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ABSTRACT  

The design of deep excavations in soft soils is a complex task. Design engi-
neers are typically faced with decisions such as modelling active and passive 
earth pressures as well as their distribution in terms of bracing loads, the 
choice of embedment depth of supporting structures with respect to bottom 
heave and the selected soil-model considered in finite-element codes. The cur-
rent contribution provides links between these topics in the design of deep ex-
cavations in soft soils using the example of an idealised excavation based on 
selected soil parameters of the “Lilla Bommen” project in soft Gothenburg 
clay. The modelling of earth pressure distribution is linked to embedment 
depth and bottom heave as well as to the bracing design. The investigated ex-
ample of an idealised excavation is analysed with different approaches pro-
posed in literature, allowing for a comparison of earth pressure and bracing 
load distributions. Subsequently, the excavation is analysed with the finite-el-
ement code “Optum G2”. Initial results and comparison to analytical models 
are provided and discussed. 

1. INTRODUCTION 

Structures in urban areas are increasingly built in and on soft soils. These soils 
are typically characterised as fine-grained, water-saturated and normally or 
slightly over-consolidated [1]. Construction in soft soils is challenging as they 
may respond undrained to changes in load due to a low water permeability. 
Consequently, excess pore water pressures ±∆𝑢𝑢 develop, which reduce over 
time until drained conditions are finally achieved. In the design of an excava-
tion, it is not known a priori whether drained (long-term analysis) or un-
drained (short-term analysis) conditions are most relevant for the design. 
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Thus, a clear understanding of the development of relevant earth pressures 
and their effects on the design of an excavation is essential. Various studies 
on excavations in soft soils [3][7][9][12][13] indicate a correlation between 
bottom heave stability and loads and/or deformations of the excavation sup-
port. 

In this article, different design approaches for deep excavations in soft soils 
are compared on behalf of a case study. An 8 m deep and 40 m wide excava-
tion in soft Gothenburg clay is analysed, (corresponding approx. to the dimen-
sions of the Lilla Bommen tunnel excavation). The focus of the comparative 
calculation is therefore not to validate the executed “Lilla Bommen tunnel” 
project, as has been done by other authors. This contribution summarises rele-
vant findings from the first author’s master’s thesis at HSLU. 

2. SUBSOIL 

The subsoil data was considered as reported in [8][15]. Gothenburg clay is a 
slightly over-consolidated (OCR ≤ 2.0), glacial-marine clay. It has a liquid 
limit of wL = 76%, a plastic limit of wP = 34% and an in-situ water content of 
approx. 55%. The groundwater table is located just below the surface. 

 
Figure 1 Derivation of an undrained shear strength profile from test data according to 
Olson [8] and Wood [15]. 

The subsoil profile was idealised for the calculations as a single layer. Uncor-
rected soil parameters from field vane shear tests by [15] and the results from 
undrained triaxial tests on undisturbed soil samples by [8] are summarised in 
Figure 1. In order to consider the influence of the shear velocity, the su-depth 
profile obtained in field vane shear tests was modified by the correction factor 
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μ as a function of the plasticity index Ip [6]. The corrected su-depth profile is 
bounded by the results from triaxial compression and extension, however, it 
correlates more closely to the extension tests. This result is to be expected ac-
cording to [2] and is believed to provide a suitable basis for the design of an 
excavation as the majority of the soil experiences a stress change similar to 
that of triaxial extension (unloading by excavation). The relevant parameters 
are summarised in Table 1. 
Table 1 Geotechnical parameters after [8] and [15] 

γ 16.4 kN/m3 Unit weight 
φ'cv 30.5 ° Critical state friction angle 
su(z) 12.6 kPa + z∙1.4 kPa/m kPa Undrained shear strength profile 
k 4.97∙10-10 m/s Coefficient of permeability 
OCR 1.651) - Over-consolidation ratio 
K0 0.681) - Coefficient of earth pressure at rest 
Eu,50 8.5 MPa Undrained triax. stiff. at 50% of peak strength 
Eur 34.1 MPa Unloading-reloading Young’s modulus 
1) In-situ measurement by dilatometer testing [15] 

3. RELEVANT DESIGN ASPECTS 

Drained or undrained analysis? 

Undrained material behaviour is to be expected in low-permeability, fine-
grained soils in the event of rapid changes in the loading level, such as arise 
during excavations. However, the question remains as to whether the consid-
eration of undrained behaviour is relevant for the design of an excavation? 
Various authors [1][4] report that negative excess pore water pressures (-∆𝑢𝑢) 
must be expected due to the unloading conditions in the predominant area 
around an excavation pit.  

 
Figure 2 Development of stress paths on the active side of an excavation: (a) Wall 
displacement leads to unloading on the active side; (b) Effective Stress Path (ESP) and 
Total Stress Path (TSP) - the ESP reaches the critical state after dissipation of the 
negative excess pore pressures -Δu; (c) Mohr’s stress representation after the excava-
tion with negative excess pore pressures -Δu. 

Generally, negative excess pore water pressures either result in higher short-
term failure stresses or that the critical state is only reached during consolida-
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tion as illustrated in Figure 2. Thus, a free-standing height in the soil may oc-
cur in the short term. However, on the basis of this insight and from the con-
sideration of stress paths, it still cannot be concluded that the undrained case 
with the development of negative excess pore water pressures is not relevant 
for design. Both the magnitude of the shear stress mobilised at the failure state 
for a specified water content of the soil and the failure mechanism that occurs 
is decisive for the analysis. 

Bottom heave stability and embedment depth 

The bottom heave stability is typically not relevant for soils with φ' ≥ 25° in 
the drained state according to [1][13][14]. In undrained conditions, however, 
this failure mechanism is to be investigated although it may be assumed that 
negative excess pore water pressures occur in the soil due to the unloading 
from excavation [1][12][13][14]. Increasing undrained shear strength with 
depth, as could be observed in the present example, requires that the width of 
the considered failure mechanism is to be varied so as not to overestimate the 
stability [1][14]. The calculation approach according to [14] shown in Figure 
3(a) and (b) provides a relevant failure mechanism width of x∙B = 7.2 m for 
the investigated excavation (B = 40 m, H = 8.0 m and soil properties accord-
ing to Table 1). The stability factor F can be defined according to Eq. (1) with 
the partial safety factors γG = 1.20, γQ = 1.30 und γGB = 1.30 [1].  

𝐹𝐹 =  

1
𝛾𝛾𝐺𝐺𝐺𝐺

�𝑅𝑅𝑣𝑣,𝑘𝑘 + 𝑅𝑅𝐺𝐺𝐺𝐺,𝑘𝑘�

𝛾𝛾𝐺𝐺 ∙ 𝐺𝐺𝑘𝑘 + 𝛾𝛾𝑄𝑄 ∙ 𝑄𝑄𝑘𝑘
 (1) 

The forces are defined as (see also Figure 3) 
𝑅𝑅𝐺𝐺𝐺𝐺,𝑘𝑘 = 5.14 ∙ 𝑠𝑠𝑢𝑢2 ∙ 𝑥𝑥 ∙ 𝐵𝐵;  𝑅𝑅𝑣𝑣,𝑘𝑘 = 𝑠𝑠𝑢𝑢1 ∙ 𝐻𝐻;  𝐺𝐺𝑘𝑘 = 𝛾𝛾 ∙ 𝐻𝐻 ∙ 𝑥𝑥 ∙ 𝐵𝐵;  𝑄𝑄𝑘𝑘 = 𝑞𝑞𝑘𝑘 ∙ 𝑥𝑥 ∙ 𝐵𝐵 (2) 

and the bottom heave stability is assumed to be sufficient for values F ≥ 1.0. 
In the excavation under consideration, a value of F = 0.79 results at design 
level, indicating insufficient bottom heave stability. 

Methods for increasing bottom heave stability reported in [13] consist of: (I) 
Increasing the embedment depth t; (II) Increasing the load within the excava-
tion pit (e.g. underwater excavation); (III) Creating a supporting base slab / 
jetting slab before excavation begins; (IV) Reducing the effective excavation 
depth by removing soil in a sufficiently large area next to the excavation pit; 
or (V) Excavating a series of smaller pits. In this way, spatial effects may be 
mobilised and a greater bearing capacity factor Nc would result [11].  
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Figure 3 Calculation of the bottom heave stability for su(z) ≠ const. and variable width 
x B: (a) su-profile; (b) Approach according to Weissenbach and Hettler [14] with a 
load-bearing capacity factor Nc = 5.14; (c) Influence of the embedment depth t on the 
factor of safety F. 

Increasing the embedment depth t in order to improve the bottom heave sta-
bility as a seemingly simple and cost-effective measure is the subject of con-
troversial debate. This can be shown by way of example with the approach ac-
cording to [14] as formulated in Eq. 1. In the present investigation, even for 
very large embedment depths of t > 20 m, the calculated level of safety does 
not fulfil the requirements, see Figure 3(c). It is assumed that the bottom 
heave failure mechanism develops below the embedment depth as shown in 
Figure 4(a). 

 
Figure 4 Influence of the embedment depth t on the bottom heave stability mechanism: 
(a) The mechanism develops below t [14]; (b) t only influences the mechanism if 
t > √2 B [9]; (c) Dowel effect of the embedment depth [7]. 

Some other design approaches also imply that large embedment depths are 
necessary to influence the relevant failure mechanism and thus improve the 
bottom heave stability [9], see Figure 4(b). In contrast there are approaches 
that consider dowel action over the embedment depth [3][7], as illustrated in 
Figure 4(c), whereby in [13] it is suggested that the forces required to retain 
the soil are transferred upwards in the case of stiff excavation closures, lead-
ing to significantly higher bracing forces. 
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The influence of bottom heave stability is viewed critically as described in 
[12][13] for another reason. Terzaghi et al. (1996, p.307, [12]) provide the fol-
lowing description: "If the underlying clay experiences a bearing-capacity 
failure, the bottom of the excavation heaves and the earth pressure against the 
bracing increases dramatically". This is portrayed in [12] with a larger failure 
mechanism as seen in Figure 5 for F < 1.0. 

 
Figure 5 Possible failure mechanism for excavations with bottom heave (F < 1) and 
without (F > 1) after [12]. 

As the requirement for bottom heave stability cannot be satisfied in the cur-
rent example, a grouted base slab should be constructed before excavation. 
This construction sequence is generally recommended for excavations in soft 
soils with depths greater than 5 m [1]. The grouted base slab has the following 
functions: (I) Creating a base support to ensure the equilibrium of the horizon-
tal forces; (II) Minimising the deformations of the excavation pit support in 
the foot area in order to limit the settlements outside the excavation pit; and 
(III) Securing the excavation pit against bottom heave and buoyancy. 

The proposed grouted base slab is to be constructed with a thickness of 2 m 
from -9.0 to -11.0 m, the embedment depth of the diaphragm wall amounts to 
t = 4 m, see Figure 6(a). The grouted base slab must also be secured with ten-
sion piles. Possible design approaches are described in [1][14]. 

Earth pressure and bracing forces 

The earth pressures and bracing forces are determined analytically and numer-
ically for the excavation illustrated in Figure 6(a). To allow direct comparison 
with FEM results, characteristic earth pressures are given. 

Earth pressure at rest 

Excavation pit supports with prestressed bracings in the upper region and a 
base support constructed prior to the start of excavation are assumed to be suf-
ficiently rigid so that the earth pressure at rest can be accounted for in the de-
sign [1]. Hence, undrained conditions are not considered and earth pressures 
are calculated as shown in Figure 6. The following aspects should be ad-
dressed: 

- As a simplification, no passive earth pressure is considered within the ex-
cavation – the grouted base slab is activated as a support, see Figure 6(b). 
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- Earth pressure at rest is considered with a value of K0 = 0.68, as deter-
mined in the subsoil investigation (Table 1). 

𝑒𝑒0𝑝𝑝,𝑘𝑘
′ = 𝐾𝐾0 𝑝𝑝𝑘𝑘 = 6.8 kPa; 𝑒𝑒0,𝑘𝑘

′ = 𝐾𝐾0 𝛾𝛾′𝑧𝑧 = 52.2 kPa;  𝑢𝑢𝑘𝑘 = 𝛾𝛾𝑤𝑤 𝑧𝑧 = 120 kPa (3) 

- A degree of earth pressure redistribution is to be considered for prestressed 
bracings. This can be accounted for in a simplified manner by increasing 
the resulting support forces by 30% [1]. Hence, the bracing force Nk is cal-
culated from the upper support force, see Figure 6(c), and increased by 
30% for the spacing of a = 5 m: 

𝑁𝑁𝑘𝑘 = 1.3 (5 m) 252
kN
m = 1′640 kN (4) 

 
Figure 6 Earth pressure at rest: (a) Actions; (b) Simplified static system; (c) Support 
reactions and moment distribution. 

Total stress analysis 

The active earth pressure may be calculated for the undrained case, neglecting 
the influence of wall friction: 

𝑒𝑒𝑎𝑎𝑘𝑘 = 𝑝𝑝𝑘𝑘 + 𝛾𝛾 𝑧𝑧 − 2 𝑠𝑠𝑢𝑢(𝑧𝑧) = 148 kPa     for  𝑧𝑧 = 12 m  (5) 

It is assumed that cracks could form due to tensile stresses up to a height of 
hcr. When such cracks are filled with water, hydrostatic water pressure takes 
effect. 

ℎ𝑐𝑐𝑐𝑐 = −(2 𝑠𝑠𝑢𝑢0−𝑝𝑝𝑘𝑘)
2 𝑚𝑚−𝛾𝛾

= 1.12 m with su0 =12.6 kPa and m = 1.4 kPa/m (6) 

In the case of passive earth pressure, it is assumed that the grouted base slab 
and the soil above act as a surcharge load with a pressure of 56 kPa. 

𝑒𝑒𝑝𝑝𝑘𝑘1 = 56 kPa + 2 𝑠𝑠𝑢𝑢(11m) = 112 kPa  (7) 
𝑒𝑒𝑝𝑝𝑘𝑘2 = 56 kPa + 𝛾𝛾 1m + 2 𝑠𝑠𝑢𝑢(12m) = 131 kPa  (8) 
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The earth pressure distribution and resulting moment distribution are illus-
trated in Figure 7. Subsequently, the bracing force can be calculated at a hori-
zontal spacing of a = 5 m.  As before, a degree of earth pressure redistribution 
is taken into account by increasing the resulting support force by 30%. 

𝑁𝑁𝑘𝑘 = 1.3 (5 m) 163
kN
m = 1′060 kN (11) 

 
Figure 7 Total stress analysis: (a) Actions; (b) Simplified static system; (c) Support 
reactions and moment distribution. 

Bracing force diagrams 

The critical bracing forces activated across all construction stages may also be 
estimated using apparent earth pressure diagrams according to Terzaghi et al. 
[12] or based on Distributed Prop Load (DPL) diagrams according to Twine 
and Roscoe [13], see Figure 8. 

 
Figure 8 Estimation of maximum bracing force: (a) Excavation pit; (b) Static system; 
(c) Apparent earth pressure diagram according to Terzaghi et al. [12]; (d) Distributed 
prop load diagram (DPL) according to Twine and Roscoe [13]. 

In the investigated case, a jet grouted base slab is constructed as a base sup-
port before excavation begins and is secured with tension piles. Thus, it is not 
assumed that a significant force redistribution results in the bracings from the 
failure mechanism shown in Figure 5. In the approach according to Terzaghi 
et al. [12], this results in a value of ΔK = 0. Subsequently, the value of KA can 
be calculated for su(H/2) = 18.2 kPa, shown in Figure 8, as follows: 
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KA = 1 −
4 𝑠𝑠𝑢𝑢
𝛾𝛾𝐻𝐻 = 0.445 (9) 

According to the approach proposed by Twine and Roscoe [13], the DPL is 
applied as illustrated in Figure 8(d), which is independent of the undrained 
shear strength. For the case not at risk of bottom heave, the coefficients result 
to a = 0.5 and b = 0.65. 

The bracing forces are calculated considering half the distance between the 
supports as is indicated by the dashed line in Figure 8. Hence, a bracing force 
of Nk = 1’241 kN results according to Terzaghi et al. [12], whereas 
Nk = 2’080 kN according to the approach by Twine and Roscoe [13]. 

FEM 

An undrained, elastoplastic FEM analysis was performed for the current in-
vestigation. Structural components such as the diaphragm wall, jetting base 
and anchors were modelled as wished in place in accordance with [10]. Sub-
sequently, the continued excavation was simulated in 1.5 – 2 m depth incre-
ments. The calculations were performed in OPTUM G2 with an axially sym-
metric model, dimensions of b = 120 m and h = 70 m and an automatically re-
fined FE-mesh consisting of 3’000 elements of type 6-node Gauss. The soil-
structure stiffness ratios and the friction mobilised between the soil and the 
structural component have a significant influence on the development of the 
deformations and the earth pressures: The diaphragm wall was modelled with 
a flexural stiffness EIII = 27.23 104 kNm2/m; the interface-reduction factor 
was taken as 0.5; the bracing was considered with an axial stiffness EA = 
96.32 105 kN and prestressing force of 200 kN at a spacing of a = 5 m; the 
grouted base slab was modelled with E = 1’800 MPa, ν = 0.2 as for concrete 
and c = 2.5 N/mm2, φ' = 0° with the Mohr-Coulomb material model. It could 
be shown that the interface between the base slab and the diaphragm wall has 
a significant influence on the load-deformation behaviour. The model simu-
lates an incomplete interface between the grouted base slab and the diaphragm 
wall by considering a reduced wall friction up to a maximum of 50% in rela-
tion to the surrounding soil.  
Table 2 Input parameters for the soil material models. 

Material Model  11 Tresca 12 Tresca  AUS PEAK AUS ENTF 
Eu,50 [MPa] 8.5 34.1 ≈ Eur - - 
Eu [MPa] - - 85 85 
εc,50 [%] - - 0.28 0.28 
εe,50 [%] - - 0.47 0.47 
su(z) [kPa] 12.6+z∙1.4 12.6+z∙1.4 9.4+z∙2.43 11.6+z∙1.54 
sue/suc [-] - - 0.61 0.61 
Tension Cut-Off [-] Yes Yes Yes Yes 
γsat [kN/m3] 16.4 16.4 16.4 16.4 
K0 [-] 0.68 0.68 0.68 0.68 
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Two undrained material models were implemented to simulate the soil behav-
iour (total stress analysis), namely, the linear elastic - ideal plastic Tresca and 
the elasto-plastic AUS (Anisotropic Undrained Shear) soil model [5]. The in-
put parameters were calibrated using a triaxial test according to [8] as summa-
rised in Table 2, resulting in the stress-strain curves shown in Figure 9. 

 
Figure 9 Calibration of the material models using two triaxial tests according to [8] to 
represent a stress level at a depth of 10 m. 

The FE analyses resulted in the earth pressure distributions as illustrated in 
Figure 10. In addition to the resulting earth pressures, the earth pressure at rest 
and the total active and passive earth pressures are also shown. 

 
Figure 10 Comparison of mobilised earth pressures resulting from FEM calculations 
with those from a total stress analysis. Wall deformations are indicated overdrawn.  

4. COMPARISON OF RESULTS AND CONCLUSIONS 

The results from the FE-analysis indicates that the earth pressures react sensi-
tively to the stiffness characteristics in the model as is shown in Figure 10. 
Consequently, an earth pressure ranging between the earth pressure at rest and 
the active earth pressure could be mobilised between the bracing and the 
grouted base slab as a function of the stiffness ratio between the subsoil and 
diaphragm wall (Tresca 11 & 12). Furthermore, the diaphragm wall appears to 
rotate around a point approximately at the height of the middle of the base 
slab. This resulted in the activation of nearly passive earth pressures outside 
the excavation within the bottom region of the diaphragm wall. Moreover, the 
analysis indicates a redistribution of forces from the free span length in the di-
rection of the pre-stressed bracings. Figure 11 provides a comparison of the 
bracing forces and the maximum span moments obtained from the analytical 
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and numerical calculations. The following three effects could be observed:  
(I) The approach considering earth pressure at rest (drained) appears to result 
in a safe design for the present investigation, only the approach according to 
Twine and Roscoe [13] resulted in higher bracing forces, although their dia-
gram is based on multiple-propped excavations in which the greatest bracing 
forces are known to occur before the next layer of bracings are installed;  
(II) The total earth pressure approach (± 2 su) seemingly results in an underes-
timation of the bracing force, especially if no increase of 30% due to earth 
pressure redistribution is taken into account whereas the approach according 
to Terzaghi et al. [12] compares favourably with the numerical calculations; 
(III) The analytical calculations result in higher bending moments than the nu-
merical analyses. 

 
Figure 11 Comparison of the bracing forces and the maximum span moments from the 
analyses. 

The following conclusions could be drawn from the current investigation: For 
deep excavations in soft soils, there is a risk of bottom heave and large defor-
mations outside the excavation due to ground displacements associated with 
heave of the excavation base. Thus, the construction practice recommendation 
that a base support should be provided for excavations in soft soils with 
H > 5 m before the start of excavation [1] seems appropriate. An overview of 
literature on the subject and the example calculations indicate that the influ-
ence of the embedment depth remains controversial. Insight into the complex 
soil-structure interaction and activated earth pressure distributions can be ob-
tained through FE-analysis. Interestingly, even the relatively simple, linear 
elastic - ideally plastic Tresca soil model provides similar results to the elasto-
plastic AUS soil model with regard to the earth pressure distribution. How-
ever, such simple material models are less appropriate in the investigation of 
deformations around an excavation [10] as they typically do not distinguish 
between initial and un/reloading in terms of stiffness. A FE-analysis of the un-
drained conditions with an effective material model (modified cam clay or 
similar) was not performed. In order to mitigate the risk of unsafe design, the 
degree of mobilised shear strength must be verified by field measurements for 
analyses where the undrained shear strength is a result of the material model 
and not an input parameter. 
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