model
Drainage type Type drained undrained B undrained B undrained B drained
Dry weight �vunsat 20 17 16 17 15,6 kN/m3

Saturated unit weight �vsat 20 17 16 17 19,7 kN/m3

Initial void ratio e 0,5 0,5 0,5 0,5 0,64 -
Young's modulus E50

ref / Eu
ref 45 000 15 600 7 800 9 750 25 500 kN/m2

Shear modulus Gref (6 000) (3 000) (3 750)

Oedometer modulus Eoed
ref 45 000 (21 000) (10 500) (13 130) 23 000 kN/m2

Unloading modulus Eur
ref 135 000 80 000 kN/m2

Stress exponent m 0,5 1 1 1 0,49 -
Poisson's ratio �† 0,2 0,3 0,3 0,3 0,25 -
Reference stress pref 100 100 100 100 100 kN/m2

Cohesion / Undrained shear strengthc'ref / Su 0,5 30 21 25 0,5 kN/m2

Depth dependency Su,inc 0 0,2 0,2
Friction angle �”�– 42 0 0 0 41 °
Dilatancy angle �— 10 0 0 0 12,7 °
Tensile strength �•tension 0,0 0,2 0,2 0,2 0,0 kN/m2

Interface strength reduction Rinter 0,67 0,5 0,5 0,5 0,67 -
K0

nc K0�A�í�r�•�]�v�” 0,3309 0,5 0,5 0,5 0,344 -

Small-strain shear modulus G0
ref 180 000 108 000 kN/m2

Threshold shear strain �v0.7 0,0002 0,0002 -
Preoverburden pressure POP 0 0 0 0 0 kN/m2

Overconsolidation ratio OCR 0 0 0 0 1 -

Parameter
Undrained B

Symbol Embankment DryCrust Clay 1 Clay 2 Dense Sand 
2

Unit
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Table A. 6 Case example 1 parameters, GeoCalc E50 
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Table A. 7 Case example 1 parameters, GeoCalc Eur 
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Table A. 8 Case Example 2 parameters, Normally consolidated, GeoCalc 
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Table A. 9 Case Example 2 parameters, Overconsolidated, GeoCalc 
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Table A. 10 Case Example 3 parameters, Stiffness based on Eoed, GeoCalc 
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Table A. 11 Case example 3 parameters, Stiffness based on Eur, GeoCalc 
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B. Case Example results  
 
Case Example 1  
 
Tie Forces, Horizontal  

 
Figure B. 1 Horizontal Tie Forces, comparison between characteristic and 
verification cases, Hardening Soil Small, Plaxis 
 

 
Figure B. 2 Horizontal Tie Forces, comparison between characteristic and 
verification cases, Mohr-Coulomb E50, Plaxis 
 

 
Figure B. 3 Horizontal Tie Forces, comparison between characteristic and 
verification cases, Mohr-Coulomb Eur, Plaxis 
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Figure B. 4 Horizontal Tie Forces, comparison between characteristic and 
verification cases, GeoCalc E50 
 

 
Figure B. 5 Horizontal Tie Forces, comparison between characteristic and 
verification cases, GeoCalc Eur 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



141 

 

Max. Bending Moments  
 

 
Figure B. 6 Max Bending Moments, comparison between characteristic and 
verification cases,  Hardening Soil Small, Plaxis 
 

 
Figure B. 7 Max Bending Moments, comparison between characteristic and 
verification cases, Mohr-Coulomb E50, Plaxis 
 

 
Figure B. 8 Max Bending Moments, comparison between characteristic and 
verification cases, Mohr-Coulomb Eur, Plaxis 
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Figure B. 9 Max Bending Moments, comparison between characteristic and 
verification cases, GeoCalc E50 
 

 
Figure B. 10 Max Bending Moments, comparison between characteristic and 
verification cases, GeoCalc Eur 
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Bending Moment Distribution  
 

  
Figure B. 11 a & b Bending Moment Distribution, Hardening Soil Small, Plaxis 
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Figure B. 12 a & b Bending Moment Distribution, Mohr-Coulomb E50, Plaxis 
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Figure B. 13 a & b Bending Moment Distribution, Mohr-Coulomb Eur, Plaxis 
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Figure B. 14 a & b Bending Moment Distribution, GeoCalc E50 
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Figure B. 15 a & b Bending Moment Distribution, GeoCalc Eur 
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Displacements  
 

  
Figure B. 16 a & b Displacements, (a) Wall on the excavation side (b) Dead-
man wall 
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Case example 2: Wall with one support level  
 
Slip surfaces  
 
 

 
Figure B.17 Failure surface, incremental shear strain, Verification Case 3, 
Plaxis 
 
 
 

 
Figure B.18 Failure surface, Morgenstern-Price method, Verification Case 3, 
GeoCalc 
 
























