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ABSTRACT: Confined excavations are often encountered in dense urban areas. Estimation of earth pressures on retaining structures 
is one of the design concerns in such cases. This contribution presents numerical investigations on the influence of the flow rule on 
active/passive earth pressures exerted onto structures supporting confined excavations. Comparisons, in terms of failure mechanisms 
and earth pressures, between the Mohr-Coulomb (MC) model and the Hardening Soil Small (HSS) model with associated and non-
associated flow rules, are made under various drainage conditions (drained and undrained analyses in terms of effective stresses). The 
results from displacement based finite element analysis (FEA) and finite element limit analysis (FELA) are compared, which in turn 
gives confidence in FEA results. The results clearly indicate that for certain conditions the influence of the constitutive model, flow 
rule, and drainage conditions may become significant. 
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1 INTRODUCTION 

Confined excavations are increasingly performed as 
underground excavation activities are getting closer to existing 
buried structures, in particular in an urban environment (Lai et 
al. 2024, 2025). The determination of active and passive earth 
pressures is essential for the design of retaining structures 
supporting excavations. Finite element analysis (FEA) and 
finite element limit analysis (FELA) are common techniques to 
compute earth pressures (e.g. Schmüdderich et al. 2021; 
Schweiger & Tschuchnigg, 2021). In such analyses, the flow 
rule (associated/non-associated), drainage conditions 
(drained/undrained), constitutive model (e.g. traditional Mohr-
Coulomb (MC) model vs advanced Hardening Soil Small 
model (HSS)) may have an impact on the computed results. In 
the first part of the paper, earth pressures and failure 
mechanisms in confined excavations, determined by FEA and 
FELA, are compared under drained conditions. The influence 
of the flow rule and backfill width on earth pressures are also 
discussed. In the second part of the paper it is investigated to 
what extent the constitutive model in undrained analysis (in 
terms of effective stresses) influence the undrained response 
(effective stress and pore water pressure) in confined 
excavations. 

2 METHODS 

2.1 Displacement finite element analysis (FEA) 

Over the past few decades, displacement finite element analysis 
(FEA) has become a standard tool in geotechnical engineering 
because it allows for a reliable assessment of displacements and 
stresses for complex geotechnical structures. In addition 
possible failure mechanisms may be identified and ULS design 
(Daxer et al. 2023) has become feasible. From a theoretical 
point of view, equilibrium, compatibility, material behaviour 
and boundary conditions, for both load and displacements, are 
fulfilled albeit in an approximate manner. In addition to the 
benefits above, the implementation of interface elements to 
approximate non-linear soil-structure interaction as well as 
advances in computer hardware (fast computation) have 
resulted in a widespread application of FEA in the solutions of 
geotechnical boundary value problems (Schweiger et al. 2019). 

In this study, a finite element programme, Plaxis 2D 
(Brinkgreve et al. 2019), is used to study earth pressure 
problems in confined excavations. 

2.2 Finite element limit analysis 
Finite element limit analysis (FELA) is based on limit theorems 
of plasticity, i.e., the lower-bound (LB) and upper-bound (UB) 
theorems, developed by Drucker et al. (1952). FELA postulates 
small deformations, perfectly plastic material and an associated 
flow rule. The LB theorem satisfies equilibrium, the stress 
boundary conditions, and the yield criterion. The UB theorem 
satisfies the velocity boundary conditions and the plastic flow 
rule. As such, the exact failure load can be bracketed between 
UB and LB solutions. More details on FELA formulation can 
be found in Lyamin & Sloan (2002a; 2002b) and Sloan (2013). 
In this study, all the FELA are performed with the mesh 
adaptivity option using the code Optum G2 (Krabbenhøft, 
2019) and all results presented in the following represent the 
average of the upper and lower bound solution, the difference 
between the two being in general a few percent. 

2.3 Davis approach 
Since FELA is limited to associated plasticity, Davis (1968) 
suggested that introducing a reduction factor (β) to lower 
effective strength parameters (c' and ϕ') may be an alternative 
to consider the non-associativity of the materials with a 
dilatancy angle ψ' lower than the friction angle ϕ' (ψ' < ϕ'). The 
above approach is known as the “Davis approach”, which can 
be written as 

𝑐∗ ൌ 𝛽𝑐ᇱ (1) 

𝜙∗ ൌ 𝛽𝑡𝑎𝑛𝜙ᇱ (2) 

𝛽 ൌ
𝑐𝑜𝑠𝜓ᇱ𝑐𝑜𝑠𝜙ᇱ

1െ 𝑠𝑖𝑛𝜓ᇱ𝑠𝑖𝑛𝜙ᇱ (3) 

Previous studies (Tschuchnigg et al. 2015a; Oberhollenzer 
et al. 2018; Schmüdderich et al. 2021) have demonstrated that 
in some cases the computed earth pressures (or the factors of 
safety) adopting an associated flow rule may lead to unrealistic, 
non-conservative, results, but the use of the Davis approach 
may produce overly conservative results. The feasibility of the 
Davis approach to estimate the active/passive earth pressures in 
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confined excavations under drained conditions will be 
discussed in the following. 

3 PROBLEM DEFINITION AND MODEL DETAILS 
The active and passive responses of a normally consolidated 
soil are studied by the problem defined in Fig. 1(a). A rigid wall 
with a height of H is used to retain a narrow column of soil with 
a width of B. The aspect ratio B/H varies from 0.4 to 0.8 in both 
the active and passive problems. The groundwater table is 
assumed at the surface of the model. 

Figures. 1(b) and 1(c) present typical FEA and FELA 
models respectively. For FEA the finite element domain is 
discretised with ~10,000 15-noded triangular elements. For 
FELA, a LB mesh after failure is shown. In combination with 
adaptive mesh refinement the number of elements is increasing 
from 5,000 to 10,000 to obtain the solutions. As shown in Fig. 
1(a), the wall is actively pulled away or passively pushed into 
the soil by means of prescribed displacements. Other than the 
wall, vertical displacements are allowed for the lateral 
boundaries while full fixities are imposed at the bottom 
boundary. 

 
Figure 1. Problem definition and numerical models: (a) Geometry; (b) 
FEA mesh and (c) FELA mesh (LB mesh after failure). 

Two different constitutive models, namely the elastic-perfectly 
plastic Mohr-Coulomb (MC) model and the advanced Hardening Soil 
Small (HSS) model (Benz, 2007), are used to model the soil behaviour. 
The parameters for two models are listed in Table 1. Note that, for the 
MC model, two different values of the dilatancy angle (ψ' = 0° and ϕ') 
are defined to represent non-associated and associated flow rules, 
respectively. 

Table 1. Material parameters for the MC model. 
MC-Drained/Undrained HSS-Undrained 
γ 20 kN/m3 γ 20 kN/m3 
E 12 MPa E50,ref 25 MPa 
v 0.3 Eoed,ref 20 MPa 
ϕ' 35° Eur,ref 100 MPa 
ψ' 0°/35° * pref 100 kPa 
c' 0 kPa vur 0.2 
K0 0.426 ϕ' 35° 

Rinter 0.67 ψ' 0° 
  c 0 kPa 
  K0 0.426 
  G0, ref 150 MPa 
  γ0.7 2.00E-04 
  m 0.8 
  Rinter 0.67 

*only used under drained conditions 

4 RESULTS AND DISCUSSION 

4.1 Drained earth pressure problem 
This section discusses earth pressure problems under drained 
conditions. Two questions are answered by means of FEA, 
FELA, and Davis approach: (ⅰ) to what extent does the flow rule 
influence active/passive responses of confined excavations? (ⅱ) 
how feasible is the Davis approach with reduced strength 
parameters to model the non-associativity for this type of 
problems? For this purpose, only the MC model is used. 

4.1.1 Drained active responses 
Figure 2 shows the effective active pressure with depth for 
associated and non-associated plasticity, obtained by means of 
FEA and FELA. It follows that FEA solutions show almost 
perfect agreement with FELA solutions for a drained material 
with associated plasticity, giving confidence that FEA solutions 
are reliable. The active earth pressure increases with a decrease 
in dilatancy angle and/or with increasing in aspect ratio B/H. As 
previously reported by Lai et al. (2024), the FEA results with 
non-associativity exhibit numerical instability due to the non-
uniqueness of the failure mechanisms, leading to the significant 
oscillations of the numerical solutions such as earth pressure 
distribution over wall depth, in particular for low B/H ratios, 
e.g. 0.4. In addition, the active pressure for non-associativity 
(ϕ'= 35°, ψ' = 0°) oscillates above and below that for 
associativity (ϕ'= 35°, ψ' = 35°) and the Davis solution (ϕ'= 
29.8°, ψ' = 29.8°), which shows that the Davis approach may be 
an alternative to model the non-associativity. However, the 
results indicate that the effect of the dilatancy angle on the 
active response can be clearly identified but is not very 
pronounced. 

 
Figure 2. Influence of flow rule on active earth pressure under drained 
conditions: (a) B/H = 0.4 and (b) B/H = 0.8. 

The active failure mechanisms for B/H = 0.4 in the cases 
mentioned above are compared in Fig. 3. The comparison 
between Figs. 3(a) and 3(c) or between Figs. 3(b) and 3(d) 
clearly show that almost the same failure mechanisms are 
obtained from FEA and FELA. Fig. 3(e) indicates numerical 
instability for a non-associated flow rule as a consequence of a 
non-unique failure mechanism as highlighted e.g. by Nordal 
(2008) and Tschuchnigg et al. (2015b, 2015c). 

 
Figure 3. Active failure mechanisms under drained conditions (B/H = 
0.4). 
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4.1.2 Drained passive responses 

The influence of the flow rule on passive pressure for various 
aspect ratios B/H is depicted in Fig. 4. Again good agreement 
between FEA and FELA is observed. The lateral pressure 
increases significantly with increasing dilatancy angle and/or 
deceasing B/H ratios. These results strongly suggest that careful 
considerations have to be given to the selection of the dilatancy 
angle in this type of problems. The Davis approach will 
improve results but may still be not realistic, in particular for 
low B/H ratios. Oscillations for the non-associated FE analysis 
are again apparent. Fig. 5 confirms that basically identical 
failure mechanisms are obtained for FEA and FELA for 
associated cases (including the Davis approach) but a different 
pattern follows from the non-associated FEA. Moreover, a 
trapezoid wedge rupture body around wall top under passive 
thrust can be observed in Figs. 6(b) and 6(d). 

 
Figure 4. Influence of flow rule on passive earth pressure under 
drained conditions: (a) B/H = 0.4 and (b) B/H = 0.8. 

 
Figure 5. Passive failure mechanisms under drained conditions (B/H 
= 0.4). 

4.2 Undrained earth pressure problem 
This section studies the earth pressure problem under undrained 
conditions. A key focus is examining how constitutive models 
(i.e. MC and HSS) influence active/passive responses—
including earth pressure and (excess) pore water pressure—in 
confined excavations, using FEA. Note that all the undrained 
analyses are performed in terms of effective stresses, and 
therefore the undrained shear strength is not an input parameter 
but rather a result of the constitutive model.  

4.2.1 Undrained active responses 
Figure 6 presents the influence of constitutive model on active 
responses under various aspect ratios performing undrained 
analysis. It can be found that, compared to the HSS model, the 
MC model yields higher earth pressure and (negative) excess 
pore water pressure (uₑ), resulting in lower total pore water 
pressure (uₚ). This difference arises because the MC model 
follows a vertical effective stress path, whereas the HSS model 
exhibits a curved path, leading to greater undrained strength in 
the MC model. This can be confirmed by Fig. 7 where stress 
paths in p’-q space for a stress point close to the wall in 2.5 m 
depth below surface are provided. Interestingly, the active 
failure points fall between compression and extension for K0 = 
1-sin ϕ', as evidenced by Schweiger et al. (2021). Fig. 8 further 

reveals the difference in the sliding surface (inclination angle) 
between the MC and HSS models, particularly for wider aspect 
ratios. 

4.2.2 Undrained passive responses 
Figure 9 demonstrates the effect of constitutive models on 
passive response under various aspect ratios in undrained 
analysis. Similar to the active response, the MC model yields 
higher effective passive pressures than the HSS model, 
attributable to its greater undrained strength (Fig. 10). 
Therefore applying the MC model to calculate the passive earth 
pressure at failure may be on the unsafe side. Notably, aspect 
ratio variations show negligible influence on these results. The 
evolution of excess pore water pressure (uₑ) closely follows the 
effective earth pressure trends, while the influence of 
constitutive models on the pore water pressure appears to be 
moderate in this case. Furthermore, Fig. 11 reveals distinct 
failure mechanisms between the two constitutive models, 
highlighting their fundamentally different undrained material 
behaviours under passive loading conditions. 

 
Figure 6. Influence of constitutive model on active response with 
undrained analysis in terms of effective stresses: (a) effective earth 
pressure and (b) pore water pressure. 

 
Figure 7. Stress paths in active earth pressure problem obtained by 
undrained analysis in terms of effective stresses (stress points in 2.5 m 
depth below surface). 

 
Figure 8. Active failure mechanisms obtained by undrained analysis 
in terms of effective stresses. 
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Figure 9. Influence of constitutive model on passive response with 
undrained analysis in terms of effective stresses: (a) effective earth 
pressure and (b) pore water pressure. 

 
Figure 10. Stress paths in passive earth pressure problem obtained by 
undrained analysis in terms of effective stresses (stress points in 2.5 m 
depth below surface). 

 
Figure 11. Passive failure mechanisms obtained from undrained 
analysis in terms of effective stresses. 

5 CONCLUSIONS 

The results presented in this paper have confirmed that FEA 
solutions and FELA solutions are in good agreement for a 
drained material with associated plasticity. It was shown by a 
drained active problem that for confined excavations, although 
the influence of the flow rule on the magnitude of earth pressure 
is moderate, numerical instability due to the non-associativity 
of materials is still significant. The use of the Davis approach 
to address this drawback is confirmed as an alternative for 
active responses of confined excavations. The effect of the flow 
rule on drained passive problems is significant, particularly for 
low aspect ratios. For the undrained earth pressure problems, 
the analyses performed in terms of effective stress indicated that, 
the MC model may obtain higher effective pressure and (excess) 
pore water pressure than the HSS model, along with the distinct 
failure mechanisms. 
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