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 1 Introduction 

The definition of scope and prioritisation of tunnel renovation projects is currently a 

challenging task due to lack of knowledge about the current state and the residual 

service life of the objects. This lack of knowledge arises from the limited information 

available on the aging of the tunnel elements and joints and the lack of models 

assessing the effects of changes of the physical conditions of the tunnel on the 

performance of the object and its components.   

 

Within the development line “Civil” of the COB Tunnel Research Program, TNO and 

Deltares have been involved in the work package C “Instrumentarium” of the project 

“Structural health analyse”. This report concerns the research performed in the 

work-package “Data-enhanced modelling”. 

 

1.1 Objectives 

The “Data-enhanced modelling” work package aims to illustrate the principle of the 

reliability-based approach for using monitoring data in predicting the time to reach 

the tunnel conditions defined as “adverse” from the point of view of tunnel 

renovation. In this report the leakage of water through joints is considered as the 

adverse event. The reliability-based approach enables the updating of the 

uncertainties about the prediction of the future behaviour of the joints as soon as 

new information about the structural behaviour (e.g. measurements of settlements) 

becomes available. As a result, the probability of failure of the joint with respect to 

the limit state of leakage is updated based on measurements. The estimated 

probability of failure can be coupled to the economic consequences of water 

leakage in tunnels to support decision-making regarding planning of interventions, 

such as preventive maintenance or renovation. 

 

1.2 Scope and limitations 

The focus of this report is on the prediction of the future condition (including its 

uncertainty) of joints of immersed tunnels with respect to the leakage of water 

through the tunnel joints as a result of differential soil settlements. The approach 

presented in this report is based on state-of-the art modelling of the time dependant 

settlements and the tunnel response and an advanced probabilistic approach to 

update the reliability based on measurement results. The approach is applied to a 

specific case, the Drechttunnel, for which several simplifications have been 

introduced for the purpose of illustrating the approach. The results provided in this 

report are meant for demonstrating the technique of data-enhance reliability 

assessment and not to be directly used for planning renovation activities of the 

chosen or other tunnels. 

 

1.3 Approach 

The methodology developed in this work package consists of the following steps: 
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 1) setting reliability assessment framework with respect to renovation / 

maintenance criteria 

Aiming to assess the residual service life of joints by using a reliability-based 

approach, it is necessary to define the target value of the failure probability and 

the corresponding reference period. The target reliability levels for leakage of 

water through joints is not defined in the current national and international 

standards and guidelines on tunnels.  

Target values of the failure probability are proposed based on international 

research documentation. 

 

2) a-priori reliability assessment of tunnels undergoing settlements 

The a-priori reliability assessment provides the development in time of the 

annual probability of failure based on the information available before performing 

any measurement. This information consists of documentation of the design and 

construction stages of the tunnel.  

The limit state condition of leakage through the joints, the mechanical model of 

the tunnel behaviour and the probabilistic models of the governing parameters 

are formulated to perform the reliability assessment. 

 

3) updating of joint performance based on monitoring data (settlements) 

The statistical distribution of the response of the joint, such as the longitudinal 

relative displacement of the two tunnel elements connected by an immersion 

joint, to the external conditions (e.g. loads and settlements) obtained from the a-

priori reliability assessment is updated by using the available monitored 

settlements. The updating of the tunnel response is made possible by the fact 

that a FE model provides the relative joint displacements as a result of the 

prediction of the settlements at the measurements points based on the a-priori 

knowledge.  

 

4) a-posteriori reliability assessment of tunnels 

The a-posteriori reliability assessment is based on the updated distribution of the 

joint performance to estimate the evolution in time of the probability of failure 

after measurements are performed.  

 

1.4 Reading guide 

The remainder of the document is organized as follows. Section 2 contains the 

literature review of the main mechanisms of leakage in tunnels. Section 3 outlines 

the reliability-based approach for using monitoring data in predicting time to reach 

the condition of the tunnel defined as “adverse” from the point of view of tunnel 

maintenance.  

Section Error! Reference source not found. describes the Drechttunnel, which 

has been chosen as case study for this project. The relevant information about the 

structural elements, joints and soil is reported. 

Section 4 concerns the approach developed to predict the change of behaviour 

tunnel joints in time as a consequence of differential soil settlements. The structural 

model of the tunnel including the joints is introduced first. Then, the model used to 

predict the settlements of the tunnel under the applied loads is presented. 

The results of the investigation are presented in Section 5, while the conclusions of 

the project are outlined in Section 6.  
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 2 Leakage in Dutch immersed tunnels 

Immersed tunnels are a common tunnel typology in the Netherlands, since the 

construction of the Maastunnel in 1942. Due to economical and construction 

reasons, immersed tunnels consist of concrete elements connected by expansion, 

immersion and closure joints. Expansion joints are located between tunnel 

segments with length of about 20 m. Groups of three or more segments form a 

tunnel element and they are connected by immersion and closure joints.  

 

Due to the presence of joints, adequate measures should be taken to prevent water 

leakage aiming to guarantee the operation of the tunnel. In fact, limited leakage in 

tunnels is not an issue. The problem arises when leakage hinders the normal use of 

the tunnel. 

 

Leakage in immersed tunnels might occur mainly through: 

• the expansion joints; 

• the immersion joints; 

• the closure joints. 

 

From practice it appears that leakage is most probably to occur at the expansion 

joints. However, similar mechanism may occur at the immersion joint. Since most 

measurements available were related to immersion joints, the method is 

demonstrated for both type of joints.  

 

The water-tightness of expansion joints is provided by rubber-metal profiles. In 

addition, the joint is protected against the flow of soil by means of metal plates and 

rubber elements. Most of the cases of leakage through expansion joints occur in the 

deck and in the floor at the location of the joint. Causes of leakages in expansion 

joints are mainly errors during construction or too large relative displacements of the 

tunnel segments. In case of vertical differential settlements, failure of the tooth 

connection might happen.  

 

The water-tightness of immersion joints is usually provided by two seals: the Gina 

seal in the outer side of the joint and the Omega seal on the inner part. The Gina 

profile is the temporary water-tightness measure used during the sinking phase of 

the tunnel elements. The Omega profile is design to guarantee water-tightness 

during the lifetime of the structure.  

 

The COB Commissie Zinkvoegen has identified four main leakage mechanisms 

(Berkhout et al., 2014): 

1) leakage around the immersion or expansion joint through cracks in 

concrete; 

2) leakage around the edge of the immersion joint; 

3) leakage through the rubber profiles at the immersion joint; 

4) leakage along the Gina profile and through the clamping structure of the 

Omega profile that is deteriorated by corrosion. 
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 These four mechanisms are shown in Figure 1 to Figure 4. 

 

Figure 1 Leakage around the immersion joint through cracks in concrete (Berkhout et al., 2014). 

The same mechanism of leakage through cracking may occur at expansion joints 

 

 

Figure 2 Leakage around the edge of the immersion joint (Berkhout et al., 2014). 

 

 

Figure 3 Leakage through the rubber profiles at the immersion joint (Berkhout et al., 2014). 

 

 

Figure 4 Leakage along the Gina profile and through the corroded clamping structure of the 

Omega profile at the immersion joint (Berkhout et al., 2014). 
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 The first mechanism, leakage around the immersion joint through cracks in 

concrete, can occur only in case of cracking of the concrete element caused by 

shear. High shear forces leading to concrete cracking are caused for example by 

uneven vertical settlements. 

 

The second mechanism, leakage around the edge of the immersion joint happens 

when the compression of the Gina profile against the tunnel elements is not 

sufficient. This situation can occur due to gravel nests, shrinkage of the concrete, 

corrosion of the steel profile or a combination of these causes. 

 

The third mechanism, leakage along the rubber profiles, occurs when the pressure 

applied by the Gina profile to the concrete elements is not sufficient to resist the 

water pressure. This situation occurs due to relative displacement of the two 

elements connected by the joint (temperature reduction and/or differential 

settlements) or in presence of localised damage of the Gina profile. In addition, also 

the Omega profile must fail.  

 

The fourth and last mechanism, leakage along the Gina profile and through the 

corroded clamping structure of the Omega profile, occurs when the corrosion-

induced loss of thickness reduction of the clamping structure is such that water can 

pass through. 
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 3 Data-enhanced reliability assessment framework 

with respect to renovation / maintenance criteria 

3.1 Introduction 

Decision-making about interventions on existing structures, such as maintenance or 

renovation, involves the prediction of the future condition of the assets under 

investigation with respect to specified limit state conditions. The condition of the 

asset is evaluated by comparing its performance with target requirements. When 

the target requirements are not fulfilled, the condition of the structural element is 

considered as “adverse” and the reliability of the structural element is considered 

not sufficient. 

 

According to international standards, such as the ISO 2394 (ISO, 2015), the 

verification of structural reliability of civil structures can be performed by using the 

reliability and the semi-probabilistic methods. Both methods make use of a 

mathematical formulation of the limit state condition under investigation in terms of 

load and resistance parameters. However, the two methods differ, among other 

things, in how the uncertainties are modelled and how the reliability verification is 

performed. In the full probabilistic method, the uncertain parameters are described 

by probabilistic models and the structural reliability is assessed by comparing the 

estimated failure probability (or reliability index) with target values provided by the 

standards. 

 

In the semi-probabilistic method, the uncertainties are taken into account by 

characteristic values of loads (associated to combination rules) and material 

strengths and a set of partial factors. The design standards that cover specific types 

of structures provide values of the characteristic values or methods to derive them 

based on available information. The values of the partial factors are based on the 

target reliability levels, the uncertainty of the governing parameters and calculation 

models. 

 

The focus of this project is on the condition of tunnel joints, that is considered as 

adverse when leakage of water occurs. The predicted performance of joints is 

uncertain, due to inherent randomness of the model parameters, simplifications 

introduced in the models and imprecise definition of the requirements. Under this 

circumstance, the reliability method is suggested to properly account for the 

uncertainties in the assessment of the condition of the joints. By using the reliability 

method, the condition of the joint is considered as adverse when the probability of 

failure of the joint with respect to the limit state condition of leakage is larger than 

the target probability of failure. The reliability index is used instead of the failure 

probability in most structural design codes. The reliability index  and the probability 

of failure Pf are related by the following equation: 

 

𝛽 = −Φ−1(𝑃𝑓)  (1) 
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 where -1(·) is the inverse cumulative distribution function of the standard normal 

random variable. 

 

Based on this approach, the condition of the joint is considered as adverse when 

the reliability index is below the target reliability level target. When this occurs, 

interventions are needed. With regard to the water-tightness of tunnel joints, it can 

be expected that the reliability is sufficiently high after construction and it reduces in 

time, for example due to the effect of differential settlements, concrete cracking and 

relaxation of the rubber. 

 

If the predictive model of the joints takes into account the effect of differential 

settlements and their uncertainty, it is possible to update the reliability of the joints 

as soon as settlement measurements become available, as shown in Figure 5. 

The red line represents the reliability index based on documentation about the 

design and, eventually, the construction phase. Settlements are predicted based on 

geotechnical models whose input is derived from the geotechnical investigations. 

The reliability index is lower than the target reliability value at time tinterventions and 

interventions should be performed. 

 

 

 

Figure 5 Data-enhanced reliability assessment framework  

 

Reliability updating is performed when measurements of the actual settlements 

become available at tmeasurement, leading to the blue curve. In Figure 5, it is assumed 

that the actual settlements are less than the values predicted by the geotechnical 

models leading to a higher reliability estimate. As a consequence, the interventions 

on the joints can be postponed. If additional measurements become available 

during the lifetime of the tunnel, the reliability can be updated each time. It should 

be kept in mind that the time tinterventions might be less than the one based on the red 

curve if the actual settlements are worse than those estimated by the geotechnical 

models. 

 

The following data-enhanced reliability framework for tunnels is proposed in this 

project: 
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 • A-priori reliability assessment: it is based on structural, geotechnical and 

probabilistic models defined from the design and construction 

documentation. The outcome consists of the red curve of Figure 5. 

• Probabilistic updating of the uncertain parameters based on 

measurements: by using the Bayesian approach, the probabilistic models of 

the parameters (mechanical properties of the water-tightness system of the 

joints, soil parameters, etc.) are updated based on measurements of the 

settlements of the tunnel. 

• A-posteriori reliability assessment: based on the updated distributions of the 

uncertain parameters, the condition of the tunnel is re-evaluated and the 

reliability of the joints is updated. The outcome is the blue curve of Figure 5. 

 

As explained above, the condition of the joints is considered as adverse if the 

reliability index  is lower than the target value target. The reliability index is 

evaluated based on ad-hoc specified limit state functions. In the following, the target 

value target and the limit state functions for tunnel joints are introduced. 

 

3.2 Target reliability levels 

Target reliability levels are defined in international standards and background 

documents as a function of: 

• the reference period (e.g. 1 year, 50 years,100 years); 

• the consequences of failure; 

• the costs of safety measures.  

 

Structural reliability always refers to a time period, called the reference period. 

Generally, the target reliability levels of the Eurocodes are prescribed for 1 year or 

for the design lifetime (50 years for buildings, 100 years for bridges). The target 

reliability requirements for ULS conditions (in terms of minimum target reliability 

index) related to a one year reference period according to the JCSS Probabilistic 

Model Code (JCSS, 2001) are listed in Table 1. 

 

Table 1 Target reliability levels according to JCSS Probabilistic Model Code, 1 year reference 

period.  

Relative costs of 

safety measures 

Consequences of failure 

minor moderate large 

Large 3.1 3.3 3.7 

Normal 3.7 4.2 4.4 

Small 4.2 4.4 4.7 

 

The three consequence classes are defined with respect to the ratio  between the 

total costs (i.e. construction costs plus direct failure costs) and construction costs: 

• Class 1 minor consequences:  is less than approximately 2 

Risk to life, given a failure, is small to negligible and economic consequences 

are small or negligible (e.g. agricultural structures, silos, masts); 

• Class 2 moderate consequences:  is between 2 and 5 

Risk to life, given a failure, is medium or economic consequences are 

considerable (e.g. office buildings, industrial buildings, apartment buildings); 
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 • Class 3 large consequences:  is between 5 and 10. 

Risk to life, given a failure, is high, or economic consequences are significant 

(e.g. main bridges, theatres, hospitals, high rise buildings). 

 

As observed in (Berkhout et al., 2014), large economic consequences result when 

water leakage hinders the road traffic. With regards to the relative costs of safety 

measures, the costs of repair or renovation of joints are expected to be higher for 

immersion joints than for expansion joints. Due to the lack of information on this 

topic, it is suggested to consider the relative costs of safety measures as “Normal”. 

As a result, the target reliability level considered in this investigation is 4.4 for a 

reference period of 1-year. 

 

3.3 Limit state conditions and corresponding functions 

Two limit state conditions related to the leakage of water through joints are 

considered: 

• Leakage through the Gina profile (as shown in Figure 3). 

• Leakage through cracks in concrete (as shown in Figure 1). 

3.3.1 Leakage through the Gina profile 

During the design phase, the water-tightness of the Gina profile is verified according 

to the following criterion:  

 

𝑝𝐺𝑖𝑛𝑎 > 2.5 𝑝𝑤𝑎𝑡𝑒𝑟 (2) 

 

where: 

• pGina is the resistance pressure of the Gina profile against the opposite tunnel 

element 

• pwater is the water pressure 

• the coefficient 2.5 is a global factor accounting for production tolerances of the 

Gina profile and uncertainties related to the definition of the criterion  

 

Based on the design criterion, the following limit state function is defined: 

 

𝑔 =  𝜗 ⋅ 𝑝𝐺𝑖𝑛𝑎 −  𝑝𝑤𝑎𝑡𝑒𝑟 (3) 

 

where 𝜗 is a random variable accounting for the model uncertainty. The pressures 

pGina and pwater are also random variables. The response pGina of the Gina profile is a 

function of the actual compression of the profile, which depends on temperature-

induced axial deformation of the tunnel elements, differential settlements, 

geometrical tolerances of the joint. In addition, the resistance of the Gina profile 

decreases in time according to the following relationship according to Berkhout et 

al., 2014: 

 

𝑝𝐺𝑖𝑛𝑎(𝑡)

𝑝𝐺𝑖𝑛𝑎(𝑡 = 0)
= 1 − 0.06 ∙ l𝑜𝑔10(𝑡 ∙ 365 ∙ 24 ∙ 60) (4) 
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 The uncertainty of the pressure pwater is linearly related to the variability of the water 

level.   

 

3.3.2 Leakage through cracks in concrete 

Leakage of water occurs when the displacement capacity of the shear-keys located 

in the joints is exceeded by the relative settlement of the two tunnel elements 

connected by joint. The following formulation of the limit state function is defined: 
 

𝑔 =  Δ𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 −  Δ𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 (5) 

 

where: 

• Δ𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 is the maximum allowed relative vertical displacement 

• Δ𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 is the differential settlement 

 

 

3.4 Reliability assessment methodology 

The reliability assessment of structures is always related to a reference period, which 

differs for new and existing structures. For new structures, it is assumed to be 100 

years for tunnels and bridges, while the reference periods of 15 and 30 years are 

respectively used in the Netherlands for the “afkeur” and “verbouw” levels. 

A reliability assessment based on those reference periods allows to conclude that the 

structure is safe or not safe at the end of the reference period, but it does not provide 

any information about the year in which the structure does not fulfil anymore the 

requirements.  

By using a reference period of 1 year it is possible to estimate the effect of past 

performance, inspections and monitoring of actions or structural response on the 

structural reliability. As a result, the framework enables also the optimization of 

inspections, maintenance and renovation of specific tunnel elements. 

The annual probability of failure in year i is defined as: 

 

𝑃𝑓,𝑖 = 𝑃(𝐹𝒊 ∩ 𝑆1 ∩ 𝑆2 ∩ … ∩ 𝑆𝑖−1) (6) 

 

where: 

• Fi denotes the failure event during year I, 

• S1, S2, Si-1 are the survival events during the first year, the second year and 

year i-1. 

 

The failure probability of Eq.(6) is usually called unconditional failure probability or 

the unconditional failure rate. 

In the simple case where only one failure mode is considered, the annual probability 

of failure can be expressed as follows: 

 

𝑃𝑓,𝑖 = 𝑃[𝑔(𝑿𝑖) ≤ 0 ∩  𝑔(𝑿1) > 0 ∩ 𝑔(𝑿2) > 0 ∩ … ∩ 𝑔(𝑿𝑖−1) > 0]  (7) 
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 where: 

• g is the limit state function, 

• Xi is the vector of the uncertain parameters considered in the limit state 

function. 

 

The vector X contains both time-invariant and time-variant parameters. Examples of 

time-variant components are the dead weight and the model uncertainties. Variable 

loads like the water level are examples of time-variant uncertain parameters. Due to 

the presence of these time-variant parameters in the limit state function, vector X is 

different from year-to-year. 

 

The evaluation of the failure probability Pf,i is a system reliability problem due to the 

presence of multiple performance functions. These reliability problems can be solved 

by a manifold of reliability methods, e.g. sampling methods or methods based on 

approximations of the limit state function. A first-order system reliability method is 

used in this investigation because of its computational efficiency.  

The first order system reliability method (Hohenbichler et al., 1983) is an extension 

of FORM method to problems involving multiple performance functions. The Eq.(7) 

is estimated as: 

 

𝑃[𝑔(𝑿𝑖) ≤ 0 ∩  𝑔(𝑿1) > 0 ∩ 𝑔(𝑿2) > 0 ∩ … ∩ 𝑔(𝑿𝑖−1) > 0] = (8) 

 

= 𝑃 [𝑔(𝑿𝑖) ≤ 0 ∩  ⋂ 𝑔(𝑿𝑗) > 0

𝑖−1

𝑗=1

] =                           

 

= 𝑃 [𝜶𝑖𝑼 + 𝛽𝑖 ≤ 0 ∩  ⋂ 𝜶𝑗𝑼 + 𝛽𝑗 > 0

𝑖−1

𝑗=1

] =                           

 

= 𝑃 [𝑍𝑖 ≤ −𝛽𝑖 ∩  ⋂ 𝑍𝑗 > 𝛽𝑗

𝑖−1

𝑗=1

] = 𝚽𝑖(𝜷; 𝝆)                           

 

where:  

• U is the vector of independent random variables with standard normal 

distribution, 

• i is the vector of the sensitivity factors of the components of vector X, 

• i is the reliability index estimated using a FORM reliability calculation 

considering the limit state function g(Xi), 

• Zi is a standard normal random variable, 

•  is the vector of the reliability indices of the reliability analyses, one for 

each year: 

 

𝜷 =  [𝛽1, 𝛽2, … , −𝛽𝑖]
𝑇 (9) 

 

•  is the correlation matrix of the limit state functions: 
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  see more at https://www.wegenwiki.nl/Drechttunnel.  

 

Figure 6 General scheme of an immersed tunnel: www.cob.nl/wp-

content/uploads/2018/01/InstandhoudingZinkvoegen-COB-20141210.pdf 

 

 

Figure 7 Schematic drawings of the Drechttunnel, longitudinal (left) and cross-sectional (right) 

directions. The drawing on the left shows the tunnel in its final position, the drawing on 

the right shows the immersed part on a temporary foundation before filling the trench 

with sand.   

 

   

Figure 8  Google maps view from the Drechttunnel.  

 

The Drechttunnel is constructed by using the for then novel technique of hydraulic 

fill through the tunnel elements (“Onderstromen” in Dutch). The principle is that 

when a tunnel element has reached its final position, there is a temporary 

foundation and the element rests on hydraulic jacks that are located on concrete 

plates on the river bottom, see Figure 7. In that position a sand-water mixture is 

injected by means of hydraulic fill in the area between the river bottom and the 

https://www.cob.nl/wp-content/uploads/2018/01/InstandhoudingZinkvoegen-COB-20141210.pdf
https://www.cob.nl/wp-content/uploads/2018/01/InstandhoudingZinkvoegen-COB-20141210.pdf
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 tunnel element. This process is monitored carefully to prevent that local pressures 

underneath the element become too high. When the space between the subsoil and 

the tunnel is completely filled with sand the hydraulic jacks are released and the 

sand is the final foundation of the tunnel element. 

 

3.5 Information about the structural elements and joints 

The Drechttunnel consists of five tunnel elements three of which are immersed. 

Each immersed element consists of 6 segments with length up to 19 m. The cross-

section of the tunnel is shown in Figure 9 and Figure 10 (Rijkswaterstaat, 1973). 

 

 

Figure 9 Cross-section of the Drechttunnel, west half of the tunnel (Rijkswaterstaat, 1973)  

 

 

Figure 10 Cross-section of the Drechttunnel, east half of the tunnel (Rijkswaterstaat, 1973)  

 

The cross-section is 49.5 m wide and it contains eight traffic lanes, that were 

chosen in the design phase to accommodate the expected increase of road traffic at 

that time. Aiming to limit as much as possible the tunnel height, the traffic lanes 

were arranged in four tubes with width of approx. 10 m. The height of the cross-

section varies between 8.08 m (in the first and last immersed elements) and 8.70 m 

(in the middle element).  
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 The geometry of the Drechttunnel is summarised in Table 2. In addition to the 

geometry of the tunnel other valuable structural input data is related to the material 

used in construction. While no concrete cores were taken from the Drechttunnel, a 

recent quick scan on the shear forces in tunnels provides details regarding the 

concrete and steel that was used for this tunnel. An overview the details (relevant 

for the current model) from the quick scan is provided in Table 3. 
 

Table 2 Overview of the Drechttunnel geometry.  

 

Closed tunnel length 569 [m] 

Immersed tunnel length 109,303-116,226 [m] 

Tunnel segment length 0,905-19,00 [m] 

Tunnel width 49,04 [m] 

Inner tube width 10,35 [m] 

Tunnel height 8,08 [m] 

Mean high water level 0,85 [m +NAP] 

Start of soil on top of the 

tunnel 

-5,50 [m +NAP] 

Top of the tunnel (middle 

immersed element) 

Between -7,696 and  

-8,062 [m +NAP] 

Bottom of the tunnel (middle 

immersed element) 

Between -15,777 and 

-16,625 [m +NAP] 

 

 
 

Table 3 Drechttunnel material properties.  

 

Concrete class C30/37 (K 330) 

Steel yield stress 400 [N/mm²]  (QR 40) 

 

Regarding the joints, there are three immersion joints, one closure joint between the 

tunnel elements 2 and 3 and expansion joints between each tunnel segment.  

 

 

Figure 11 Longitudinal cross-section of the Drechttunnel (Rijkswaterstaat, 1973)  

 

In each immersion joint (Figure 12) a double water-tightness system is present: a 

Gina profile and an Omega profile. The Gina profile has a width of 155 mm, height 

of 167 mm and a soft nose of 38 mm. After sinking the tunnel elements, the Gina 

profile is subjected to a compression of 80 mm, which is achieved by pushing the 

tunnel elements against each other by using jacks. No information about the chosen 

Omega profile is available. 
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Figure 12 Detail of the immersion joint (Rijkswaterstaat, 1970)  

 

The closure joint is also equipped with a double water-tightness system, as shown 

in Figure 13. The first element consists of the horizontal bulkheads on the outer part 

of the tunnel, while the second system is a rubber profile on the inner side of the 

tunnel and it is meant to provide the permanent protection against leakage. 
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Figure 13 Detail of the closure joint (Rijkswaterstaat, 1970)  

 

Expansion joints (Figure 14) are located between consecutive segments of the 

tunnel. The expansion joint is realized by a tooth connection and elastic elements. 

The tooth connection allows to transfer vertical shear forces in the floor and in the 

deck and horizontal forces in the wall. The elastic elements allow limited relative 

displacements of the segment in the direction orthogonal to the shear force 

transferred by the tooth connection.  
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Figure 14. Detail of the expansion joint (Rijkswaterstaat, 1970)  

 

3.6 Information about the subsoil 

To characterise the subsoil, we have gathered information from multiple sources. 

Namely, the project information that was made available (CPT’s, geotechnical 

profiles), the dino-locket/BRO data (CPT’s, borings) and the Deltares’ laboratory 

results in the area surrounding the Drechttunnel.  

Note that the uncertainties in the subsoil come from the following sources: 

- Subsoil stratification/layering in all 3 directions. 

- Subsoil characterization, namely soil strength, consolidation history, weight etc. 

- Groundwater level (to a lesser extent). 

 

Based on the available information (geotechnical profile 1969) the following profiles 

can be identified under each Joint (under the tunnel), to simplify 3 classifications 

were used:  

 



 

 

TNO report | TNO 2021 R12021  20 / 52  

 

 
Figure 15 Geotechnical profile DT 3 A – simplified interpretation, project Drechttunnel.  

 

The subsoil parameters are taken from the NEN and a laboratory research done in 

the surrounding area. The values of the soil parameters are listed in Table 4, where 

a, b and c are the parameters of the Isotachen settlement model. The model is 

explained in detail in Sipkema (2006). 

 

Table 4 Soil characterization 

(a) soil deformation parameters 

Material 

γ 

[kN/m3] 

γvz 

[kN/m3] a [-] b [-] c [-] 

cv 

[m2/s] 

OCR 

[-] 

klei, matig 17 17 0,005873 0,076776 0,004007 1,00E-06 1,10 

Zand (drained) 18 20 1,00E-06 2,00E-06 1,00E-20 - 1,10 

klei, zwak zandig, 

vast (pot klei) 

20 20 0,002492 0,040451 0,001835 1,00E-06 1,50 

(b) uncertainties (lognormal), corr(a,b)= corr(c,b)=0.01 

Material 

γ 

[kN/m3] 

γvz 

[kN/m3] a [-] b [-] c [-] cv [m2/s] OCR [-] 

klei, matig det det 1.468E-03 1.920E-02 1.002E-03 5.00E-07 0.28 

Zand (drained) det det det det det - det 

klei, zwak zandig,  

vast (pot klei) 

det det 6.230E-04 1.011E-02 4.588E-04 5.00E-07 0.4 

 

Other relevant assumptions for the subsoil modelling: 

- Water level @ Oude Maas: -0.55 t/m 1.30 m NAP. 

- Subsoil levels before construction - Table 5. 

- self-weight of the tunnel (concrete elements) = 90-100 kN/m2 (of footprint 

area). 

- 1961 is taken as the initial phase = original ground level. 

- Between 1961 and 1977:  

o Soil removal t/m tunnel bottom level. 

o Placement of the tunnel (8 m high x 40 m wide). 

o Placement of 1m soil above (20 kN/m3). 

- 1977 opening tunnel. 

- To be predicted (D-Settlement): long term settlement until 2050 and 2100. 
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Table 5 Ground and water levels per joint (loading information). Values used in subsoil 

modelling D-settlement.  

 

Joint: Original 

soil level 

 

 

Bottom 

tunnel 

level  

(100) 

Oude 

Maas 

level 

 

Tunnel 

weight 

 

(kPa) 

buoyancy 

forces  

 

(kPa) 

Soil added 

at top 

tunnel 

(m) 

Tunnel + 

1m ground 

on top  

(kPa) 

Tunnel + 1m 

ground on 

top  

(kPa) 

Extra ground 

 

 

(m) 

ZV01 +3.5 m 

NAP 

-9 m 

NAP 

+0.5 

m 

NAP 

+95 

(h=8m) 
-80 

+5,5 95+20 / 

2m= 57.5 

15+20 / 2m= 

17.5 

+ 4.5 

(@ -4.5 m NAP) 

ZV02 -10 m NAP -13.5 m 

NAP 

+1  57.5 17.5 0 

ZV03 -8 m NAP -14 m 

NAP 

+1 57.5 17.5 0 

ZV04 +3.5 m 

NAP 

-10 m 

NAP 

+6.5  57.5 17.5 + 5.5 

(@ -4.5 m NAP) 

 

3.7 Settlements during and after construction 

3.7.1 Introduction 

For the Drechttunnel, the literature shows 3 causes for settlement: 

• During the construction of the permanent foundation by hydraulic fill 

(onderspoelen) there will be some settlement when the tunnel elements are 

released from the temporary foundation and rests on the permanent 

foundation of loose sand. 

• If tunnel and soil above the tunnel create more soil pressure than the soil 

that is removed, then the soft soil layers underneath the tunnel will 

compress after construction causing settlement. 

• Due to cyclic loading by cars in the tunnel and ships above the tunnel after 

construction, the loose sand foundation will density as a function of time.  

 

The settlement during construction has already occurred when the settlement 

measurements start at 1977. However, this must be considered because this 

settlement uses a part of the ‘design space’ for the joints. The second and third 

cause of settlement is ongoing, and the settlement rate determines the life span of 

the tunnel. As will be shown in the next section there is a calculation model for the 

second cause of settlement as a function of the soil parameters. For the third 

settlement cause, this is not available. Here it is known that for constant loading the 

expected settlement is proportional with the logarithmic of time. For more realistic 

prediction of the settlements the time dependant of the traffic should be considered. 

However, since no information was available on the effect of traffic loading on the 

settlements, this is not taken into account in this example,  

 

In the following, it is assumed that after construction the settlement due to soft 

layers is dominant. Although this is not likely the case. However, this is done 

because for this type of settlement there is a calculation method, and it can be 

shown what is the influence of the soil parameters.   

 



 

 

TNO report | TNO 2021 R12021  22 / 52  

 3.7.2 During construction 

Since it was by then a new method for the foundation of an immersed tunnel, 

Rijkswaterstaat, Directie Sluizen en Stuwen (DS&S, not dated), made a report of 

the calculations and measurements performed. In this report it was found that after 

the temporary foundation was removed and a hopper refilled the trench, there is a 

settlement of the tunnel of 0.04 to 0.08 m of the tunnel elements. 0.07-0.08 m for 

element 1, 0.05 m for element 2 and 0.04-0.06 m for element 3 (the middle of the 

tunnel). Furthermore, it can be deduced from the report that the misalignment is in 

the same order of magnitude as the settlement in this early period only for the 

Southern part of element 3, the total misalignment is larger, up to 0.1 m. The 

settlement during the installation of the final foundation of an element for Element 3, 

the deepest element, can be seen in Figure 16.  

 

 
Figure 16 Settlement during construction of the final foundation, the time axis gives the month in 

1976, thus 4 is 1 April 1976. Measurement locations are indicated in Figure 17.  

 

The positions of the measurement points were not clearly indicated in the original 

drawings. The indicative positions are derived from a handmade drawing, see 

Figure 17. Figure 16 shows that there is already quite some offset (order 0.1m) from 

the expected settlements at the end of the construction phase (the dashed ‘target’ 

lines) for the measurement points 321 and 322 just a few months after the release 

of the jacks of the temporary foundation. 
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Figure 17 Indicative position where settlement is measured during the construction of the final 

foundation.  

 

As shown in Figure 17, the measurement points during construction are not the 

same as the measurement points used for the settlement measurement afterwards 

(the 10x and 40x numbers close to the joints). Since in this report it is important to 

show the principle and not all information is available, some simplifications were 

made: It is assumed that the differences in the measurement points can be 

neglected (since the exact position is not known anyway. Because the measuring 

points before July 1976 differ from the measuring points from November 1977, the 

measurements cannot be related to each other and it has been assumed that there 

was no settlement between July 1976 and November 1977. This last assumption 

was necessary, because there is no information on the settlement in that period. 

With these assumptions the settlement during construction of the foundation is 

shown in Table 6.  

 

Table 6 Ground and water levels per joint (loading information). Values used in subsoil 

modelling D-settlement.  

South Settlement North Settlement Middle Settlement 

Dordrecht (m) Zwijndrecht (m) section (m) 

107c 0.07 103b 0.058 105b 0.104 

106b 0.1 102b 0.06 104b 0.058 

406b 0.164 402d 0.054 404d 0.054 

407d 0.057 403d 0.068 405c 0.098 

 

3.7.3 After construction 

Monitoring of the Drechttunnel after construction was/is carried out at each one of 

the red points marked in Figure 18, at the beginning and end, left and right of the 

tunnel, but also left and right of each joint/zinkvoeg (ZV01 to ZV04). There is a total 

of 18 monitored points (100B to 109B and 400C to 409C). From 1977 to 2018 there 

were 35 moments where monitoring was recorded.  

 

The report “Adviesrapport behorend by Deformatiemeting 44A-302-01-35" ’ shows 

the development of the settlements in time. Conclusions of this monitoring were: 

 

The deformation threshold of 5 mm has been exceeded at the following deformation 

measurement points. The greatest difference is -45.8 mm in Z-coordinate of 

deformation measuring points 103B and 104B (ZV01). Significant deformation is 

34 40

25 12

28 30

16 15

minder goed (not so good)
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328
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 believed to have occurred. At the zinkvoeg/joint ZV04 and the ZV02 there is a 

differtence in displacement of 21.4 mm and 13.7 mm, respectively. 

This settlement difference is compared to the 34th monitoring moment and 

concluded that it remained the same (since about 9 years ago). It is therefore 

plausible to say that possible damage caused by this settlement difference should 

have already been identified. 

 

Since it is hard to make a trend out of the monitoring data, it is recommended that 

monitoring is repeated in order to be able to predict the rate of settlement. In 

addition, it is recommended carry out a visual inspection at the same time. It is 

recommended to do this over five years. 

 

 
Figure 18 Technical drawing of the Drechttunnel (top view) with monitoring points 

(zinkvoeg/joints) location and naming.  

 

All deformation lines have a step after April 1994. In the measurement reports it is 

mentioned that by that time the measurement points are replaced, and this may 

have caused the step. Since this step is not very logical, this step was removed 

from the data by assuming that the settlement before and after the step was the 

same. The deformation curve looks then as shown in Figure 19 and Figure 20. On 

both sides there is an ongoing settlement. This settlement is more in the middle of 

the tunnel, compared to the ends, see Figure 21. The corrected data will be used 

further in the report. 
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Figure 19 Measured settlements after correction, east side of tunnel. See Figure 18 the 

measurement points. 

 

 
Figure 20 Measured deformation after correction, West side of tunnel. See Figure 18 the 

measurement points.  
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(a) tunnel depth in 1977 

 

 
(b) Deformation (in mm) of the tunnel as a function of the position with correction after 14897 

days (2018) 

Figure 21 Location of the different monitoring points of the Drechttunnel.  

 

 
Figure 22 Differential settlements (m), between monitoring points of each zinkvoeg (ZV#) of the 

Drechttunnel.  
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 4 Numerical modelling of tunnel behaviour 

4.1 Introduction 

Immersed tunnels are designed against several limit state conditions (including the 

collapse of the tunnel due to fire, failure of the deck due to sinking of a ship, etc.). 

Given that the failure mechanism considered in this project is the leakage of water 

at the joints induced by differential settlements of the tunnel elements, the modelling 

approach for the tunnel behaviour has been developed. The modelling 

simplifications are considered strictly valid for this. The simplifications introduced in 

the following sections might not be valid to assess the performance of the tunnel 

against other limit state conditions, in particular the concrete cracking or shear 

failure. The input parameters have been defined based on the available information 

of the Drechttunnel, When not enough information was available, assumptions have 

been made based on other investigations. 

 

4.2 Structural modelling: elements and joints 

4.2.1 Modelling choices 

4.2.1.1 Tunnel elements 

The geometry of the finite element model is shown in Figure 23. The five tunnel 

elements have been discretized according to the length of the tunnel segments and 

they are modelled by 3D beam elements with Bernoulli formulation.  

 

 

 

 (a) 
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 (b) 

Figure 23 Geometry of the FE model (a: immersion and closure joints, b: immersion, closure and 

expansion joints).  

 
The geometrical properties of the cross-section of the tunnel elements are derived 

from (Rijkswaterstaat, 1973). The values of the area, moment of inertia and 

torsional stiffness assigned to the beam elements are listed in Table 7. 

Table 7 Geometrical properties of the 3D beam elements. 

 Tunnel element Area [m2] Inertia Iy [m4] Inertia Iz [m4] Torsional  

stiffness [m4]  

Element ZV02-ZV03 191 1996 12730 942 

Other elements 176 1591 10949 796 

 

4.2.1.2 Joints 

In Figure 23 it is also possible to see the immersion joints and closure joint (the 

second joint from the left). At each joint, the end nodes of the beam elements are 

not directly connected. Instead, the end node on each side is rigidly connected to a 

set of nodes distributed along the outline of the cross section of the tunnel on each 

side of the joint. By means of the rigid connection, the nodes along the outline of 

the cross section rotate rigidly with the end section of the tunnel segment and their 

horizontal displacement varies linearly with the distance from the centroid of the 

cross-section of the tunnel. 

The nodes along the outline of the cross section on one side of the joint are 

connected to the corresponding nodes on the other side of the joint by a set of 

springs. These springs represent the Gina profiles in the immersion joints and the 

closure joint and the shear keys in expansion joints. By means of this modelling 

approach, the following relative movements are allowed in the joints: 

• Vertical displacement, for example caused by substantial differential 

settlements that lead to (partial) failure of the shear keys. 

• Longitudinal displacements. 

• Rotation, as a consequence of differential displacements along the two 

tunnel elements connected by the joint. 
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 4.2.2 Material models and model parameters 

4.2.2.1 Concrete 

Concrete is modelled as a linear elastic material. The assumed values of the 

relevant properties refer to the concrete class C30/37 and they are listed in Table 8. 

Table 8 Material properties of concrete. 

Material property Symbol Units Value 

Elastic modulus E MPa 33000 

Poisson ratio  - 0.2 

Density  kg/m3 2400 

 

4.2.2.2 Gina profile 

In (Oud et al., 1974) it is stated that the Gina profile used in the Drechttunnel has 

width of 155 mm, height of 166 mm and a nose of 38 mm. The Gina profile with 

dimensions close to those mentioned above is the Trelleborg profile ETS 130-160 

(Trelleborg). The force-compression curve and the contact pressure-compression 

curve of this profile are plotted in Figure 24. The trilinear approximation of the force-

compression curve used in the FE model is also shown in the same figure. 
 

 

Figure 24 Force-compression curve of the Gina profile ETS130-160. 

 

The values of the forces corresponding to the points A, B and C of the trilinear 

approximation of the force-compression curve are listed in Table 9. 

Table 9. Properties of the Gina profile. 

Part Length [m] FA [kN] FB [kN] FC [kN] 

Floor / roof 4.95 576 2860 11400 

Wall 2.00 233 1156 4606 

Corners 3.48 404 2008 8003 

 

4.2.2.3 Shear keys 

Based on the results of (Schols, 2012), the behaviour of shear keys is modelled by 

an elastic-plastic constitutive law as shown in Figure 25.  
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Figure 25 Force-displacement curve of the shear keys. 

 

The yield force Fy is determined from the analysis of the strut-and-tie model of the 

shear key. The equal to the product of the area of the reinforcement present in the 

shear key along the direction of constrained relative displacement and the yield 

stress of steel. The steel quality QR40 is assumed based on the available 

information and the mean value fym = 440 N/mm2 of the yield strength is considered 

in the FE model. The area of the reinforcement per m of length is assumed equal to 

1571 mm2 and it corresponds to 1 bar with 20 mm diameter with spacing of 200 

mm. The values of the force Fy are listed in Table 10 for the different shear keys. 

Table 10. Properties of the shear keys. 

Element Spring direction As [mm2/m] Length [m] Fy [kN] 

Floor / roof Vertical 1571 4.95 3421 

Wall Horizontal (transverse) 1571 2.00 1382 

Corners 
Vertical 1571 2.48 1711 

Horizontal (transverse) 1571 1.00 691 

4.3 Soil modelling 

To be able to predict the deformation as a function of time, it is good to know the 

cause of the deformation. Two possible causes have been identified: 

1. Densification of the loose sand directly underneath the tunnel that is applied 

by hydraulic fill as a foundation layer. 

2. Consolidation of soft layers underneath the tunnel. 

These two possible causes will be described in the following paragraphs. 

 

4.3.1 Scenario 1: Densification of loose sand 

After construction of the tunnel elements, the cone resistance of the sand was 

measured by means of a CPT. These are relatively unique measurements, since 

the CPT’s are performed through the tunnel element and only the upper 1.0 m is of 

importance because that is where the relatively low density sand from the hydraulic 

fill can be expected. The cones were pre-constructed in the tunnel elements, after 

pushing the cones in the sand during the CPT, the cones were left in the sand and 

the hole in the element tunnel through with the rod was pushed was sealed. The 

results of 3 of these measurements are summarized in Figure 26.  
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(a) Results of 3 CPT’s, at the bottom of the 

tunnel element at the different locations  

(b) Location and qualification of CPT’s in the 

loose foundation sand. 

Figure 26 Location in (a) is indicated with CPT x b, the transition from the loose sand to the 

original soil with CPT x s (here the original report (LGM CO-227591/6, 1977) is 

followed).  

 

The sand applied by hydraulic fill has only limited cone resistance. Assuming a net 

loading on the tunnel of 20 kPa (a bit less than values mentioned before, because 

by then the tunnel was not yet finished), the calculated relative density is close to or 

even higher than corresponds with the maximum porosity. There is a difference 

between the different CPT’s, see Figure 26. Figure 26(b) presents the locations of 

the 8 CPT’s and gives with colours the classification in the original report (LGM CO-

227519). The figure also shows the settlement that is measured after construction 

(the large numbers). It appears that the settlement is higher where lower CPT 

values are measured, but there is no very clear relation.  

 

This approximately 1 m (0.6 m according to theory, but thicker according to the 

CPT’s) thick loose sand layer will densify under cyclic movements as traffic 

movements in the tunnel, ship movements above the tunnel. The amount of 

vibrations is not known, and it is difficult to calculate the amount of settlement from 

the vibrations. In this part it is investigated what kind of settlement can be expected 

assuming a vibration level that is constant in time. 

 

According to a simple model the densification of sand (acc v) is proportional with the 

square of the shear strain (ampl) during cyclic movement. Furthermore, it is a 

function of the logarithmic of the number of cycles. In formula: 

 

( )
2

1 2ln 1 0.5accv amplC C N with N N = + =  (10) 

 

Where C1 and C2 are constants and N is the number of cyclic loadings. This formula 

is only a first approximation of the processes during densification (Niemunis et al., 

2003). However, the scatter in the measurement data does not allow to calibrate a 
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 very sophisticated formula. Since there is a 1-dimensional strain situation under the 

tunnel. The volume change is equal to the relative settlement. 

If we assume that the cyclic loading is more or less constant in time (it will increase 

by increasing traffic, but we don’t know how much), then the formula above means 

that the relation above can be written as: ( )1 3ln 1 /accv C t C = +  and a logarithmic 

relation is found between settlement and time. 

 

4.3.2 Scenario 2: Settlement due to consolidation of soft layers  

The input shown in section ‘Information about the subsoil’ is used to model the long-

term settlement of the tunnel at the joints. Usual formulations assume that time-

dependent volume change of a soil unit depends on changes in effective stress 

(due to the gradual restoration of steady-state pore water pressure). This is the 

case for most types of sand and clays, with low amounts of organic material. 

However, in soils with a high amount of organic material such as peat, the 

phenomenon of creep also occurs, whereby the soil changes volume gradually at 

constant effective stress. Soil creep is typically caused by viscous behaviour of 

the clay-water system and compression of organic matter. Creep is also known as 

"secondary consolidation" or “long term settlement”. Analytically, the rate of creep is 

assumed to decay exponentially with time since application of load: 

 

Figure 27 Results of measured settlements, corrected in 1994 and fitted functions. 

 

This formulation is used by the D-Settlement software which, based on the soil 

layering (Figure 15), soil properties (Table 4) and the construction stages (Table 5), 

predicts the 1D settlement and its bandwidth of the subsoil. The material model 

used is the a/b/c Isotache model. This material model is based on natural strain, 

and uses a rate type formulation. This means that all inelastic compression is 

assumed to result from visco-plastic creep. The model is superior in cases with 

large strains and can describe not only virgin loading but also unloading and 

reloading. The objective natural parameters can be derived simply from common 

oedometer tests or from compression parameters for other models. 

 

Results are shown in summary in and, per zinkvoeg/joint, in the following figures. 
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 Table 11  Computed settlements occurred between years (with buoyancy forces) 

  

Settlements  

w/buoyancy forces (m)  

 t0-1977 1977-2050 1977-2100 

ZV01 0.023 0.002 0.003 

ZV02 0.004 0.015 0.021 

ZV03 -0.017 0.005 0.008 

ZV04 -0.011 0.002 0.003 

 

 

 

Figure 28 Results of the simulated settlements from 1961 until 2100, per joint/zinkvoeg (with 

buoyancy forces).  

 

Table 12  Computed settlements occurred between years (without buoyancy forces).  

  Settlements (m)  

 t0-1977 1977-2050 1977-2100 

ZV01 0.088 0.049 0.063 

ZV02 0.104 0.039 0.049 

ZV03 0.180 0.078 0.097 

ZV04 0.015 0.029 0.039 
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(a) 

(b) 

(c) 

(d) 

Figure 29 Results of the simulated settlements from 1961 until 2100, per joint/zinkvoeg.  
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Figure 30 Simulated settlements and band-with 5-95% from 1977 until 2100, per joint/zinkvoeg.  
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 4.3.3 Kelvin chain model 

Soil is included in the finite element model by using vertical truss-elements with 

viscoelastic behaviour. These elements are located at the bottom corners of the 

joints (where the settlements were measured) and along the beam elements of the 

tunnel. The material behaviour is described by a 2-element Kelvin chain model, 

which is sufficient to model the soil settlements as shown in Figure 17. The Kelvin 

chain is shown in Figure 31. 

 

Figure 31 Kelvin chain model.  

 

Based on this model, the creep compliance function J(t, ) which defines the strain 

at time t due to a unit stress applied at time , is defined as follows: 

 

𝐽(𝑡, 𝜏) =
1

𝐸0

+
1

𝐸1

[1 − 𝑒𝑥𝑝 (−
𝑡 − 𝜏

𝜆1

)] 

 

(11) 

where: 

• E0 and E1 are the elastic moduli of the two elements 

• 1 =  / E1 is the retardation time of the second element 

The parameters E0 and E1 and 1 are determined by fitting Eq.(11) to the predicted 

settlements profiles such as the ones shown in Figure 30.  

 

4.4 Probabilistic models 

In the following, the derivation of the probabilistic models of the input random 

parameters is explained. It is mentioned that for this example the effect of (dynamic) 

traffic loading has not been taken into account because no information was 

available. 

4.4.1 Uncertainties related to the modelling of the soil behaviour 

To characterise the subsoil, we have gathered information from multiple sources, 

but uncertainties remain, coming from unknown: 

• Subsoil stratification/layering in all 3 directions (spatial variability). 

• Subsoil characterization, namely soil strength, consolidation history, weight 

etc. (statistical uncertainty/limited measurements). 

• Groundwater levels (to a lesser extent). 

Other uncertainties, not considered in this study but potentially relevant, are: (1) the 

uncertainties in the loading and construction stages and (2) uncertainties in 

modelling (D-Settlement). Based on the available information we drew a longitudinal 

geotechnical profile and assign soil properties to each layer. Assumed uncertainties 

on soil properties vary between 25% and 50% (coefficient of variation).  

With D-Settlement, the subsoil long term settlement due to soft layers is determined 

under the 4 joints present in the tunnel. The ‘deterministic’ settlement curve is 
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 based on fixed mean values of the parameters and the ‘bandwidth’ is determined 

using FOSM (First Order Second Moment), a quick and approximate determination 

of the bandwidth and the influencing factors (parameter sensitivity) for the total 

settlements along one vertical.  

Resulting bandwidths are quite large, and as expected, increase with time. 

Standard deviation for the settlements are between 0.007 and 0.48 meters, with an 

average of 0.18 and a median of 0.14 meters. From the considered uncertainties 

(soil parameters), the one that shows the highest influence factor is the OCR 

(Overconsolidation-Ratio is defined as the ratio of preconsolidation pressure and in-

situ vertical effective stress, and relates with the loading history), with an uncertainty 

influence factor between 60-90% (depending on the amount of soft layers). 

A truncated normal distribution with lower bound at zero is used in the following to 

avoid negative predicted settlements (upward displacements) at the four joints. The 

probability density function of the truncated normal distribution for values larger than 

the truncation value x0 is: 

 

𝑓𝑋,𝑡𝑟𝑢𝑛𝑐(𝑥; 𝜇, 𝜎, 𝑥0) =
1

𝜎

𝜙 (
𝑥 − 𝜇

𝜎
)

1 − 𝛷 (
𝑥0 − 𝜇

𝜎
)
 

 

(12) 

where: 

•  and  are the mean value and the standard deviation of the untruncated 

normal distribution, 

• (·) is the probability density function of the standard normal distribution, 

• (·) is the cumulative distribution function of the standard normal 

distribution. 

The mean value and the standard deviation of the truncated distribution are 

expressed by: 

 

𝜇𝑋,𝑡𝑟𝑢𝑛𝑐(𝜇, 𝜎, 𝑥0) = 𝜇 + 𝜎
𝜙 (

𝑥0 − 𝜇
𝜎

)

1 − 𝛷 (
𝑥0 − 𝜇

𝜎
)
 (13) 

 

𝜇𝑋,𝑡𝑟𝑢𝑛𝑐(𝜇, 𝜎, 𝑥0) = 𝜎√1 + (
𝑥0 − 𝜇

𝜎
)

𝜙 (
𝑥0 − 𝜇

𝜎
)

1 − 𝛷 (
𝑥0 − 𝜇

𝜎
)

− [
𝜙 (

𝑥0 − 𝜇
𝜎

)

1 − 𝛷 (
𝑥0 − 𝜇

𝜎
)

]

2

 (14) 

 

The mean value and standard deviation of the four distributions are listed in Table 

9. 

Table 13. Mean value and standard deviation of the truncated distributions of the a-priori 

settlements. 

Joint 

X,trunc [m] X,trunc [m] 

2050 2100 2050 2100 

ZV01 0.065 0.080 0.041 0.049 

ZV02 0.039 0.049 0.009 0.010 

ZV03 0.079 0.097 0.030 0.034 

ZV04 0.073 0.088 0.052 0.062 
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 For each joint, a-priori values of the settlements have been predicted by at 5 points 

in time (4144, 26718, 44144, 69144 and 94144 days after 1977). The a-priori 

settlements have been calculated assuming that the load applied on top the soil 

layers consists of an average pressure of 100 kPa applied to the footprint of one 

tunnel element of 100 m.  

At each point in time, the mean value and standard deviation of the truncated 

distribution of the settlements have been determined from the results of D-

Settlement, as listed in Table 2 for the years 2050 and 2100. Based on these 

probabilistic models, 104 settlement curves have been sampled at each joint.   

The three parameters of the Kelvin chain model of the soil springs have been 

determined by fitting each sampled curve of the settlements by using the non-linear 

least square method. As a result, one value for each parameter of the Kelvin chain 

has been determined for each sampled settlement curve.  

    

The distribution of the parameters E0, E1 and 1 of the four joints are plotted in the 

Figures below for a unit load and assuming one soil spring at each joint, for the 

purpose of explanation. 

Each figure consists of 6 plots. The marginal distributions of the three parameters 

are plotted on the diagonal (the joint distributions of E0, E1 and 1 are respectively 

plotted on the first, the second and the third row). The joint distribution of each pair 

of parameters is plotted in the remaining graphs (the joint distribution of E0 and E1 

on the second row, the distribution of E0 and 1 on the third row, first column and 

the distribution of E1 and 1 on the third row, second column). 

 

 

Figure 32. Parameters of the Kelvin chain model – joint ZV01.  
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Figure 33. Parameters of the Kelvin chain model – joint ZV02.  

 

 

Figure 34. Parameters of the Kelvin chain model – joint ZV03.  
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Figure 35. Parameters of the Kelvin chain model – joint ZV04.  

4.4.2 Uncertainties related to the water level 

Since information about the water level at the Drechttunnel are not available, 

measured data have been retrieved from the website of Rijkswaterstaat 

(https://waterinfo.rws.nl/) at three measurement stations close to the tunnel. These 

stations are Dordrecht, Puttershoek and ‘s-Gravendeel haven and their locations 

are shown in Figure 36. 

 

Figure 36. Measurement locations (water level). 

https://waterinfo.rws.nl/
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 Aiming to define a probabilistic model of the annual extreme water level, a long 

record of measurements is desirable. The amount of data available differs from 

location to location, as shown in Table 14. Only the Dordrecht measurement station 

provides data from the opening of the Dordrechttunnel. 

The water level was recorded at Dordrecht station every hour from January 1971 to 

May 1987. Afterwards the frequency of the measurements is 10 minutes. Data from 

Puttershoek are available every hour, while the frequency of the measurements of 

‘s-Gravendeel haven is one hour until May 1987 and 10 minutes afterwards, like for 

Dordrecht. 

Table 14. Available datasets of the water level. 

Location of the measurement station Measurement period Number of datapoints 

Dordrecht 01/01/1971 – 31/8/2020 2028938 

Puttershoek 01/01/1971 – 22/11/1982 104238 

‘s-Gravendeel haven 01/01/1984 – 31/12/1992 322785 

 

The distribution of the maximum annual water level is determined as follows. The 

maximum value of the water level is determined for each year at the three stations. 

The Gumbel distribution is chosen as theoretical model of the maximum annual 

water level. This choice is commonly done also for the reliability assessment of 

structures like sheet pile walls and quay walls in harbours. The parameters of the 

Gumbel distribution are fitted to the data using the Maximum Likelihood method. 

The probability density functions of the maximum annual water level are plotted in 

Figure 37, while the mean value and standard deviation are listed in Table 15. 

 

Figure 37. Fitted distributions of the maximum annual water level. 

 

Table 15. Mean value and standard deviation of the maximum annual water level. 

Location of the measurement station Mean value (NAP) [m] Standard deviation (NAP) [m] 

Dordrecht 1.98 0.25 

Puttershoek 1.96 0.22 

‘s-Gravendeel haven 1.76 0.21 
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 Even though the measurement periods differ, the mean value and standard of the 

stations Dordrecht and Puttershoek are similar. On the contrary, the mean value of 

the maximum annual water level at ‘s-Gravendeel haven is sensibly lower than the 

value derived at the other two locations.  

Given that the longest record of measurements is available at Dordrecht location, 

the Gumbel distribution of the maximum annual water level of Dordrecht is 

considered in this project. Therefore, the distribution of the water pressure at the 

joints ZV01, ZV02, ZV03 and ZV04 of the Drechttunnel can be obtained by shifting 

the Gumbel distribution of the maximum annual water level by the depth of the 

critical location of each joint (bottom or top of the cross-section of the tunnel) and by 

multiplying by the water density.  

4.4.3 Uncertainties related to the response of the Gina profile 

 

In (Combinatie Caland tunnel, 2000) a tolerance on compression of ±10% is 

indicated. In absence of other information, it is proposed to model this uncertainty 

by a normal distribution with mean value of 1 and coefficient of variation of 10%.  

4.4.4 Model uncertainty related to the limit state of leakage through the Gina profile 

As mentioned in Section 3.3, the water-tightness of the Gina profile is verified in the 

design by the following criterion:  

𝑝𝐺𝑖𝑛𝑎 > 2.5 𝑝𝑤𝑎𝑡𝑒𝑟  (15) 

 

where: 

• pGina is the resistance pressure of the Gina profile against the opposite tunnel 

element, 

• pwater is the water pressure, 

• the coefficient 2.5 is a global factor accounting for production tolerances of the 

Gina profile and uncertainties related to the definition of the criterion.  

The factor 2.5 is modelled in the limit state function by the model uncertainty 𝜗: 

𝑔 =  𝜗 ⋅ 𝑝𝐺𝑖𝑛𝑎 − 𝑝𝑤𝑎𝑡𝑒𝑟 (16) 

 

No information is available to derive the probabilistic model of the random variable 

𝜗. Assuming a lognormal distribution, it is possible to derive at the semi-probabilistic 

level the design value 𝜗𝑑 as follows: 

𝜗𝑑 = 𝜇𝜗𝑒𝑥𝑝(−𝛼𝑅 𝛽𝑡𝑎𝑟𝑔𝑒𝑡𝑉𝜗) (17) 

 

where: 

• 𝜇𝜗 is the mean value of the model uncertainty, 

• 𝛼𝑅 is the sensitivity factor of random variables on the resistance side, 

• 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 is the target reliability level, 

• 𝑉𝜗 is the coefficient of variation of the model uncertainty. 
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 In absence of background information, it is assumed that the mean value 𝜇𝜗 of the 

model uncertainty is equal to one. The value 0.8 of the sensitivity factor 𝛼𝑅 is 

considered here according to EN1990, while the target reliability level of 4.4 is 

assumed as proposed in (TNO, Deltares 2020). The coefficient of variation 𝑉𝜗 of the 

model uncertainty can be determined from Eq.(3.7) by imposing that 1/𝜗𝑑 is equal 

to 2.5, the value used in the design equation (3.5).  

As a result, the model uncertainty is described by a lognormal distribution with unit 

mean and coefficient of variation of 0.26. 

4.4.5 Displacement capacity of shear keys 

Little information is available in literature for the characterisation of the 

displacement capacity of shear keys of tunnels. In (Schols, 2012) the load bearing 

capacity of the shear keys placed in the floor and deck of expansion joints of the 

Kiltunnel is investigated by means of 2D NLFE analyses. The displacement 

capacity estimated in (Schols, 2012) is between 1.5 and 3.5 mm. In this 

investigation the displacement capacity is modelled by a random variable with mean 

value of 2.5 mm is assumed in this investigation and a coefficient of variation of 1, 

covering the lack of knowledge about the actual capacity of the shear keys.   
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 5 Results 

5.1 Introduction 

In this chapter the results of the reliability investigation are presented separately for 

the two considered failure modes: 

• leakage through the Gina gasket, 

• leakage through cracks in concrete. 

 

5.2 Results for the failure mode “leakage through the Gina gasket” 

5.2.1 A-priori reliability assessment 

The a-priori reliability analysis is performed with reference to the limit state function 

Eq.(3) and the probabilistic models presented in Section 5.  

The results are presented in the following for the joint ZV03 that is characterised by 

higher water depth than the other joints. Before performing the a-priori reliability 

assessment, the mean value and standard deviation of the compression of the Gina 

profile at the bottom of joint ZV03 have been evaluated by a Monte Carlo simulation 

of 10000 samples. The mean value varies between 0 (year 1) and 0.04 mm (year 

100), while the standard deviation varies between 0 (year 1) and 0.18 mm (year 

100). Considering that the Gina profile underwent 80 mm of compression during the 

construction phase, the results of the Monte Carlo simulation imply that the 

compression in year 100 is 79.96 mm and the coefficient of variation is 0.23%. As a 

result, the uncertainty of the compression of the Gina profile is negligible and the 

reliability analysis is performed assuming the deterministic value of 80 mm. 

The annual reliability index are plotted in Figure 38. 

 

 

Figure 38. Cumulative and annual reliability index – joint ZV03. It is noted that the minor bump 

between year 70 and 80 is due to numerical instabilities, however, this does not effect 

the global behaviour. 
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 The values of the annual reliability index are much higher than the target value of 

4.4, meaning that the compression of 80 mm of the Gina profile during construction 

is a safe and conservative choice. The reliability of the Gina profile is dominated by 

the model uncertainty of the resistance of the Gina profile to the water pressure. 

This result is explained by the high coefficient of variation of the model uncertainty 

compared to the coefficient of variation of the other random variables.  

Since no leakages through the Gina profiles of the Drechttunnel have been 

observed until now, a second reliability analysis has been performed assuming that 

the compression of the gasket is equal to zero. The annual reliability index for the 

two cases “No compression” and “80 mm compression” of the Gina profile are 

shown in Figure 39. 

 

 
Figure 39. Annual reliability index – joint ZV03 

 

The diagram of the annual reliability index shows that the annual reliability index is 

above 9.5. This result is explained by the fact that pressure resistance provided by 

the Gina profile is much higher than the water pressure.  

 

Since the reliability of the Gina profile is much higher than the proposed target 

value, the updating of the response of the Gina profile based on measured 

settlements is not performed.  

 

5.3 Results for the failure mode “leakage through cracks in concrete” 

The results of the investigation are presented in the following for joint ZV04 that has 

experienced the largest differential settlements as shown in Figure 21. The 

modelling approach presented in this report does not address local differences in 

the soil behaviour between the two tunnel elements connected by a joint. These 

differences are accounted in the following by introducing a certain degree of 

correlation between the soil settlements.  

 

5.3.1 A-priori reliability assessment 

 

The a-priori reliability assessment is performed for three values of the correlation 

coefficient  between the distributions of the settlements at each side of the four 

joints: 0.0, 0.5 and 0.9. As explained above, the value 0.0 means that the 
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 settlements at joint ZV04 are independent from the settlements at the other joints 

and that the settlement on the left side of joint ZV04 is independent from the 

settlement on the other side. The case of full correlation ( = 1) is not considered 

because this assumption implies infinite reliability because no relative vertical 

displacement at joint ZV04 can occur. The annual index for the three cases is 

plotted in Figure 40. 

 

 

Figure 40. Annual reliability index – joint ZV04. 

 

The diagram of the annual reliability index shows three results. First, the annual 

reliability index is lower than the target value of 4.4. The low values of the reliability 

index at the beginning of the lifetime are explained by the high values of the 

coefficient of variation of the distribution of the settlements and displacement 

capacity and the low mean value of the displacement capacity (2.5 mm). 

Second, the annual reliability index increases with time. This behaviour can be 

explained as follows. The annual reliability index in year i is linked to the probability 

that leakage occurs in year i and this failure mechanism has not occurred in the 

previous years. Therefore, the survival of the previous i-1 years implies that a large 

number of realisations of the governing parameters are not possible in year i. 

Third, the annual reliability index decreases with the correlation between the 

distribution of the settlements at the two sides of the tunnel connected by the joint, 

because the probability of higher differential settlements decreases.  

 

5.3.2 Updating of differential settlements and displacement capacity based on monitoring 

of settlements 

Once measurements of the settlements become available, the distribution of the 

predicted settlements in the future can be updated by using the approach presented 

in Section 3. The mean value and the 95% upper fractile of the a-priori distribution 

of the settlements at the measurement points 107C and 108B and the 

corresponding measured settlements are shown in Figure 41 and Figure 42. 
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Figure 41. A-priori distribution of settlements and measured settlements – joint ZV04, 

measurement point 107C. 

 

  

Figure 42. A-priori distribution of settlements and measured settlements – joint ZV04, 

measurement point 108B. 

 
It can be observed in the two figures above that the measured settlements at the 

measurement point 107C are to large extent in agreement with the a-priori mean 

value, while the data available at measurement point 108B are substantially smaller 

than the a-priori mean value. In addition, the figures show that the variability of the 

measured settlements is significantly smaller than the uncertainty assumed in the a-

priori model. 



 

 

TNO report | TNO 2021 R12021  48 / 52  

 The updating of the prediction of the settlements at the two measurement points 

based on the measured settlements can be performed for any year after the last 

measurement. As an example, the a-priori and a-posteriori distributions of the 

predicted settlements in year 2077 are shown in Figure 43. The figure shows the 

marginal distributions of the predicted settlements at measurement point 107C 

(parameter 1) and at measurement point 108B (parameter 2) and the contour plot 

of the joint posterior distribution. 

 

Figure 43. A-posteriori distributions of the settlements at measurement point 107C (1) and at 

measurement point 108B (2). 

 

The mean value and coefficient of variations of the a-posteriori distributions are: 

• measurement point 107C:  = 17 mm, cov = 2.5%, 

• measurement point 108B:  = 7 mm, cov = 5.8%. 

 

The correlation coefficient between the two posterior distributions is 0.65. The 

parameters of the posterior distribution are governed by the variability of the 

measured values as a result of the large uncertainty of the a-priori distribution. 

 

In the a-priori analysis it has also been assumed that the displacement capacity of 

the shear keys located at the joints has a mean value of 2.5 mm. However, the 

measurement of the settlements at joint ZV04 show that relative displacements of 

7.4 mm have occurred without leading to the leakage in the shear keys.  

Information about differential settlements (obtained from monitoring of settlements) 

that occurred in the past without leading to leakage of water can be used to update 

the a-priori knowledge about the displacement capacity. The cumulative Distribution 

function (CDF) of the a-posteriori distribution of the displacement capacity is shown 

in Figure 44 as a function of the observed differential settlement over time. The four 
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 values of the differential settlement correspond to the maximum values of the 

differential settlements during the periods 1977-1987, 1977-1997, 1977-2007 and 

1977-2018. The updated distributions of the displacement capacity show that the 

probability of low values of the capacity decreases with increasing observed 

differential settlement. However, even in case of an observed differential settlement 

of 7.2 mm, the probability of observing lower values is not zero because of the 

measurement uncertainty. 

  

Figure 44. Updated distribution of the displacement capacity as a function of the maximum 

observed differential settlement. 

 

5.3.3 A-posteriori reliability assessment 

 

The a-posteriori reliability assessments is performed in year 2077 based on the a-

posteriori distributions of the differential settlements and displacement capacity. The 

results of the reliability assessment are listed in Table 16. 

Table 16. Posterior reliability index in year 2077. 

Analysis 
Reliability 

index 

A-priori assessment  3.7-4.0 

A-posteriori assessment (updated distribution of the settlements and updated 

distribution of the displacement capacity)  

2.9 

 

The values of the a-priori assessment vary in the range 3.7 to 4 as a function of the 

correlation between the distribution of the settlements of the two tunnel elements 

connected by the joint. The a-posterior reliability index is lower than the a-priori 

value as a consequence of the difference of 10 mm between the mean value of the 

distributions of the settlement and the low coefficient of variation of these 

distributions. In this case, the use of measurement of settlements leads to lower 

estimates of the reliability of the joint because the measured settlements show that 

the actual condition is more critical than assumed in the a-priori analysis.  
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 6 Conclusions 

The data-enhanced approach to reliability assessment of tunnels with focus on the 

limit state conditions of leakage through the Gina profile and through cracks in 

concrete is presented in this report. The approach is based on four steps: 

1) setting reliability assessment framework with respect to renovation / 

maintenance criteria 

2) a-priori reliability assessment of tunnels undergoing settlements 

3) updating of joint performance based on monitoring data (settlements) 

4) a-posteriori reliability assessment of tunnels 

 

The approach combines predictive models of soil settlements and tunnel 

performance with reliability methods and probabilistic methods to update the a-priori 

knowledge about the uncertainties of the parameters governing the limit state 

condition of interest with measured settlements.  

 

The application of the proposed approach to the Drechttunnel shows that the 

reliability of the Gina profile is much higher than the target reliability levels proposed 

in this study. Therefore, the current design procedure of the waterproofing system 

guarantees the through-lifetime watertightness of the joint if no deterioration 

mechanisms occur. 

 

The reliability investigation of the limit state condition of leakage through cracks in 

concrete shows that measurements of differential settlements that do not lead to 

leakage are a useful source of information to update the large uncertainty of the 

capacity of the joint. Furthermore, settlement monitoring enables the reduction of 

the large uncertainties of the predictions of soil settlements, but at the same time it 

shows that the failure probability of the joint is higher than expected in the design. 

This results from the lack of detailed models explaining the differential settlements 

measured at the joints. 

 

Since the failure probability is higher than the target reliability, measures are 

required. These measures may vary from strengthening (which may be very 

complicated) to improving the model that has been used and/or by further reducing 

the uncertainties in the modelling parameters. Moreover, possibly, the target 

reliability may be reduced for existing structures. Off course legislation with respect 

to the minimum required reliability should be taken into account. 
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