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Banverket et al. (1997), the financing by loans was decided, one year after the CBA. 
Nevertheless, the financial costs, amount to at least 1000 MSEK (Botniabanan, 2010). 
The major difference between the cost estimate used in the CBA and final cost 
originates from indirect cost and financial cost. In the end, the STA will pay for the 
interest cost of the loans during operation, meaning that those costs will reduce the 
possibilities to invest in other projects. 
 
A simple and likely explanation is that the indirect cost was underestimated, or even 
overseen at the beginning of the project, although, if adopting conclusions from 
Flyvbjerg (2009), it cannot be ruled out that this omission could have been deliberate. 
From Botniabanan (2000) I have calculated a ratio of 0.24 between indirect- and 
direct cost. Later, this ratio increased to 0.73 (Botniabanan, 2005). Unfortunately, the 
available data is not of sufficient detailed to determine how much of the indirect cost 
increase that originate from the tunnels and the unique feature. The cost increase for 
tunnels is low (<10%) in relation to other indirect factors (Table 7-3). However, even 
this small volume is significant at the scale of these projects, and significant amount of 
funding may be saved by studying and determining the causes of cost increase for 
tunnels. 

7.2.2 Final tunnel costs 

In Figure 7-3, the cost per meter track tunnel in the Bothnia Line project has been 
compiled in fixed prices to the 2007 price level. 
 

 

Figure 7-3 Unit cost (SEK/m, railway tunnel) for the tunnels in the Botnia line 
project, fixed prices (2007 price level). The unit cost is only the clients 
cost for the contractor. 
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The cost per meter (unit cost) is calculated from the final cost of tunnel works 
(excavation, reinforcement and water treatment), rescue tunnels, installations and 
index cost according to contract but excluding TEST-installations and the clients cost. 
There is a large variation in unit costs. The Stranneberget tunnel has the highest unit 
price (~200 kSEK/m), but this tunnel is also characterized by special geological 
conditions. The other tunnels range from 50 to 140 kSEK/m, with an average of 
nearly 100 kSEK/m. According to interviews, cost estimate used by the client at the 
time of procurement for the last tunnels was ~100 kSEK/m in fixed prices (at 2007 
price level; Lundman, 2010). This demonstrates that while the client has a good 
apprehension of the average unit cost for the tunnels at the time of the procurement, 
there is space for improvement regarding the understanding of its variability.  

7.2.3 Early cost estimate on the tunnels 

 
Table 7-4 summarizes the construction cost in the CBA of the pre-study for the 
project (Banverket Norra Regionen, 1996). 

Table 7-4 Information from CBA from Banverket Norra Regionen (1996).  

 Open track Bridge Tunnel 

Length (km) 188-191 7-9 20 - 27 

Cost (SEK)1 4294 - 4494 1235 - 1535 1510 - 1910 

Key: 1, Cost is calculated at 1995 price level. 
 
The cost presented in  
Table 7-4 has been used as nominal investment cost in the CBA, actually all the cost 
that exist in the CBA for the Bothnia Line project. The exact scope of the project was 
not determined at the time for the CBA, and subsequently, different alternatives were 
included as intervals in the length and cost in the CBA. However, the estimated 
tunnel length is in good agreement with the final length of the railway tunnels (24 
km). With respect to the cost development, the estimated cost should be anticipated to 
be considerably lower than the average final cost, identified in Chapter 7.2.2. 
However, the estimated cost per meter tunnel in the CBA was 101 kSEK/m railway 
tunnel (2007 price level). Considering the final average cost (nearly 100 kSEK/m), it is 
tempting to argue that the tunnels have no part in the cost increase at the Bothnia 
Line project. However, the CBA do not allow discriminate whether the cost estimate 
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concern the complete cost of the tunnel, or if the cost is associated to the cost of the 
contractor. All in all, the following can be said about the studied CBA: 

 If the cost estimate only refer to the construction cost there was considerably 
accuracy in the estimate, however, there is no cost estimate for; planning and 
design work, surveys, cost for client organization during both planning and 
execution, permission and redemption of land; and 

 If the cost estimate concerns the entire cost for the project the precision of the 
estimate for the tunnel cost must be considered as less accurate. 

7.3 Geological uncertainties  the Bothnia Line project 

The direct costs for the tunnels are further analyzed in this chapter, based on data on 
contracted- and final costs. The cost increase, with respect to geological uncertainties, 
has been analyzed following the initial model (Figure 7-4) of Chapter 6. I have use 
contracted costs rather than earlier cost estimates, because these earlier estimates do not 
contain details about the different tunneling works. The total contracted cost for the 
tunnel works; excavation, reinforcement, water treatment, in all tunnels during 
construction is approximately 1 300 MSEK. 
 

 

Figure 7-4 Analyzed part in this chapter. 

The total cost increase, originating from more units, for the tunneling works, is 
approximately 330 MSEK. Because of newer information, it is not surprising, that the 
cost increase based on the difference between final- and contracted cost is slightly 
higher than the cost increase observed in Chapter 7.2.1. Figure 7-5 shows the 
difference between final- and contracted cost for the tunneling works in each tunnel, 
as percentage of the contracted cost. 
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Figure 7-5 Difference between final cost and the contracted cost, as percentage of 
contracted tunneling cost, for each tunnel. 

These results were subjected to a simple statistical analysis, assuming that the 
differences between final- and contracted costs may be treated as normally distributed. 
Figure 7-6 shows that the average difference between final- and contracted cost due to 
various amount of units result in a small average cost increase, close to 10 %, but with 
large variations. 
 

 

Figure 7-6 Distribution of the difference, in percent, between final cost for 
tunneling works and contracted cost. 
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Data from the Bothnia Line project also shows that the cost increase for change orders 
related to tunnel works is approximately 15 % of the total contract sum, or 
approximately 230 MSEK. The variation among the tunnels is large, and range from 
44 % for the Stranneberget tunnel to 4 % for the Åskott tunnel. Within this work, it is 
generally impossible to determine what factors lay behind the change orders, although 
an example of the opposite exists, the Stranneberget tunnel with difficult geology. The 
average cost increase related to the contracted index is approximately 10 % for all 
tunnels, or approximately 130 MSEK. Only four of the studied tunnels had index 
regulation in the contract. With respect to the contracted tunneling cost for these 
tunnels, the index-related cost increase was almost 20 % of the contracted tunneling 
works. The differences between final- and contracted costs for the tunneling work is, 
guided by the initial model, further subdivided into excavation, reinforcement and 
water treatment to be able to determine where the largest differences occur (Figure 
7-7). 
 

 

Figure 7-7 Analyzed parts in Chapters 7.3.1 to 7.3.3. 

7.3.1 Excavation 

The cost increase for excavation during construction is calculated as percentage of the 
contracted tunneling cost (excavation, reinforcement and water treatment) for each 
tunnel (Figure 7-8). The result show that the cost increase associated with excavation 
work is less than 40 MSEK during construction. This corresponds to 3 % of the 
contracted tunneling cost. Because excavation cost not is related to the geological 
prognosis in the contracts, the low variation that is obtained is expected, at least with 
respect to the cost of the client (no considerations for the outcome of the contractor is 
included). 
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Figure 7-8 Differences between final and contracted costs for excavation as 
percentage of contracted tunneling cost. 

7.3.2 Reinforcement 

The cost increase for reinforcement (bolts and shotcrete) during construction is 
calculated as percentage of the contracted tunneling cost (excavation, reinforcement 
and water treatment) for each tunnel (Figure 7-9). It is concluded that in a majority of 
tunnels, additional units for the reinforcement have contributed to cost increase for 
the tunnels. The total cost increase during construction amounts to approximately 110 
MSEK. This corresponds to 8 % of the contracted tunnelling works. Because the 
reinforcement in the contract is based on the geological prognosis, and the final 
reinforcement is based on mapping of the tunnel, it is assumed that the difference in 
cost is a function of the differences between the two prognoses. 
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Figure 7-9 Differences between final cost and contracted cost for reinforcement as 
percentage of contracted tunneling cost. 

7.3.3 Water treatment 

The cost increase for water treatment (grouting and drains) during construction is 
calculated as percentage of the contracted tunneling cost (excavation, reinforcement 
and water treatment) for each tunnel (Figure 7-10). In the majority of tunnels, water 
treatment is associated with a cost decrease. On the other hand, grouting and 
especially drains resulted in considerable cost increases in the two most expensive 
tunnels, Namntall and Björnböle. The total cost increase during construction amounts to 
approximately 180 MSEK (grouting – 5 MSEK and drains + 182 MSEK). This 
corresponds to 14 % of the contracted tunnelling works. 
 
The large variation in the outcome between final- and contracted costs demonstrates 
the difficulties in estimating the amount of both grout, and drains in particular during 
planning and construction of a tunnel. 
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Figure 7-10 Differences between final- and contracted costs for water treatment as 
percentage of contracted tunneling cost. 

7.3.4 Variation in units cost 

A preliminary statistical compilation of the available data has been made to study the 
variation between estimated- and final costs for excavation, reinforcement and 
grouting (Figure 7-11). Drains are omitted from the analyses, because of the large 
variation compared to contracted units cost; the outcome from drains varies from -90 
to 218 %. 
 
Aside from the drains, reinforcement result in the greatest relative variation compared 
to its respective contracted unit cost. This is previously suggested to be related with 
the uncertainty associated with the geology. In other words there is a significant 
difference between the geological prognosis and the conditions encountered during 
tunneling. 
 
As expected, there are only small variations between contracted- and final cost for the 
excavation, because there was no indication of a changed geometry. Figure 7-11 also 
suggests that the average amount of grouting is less than contracted although the 
variation is large.  
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Figure 7-11 Distribution of the difference between final and contracted unit costs for 
excavation, reinforcement and grouting. 

7.4 Closed room, analysis of the Bothnia Line project 

The consequences on cost increase of the closed room restrictions are analyzed below. 
The amount of available data does not permit statistical analysis. However, 
information from different phases of the project is used to obtain a more qualitative 
approach. The closed room restrictions are, guided by the initial model, further 
subdivided into aerodynamic, safety, installation and ventilation (Figure 7-12) and 
discussed below. 
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Figure 7-12 Analyzed parts in Chapters 7.4.1 to 7.4.4. 

7.4.1 Aerodynamic 

When trains travel through a tunnel disturbance to the air in the tunnel are 
communicated by waves and as a result pressure changes are produced and 
accompanied by substantial air movements. The closed room restrictions give rise to 
more severe pressure changes and stronger induced flows than in open air. The 
phenomenon is similar to a leaky piston traveling through a tube. The main 
disturbances, positive and negative pressure waves, are generated by the nose and the 
tail as they enter and leave the tunnel. These waves travel through the tunnel at the 
speed of sound reflecting and changing sign at the tunnel entries and a complex wave 
pattern occur as the train travel through the tunnel. Current ambition level for railway 
tunnels under the auspice of STA is that the pressure change experienced in the 
vehicle passing through the tunnels not should exceed 4 kPa/s (Banverket, 2008). 
 
Mitigations associated to aerodynamic, infrastructure or traffic, are comprehensive and 
costly and must be implemented in the early phases of a project. The consequences if 
the problem not is considered can be reduced speed and increased travelling time, 
meaning that the primary goal of the project might not be completely fulfilled. 
Measures to reduce the effects must be discussed and decided in close cooperation 
with affected stakeholders early in the project where obviously the current ambition 
level must also be analyzed. 
 
For the Bothnia Line, the current cross section of the tunnel can be traced back as far 
back to the railway investigations, which suggests that restrictions in aerodynamic have 
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not caused any change in the design of the tunnel. Consequently, aerodynamic has not 
contributed to increasing the cost for the excavation of the tunnel.  

7.4.2 Tunnel safety Bothnia Line 

Tunnel safety has become a matter of concern and policy reform after a series of 
serious accidents in Europe. The Bothnia Line has applied risk assessment for tunnel 
safety a part of the planning process, which is the Swedish standard. The main risks 
considered in railway tunnels are fire, collision and derailment. Because of their 
potentially catastrophic consequences, fires in passenger trains are, as a rule, considered 
to be the governing risk in the risk assessment, and consequently, the measures 
proposed focuses to mitigate this type of accident. 
 
Regarding the specific question of cost increase related to tunnel safety in the Bothnia 
Line project, it was earlier observed that the CBA associated to the pre-study forward 
few details of what was included in the cost estimate for the tunnels. The first time 
tunnel safety is mentioned as being included in the cost estimate, is in the reports from 
the railway investigations, where it is stated that the cost estimate includes tunnel 
safety aspects such as escape routes and other installations (Banverket, 2001a). 
According to the Bothnia Line project, only minor changes in the design have been 
made after the investigations (Lundman, 2010). Cost estimates between the railway 
investigation and the procurement for three of the tunnels (Åskottsberget, Namntall and 
Björnböle) reveal that the length of the escape routes has increased, which has 
contributed to a cost increase of about 100 MSEK (price level 2007). Apart from this 
example, it is difficult to determine in monetary terms, how tunnel safety has 
contributed to the overall cost increase in the project. 
 
Nevertheless, from my own experience and personal contacts with the project, the 
municipality and the local fire brigade, the subject is considered to be troublesome 
because of the different view by the involved parties. This is exemplified in Table 7-5 
for one of the tunnels within the project. 
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Table 7-5 Example of how tunnel safety was handled in one of the tunnels in the 
Bothnia Line. 

Date 

(yyyy-mm-dd) 

Activity 

1999-10-05 Applications for building permit to municipality. The application is 
based on a risk assessment according to governing codes (Banverket, 
2004) complemented with simulations of evacuation 

1999-11-05 Pronouncement from local fire brigade 
1999-11-10 Approved building permit 
2000-03-07 Detailed study of risk levels with two options, because the principle 

about tunnel safety was not yet decided by the government. The two 
options concern whether the tunnel should be designed for; (1) self 
rescue or; (2) self rescue and measures to facilitate fire fighting in the 
tunnels. The result of the study was also presented to the building 
committee 2006-05-23. 

2000-2001 Tunneling 
2002-02-28 Government decision, the tunnels at the Bothnia Line project should 

be designed for self rescue 
2007-01-31 Application for final acceptance of building permit 
2007-10-04 Final acceptance from municipality 
 
With the final acceptance, the process between the project and the municipality in 
theory should be ended. However, in practice it was not until in the end of 2010 the 
discussions came to a halt. The discussions after 2007 were caused by different 
opinions about the content in the building permit with respect to escape routes and 
mobile ventilation between the project and the local fire brigade. The issue ended up 
with a solution similar to the solution in the application for building permit. 
Consequently there is no increased cost for construction between the application of 
the building permit and finalized construction because of the subject. On the other 
hand it is not possible to determine the cost for the long discussions and what might 
have been omitted in the project because focus was moved from other subjects. 
 
One issue that has been considered as more complicated than other is the demand and 
the design of a water system for fire fighting in the tunnels. During the first winter it 
became evident that the design of the water system not was adequate. Consequently 
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the system needed a new design with costly complementary works in most of the 
tunnels. 
 
It can be concluded that tunnel safety has contributed to the total cost increase, 
although it is difficult to determine how much of the indirect cost increases that can 
be assigned to the subject. Although it is regulated in the regulations from STA there 
still remain uncertainties as to the outcome since this depends on both the risk 
assessment as well as the demands from the actual municipality and consequently the 
fire brigade. These actors have the power to demand mitigations and halt the project; 
they have not directly financing the project and as a consequence do not have any 
incitement to keep the cost low. 

7.4.3 Installations 

Installations, except for TEST, includes for example: facilitation for escape; walkway, 
handrails, escape marking, emergency lightning; facilitation for rescue; radio 
installation, water supply; cable ladder; drainage system. The majority of the 
installations originate from the subject of tunnel safety. Working material from the 
project suggest that the contracted cost for installations in the tunnels amount to 
approximately 40 % of the contracted tunneling works. However, following 
Botniabanan AB (Lundman, 2010) the installations are associated with unexpected 
logistical problems due to the closed room. These problems have been underestimated 
for the tunnels. As a consequence the findings in Chapter 7.2.1 regarding the cost 
decrease for TEST (-80 MSEK), are considered to be associated with large 
uncertainties. Lack of data regarding the final cost for the installations makes it 
impossible to study their final cost development.  

7.4.4 Ventilation 

Tunnel ventilation was neither planned nor installed in the Bothnia Line project. 
Consequently, it has not contributed to the cost increase. 
 
Tunnel ventilation was neither planned nor installed in the Bothnian Line project. 
Consequently, it has not contributed to the cost increase. However, according to my 
experience, ventilation is a plausible explanation for cost increases in other, urban, 
Swedish underground railway stations. One example concerns emergency ventilation 
in case of fire, a mitigation to reduce the risk to a level accepted by other stakeholders 
(municipality and fire brigade). Another example regards inclusion ventilation that was 
included after it became evident that there was a great risk for high concentration of 
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particles in the air at the platforms. In both these examples, ventilation was included in 
planning in later phases of the project, and not accounted for in the early phases.  

7.5 Concluding remarks 

Figure 7-13 shows the result from the analysis that is guided by the model, developed 
in Chapter 6, and applied to the data from 16 tunnels, in this chapter. The model 
consists of three main groups of cost developments: unique features underground, 
common features and other features. 
 
The unique features of underground projects have also contributed to cost increases, at 
least 430 MSEK, with the major part originating from geological uncertainties and 
tunnel safety. Within the group of geological uncertainties, water treatment and 
reinforcement have contributed to most cost increase, whereas excavation have 
contributed minor. 
 

 

Figure 7-13  Result from the analysis guided by the initial model. 
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In addition to the cost increases presented in the initial model, there is additional cost 
increase related to tunnel works originating from change orders. This amounts to 230 
MSEK (~5%). Lack of documentation makes it impossible to determine the 
mechanisms behind this cost increase. 
 
In addition the following can be stated: 

 The variation of the final cost per meter tunnel is large. At the time of the 
procurement the client has a good understanding of the average cost for the 
tunnels although less knowledge of the variation. 

 The total length and the size of the tunnels have been more or less constant, at 
least since the investigation phases. 

 Contracted cost for installations in the studied tunnels amount to approximately 
40 % of the contracted tunneling works, and the installation works are 
associated with unexpected logistical problems due to the closed room. 

 Aerodynamic is not a governing factor with respect to cost increase in the 
Bothnia Line project but nevertheless it is a subject to consider because all 
mitigations, in infrastructure or in traffic, are comprehensive and costly and 
must be decided and implemented in the early phases of a project. 

 Tunnel safety is considered to be troublesome according to representatives of 
the project, the municipality and the local fire brigade. However it is difficult 
to determine if the indirect cost increases can be assigned to this reason and 
what their extent is. 

 Data reveal that there is a significant difference between the geological 
prognosis and the conditions encountered during tunneling. 

It was concluded that the majority of the cost increase for the Bothnia Line project 
was indirect cost and financial cost. One can argue that this would be the natural 
subject to investigate in the extension of this work. However, focus of this thesis is 
underground projects and that is also where I have my own experience and 
knowledge. In addition it can be considered less successful to study the mechanisms 
behind the indirect cost increase, since they can be considered to be heavily 
underestimated cost. Irrespective of the origin, deliberated choice or ignorance, it will 
be difficult to come across more documented facts about the mechanisms for these 
cost increase. Therefore I have chosen to investigate cost increase originating from the 
unique features of underground projects, and to pinpoint the mechanisms causing the 
problems in respectively subject. When the mechanisms behind the problem are 
identified more lasting improvements of each subject can be proposed. 
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8 MECHANISMS FOR COST INCREASE 

Data from the detailed case study reveal that water treatment, reinforcement, and 
tunnel safety contributed most to cost increase among the unique underground 
features. The aim of this chapter is to further describe the general mechanisms behind 
the cost increases for reinforcement and tunnel safety. The focus is to investigate if the 
cost increase caused by these unique features can be explained and mitigated. I am not 
further investigating the mechanisms responsible for cost increase of water treatment; 
because of at this stage it is impossible to locate necessary data. 

8.1 Reinforcement 

The STA had difficulties to estimate the costs in the early phases of the Bothnia Line 
project, as well as in other projects. For underground constructions, additional 
complications are provided by the geological uncertainties. Geological uncertainties 
are challenging from perspectives of underground constructions, and a subject that has 
been debated over the last 30 years in Sweden. On the other hand, from the 
perspectives of cost estimates, they are often treated as nonexistent, and rarely 
discussed in terms of cost and time. Therefore, project managers have little support to 
put monetary terms on whether there is a need for site investigations or not. The 
consequences and mechanisms of the geological uncertainties with respect to 
reinforcement have been studied in the Ådalsbanan project (Malmtorp and Lundman, 
2010b). 
 
The existing Ådalsbanan railway was built about 100 years ago, and the government 
approved an upgrading project, the Ådalsbanan project, in 2004 and 2006. The project 
has a total length of 130 km that connects the towns of Sundsvall and Kramfors (Table 
5-1). There are eight tunnels with a total length of 14 km within the project, which is 
scheduled to be finished and opened for traffic by the end of 2011. All tunnels are 
single track tunnels that vary from 150 to 4500 m in length. The methods for 
tunneling and reinforcement are similar to the Bothnia Line project. Hence, by 
drilling-and-blasting, and where the reinforcement is determined by the result from 
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the geological mapping conducted during tunneling. The rock mass consists mainly of 
meta-greywacke and the rock mass conditions are considered as normal for Swedish 
tunnels. Beside joints, blocks, crushed zones and other unfavorable structures, the 
tunnel also penetrated clay filled joints and zones with heavily weathered rock. 
Generally, the amount of in-leakage is less than anticipated, although minor leakages 
that may cause problem with ice had to been taken care of by means of drains. 

8.1.1 Method 

Malmtorp and Lundman (2010b) have focused on how the geological uncertainties 
should be measured and presented. They assumed that uncertainties regarding the cost 
for reinforcement originate from the uncertainties in the geological prognosis. A 
prognosis predicts the anticipated outcome, and the mapping describes the real 
outcome. Malmtorp and Lundman (2010b) considered that the difference between 
predicted and described outcome is a measure of the uncertainties. This implies that 
the difference between the predicted and final time and money gives a measure of the 
monetary consequences of this uncertainty. 
 
Instead of using single values, Malmtorp and Lundman (2010b) aim at analyzing 
groups of data by use of mean values (mv ) and standard deviations ( ) for each group 
of data. The comparisons are presented as standardized distribution curves between the 
two extremes, 3mv , which describe approximately 99 % of potential outcomes. 
The results made it possible to determine different explanation for the uncertainties. 
 
Measurements of the uncertainties have been done by comparing: 

 Prognosis and mapping from the excavated tunnels; 

 Prognosis in the same sections made by different consultants; and 

 Mapping in the same sections made by different consultants. 

 
The study was limited to the characteristics relating to the load bearing capacity of the 
rock mass (Malmtorp and Lundman, 2010b). It is common practice to assign 
numerical values to the rock mass by using classification systems during mapping (e.g. 
Edelbro, 2008). Several different classification systems exist, with the Q-system being 
the most used system in Sweden (Lundman, 2006; Edelbro, 2008). The Q-value is 
determined by assigning numerical values for sex parameters (Barton, 1974): 
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where RQD , Rock Quality Designation; nJ , joint number; rJ , joint roughness; aJ , 
joint alteration; wJ , joint water; and SRF , stress reduction factor. 

 
Data was collected from eleven 100-200 m-long sections in five tunnels, covering in 
total 1650 m tunnel length. Data consist of Q-values from the geological prognosis, 
mapping and Q-values for control of ordinary prognosis and mapping. The result is 
based on rock mass in the Q-interval between 1 and 3. 
 
At the time of the study, all tunnels were being excavated and the daily progress report 
was not detailed enough to determine the exact time for tunneling in different 
qualities of rock (Malmtorp and Lundman, 2010b). Input regarding time for tunneling 
in different quality of rock was obtained from Kim and Bruland (2009). Input 
regarding cost for reinforcement is based on contract prices. 
 
The prognoses were divided in to prognosis with good- and questionable quality. 
Good quality refer to prognoses based on both direct observations of the rock close to 
the tunnel, for example core holes, quarries, open cuts and seismic surveys close to the 
tunnel and close to the direct observation. Questionable quality refer to prognoses 
were those prerequisites were not fulfilled. For example information from seismic 
surveys from the tunnel sections without direct observations. It was not possible to 
statistically strengthen any more specific connection because of the variation in data. 

8.1.2 Main findings 

There is a limited difference between the prognosis with good quality and final result 
of the mapping, whereas there are large differences between the prognosis with 
questionable quality and the mapping results. Based on the average difference between 
prognoses and mapping the following result was found (Malmtorp and Lundman, 
2010b): 

 The time for excavation and reinforcement increased by approximately 1 % in 
sections with prognosis of good quality, and 35 % in sections with prognosis of 
questionable quality; and 

 The cost for final reinforcement increased with 2 % in sections with prognosis 
of good quality, and 30 % in sections with prognosis of questionable quality. 
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To be able to present an overview of the variation in cost increase with respect to 
prognosis of good- or questionable quality it is assumed that it can be represented by 
normal distribution. Sections with prognosis of good quality have a small variation of 
the consequences, whereas the opposite is true for sections with prognosis of 
questionable quality (Figure 8-1). 
 

 

Figure 8-2 Cost variation for sections with prognosis of good- and questionable 
quality, percent relatively contracted prices. 

Furthermore, the data analyzed show that: 

 Uncertainties in geological prognoses can be measured; 

 The consequences of the uncertainties can be quantified; and 

 The uncertainties can be linked to the coverage of the site investigation, the 
interpretation of data from site investigation and the mapping. 

8.1.3 Discussion 

One reason for the large variation in the sections with prognosis of questionable 
quality is the poor correlation between seismic velocity in the rock mass and 
observations in the tunnel. In this project many Q-values along the tunnel was 
determined only by use of the result from seismic surveys. 
 
Most site investigations were carried out in later phases of the planning. Consequently 
large parts of the early cost estimates were based on a geological prognosis of 
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questionable quality in previous phases. Comprehensive site investigations have the 
potential to increase the precision of the prognosis and reduce the variation, meaning 
fewer uncertainties. Because the location of a tunnel often is determined during the 
investigation phase (Figure 2-2), many of the geological uncertainties are to be 
reduced at an earlier stage by more comprehensive site investigations more 
immediately after the investigation phase. 
 
Tunnel mapping is another source of uncertainties. While the objective of mapping is 
to determine the “true” condition of the rock mass, it is often carried out by a 
consultant hired by the client. Malmtorp and Lundman (2010b) noted that mapping in 
some extent resulted in a cautious choice especially in bad rock conditions.  
 
The prognosis of questionable quality generally was associated with optimistic 
estimates of the rock quality. A possible explanation for this phenomenon could be a 
cognitive bias that leads to an optimistic forecast (Cantarelli et al., 2010). If the 
prognosis is optimistic due to a cognitive bias and the mapping results in a cautious 
choice, it is crucial that a common opinion exist about the application of the 
classification system used. The application of the classification system governs the 
whole process and must be communicated to all actors involved. Lundman (2006) 
presents comprehensive instructions of how to use different classification systems both 
for prognosis and mapping. In hindsight, it is not enough with detailed and 
comprehensive handbooks that describe the tasks; they must also be communicated 
and understood in the projects. 

8.2 Tunnel safety 

Safety in tunnels is complex, and policy making has to account of several factors, 
including; the standpoints of different stakeholders, technical system and solution, costs 
and benefits and risks (OECD, 2006). The risks have several been tragically 
demonstrated by many accidents and disasters in underground constructions: King’s 
Cross underground station (1987), Mont Blanc (1999), Tauern (1999), Saint Gotthard 
(2001), Daegu (2003), Madrid (2004) and London (2005). Tunnel accidents are 
characterized by a low probability of occurrence, and a high potential for catastrophic 
consequences. A general principle shared by a majority of modern tunnels can be 
summarized (e.g., UIC, 2002): 

 Prevent; 
 Reduce the impact of accidents; 
 Facilitate self-rescue; and 
 Facilitate rescue. 
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The order in which these actions are listed reflects their decreasing effectiveness, 
especially in the event of fire (UIC, 2002). As a consequence of the accidents there has 
been an increased emphasis on safety considerations during the last decade in Sweden. 
 
Since tunnel safety is associated with large uncertainties as to the outcome and has 
contributed to cost increase, in at least the Bothnia line project, this was studied in 
Lundman et al (2009). Late changes in the design could, for example, concern costly 
escape routes, meaning an extra access tunnel or a parallel tunnel at a cost of some 
hundred million SEK. 

8.2.1 Method 

Lundman et al. (2009) concluded that many of the details regarding tunnel safety have 
been carried out at municipal level with only minor support from central authorities. 
As a consequence, there was a concern as to whether differences in the design process 
contributed to different levels of safety between different projects. Lundman et al. 
(2009) consisted of the following parts: 

1. Surveying the decision process regarding the design of the tunnel safety; 

2. Identification of problem areas; and 

3. Suggest improvements. 

The study included 28 out of approximately 32 railway tunnels during the period 
2000-2010, and the results were obtained from interviews and data collection from 
five recently built, or ongoing projects in Sweden (BanaVäg i Väst, Bothnia Line, 
Citytunnel, Hallandsås, Ådalsbanan,). 11 interviews, with 18 personal from the client 
have been performed in those projects. In addition 3 interviews with 9 persons from 
the municipality and the fire brigade have been performed in the projects; Citytunnel, 
Hallandsås, and Ådalsbanan. Before the interviews relevant documents about the 
projects and tunnel safety were studied. The interviews were performed by the author 
and PhD. student Alexander Wilhelmsson, LTH. The interviews were recorded and 
notes were taken. Compiled notes have been distributed to the interviewees for 
comments. 

8.2.2 Main findings 

Comprehensive efforts on the subject of tunnel safety have been carried out in each of 
the studied tunnel project (Lundman et. al. 2009). Safety issues have had high priority 
already from the early phases in each project. No major difference in the level of safety 
is found among the projects (Lundman et. al. 2009). The trend observed is that safety 
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measures is a function of the number of vehicle and passengers. The local municipality 
and the local fire brigade have been involved from an early stage in all projects, and it 
is clear that these bodies often have a large impact on the final design of the respective 
tunnel facility. 
 
Both the Bothnia Line project (Lundman, 2010) and Lundman et al. (2009) observe 
that problems with tunnel safety were discussed in length between the client, and the 
local municipality and fire brigade. The most governing issue in all projects, including 
the Bothnia Line project, seems to be generic. Hence, the issues regard the distance 
between the escape routes, and the design and capacity of the fire fighting water 
supply. Discussions regarding details of other safety-related installations have also taken 
place frequently. Although, there are difficulties to determine the consequences in 
monetary terms, tunnel safety creates uncertainties that can contribute to additional 
large cost increase in later phases of projects. 

8.2.3 Discussion 

A system perspective is necessary to understand why the problems appear, for correct 
analysis of the problem, and to allow suggestions for lasting improvements (Lundman 
et al., 2009). All the individuals involved in the process act from a rational basis based 
on their own perspective, thus, the result risk end-up in contradictory goals. It is 
necessary to study how the different parts of the system interact and contribute to the 
characteristic of the whole system. 
 
Rasmussen (1997) provides a useful tool to understand the interactions between the 
different hierarchical levels in society. A first observation that can be explained by use 
of his model regards legislations within a subject were all laws are equally guilty, and 
thus, contain contradictions (Boverket, 2005). Those contradictions originate from a 
higher legal level, and they therefore become difficult to clarify on a lower and local 
level when the legislation is put into practice in the project. 
 
The contradictions often traces back to the role of the rescue service in case of 
emergency. The STA states that its tunnels should be designed according to the 
principles of self rescue. At the same time, there are demands on installations that 
facilitate rescue operations in the tunnels. The latter is interpreted by the local fire 
brigade as they are expected to carry out rescue operations in the tunnel. In the 
Bothnia Line project, the Government decided that the tunnels should be designed for 
self rescue (Karlsson, 2010). However, when the decision was given, discussions 
between the parties had already been ongoing for a long time. For example, fire 
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fighting water supply is installed in many tunnels, but if the tunnels are designed for 
self rescue, what is the purpose of the fire fighting water? It seems as if the process has 
caused costly lock-in (Cantarelli et al., 2010). These inefficient decisions have resulted 
in higher costs than necessary. 
 
The model by Rasmussen (1997) explains yet another observation that concerns the 
limited learning and exchange of experience that is occurring among the projects 
(Lundman et al., 2009). The parental organization within STA has historically not had 
anyone appointed to support and improve the process. The National Rescue Service 
Agency does not have a central role in the process. For most municipalities, the tunnel 
project is an isolated event. There are simply no existing mechanisms for systematic 
feedback of experience. Feedback currently takes place by ad hoc personal contacts, and 
not through a planned initiative through the central authorities. The occurrence of 
feedback is therefore limited to a limited group of individuals. Unless they are 
involved in the next project, no lessons from the current project will be forwarded to 
the next project. It will start at the same point as the current- and previous projects so 
that the wheel will be invented once again. The result is that several installations for 
safety measures, with similar function but varying design will be constructed. For 
example handrails, walkways, emergency doors, and emergency lights. 
 
In the interviews, many persons commented that much must be gained from more 
standardized installations for tunnel safety because the demands are similar for many 
projects (Lundman et al., 2009). Lessons learned in various projects must be compiled 
and generalized on a national basis within the STA, where for example standardization 
of technical installations is essential. 
 
One success factor is to decide on a national basis about the overall principles 
(Lundman et al., 2009). The principles must involve a clear statement of the role of 
the local fire brigade, and what they are expected to do and not to do in case of a 
tunnel emergency. By agreeing upon these principles early in each project, there will 
be a considerable reduction in the uncertainties that might contribute to significant 
cost increase.  

8.3 Concluding remarks 

A majority of the site investigations is carried out late in the process, and early 
estimates are therefore based mainly on prognosis with a questionable quality. These 
prognoses have low accuracy, large variation, and are associated with a cognitive bias 
that together causes cost increase. The misuse of the established connection between 
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seismic velocity and Q-values gives an illusion of a high accuracy in prognosis. The 
current knowledge regarding recalculations of seismic velocity to a Q-value leads to 
the conclusion that these recalculations should only be used as a guideline for 
additional site investigations. 
 
The results show that geological uncertainties can be measured, and the consequences 
can be quantified. In most projects, data exist, but are not analyzed. If the sector wants 
to improve the accuracy of cost estimates, a good starting point is to identify where 
and why differences occurs in additional projects. 
 
An optimistic prognosis from a cognitive bias and a cautious choice in the mapping, 
results in large differences in the geological conditions. Consequently, the cost will 
increase since final reinforcement will cost more than estimated. Regardless of in how 
much detail the prognosis and mapping are described in central regulations, it must be 
understood how to interpret the result in practice. A common view of this 
understanding and application must be established, in the different phases of the 
project, as well as among the actors. 
 
Tunnel safety creates uncertainties that may contribute to significant cost increase. The 
main reason is different views among the actors regarding distance between escape 
routes, and design of fire fighting water supply. These differences in views traces back 
to basic societal principles regarding safety strategies, and concern mainly the question 
of how a local fire brigade should act in case of a tunnel accident. This question must 
be clarified on a national level to facilitate more accurate cost estimates in earlier 
phases of the project. 
 
The design of several safety installations with similar function varies considerably 
between various projects, for example the handrails, walkways, emergency doors, 
emergency lights. This should be standardized in greater extent because the function 
and environment is the same for all safety installations. In the short term, 
standardization will facilitate more accurate cost estimates in earlier phases. In the long 
term, it will also reduce the cost for maintenance. 
 
For both geological uncertainties and tunnel safety, learning and sharing of experience 
currently is limited. The client must take full responsibility for this feedback, because 
the other actors generally are only involved on a sporadic level in the current, and 
individual actors only get a fragmented understanding of cost increases and their effects 
for the entire project, and from project to project. 
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9 FINAL CONCLUSIONS 

The aim of this thesis is to create a foundation upon which improvement can take 
place, with respect to cost management in the process for underground road- and 
railway projects. I have used two sets of information, namely (1) empirical data and (2) 
interview studies. It is essential to have access to real projects and data to study cost 
increase in road- and railway projects. However, a major problem is that existing 
information on already finalized projects is far from complete. I have collected 
available empirical data from underground road- and railway projects in Sweden from 
the period from 1990 to 2010. The second line of information has been obtained from 
interviews. I have interviewed project managers, construction managers, and design 
managers, from major players within road and railway construction in Sweden, 
including clients, consultants and contractors. In addition I have interviewed personal 
from municipalities and fire brigades. These results consist of informed opinions on the 
study problem at hand, which not necessarily can be statistically processed. To be able 
to fulfill the aim of this thesis the focus has been on recurrent patterns and mutual 
factors from information on several projects and the opinion from professional actors. 

9.1 Completed objectives 

Four objectives were formulated from the overarching aim of this thesis. In the 
sections below, the conclusions of respective objective in summarized. 

9.1.1 Objective One 

The first objective of this thesis is to place underground road- and railway projects in 
to their context and pinpoint their unique features. The main conclusions are: 

 Projects create a unique result and are carried out by a temporary organization. 
Road- and railway projects are unique in the way that it is the first time the 
overall task is performed at the site, although routine and repeatable activities 
constitute the bulk of the job; 
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 Lasting improvement from one project to another must involve a permanent 
function, in addition to the temporary organization of a project. The parental 
organization of each actor has capacity to host such permanent function; 

 The detailed prerequisite for road- and railway projects would imply a 
reduction in uncertainties, and consequently, favor a high accuracy of early cost 
estimates of the construction; and 

 The unique features of underground road- and railway projects may justify that 
it is more difficult to estimate the cost than in of other types of road- and 
railway projects. The unique features are geological uncertainties and closed 
room. 

9.1.2 Objective Two 

The second objective of this thesis is to investigate cost development and cost 
variation in underground projects. The main conclusions are: 

 Cost increase is common in projects in many other sectors than civil works. It 
occurs on regular basis in both road- and railway projects; 

 All projects contain uncertainties but they are rarely presented in the cost 
estimates; 

 Cost decrease is occurring almost as commonly as cost increase if the final cost 
is compared with estimates from the detailed planning, i.e. the time when many 
of the uncertainties have been reduced; 

 Limited information exists about the actual cost estimates in different project 
phases. The consequence is that it is difficult to follow the cost development;  

 All nine projects included in this study are characterized by significant cost 
increase during the course of the project. The largest increase occurs during 
planning (Figure 9-1). Although the data are limited, there are indications of 
cost decrease between contracted cost and final cost; 
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Figure 9-1 Average cost increase over time for the nine major projects included in 
this thesis. The cost has been related to the cost estimate at the 
investigation phase. 

 The unit price per km tunnel is characterized by large variations. Urban tunnels 
generally are 2 – 10 times more expensive than rural tunnels; and 

 There are extreme variations in contracted prices for different tunneling works. 
Application of theories by Wheeler (2000) proposes that the process is stable, 
which implies that the outcome is predictable within wide statistically 
established limits. 

9.1.3 Objective Three 

The third objective of this thesis is to pinpoint possible causes and to develop a model 
that can be used to analyse the causes of cost development. 

 There have been many studies of cost increase in large projects but no common 
method has been established yet to investigate cost increase, or to classify 
causes. As the result, it is difficult to make direct comparison of results from the 
various studies; 

 Improvement in cost estimation requires that information and knowledge on 
cost estimates of completed projects is taken in account in new projects. This 
information must be transferred in a structured manner so it is applied to one 
project after the other; and 
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 An initial model useful for grouping and analyzing the cost increase in 
underground road- and railway projects has been developed (Figure 9-2). 

 

 

Figure 9-2 An initial model of what needs to be analyzed. 

9.1.4 Objective Four 

The fourth objective of this thesis is to analyse the causes of cost development in order 
to determine the causes and suggest improvements. 
 
The results from the analysis of cost increase in 16 tunnels along the Bothnia Line 
project are shown in Figure 9-3. 
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Figure 9-3  Results from the analysis guided by the new model. 

The major part of the cost increase occurs elsewhere than within the unique feature of 
underground projects, namely indirect and financial cost (Figure 9-3). The aspects of 
indirect and financial costs are outside the scope of this study and my expertise, but the 
topic would deserve further study (see Chapter 9.3). Cost management requires that 
data, information and knowledge are assembled in a structural way from real projects. 
This is true for cost increase caused by geological uncertainties, the closed room as 
well as for every other factor causing cost increase. To actually improve cost 
management the STA must take full responsibility for assembling data, information 
and knowledge on a national basis. 
 
The focus in this thesis is to investigate cost increase based on the unique feature of 
underground road- and railway projects. These unique features have contributed to 
cost increases amounting to at least 430 MSEK for the Bothnia Line. The major part 
of this cost is attributed to reinforcement and tunnel safety. This corresponds to 10 % 
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of the total cost increase. When the mechanisms behind cost increase related to these 
unique features are studied, the following can be concluded: 

 A majority of site investigations are carried out late in the process; therefore, 
early estimates are based mainly on prognoses, with questionable quality. These 
prognoses have low accuracy and large variation, combined with a cognitive 
bias this lead to cost increase; 

 The misuse of the established connection between seismic velocity and Q-
values give an illusion of a high accuracy in prognosis. Based on the current 
knowledge, recalculations of seismic velocity to a Q-value should only be used 
as a guideline for additional site investigations; 

 Geological uncertainties can be measured and the consequences can be 
quantified. Sufficient data for analysis exist in most projects, and if the sector 
wants to improve, a good starting point is to perform more complete analyses 
of the data in the projects; 

 An optimistic prognosis due to a cognitive bias and a cautious choice in the 
mapping results in large differences in the geological conditions, causing cost 
increase. It must be decided how to interpret the result in each project as well 
as a common view between the different phases and actors; 

 Tunnel safety creates uncertainties that can cause considerable cost increases, 
because the issue is handled on the local rather than on the national level. This 
concerns mainly the question of how the local fire brigade should act in case of 
an accident in the tunnel. This question must be clarified on a national level 
instead of a local level, to facilitate more accurate cost estimates in earlier 
phases; and 

 The design of several safety installations with similar function varies 
considerably between different projects. A higher degree of standardization will 
facilitate more accurate cost estimates in earlier phases, and also reduce the cost 
for maintenance. 
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9.2 Final discussion 

In this thesis, I conclude that the largest cost increase takes place during the planning 
phases of projects, and that the key to understand and remedy cost increase is to 
identify uncertainties of various kinds. The prerequisites for road- and railway projects 
mean that the uncertainties are less than in many other projects. On the other hand, 
the unique features of underground road- and railway projects lead to increased 
uncertainties (Figure 9-4). 
 

 
 

Figure 9-4  General illustration of uncertainties in an underground road or railway 
project. 

If the cost development in the studied Swedish projects of Figure 9-4 is further 
elaborated, the result is illustrated in Figure 9-5. I have classified the uncertainties of 
underground road- and railway projects into terms of risk and unknown. The risk may 
be assigned to probabilities for a particular event to occurring. Several explanations for 
the phenomenon of cost increase by unknown can be considered, for example: 

 New information is only gained in such extent that the objective of respectively 
phase is fulfilled; and 

 More details transform unknown into known and risk. 
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Figure 9-5 Illustration of cost development and decrease of uncertainties as a 
function of time in underground road and railway project in Sweden. 

Unknown is by definition difficult to consider in cost estimates, though the unknown 
can be seen as the sum of inherent uncertainties and inflicted uncertainties (Figure 
9-6). The former is defined by a situation in which there are no historical data relating 
to the situation, the latter is defined by the actors’ inability to learn from previous 
projects. This means that inherent uncertainty is something that projects have to live 
with but inflicted uncertainties can be reduced over time. 
 

Uncertainties

Unknown

Inherent
uncertainties

Inflicted
uncertainties

Risk

 

Figure 9-6 Illustration of the different parts of uncertainties. 
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On a highly aggregated level it may be stated that many of the identified causes in this 
thesis may be seen as examples of inflicted uncertainties, for example to not include 
indirect and financial cost in the cost estimates, no systematic measuring of the 
difference between geological prognosis and mapping or no feedback of the function 
regarding tunnel safety. 
 
The statement above is interesting: First, because it is regrettable that only very limited 
information and experience is forwarded from old projects into new ones; and second, 
because there is a huge potential for improvement, although cost increase and cost 
variation can never be entirely eliminated. In order to improve underground projects 
for road and railway, in any aspect, learning from one project to another by focusing 
on the similarities between projects, can obviously reduce the inflicted uncertainties. 
Learning must not only focus on the construction phase; it must take place between 
the different phases within a project; as well as occur from one project to another 
(Figure 9-7). In addition, underground projects for road and railway are limited in 
numbers and every individual actor only has the possibility to participate in a few such 
projects during their lifetime. Lasting improvement of cost estimates and reduction of 
cost increase in underground projects therefore must involve lasting organizations. 
 

 

Figure 9-7 Feedback and feed forward by use of a lasting organization in subsequent 
projects (A and B). 

The responsibility for improvement rests heavily on large clients. Although STA have 
decided about a common method for cost estimate (Lichtenberg, 1989), the result 
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from the cost estimates must be evaluated in order to refine and improve the method. 
The chosen method has been used for decades worldwide, although the problem with 
cost increases does not seem to improve over time. Any method for cost estimate is of 
limited value as long as the accuracy of the estimates are not determined and 
evaluated. 
 
It is important to bear in mind the large variation in tenders and contract prices when 
aiming at improving the accuracy of cost estimates. Demands on high accuracy of cost 
estimates may deal with the cost estimate itself. In addition, it may also require action 
to be taken to reduce the natural variation, to obtain cost estimates to be on target. 
 
To improve cost management for underground road and railway facilities the 
following general actions are recommended: 

 There must be an intention to follow up the final cost for the different phases as 
well as for the administration of the facility. The symptom of the problem, 
differences between the final cost and the estimates, must be further analyzed to 
diagnose the factors causing the problem; 

 There must be a model to guide this work; and this model must separate the 
unique activities from the repetitive one; and 

 A function within a long lasting organization must be dedicated to this task. 

 
Finally, the geological uncertainties have been debated and discussed for a long time. 
No systematic follow-up of the differences between prognosis and mapping have been 
carried out. In this thesis it is shown that consequences of the uncertainties may be 
determined, and that data exists in every project. Consequently, it is tempting to 
believe that geological uncertainties are seen as a convenient excuse for cost increase, 
because no one is to be blamed for unforeseen geological conditions. 

9.3 Further research 

With respect to the truly unique feature of underground projects, there are several 
issues that require development by new research, as well as by learning from previous 
successes as well as failures. For example, in most underground projects there exist a 
geological prognosis used to estimate the need of reinforcement, and there also exist 
data regarding the result from the mapping. Unless there is a claim from the 
contractor, those data are seldom analyzed. 
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Regarding prognosis for water treatment, models still needs to be developed to enable 
measurement between the outcome and the prognosis. With respect to drains they 
have the same function in all projects; thus they could be standardized based on an 
evaluation of the lifecycle cost for different types, implying that the research is to be 
focused on the performance during the operation of the tunnel. The same is true for 
installations to do with tunnel safety. However, here, a remaining key question that 
still is to be determined is what to be expected from the local fire brigade in the case 
of a fire in the tunnel. 
 
For both aerodynamic and ventilation, a mutual understanding of the consequences of 
a certain comfort criteria is essential. To be able to do so, methods to calculate the 
most efficient way to handle the problem must be developed, including mitigations for 
both infrastructure and vehicles. 
 
Much research has been carried out regarding benefits from transportation projects, 
and far less about the cost. The latter is an area that requires more attention if cost 
estimates are to be improved. There is a need for a development of systematic 
feedback from previous estimates and mitigations to reduce the large variations that are 
common in the contract prices. 
 
According to my own experience, much discussion and research have been conducted 
on contracts between the client and the contractor, while little to none attention has 
been devoted for the contract between client and consultant. Given that the majority 
of the cost increase within individual projects takes place during the planning phase, 
prior to the engagement of contractors, it is strongly recommended that research 
efforts focus on improving the knowledge about cost estimates and lifecycle cost for 
underground constructions during the planning phases of projects.  
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