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Immersed tunnels are positive buoyant structures during installation and negative buoyant 

after installation. A tunnel is composed of sequential immersed elements that are coupled to 

each other in joints. Tunnel elements consist of segments which are compressed to each other 

by longitudinal post-tensioning. After immersion the tunnel is supported by the seabed and 

the longitudinal post-tension is cut at the joints between segments. Therefore, the structure is 

a segmented lining which is sensitive for settlements due to non-uniform circumstances over 

the length of the tunnel. An uneven response of the bedding underneath the tunnel 

introduces shear forces in joints of an immersed tunnel. Because immersed tunnels need to be 

buoyant during installation, they have limitations on weight and geometry, the size and 

therefore the capacity of these shear keys is limited because the height of the tunnel, as shear 

keys are applied in the walls of the tunnel. The foundation response is influenced by many 

factors related to subsoil but also to construction and dredging tolerances. The shear forces 

were derived as a function of different covariance lengths for subsoil stiffness and dredging 

tolerances for different tunnel layouts. 
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1 Introduction 

Immersed tunnels (IMT) are tunnels supported by a bedding of soft soil and a foundation 

layer. The majority of this type of tunnels is constructed by immersing prefabricated 

elements into a trench in the seabed. After finalization, the structure behaves as a lining of 

segments with lengths of about 20 to 25 m, that are connected by joints. Using this 

approach, the tunnel is less vulnerable to differential settlements, as the segment joints 



 60 

only transfer shear forces via shear keys and large bending moments over the length of the 

structure are avoided. In the most common current design approach, an alternating 

bedding scenario along the tunnel axis is used as a conservative approach. (Reduction of 

the bedding stiffness of a single segment using a prescribed factor, as defined by Dutch 

requirements [1] and adopted for many tunnels worldwide.) However, this does not 

account for spatial variability in both the subsoil and the foundation layer below the 

tunnel. Instead, the current design approach is geometrically orientated on the tunnel to 

find the largest possible shear forces and not on the variability of the bedding support. 

This article presents a method to find the variability of forces in the shear key using 

Gaussian Random Fields (GRF), which are parameterized by a covariance length. 

 

Using this method, more efficient, and more robust designs for immersed tunnels can be 

developed and can be identified as an alternative for the current design approach. The 

demonstrated model and method in this article also have limitations. For example, it 

assumes that the (internal and external) loads are uniform over the tunnel, as well as a 

continuous cross-sectional dimension in a straight line. In practice, curved, sloping 

elements with varying widths occur. Additionally, only 2 keys are considered per joint to 

transfer the shear forces, while in practice there could be more. Furthermore, in this paper 

a common gravel foundation is considered, noting that sand flow foundations are applied 

as well. 

2 Literature 

Different types of immersed tunnels (IMT) as well as their construction methods are 

discussed by Rasmussen et al. [2]. A general description of the IMT construction technique 

and a historical perspective is given by de Wit (2014) in [3] and design principles are 

described by Grantz (1997) [4]. A description of the development over the years is given by 

Glerum (1992) [5]. 

 

IMTs have traditionally a foundation of a gravel or a sand-flow foundation, both have their 

advantages and disadvantages, but differences between both methods were already 

described in 1978 by van Tongeren [6] and scale model tests on sand-flow were performed 

and researched by Li et al. (2014) [7]. The sand-jetting or sand-flow, was applied, for 

example on the Maastunnel in 1942 [8] and is highlighted by Glerum (1995) [9]. The gravel 

foundation was applied to the Øresund link between Copenhagen and Malmö. 
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Tunnels, not limited to IMT, rely on geotechnical as well as structural analysis. Random 

fields have been applied in a comparison study by Cheng (2019) [10] of a pressurized 

tunnel face of a bored tunnel and provides a practical design tool. Gong (2018) [11] 

presents a probabilistic analysis based on a random field generation for a longitudinal 

analysis for a bored tunnel. For a bored-tunnel section, a 2D plain strain approach 

including a random field generation is presented by Yu (2019) [12] in which the reliability 

of the tunnel lining is validated. 

3 Nomenclature 

∆ dlt  Dredging tolerance 
∆ plt  Gravel placement tolerance 
 α Reduction factor alternating bedding 
 µ Mean value 
 Σ Covariance matrix 
 σ Standard deviation 
σa  Average contact pressure 
σb  Bedding response 

bA  Contact area underneath the tunnel 
iF  Force at segment i 
kF  Absolute force at shear key 
fh  Foundation thickness 
bk  Bedding stiffness 
fk  Foundation material stiffness 
sk  Soil stiffness 
covL  Covariance length [m] 
sL  Length of a segment 
xn  Number of points in x direction 
yn  Number of points in y direction 

 𝑋𝑋 Location 
nx  x coordinate of point n [m] 
ny  y coordinate of point n [m] 

 

4 Concepts 

4.1 Immersed tunnels 

Currently, the majority of IMTs are constructed using prefabricated elements of 100 to 150 

m in a dry dock. The elements consist out of segments of 20 to 25 m which are compressed 

to each other for transportation by a posttensioning system. After casting and post-



 62 

tensioning the element, it is towed to the tunnel location and immersed into a dredged 

trench and laterally locked at its horizontal position using a back-fill and a protection layer 

(fig. 1). The sequentially immersed elements together form the total tunnel. After 

immersion, temporary post-tension is deactivated by cutting the tendons at the joints. As a 

result, a continuous flexible system is created and at the joints shear forces need to be 

transferred between segments (fig. 2). Structurally, in longitudinal direction the tunnel can 

be identified as a beam with hinges on an elastic bedding (fig. 3). Certain circumstances 

might give opportunity to keep the post-tensioning active and to have a monolithic system. 

In this paper, only a segmented structure is considered. 

 

              
              Figure 1: Typical cross section of an immersed tunnel section 

 

             
             Figure 2: Typical longitudinal section of an immersed tunnel section  

 

 

 
Figure 3: Typical longitudinal structural systems of Immersed tunnel – Hinged beam on bedding 

 

The shear keys, which connect the segments provide a vertical shear capacity. A typical 

concrete shear key in a wall structure is presented together with a typical schematic 

reinforcement layout is presented in figure 4. The capacity is dependent on the size and 

material of the key. Adjustment of the key has its limitations. For example, as mentioned 
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before, the tunnel needs to be buoyant in the construction phase, adding material like 

thickening the key will influence this process. Furthermore, the key itself is obviously 

limited by the height of the tunnel. 

 

 
Figure 4: Concrete shear key in the Maasdeltatunnel (left) in an immersed tunnel and typical 

reinforcement layout (right) 
 

Considerations for other materials has financial consequences. At the shear key location, a 

flexible joint is constructed and considered. Flexible joints are "weak" points in terms of 

water tightness of the tunnel and its number should be limited. In the current design 

approach of alternating bedding scenarios, longer distances between joints will increase 

the forces in the shear key. 
 

                              
                              Variation in lateral direction 

                              
                             Variation in longitudinal direction 

                             Figure 5: Alternating bedding 
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An optimal design would meet a segment length where the shear key is loaded to its 

maximum capacity. The results presented in this article are based on an analysis of a 

rectangular tunnel section using a gravel foundation, although the same approach as 

presented here can be used for a sand-flow foundation. In current designs, a conservative 

approach using a single reduction parameter on a segment foundation is applied in an 

alternating bedding stiffness (see figure 5 as sourced from [1]) where α is a reduction factor 

to be applied on the bedding stiffness in different scenarios to be considered. 

4.2 Gaussian random fields - spatial covariance 

The spatial covariance indicates that a local value of a particular parameter is correlated 

with neighbouring values of the same parameter depending on the spatial distance 

between locations. The distance between two points dictates to what extent the values on 

the two locations will vary. In this research Gaussian random fields (GRF) are applied to 

simulate the spatial variability. If a distance between 2 points increases, the covariance 

(statistical correlation) decreases exponentially. The covariance between two points in a 

grid is defined by the covariance length covL as expressed in equation 1. 

 

− + −π
= −

2 2
2 1 2 1

1 1 2 2
cov

( ) ( )
cov(( , ),( , )) exp( )

2
x x y y

x y x y
L

 (1) 

To illustrate this dependency, for 3 hypothetical situations, three covariance length 

functions over distance have been plotted in figure 6. The actual covariance between 

individual locations is dictated by covL . If the covariance length is halved, the covariance 

between two points decreases faster; in contrast, if the covariance length is doubled, the 

covariance between two points decreases more slowly. If a surface is discretized  

 

               
 

 

                      Figure 6: Covariance based on covariance length 
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to xn times yn , in which xn is the number of points in the longitudinal direction and yn in 

the lateral direction, the total number of points 𝑛𝑛 is ⋅x yn n . The covariance matrix Σ 

contains the information regarding the covariance between all points within the grid 

defined by xn and yn . Factor  ½ √𝜋𝜋  in equation 1 is the scaling factor and can be adjusted 

for model representation. 

 

If all distances between all points are available in a distance matrix, the covariance matrix 

Σ can be found in which for each connection the covariance is defined. Using equation 2, a 

multivariate Gaussian distribution be found, and samples can be generated given covL . 

 
−− −µ Σ −µ

=
π Σ

11
2

1
exp( ( ) ( ))

( ,... )
(2 )

T

X n n

x x
f x x  (2) 

For an area of 100 × 100 m2, 4 different samples are drawn using a Gaussian distribution (µ 

= 0, σ = 1 N/mm3) with different covariance lengths (1, 10, 100, 1000 m) in Figure 7. If the 

covariance length is very small compared to the area, a spike spatial distribution will be  
  

  
        Figure 7: Spatial distributions for different covariance lengths 
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found whether there is hardly any correlation between points, if a large covariance length 

is used, there is hardly any variation over the area showing that there is a very strong 

correlation. 
 

A sample of the field can then be transferred to any other distribution using a quantile 

transformation in which the quantiles of the normalized Gaussian distribution map to the 

quantiles of the target distribution. For the generation of GRF in this research, the GSTools, 

a toolbox for geostatistical modelling in Python is used [13]. 

 

The application of GRF is yet uncommon in designs of tunnel foundations. By nature, the 

soil parameters will develop continuously over the area. Special circumstances like faults 

and other exceptions will give raise to discrete transitions but are not considered in this 

research. The trench is dredged to immerse the tunnel in it; by itself the dredging process 

has a tolerance. After dredging, a layer of gravel is applied to the required level. The soil 

variables, such as stiffness, and the dredging level, which is directly related to the 

thickness of the foundation layer (fig. 8), are spatially correlated and can be described 

using GRF. 

5 Model and analysis 

In order to research the influence of the covariance length of both the subsoil and the 

dredging depth, an artificial representative model is constructed. The IMT is supported by 

the bedding, consisting of a subsoil and the foundation, and loaded with various loads 

acting on the tunnel. These loads will result in a bedding reaction underneath the IMT. The 

IMT is a concrete structure and has a significantly higher stiffness than the soil bedding. 

 

                  
                        Figure 8: Bedding definition 
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As a result, the force distribution by the tunnel segment will be sensitive to bedding 

variations. Flexibility is induced to the tunnel along the longitudinal direction by the 

segment joints and the immersion or element joints. A base model of an IMT is used. The 

model has a length of 120 m and a width of 30 m. The segments are equally distributed 

over the length of the element and have individual segment lengths sL of 20 m. A schematic 

overview is presented table 1. 

   

Table 1: Element characteristics – base model  

Element length [m] varies 

Element width [m] 30.0 

Number of segments [-] 6 

Segment length [m] 20 

 

The six segments of the IMT are assumed to have a constant vertical displacement over the 

length of the considered tunnel part. The segments are considered as rigid bodies and the 

joints as flexible. Figure 9 shows the loading of the tunnel along the longitudinal direction. 

 

                        
                          Figure 9: Tunnel system 

 

The bedding is assumed to be elastic but, because of the spatial variability, not constant 

over the contact area of the tunnel. The linear stiffness of the subsoil is derived by a 

geotechnical analysis 1 and the bedding stiffness is then based on equation 3: 
 

=
+

1( , ) ( , )1
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b
f

s f

k x y h x y
k x y k x y

 (3) 

 
1 A separate geotechnical analysis is required to derive the subsoil stiffness based on the 

geological layers, the soil characteristics and the influence depth of the tunnel. 

= σload    aq
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where, fh [m] is the thickness of the foundation material, fk  [N/m2] is the stiffness of the 

foundation material, ∆ dt [m] is the dredging tolerance, ∆ pt [m] is the placement tolerance 

and sk [N/m3] is the subsoil stiffness (fig. 8). 
 

In the final situation, after immersion and after applying the soil cover, an average 

compressing pressure σa is supplied to the foundation underneath the tunnel. The 

distributed load, on and in the tunnel, is adjustable by adding ballast weight and is based 

on vertical stability requirements. These requirements specify the minimal total resulting 

downward force to prevent floating up due to the buoyancy force. Because the bedding 

stiffness varies underneath the tunnel, the bedding response σb and therefore the load on 

the tunnel will vary over the contact area as presented in figure 10 and equation 4. 

 
σ = ∆( , ) ( , )b bx y k x y u  (4) 

                             
                               Figure 10: Tunnel response 

In this study, the vertical position of the tunnel is prescribed and adjusted in an iterative 

process until the average responsive stresses over the contact area bA equals the load as 

described in equation 5. 
 

σ = σ∫ ∫
1

a b
b

dx dy
A

 (5) 

It is assumed that the total element will have the same vertical displacement and remains 

undeformed, this is a conservative approach. In reality, the tunnel will deform slightly by 

small rotations of the segment and in the joints and, as a consequence, stresses will 

distribute between segments. If the stresses redistribute, the shear forces will reduce. 

 

The bedding response variation leads to different stress distributions on the different 

segments. A shear force in a joint can be derived between two segments. Assuming the stiff 

IMT, the stresses will not redistribute between segments underneath the IMT and the 
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maximum shear forces between segments will be found. In this study an IMT with a two-

shear key layout in the outer walls is assumed and each segment has therefore four shear 

keys. The sequence to derive the shear forces at a shear key after finding the equilibrium of 

the bedding response is presented in figure 11 and is obtained by: 
 

• Integrate the stresses underneath each segment to get the total force on a segment ( iF ). 

• Find the center of gravity of the total force (red dots). 

• Distribute the force to the shear key locations linearly (green dots).  

• Define the shear key force as the absolute difference in forces between segments at the 

shear key locations ( −,2 3kF and −,1 4kF ). 

• Find the maximum shear key force of all shear keys. 
 

In design, the maximum shear key force is used to compile a reinforcement layout for the 

shear key. In section 6 this sequence is repeated for both different covariance lengths and 

different geometrical tunnel layouts and is the covariance length related to the shear key 

force. With this method, a spatial variability of the bedding stiffness underneath the tunnel 

is considered. The variability not only differs in longitudinal direction of the tunnel but 

also in the lateral direction. In the presented model, only a spatial variation in subsoil 

stiffness and dredging depth are considered, besides that, the model also considers non 

spatial correlated variations such as variations in the top surface of the gravel and in the 

gravel stiffness. More parameters, spatial or non-spatial, can be varied in the model, such 

as settlements over time and gravel placement equipment. 

 

                          
                          Figure 11: Force in a shear-key 
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6 Results 

In this section, Monte Carlo analyses (n = 1000) are conducted in which the covariance 

lengths for both the soil stiffness as well as for the trench dredging are considered to be 

equal and fixed in each analysis. The generation of the variability of the subsoil stiffness 

and dredging depth are independent. An even stronger effect would have been found if 

the same GRF was used for both parameters, but this was considered less realistic as 

independent generation. In reality, not only the variability will be independent but also the 

covariance lengths of both parameters will be independent. However, to find a relation 

between covariance lengths and the shear key force, they are kept equal. Using this 

approach, the distribution of the shear force given the covariance length. In this 

demonstration model, the covariance lengths are considered independently. For the 

bedding variations the variable distributions as described in table 2 are used. These 

parameters are artificial and based on experience in several designs of various tunnels. In 

order to demonstrate the method, the quantity of the parameters is important as long as 

they are representative. For each sample, GRF are generated for both the subsoil stiffness 

as well as the thickness of the foundation layer based on the considered covariance length. 

The size of the GRF corresponds to the dimensions of the base model as shown in figure 8. 

Using the sequence specified in section 5, the maximum shear key force can be found in 

 

Table 2: Parameters and distributions 

Item 𝜇𝜇 𝜎𝜎 Distribution Remarks 

Gravel stiffness [kPa] 2000 300 Truncated Gaussian uncorrelated 

min = 1000 

max = 3000 

Soil stiffness [kPa] 5000 1600 Truncated Gaussian min = 1800 

max = 8200 

covL = varies 

Trench dredging or 

gravel thickness [m] 

0.7 0.15 Truncated Gaussian min = 0.35 

max = 1.05 

covL = varies 

Gravel placement tolerance [mm] 0  Triangular uncorrelated 

min = -10.0 

max = 15.0 
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each sample of the analysis and the total set result in a distribution of the maximum shear 

key force for a specific covariance length. The results are presented in figures 12 to 14. The 

following aspects can be identified: 

 

• The maximum shear key forces (up to 4.8 MN) can be found if the covariance length is 

similar to the segment dimensions and the variation is larger. 

• If the covariance length is small or large compared to the segment length, the 

maximum shear key force is small (with 1 to 1.5 MN) and shows a low variation. 
 

  
Figure 12: Distributions of the maximum shear key force for different covariance lengths, 

n = 1000, sL = 20 m 

 

Figure 13: Shear key force at 95th percentile as function of the covariance length, sL = 20 m 
cov       [m]L

,max         [MN]     kF
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In figure 13, the relation between the shear key force at the 95th percentile of the 

distribution and the covariance length is shown. The 95th percentile is chosen as the 

characteristic design force. In design considerations for ultimate limit state evaluation this 

value is multiplied by a partial factor [14]. The maximum value of the force in shear key is 

found at around 16 m, before this value, the relation between force and length is positive 

after this value the relation is negative. The value is considered as the split value. 

 

 
Figure 14:  Shear key force at 95th percentile as a function of the covariance length for different 

segment lengths 

 

 
Figure 15: Relative shear key force at 95th percentile as a function of the covariance length for 

different segment lengths  

 

In figure 12 the number of segments and the width of the tunnel are constant. In figure 14 

the segment length sL is varied from 10 to 60 meter, while keeping the number of segments 
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equal to 6 (which changes the total element length), so the total contact area under tunnel 

varies with the different segment length. On the horizontal axis the covariance length is 

divided by the segment length for comparison. The results are plotted for the covariance 

length over the segment length and the shear key force found at the maximum density as 

presented in figure 12. Figure 15 shows the same figure as figure 14, but for comparison, 

kF is divided by the contact area segmentA under the segment. The following observations 

can be made from figure 14: 
 

• kF increases with the segment length sL . Larger integration areas, due to the increase 

of sL , underneath a segment will cause higher shear forces which can exceed the 

capacity of a shear key. 

• The maximum kF is found if the segment dimensions (length and width) and covL are 

similar. 

• If covL increases to larger values compared to sL , the kF decreases. 
 

There appears a strong relation between the covariance length and the shear key force. 

Secondly, as a geometrical consequence of a smaller area below the segment, smaller 

segment lengths show smaller shear key forces. An optimization of the segment length 

could be discussed, as joints are weaker spots in terms of water tightness. But in reality, the 

segment length depends on other factors as well, such as the casting sequence, seasonal 

temperature loads introducing longitudinal effects and so on. However, the conclusion 

gives useful input in the early stage of the design of the geometry and structural solutions. 

7 Relation to traditional design 

In the more traditional design approach with the alternating bedding, the stiffness is 

considered uniform underneath a segment and a segmented beam on an elastic foundation 

is used to describe the model behavior. To account for torsional effects and consequently 

varying shear forces in the keys in one joint, a factor is used which usually is taken as 20% 

to 25% of the shear force found. Variation of the bedding along the tunnel is accounted for 

by an alternating bedding which is specified by a factor depending on the foundation 

construction method. In the alternating bedding approach, no spatial variation in the 

subsoil is considered and it is independent of the dredging method. In reality, this will 

vary by the marine environment and depth. 
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The 3D method presented in this paper differs substantially from the current 2D design 

approach. Both methods require soil investigation and interpretation of these results. If the 

soil investigation is intensified, both models will have an increasing accuracy but only on 

the subsoil stiffness. Nevertheless, if a covariance length or an interval of covariance 

lengths can be derived, a distribution of shear forces can be derived. In case the covariance 

length cannot be derived based on the available soil investigations, an upper bound for the 

covariance lengths can be found in an estimation of the maximum value for the forces in 

the shear key. An interval around the split value will give an upper bound distribution of 

the shear key forces. 

8 Conclusion and discussion 

In this research, a method is presented to establish a relation between spatial variation of 

subsoil and dredging parameters and the shear key forces in IMT. Considering the relation 

between the covariance lengths and the shear key forces, the following conclusions can be 

drawn: 

• The largest shear key forces are found, when the covariance length is of the same 

order as the segment length of the tunnel. 

• The absolute shear key force increases with the segment length. 

 

The latter conclusion is obvious; the area of a segment over which the stresses are 

integrated is larger and will lead to larger forces. 

 

Based on these conclusions, the design of the segment length can be optimized, if the 

covariant lengths are known or estimated within limits, for example by more intensive soil 

investigation using cone penetration testing (CPT) or quality measures and monitoring of 

the dredging process. If possible, it should be avoided in the design to have segment 

lengths that are almost the same as the covariant lengths. However, the shear key force 

does not only depend on the segment length. DeGroot et al. [15] presents a method for 

estimating covariance lengths. The thickness of the foundation material is based on the 

dredging tolerance. One could think of extending the quality measures or the dredging 

method to improve the dredging accuracy, because it would lead to a more constant 

thickness and stiffness and therefor a lower variability on the stiffness of the foundation 

layer. However, in daily practice, the selection of the dredging method depends on marine 

conditions and geology. The dredging method also dictates the dredging tolerance. As an 
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extra option, by changing the thickness of the foundation layer, the influence of the subsoil 

stiffness on the bedding stiffness can be decreased. 

 

In this research, only covariance lengths for the soil stiffness and dredging depth are 

considered and both parameters are considered the same. The latter could be topic of 

discussion, if the top part of the soil influences the dredging process, a correlation between 

both could appear. However, if the soil consists out of a multi-layer profile, this influence 

of the top layer on the total stiffness of the soil will reduce. In order to use this method in 

the design process for tunnels and even parts of the method can be used. The GRF model 

can be used to derive bedding stiffness to adopt in longitudinal analyses and transverse 

analyses. When the subsoil stiffness and the thickness of the foundation layer are inputted 

including their covariance lengths, or the most conservative covariance lengths (close to 

the segment dimensions), distributions of average bedding stiffness per segment can be 

derived. In reality, the soil characteristics will vary also over the support area of the tunnel. 

The application of the method needs adjustment, where the applicable distribution of the 

soil parameters develops over the area. Usually, different CPTS are taken over the area. 

Different stiffness subsoil characterizations can be found over the support area. It is up to 

the designer how to account for these differences as the characterization of the subsoil 

stiffness can be assumed continuous or with discrete transitions. Both options can be 

served using the quantile transformation to the quantiles of the local subsoil distribution.  

In this method demonstration, the shear force is transferred over two keys. In this way, the 

distribution of the shear key force is statically defined. However, tunnel can be supplied 

with more shear keys, if needed. To account for a distribution, a design can assume that 

the tunnel segment will remain undeformed and that the shear forces will linearly 

distribute between two segments. If the support conditions on the segments are assumed 

as springs, a contribution from the segment to the shear keys can be derived. Subtracting 

the forces from two segments will lead to the individual shear forces for each shear key. A 

general assumption here is that the segments will behave independently. This assumption 

is valid as long as the segments will behave similarly. If the stiffness between bedding 

differs substantially between segments as for example at faults or at the transition to cut & 

cover sections, this cannot be assumed. 

 

As a recommendation for further research, more parameters should be part of the scope. 

Additionally, the parameters used in this study are all based on a distribution with a fixed 
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set of parameters. This could represent a single situation, however, to draw more robust 

conclusions it is recommended to extend further research with, but not limited to: 

 

• Multiple layers of subsoil 

• Settlements 

• Dredging scenarios or methods 

• Non uniform loading 

• Variation of IMT geometry 

• Different segment lengths over the tunnel length 

• More than 2 keys in the segment joint 

• Interaction between 2 elements 

9 Further research 

The method proposed in this article, including a probabilistic approach, has been first 

published in 2024 [16]. In the probabilistic approach a dataset of 3 variables is compiled. 

For the generation, two different situations have been considered, one in which the 

covariance lengths are smaller than the split value shown in figure 13. Using two 

probabilistic methods, Non-Parametric Bayesian Networks and Regular Vines, exceedance 

probabilities are calculated which can be related to requirements set by local codes and 

standards. 
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