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ABSTRACT 

A risk analysis approach can be used to compare the viability of two competing tunneling options even at 

different levels of design maturity. This paper describes the process used to provide the Santa Clara 

Valley Transportation Authority (VTA) with a comprehensive decision-making basis using comparative 

risk profiles for two tunneling alternatives; a single large diameter tunnel versus two smaller twin tunnels 

for extending BART service into downtown San Jose. Quantification of construction risk impacts were 

assessed in terms of cost and time for comparing the subsurface construction cost and duration of the 

two options. The analysis also compared the differences in O&M costs for the first 30 years of operation.  

 

INTRODUCTION 

The Santa Clara Valley Transportation Authority (VTA) is based in San Jose, California. It is an 

independent special district that provides multi-modal transit services. The Santa Clara Valley 

Transportation Authority is responsible for the design and implementation of highways and transit projects 

including the BART Silicon Valley (“BSV”) Program. The BSV Phase II Extension project is a 6-mile 

extension which starts from the Phase I Berryessa Station as shown in Figure 1. It passes through 

Downtown San Jose to a new station in Santa Clara. This phase consists of 4.8 miles of running tunnels 

through San Jose. It includes four stations. The Alum Rock, Downtown San Jose and Diridon are 

underground stations, and Santa Clara is at grade. It has two intermediate ventilation structures and East 

and West tunnel portals. 

VTA started the planning efforts for BSV Phase II in 2014 with an update to the project environmental 

studies. The continued ongoing community and public concerns about disruption during construction drew 

VTA’s attention towards a single bore (SB) large diameter tunnel as an alternative to the twin bore (TB) 

option. The advances made by the tunneling industry with respect to developments in larger diameter, 

soft ground mechanized tunneling in urban settings encouraged VTA to initiate a feasibility study of a SB 

alternative. Project alignment, station configurations, emergency egress and ventilation tasks were 

studied in the SB feasibility study which was completed in early 2016. The SB feasibility study concluded 

that a single bore option is technically feasible for the prevailing ground conditions and did not exhibit any 

fatal flaws (VTA BSV Phase II Tech Studies, 2017). It, and subsequent technical studies, further 

concluded that single bore might be a viable alternative to the twin bore configuration. 

VTA selected Aldea Services, LLC (Aldea) to conduct an independent risk assessment to assist the 

decision-making process between the SB and TB tunneling options. The alternative configurations under 

consideration are a TB tunnel system and a deeper SB tunnel system. A risk assessment process was 

part of VTA’s selection process to determine the preferred tunneling alternative. The assessment 

analyzed and described and compared the qualitative and quantitative risks associated with the two 

tunneling alternatives (RFP S16308, 2016). The assessment was carried out within a risk management 

framework that is intended to proceed throughout design and construction in accordance with the 



Guidelines for Improved Risk Management on Tunnel and Underground Construction Projects in the 

United States of America (O’Carroll and Goodfellow, 2015) 

 

Source: VTA BSV Phase II Tech Studies, 2017 

Figure 1. Phase II extension  

 

TUNNEL ALTERNATIVES 

The two options are the TB option which constructs two single track 20-foot outer diameter subway 

tunnels, comparable with other tunnels in the BART (Bay Area Rapid Transit) system, and the SB option 

which constructs a single 45-foot external diameter subway tunnel that is designed to carry two tracks 

within the same tunnel, using a dividing wall between the trackways. Both alternatives are shown in 

Figure 2. 

Twin Bore Alternative  

The TB design consists of two circular tunnels constructed by two TBMs to interconnect the open-cut 

stations, mid-tunnel vent structures and portals. The tunnels will be connected to each other by cross 

passages at regular intervals along the alignment. The project had three proposed underground stations 

in the 65% Preliminary Engineering Phase; Alum Rock, Downtown San Jose station and Diridon/Arena 

station. 

Single Bore Alternative  

In addition to the feasibility study which found no fatal flaws, several follow-on SB technical studies further 

performed detailed evaluations of the SB tunnel option and indicated that a minimum internal diameter of 

41 feet was desirable to meet the minimum clearances and vehicle envelopes stipulated in the BART 

Facilities Standards (BFS) through all of the necessary guideway configurations and transitions along the 

project alignment (VTA BSV Phase II Tech Studies, 2017). 

 



During early inter-agency coordination discussions, BART indicated a preference for side-by-side rather 

than stacked track configuration in the running track alignment. This arrangement required transitions 

from side by side running tunnel to the over/under configuration at the stations which controlled the 

diameter because the maximum open space was needed to facilitate the transitions. The SB Feasibility 

Study concluded a minimum depth of cover of 65 feet for the SB tunnel. Subsequent technical studies 

with more detailed evaluations indicated that a shallower minimum cover depth of 50 feet was 

constructible and appropriate for further evaluation of a SB tunnel as the design progressed (VTA BSV 

Phase II Tech Studies, 2017). 

 
Source: VTA Board Presentation 09/22/17 
Figure 2. Twin bore and single bore tunnel alternatives 

RISK ASSESSMENT PROCESS 
The risk assessment process for an integrated project cost and schedule analysis seeks to identify all 

risks and uncertainties that might significantly affect the predicted project cost and schedule. It uses 

methods to quantify what each of those impacts might be by using estimates of minimum, most likely and 

maximum values of cost and schedule. A numerical simulation model is used to aggregate these impacts 

to obtain risk-based cost and schedule estimates for the project that are probabilistic distributions rather 

than single value estimates. This process is illustrated in Figure 3. 

Qualitative Analysis 

The comparative assessment process for project cost and schedule first worked to accurately derive 

comparative base costs for both alternatives and normalize the costs to a common date (December 31, 

2016 in this case). Next, a workshop process was used, including stakeholders (such as BART, VTA, the 

City of San Jose etc.) and nationally recognized subject matter experts to identify risks and uncertainties 

that might significantly affect the predicted project cost and schedule for both options. Risk assessment 

workshops were used to: 

 Identify significant potential events and conditions (both risks/threats and opportunities) that could 

affect project cost and schedule. 

 Assess risk impacts and likelihoods. 

 Develop an integrated cost and schedule risk register as shown in Figure 4. 

 Develop an integrated analytical cost & schedule risk model to quantify risks to cost and schedule 

with a probabilistic approach. 



 Produce a distribution of probable cost and schedule outcomes for each option. 

 Identify and discuss mitigation measures for significant risk components and estimate the 

potential risk reduction from each mitigation measure together with the residual risk after 

mitigation as shown in Figure 5. 

 Identify, discuss and quantify potential opportunities and ways to exploit them. 

During the workshops, a numerical ranking method was used to quantify the range of each of those 

impacts using estimates of minimum, most likely and maximum values for each alternative for cost and 

schedule risks/opportunities as shown in Figure 6. 127 Total Risks, including 64 specific and 63 generic 

risks, were identified for the TB option, while 121 Total Risks, including 74 specific and 47 generic risks, 

were identified for the SB option. In the above usage a “generic” risk was a risk that came from Aldea’s 

generic tunnel “seed” register that was determined to be applicable to the option. The “specific” risks were 

unique risks identified during risk workshops for the two options. 

Figure 3. Overview of risk assessment process 
 



Figure 4. Example risk register before controls (mitigation) 

Figure 5. Example risk register after controls (mitigation) implemented 

 



Figure 6. Risk matrix used for qualitative assessment 

Quantitative Analysis 

Probabilistic Risk Analysis Approach 

The probabilistic approach was used to quantify risks. Conventional construction estimates are presented 

in terms of a single number. This form of estimating is termed “deterministic” cost estimating. A more 

reliable way of establishing budget costs is by use of probabilistic forms of estimating that can consider 

uncertainties and give a range of possible outcomes. These uncertainties can be in the form of pure 

quantity or material uncertainty or in the form of identified and unidentified risks. When these are 

combined, a full probabilistic cost and schedule distribution can be developed. The advantage over 

standard deterministic methods is that it delivers more reliable contextual information because the result 

is a probabilistic distribution with a range for the risk potential (incl. best case and worst case). The 

analysis facilitates decision-making in line with the respective project stage. Since actual empirical data 

for risk analyses is often not available, the exact probability of occurrence can be difficult to estimate. 

However, use of probabilistic methods allows risks and costs to be depicted for each project phase with 

individual density distributions: larger distributions for larger uncertainties, narrower distributions for 

smaller uncertainties. Using this approach, reality can be modeled more accurately than with a single 

deterministic figure. 

Probabilistic risk assessment allows the use of uncertain values and requires various inputs: 

 The probability of occurrence depicted in Figure 7 describes the pure likelihood that a risk actually 

produces an impact. If the risk does not occur, the impact is always zero. If the risk does occur, a 

financial impact should be evaluated. For evaluation of the probability of occurrence there are two 

options available (pick only one per risk): 

o Risks expected to occur only once (in the project lifetime) 



=> Probability of occurrence must be chosen as a percentage value. 

o Risks potentially occurring multiple times 

=> An average occurrence rate must be chosen. Through this value, a Poisson 

distribution is modeled which maps the potential frequency of occurrence based upon 

the probability of no (0) occurrence. 

 
Figure 7. Probability of occurrence or average rate of occurrence 

 The cost impact is modeled by various distributions as shown in Figure 8. For simplification, three 

values can be used, e.g. in a triangular distribution: minimal impact, expected (most likely) impact 

and maximum impact. The area above the x-axis stands for the probability of occurrence of the 

specific hazard. Probability of occurrence of the two boundary values (min. and max.) is 

practically zero. The expected value is the most likely value. 

 
Figure 8. Cost impact distribution 

However, the summation of risks cannot be calculated by simple mathematical additions. Combining risks 

defined by probability density functions requires statistical simulations (e.g. Monte Carlo Simulation, Latin 

Hypercube Sampling) to determine a probability density function for the combined risks and therefore 

depict the overall risk potential. If the information about a potential cost distribution is accounted for by 

including uncertainties (probability functions), the likely budget variability and impacts can be estimated. 



 
Figure 9. Example of a distribution function for aggregated project cost 

Figure 9 shows an example for an overall cost distribution of a project. The distribution is developed by 

aggregating the effects of base costs, risks and escalation using the simulation method described above. 

The figure shows that $5M would cover 70% of the project cost potential. However, even with such 

coverage, there is a 30% probability that the budget would be exceeded. 

Introduction to Risk Modeling Process 

Two numerical simulation models were developed using the RIAAT software (for more information, please 

see http://riaat.riskcon.at/) to aggregate these impacts to obtain risk based cost and schedule estimates 

for each of the two project options. RIAAT performs numerical simulations to aggregate the contribution of 

each source of cost and schedule uncertainty to the overall project cost and schedule estimate. Cost 

impacts of schedule delays including potential changes to the critical path schedule are incorporated in 

the calculations. The result is an integrated cost and schedule model for the project that includes risk 

impacts together with the quantified uncertainties in these predictions. 

The models aggregated the simulation results of Base + Uncertainty and Risk Costs. In the models, 

“Risk” includes both Identified Risk and Unidentified (or Unknown Known) Risk. The models also include 

cost elements to calculate the estimated cost impacts of schedule delays resulting from both Owner-

caused and Contractor-caused delay risks. The results are presented in terms of probabilistic distribution 

ranges rather than single value estimates. 

Escalation costs have not been included in the comparative analysis because their calculation is typically 

a financing calculation reserved for evaluating the time dependent cost of the entire project and the 

comparative analysis was not based on analyzing the entire project. Therefore, presenting the results of 

an escalation calculation would be premature and misleading at this time. Further, the schedule (time-

related) outcomes of the comparative schedule analysis show critical differences in both the construction 

period and when subsequent revenue service will start. Any accurate escalation cost would have to be 

based upon both of these findings. In sum, the escalation calculation was determined to be premature at 

the comparative analysis phase. It is recommended that escalation calculations be performed for the 

entire selected project option as part of a budgetary/funding risk analysis and should incorporate the 

durations identified in the risk dependent schedule.  

http://riaat.riskcon.at/


Quantitative Assessment Models using RIAAT 

The quantitative alternative comparison between the subsurface portions of the TB and SB options was 

performed using the RIAAT software to analyze 100,000 project cost simulations and 10,000 project 

schedule simulations for each option. The P80 level is the result found at the 80th percentile of outcomes, 

ranked from lowest to highest (i.e., in 100,000 simulations, P80 is the cost result of the 80,000 highest 

costing project simulation). 

VTA chose the 80
th
 percentile for logical reasons. Washington State DOT e.g. routinely looks at cost 

using probabilistic methods and their standard practice is to use the 60
th
 percentile of cost for their 

projects so that they can be assured of maintaining their project budgets over half the time. Due to the 

one-off nature of this program, coupled with its size and complexity, it was considered appropriate to use 

a more conservative assessment. Based on that understanding, it was determined that using the 80th 

percentile of potential cost distributions would be appropriate for comparative purposes. The relative 

conservatism of comparing P80 outcomes had a beneficial effect of weeding out any tendency toward 

“optimism bias” during the process in that participants were never confused that the purpose of this task 

was not a VE exercise where proponents of the competing alternatives were there to “sell” their option by 

optimizing their way to a rosy outcome. The comparisons drawn are based on equally less than favorable 

outcomes and that has the benefit of examining overall Risk in the comparison phase. The conservatism 

also helped the process steer clear of being misconstrued as a budgeting exercise.  

SUMMARY OF RESULTS 
The simulations analyzed the comparative Base Costs which were then subject to variable uncertainty in 

future prices and quantities based upon the level of each option’s design maturity/level of design 

completion (approximately 65% for TB versus 20% for SB). Risks that differentially affected the cost or 

duration of either option were rated to derive a probability of occurrence and range of possible 

consequences (should the risk be triggered) and loaded into the models. Risks used in the model 

underwent a “Basic Mitigation” assessment to filter out that portion of the original unmitigated risk that 

would be removed or reduced after acknowledging a basic level of oversight and diligence on the 

Owner’s part. This was not the Aldea Team’s usual practice, nor was it anticipated at the onset (typically 

unmitigated risks are used in order not to falsely claim mitigation benefits that have not yet occurred). 

However, as we progressed with this investigation it was realized that a basic level of mitigation was 

needed for comparative scenarios because otherwise all the risk uncertainty affected by design maturity 

level becomes effectively double-counted. In addition to specifically identified risks assessed during the 

workshops, the model also includes future Market Risk and Unidentified Risk which was based on 

assessments of project development factors; most notably design maturity. Finally, a Real Estate Savings 

Opportunity and a Business Interruption Risk based on assessments of the differences in local 

community impacts provided by each option were evaluated and modeled. Finally, there is Schedule Risk 

which is calculated by RIAAT based upon Owner-caused delays to achieving the project schedule; both 

Pre-Award and Post-Award of the Heavy Civil (Tunnel & Shafts) Contracts. 

Another difference in the evaluation between the two options is that TB was evaluated as a traditional 

Design-Bid-Build Contract due to the level of design progress (65% Design) while SB (20% Design) was 

evaluated as a Design-Build Contract to investigate the advantages in potential schedule savings that 

pursuing this type of contract delivery method might provide. While not “identical” this distinction 

accurately reflected the Owner’s most advantageous approach to each option based on their current level 

of investment and development. The figures below present the full range of results (P0 to P100) for the 

simulated Base + Uncertainty Construction Cost (Figure 10), the Construction Program Risk Cost (Figure 

11), and Heavy Civil Construction Completion Dates (Figure 12) for both options. P0 is the lowest ranked 

result from the model’s simulations defining the left end of each curve and P100 is the highest ranked 

result defining the right end of each curve. 



Figure 10. P0 through P100 comparison SB - TB (construction base + uncertainty cost) 

Figure 11. P0 through P100 comparison SB - TB (construction program risk cost) 

Figure 12. P0 through P100 comparison SB - TB completion dates heavy civil construction 
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The P80 level of comparison was selected by VTA as its organizational risk tolerance level which was to 

be used in the comparison of results. A summary of the P80 results is presented in Tables 1 and 2. 

Table 1. Comparison of twin bore and single bore options

 

Table 2. P80 comparison summary spreadsheet

 

  



RECOMMENDATIONS 

The following recommendations were based on the results of this risk assessment and the Aldea Team’s 

current understanding of the project based on information provided by VTA up to the date of this report. 

 The integrated cost and schedule risk model should be updated at significant milestones during 

project development, execution and into commissioning (e.g. at pre-award, 25% completion, 50% 

completion and substantial completion for examples) to obtain improved project controls including 

risk-focused claim management and cash flow analysis. 

 A strong focus on identifying and implementing risk mitigation measures and their resulting 

potential impacts on estimated total costs, and especially on schedule, should start and then 

continue with frequent involvement of VTA management and eventually include the contractor. 

 Key Risk Indicators should be developed for significant risks and these should be monitored over 

time to indicate when risk mitigation measures should be started for optimal mitigation. 

 The contractor should be required to submit a qualitative Risk Register with his bid and then with 

his Base Schedule and update and review that Risk Register with VTA staff quarterly. 

 Project Cost Controls that include risk components should be implemented to track cost 

development and to merge risk management and change order management. This will help VTA 

identify risks that did not materialize so that any associated contingency funds allocated for these 

risks can be released for other uses. It will also give VTA the opportunity to track risks that have 

materialized and what impact they have on the project and to improve its risk management 

practices for future projects. 

CONCLUSION 

VTA understood that any decision for selecting a tunneling method from competing options at two 

different levels of design maturity would need to be uncertainty-based in order to ensure that overall 

project risk was not overlooked due to lack of design completeness or inadequately evaluated due to lack 

of independent vetting. This analysis provided that context to the decision makers and can be set 

alongside non-cost factors such as the desire for geometric consistency within the BART system, or the 

desire to not disrupt downtown San Jose for extended periods during construction. One area that was 

impossible to resolve in this analysis was one of operation, where a fundamental disagreement on the 

means and criteria for safe and efficient operation of the system existed. Our analysis cannot resolve this 

area because the base criteria for quantifiable model input could not be agreed upon. Additional expert 

input has been solicited to discuss these operational issues, but further development of design will 

probably be necessary to bring resolution to these discussions. 

In order to provide an analytical basis for a fair comparison between the two system geometries, we 

undertook the following: 

 Both alternatives were carefully reviewed per their respective level of design, 

 Base Cost and Base Schedules of both alternatives have been kept substantially unchanged, 

 All issues that might affect both alternatives in an equivalent way have been transparently 

excluded, 

 All cost estimates have been updated to the same basis (December 31, 2016), 

 Schedules have been carefully reviewed, and respective activities have been loaded with 

identified risks, 

 Intensive meetings with all stakeholders well ahead of the risk assessment assured a joint 

team and shared risk-based approach, 

 A moderated qualitative risk assessment with workshops including all major stakeholders 

identified project risks across the full spectrum of project development; Planning to O&M, 



 All identified project risks have been quantified, 

 An integrated cost and schedule model was built and aggregated probabilistically, 

 VTA, as well has both design teams, have been working together very professionally for the 

complete IRA/CA process, 

 VTA’s Project Management Team were exceptionally responsive to our requests for 

information and were essential to making this process work. 

 An Extended Appendix included a full disclosure of all model inputs and results and 

concluded the IRA/CA. 

 All identified uncertainties were quantified wherever possible. 

 Base Elements (for both cost & time) as well as Risks 

 Risk-loaded schedules with the resulting probabilistic impacts on cost, 

 Owner’s expectable “soft” cost (for own & external staff, business interruption, property value 
increase, etc.), 

 Expected cost for Operations & Maintenance for the first 30 years, 

 All cost and schedule cost impacts have been probabilistically aggregated to Comparative Total Cost of 

Ownership at a Value at Risk 80% (P80) level. Therefore, supporting VTA for a risk-based, objective and 

unambiguous decision-making on the most advantageous solution. Contracted on March 9, the IRA/CA 

report was delivered on October 13, 2017 as per VTA’s requirements and directions. This validated 

approach sets the stage for future risk-based project evaluations. 

REFERENCES  

 BART Facilities Standards (BFS); Last Accessed Oct 31, 2017. 

https://webapps.bart.gov/BFS/bfs_spec.html 

 BART Silicon Valley PHASE II, Tunneling Methodology Independent Risk Assessment, 

Pre-Proposal Conference Presentation, Nov 29, 2016 

 O’Carroll, J., and Goodfellow, B., 2015. Guidelines for Improved Risk Management on Tunnel 

and Underground Construction Projects in the United States of America. UCA of SME, Denver, 

CO 

 Some recent publications about Risk-Based Cost Estimation and Controlling like e.g. from 

http://www.moergeli.com/en/download => Risk Management (RM) III 

 VTA’s BART Silicon Valley - Phase II Single Bore Tunnel Technical Study, February 2, 2017 

 VTA Board Workshop and General Public Final Review, Sept 22, 2017 (Live Recording - 

YouTube Video) 

 

https://webapps.bart.gov/BFS/bfs_spec.html
http://www.moergeli.com/en/download
https://www.youtube.com/watch?v=qOClipGeqlc
https://www.youtube.com/watch?v=qOClipGeqlc

