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Abstract

This is the second of a two-part set of articles. In
Part 1 the Decision Aids for Tunnel-ing (DAT) were
introduced and their application to the Gotthard
Base tunnel were described in detail. In this Part 2
applications to the Lotschberg Base Tunnel and ot-
her transalpine tunnels will be described first follo-
wed by brief descriptions of new developments both
regarding tunnels and applications to other types of
infrastructure.
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1 Introduction

The Decision Aids for Tunneling (DAT) al-
low one to estimate tunnel cost, time and
resources subject to geologic and construc-
tion uncertainties. They were used in the
project phases of both the Gotthard Base
Tunnel (GBT) and Létschberg Base Tunnel
(LBT) in the 1990’s. This paper is written in
the context of the series of papers on the
Gotthard Base Tunnel (GBT) in the Swiss
Bulletin. While the preceding Part 1 concen-
trated on the development and applications
of the DAT for the GBT project, this Part 2
will discuss the application to the LBT; it
will also describe the use of the DAT in oth-
er transalpine tunnels and in other applica-
tions. Specifically, Chapter 2 will describe
the DAT application in the LBT followed in
Chapter 3 by summaries of what was done
for other transalpine tunnels. Since the DAT
are still undergoing further developments
and to show their versatility Chapter 4 will
describe other relevant applications. The
concluding remarks in Chapter 5 will try to
put both Parts 1 and 2 in the context of de-
cision-making under uncertainty for large in-
frastructure projects.

2 Application of the DAT to the LBT

The first specific use of the DAT for the LBT
was for the Northern Pilot Tunnel Fruti-
gen-Mitholz followed by the 1997 GBT-LBT
study mentioned in Part 1 Section 3.4 and an
estimation of completion time in 2002. In ad-
dition, a M.Sc. thesis at MIT applied the DAT
for resource management. Below we discuss
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issues that are different from what was pre-
sented before. Again, the reports on which
the following is based are listed in the bibli-

ography.

2.1 Pilot-Tunnel Frutigen - Mitholz

The BLS Alptransit AG charged EPFL in 1993
to compare time and cost for this pilot tun-
nel as information changed both regard-
ing geology and construction from 1993 to
1994. The original geology used during the
bid phase was updated with information

from a boring near the southern end of the
pilot tunnel. This led to changes in the orig-
inal type profiles (reflecting the underlying
groundclasses) as shown in Figure 1. How-
ever, these changes seem to offset each oth-
er when combined with construction cost
and time as can be seen when comparing
Figures 2 a and b. On the other hand, once
the bid was submitted and the engineers
updated their estimates (Table 1) a signifi-
cantly different cost-time spread resulted
(Fig. 2c). Updating information can thus
have quite different effects depending on
the particular case.
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Fig. 1: LBT Pilot Tunnel
Frutigen- Mitholz, Com-
parison of the Cumulative
Length of Four Different

Proportion de profil type 55T4 le long du
profil géologique 60-158 (en noir) et du
profil géologique du 10-2-94 (en blanc).

Profil Type Vitesse moyenne Valeurs utilisées dans les simulations (distr. triang.)
min. probable max.
[m/jour] 0w (1.25 ) (1.75 w)

SST1 42.3 0.00 52.88 74.03
SST2 33.0 0.00 41.25 57.75
SST3 25.9 0.00 32.38 45.33
SST4 10.0 0.00 12.50 17.50
SSTS 354 0.00 44.25 61.85
SST6 23.6 0.00 29.50 41.30
SST7 10.2 0.00 12.75 17.85
SST8 10.1 0.00 12.65 17.70
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«Type-Profiles», Black:
Original estimate; White:
Updated Estimate.

Tab. 1. Original and Updat-
ed Advance Rates.
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Fig. 2a: LBT Pilot Tunnel Frutigen- Mitholz - Re-
sulting Cost - Time Scattergrams, Based on original
estimate.
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Fig. 2b: LBT Pilot Tunnel Frutigen- Mitholz - Result-
ing Cost - Time Scattergrams. Based on updated
estimate.
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Fig. 2c: LBT Pilot Tunnel Frutigen- Mitholz - Result-
ing Cost - Time Scattergrams, Based on information
from the contractor’s bid.

2.2 1997 Study of Construction Cost
and Time

This was the same study for the GBT and
LBT with the objective to compare the DAT
results with those obtained by the project
teams. (Please see also Section 3.4. in Part
1). The schematic of tunnel sections that
were included for the LBT is shown in Fig-
ure 3. Note that although the general layout
corresponds to what has been built (two
single track tunnels Raron-Ferden, one sin-
gle track tunnel complete Ferden-Mitholz-
North Portal (Frutigen), raw tunnel Ferden
- Mitholz, access tunnel Steg); however, the
simulated example is using Drilling + Blasting
for all sections, while in the realization TBM
was used for all South of Ferden. The input
regarding geology and construction class-
es was analogous to that for the GBT and a
major problematic zone, the sealing of the
Doldenhorn Section was included as well as
some smaller disturbed zones. The resulting
cost-time distribution is shown in Figure 4a.
As was briefly discussed in Part 1 Section 3.4,
it makes a difference if the unit time and cost
distribution are varied around a known (and
thus constant) mean value or if the latter is
also uncertain (see Table 12, in Part 1). The
result of varying these mean values becomes
evident when comparing figures 4a and b.
The time - distance diagram for the East-tube
(the one which is fully operational) is shown
in Figure 5.
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Fig. 4a: LBT 1997 Study of Cost and Time - Result-
ing Cost - Time Scattergrams, Constant mean unit
costs and advance rates.
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Fig. 4b: LBT 1997 Study of Cost and Time - Result-
ing Cost - Time Scattergrams, Variable mean unit
costs and advance rates.
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Figure 5: LBT 1997 Study of Cost and Time -
Resulting Time-Distance Diagram.
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2.3 Updating the time estimates
for the LBT

In 2002 EPFL was charged by BLS Alptran-
sit to review the time estimates and update
them based on the actually recorded ad-
vance rates. The results are presented in
Figure 6, which nicely shows the single lines
in the executed part and the fans in the un-
excavated ones representing the remaining
uncertainties. It also shows that the section
between Ferden and Mitholz is essential re-
garding completion time. In Figure 6a and
b one can see that the drive Mitholz-South
follows the planned construction progress
but that the access Ferden was delayed. The
projections (fans) indicate that the pessimis-
tic hole-through may be only in 2007 while
it was planned for 2005. Fortunately, the
real advance rates were much faster than
planned. This then led, still including the
same uncertainties, to a much more optimis-
tic performance prediction with an estimat-
ed mean hole through in 2004 and a late one
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Fig. 6a: LBT Updating of Time Estimates, Estimate
May 2002.
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Estimate September 2002,

in early 2005. The actual hole-throughs were
on March 15 / April 28 2005. Quite relevant
is the fact that the main problem, the occur-
rence of the Carbon, which caused a delay of
two months was not considered. The Carbon
was not included in the geologic prediction
since it was thought to only occur at greater
depths (see Ziegler, 2004). This attests to a
well-kknown fact that computer models can-
not make up for missing input. Fortunately,
the actual faster advance rates built up a
reserve through which this major delay was
somewhat compensated.

2.4 Modeling of Resource Management

The use of the DAT for materials manage-
ment in the GBT was discussed in Part 1,
Section 3.3. For the LBT the DAT were used
in a synthetic study in the M.Sc. thesis of Ch.
Kollarou (2002) to model the LBT resource
management. While the model and its results
were not used in the LBT project, the project
team made all the necessary information
available (and reviewed the results). The
DAT modeling was similar to what was done
for the GBT but with a difference in material
characterization. Table 2 shows the catego-
ries used by the LBT management and the
refinements introduced by Kollarou. This re-
finement consisted of a differentiation in cat-
egories 1 and 2 distinguishing the origin from
drill and blast or TBM excavation, the latter
being only usable for shotcrete aggregate. A
further differentiation was the consideration
of alkali reactive material than can only be

Main muck Categories as initially used by LBT-Management:
Class 1 materials (K1): Good quality materials, relatively homogeneous. Used as
aggregate in shotcrete and concrete.

+ Class 2 materials (K2): Moderate to good quality materials, relatively heterogeneous. Used
if necessary as aggregate in shotcrete and concrete preduction.

+ Class 3 materials (K3): Poor quality materials, unsuitable for shotcrete and concrete
aggregate.

Further subdivisions (as done in the MIT investigation; similar to but not exactly as done in

reallty)
K1DB and K1TBM (K1DB used for cast in place concrete, K1TBM useable for shotcrete).

+ KiarDB and K1arTBM (Same usages as above but only with special mix to accommodate
alkali reaction).

+ K2DB and K2TBM (Used if necessary for shotcrete and cast in place concrete).

« KuDB and KuTBM. (This includes alkali reactive K2 material produced by TBM or DB and
all K3 material independent of the method of excavation.) Needs to be disposed of e.g. in
landfills.

Tab. 2. Materials Management Lodtschberg Base
Tunnel - Specifics.
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used in a special mix. The latter turned out
to be important as shown in Figure 7 for the
repository at Raron.

3. Other Tunnels

The DAT were and are used in many tunnels
worldwide. Here, applications to the other
major transalpine tunnels are briefly men-
tioned as well as a study of freight tube sys-
tems under cities.

3.1 Transalpine Tunnels - Monte Ceneri,
Mt Ambin and Brenner

Alptransit Gotthard requested a time study,
similar to the one for the LBT, for the Monte
Ceneri Base tunnel when the geologic predic-
tions indicated worse than anticipated con-
ditions. Since this study included the use of
TBM, which then did not apply in reality, it is
not further discussed here.

Fig. 8 a, b, and c are schematic time-distance
diagrams prepared by Geodata for the Mt.
Ambin Tunnel. Particularly interesting are
Figures 8b and c, the former showing the
effect of exploration and the latter different
time spreads depending on the construction
method.
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tive; K1, K2 = Classes 1, 2;
DB = Drilling and Blasting.

1100 1200 130C
Time (days)

The structure of the resource management
(muck reuse) system was shown in Figure 6,
Part 1. This was used to assess the muck pro-
duction and reuse in a section of the Bren-
ner Basetunnel. Analogous to Figures 20 Part
1 and Figure 7, this Part 2, the volume-time
diagram of produced and required concrete
aggregate is shown in Figure 9.

3.2 Freight Tubes under Cities

In 1994 the US Federal Highway Adminis-
tration (FHWA) charged MIT with the study
of so-called «freight tube systems». These
systems consist of tunnels under densely
populated cities through which freight orig-
inating from truck- or rail terminals is dis-
tributed. The MIT work included the study
of tunnel-construction as well as the concep-
tualization of the transport technology; only
the former is discussed here. Regarding tun-
nel construction FHWA wanted to have cost
estimates as well as an investigation of the
effect of technological improvements on tun-
nel cost. Specifically, this was done for three
scenarios in four different locations as listed
in Table 3.

The scenarios represent small diameter
tubes for transport of packages, intermediate
diameter tubes for transport of standard pal-
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Scenarios Excavated Services Loop Access Distance
Diameter
Feet (m) | Miles (km) Feet (m)
Small Diameter - High Density 4 (1.2) | <2 (~3) 450 (125)
Intermediate Diameter - Moderate Dens | 8 (24) |[2-4 (~3-6) 1320 (400)
Large Diameter - Low Density 14 (5.2) [5-6 (~8-10) 3200 (1000)

Locations: Cambridge, Downtown Boston, Midtown Manhattan, Downtown Manhattan

lets and large diameter tubes for transport of
standard containers; the densities of the tube
networks vary correspondingly. How this
might look is shown in Figure 10 for Midtown
Manhattan. Figure 11 shows the results of the
other part of the study, namely the effect of
technological changes. Readers interested in
details are referred to Sinfield and Einstein
(1996). This study is mentioned here since
freight tube projects in or between cities are
under serious discussion at present.

Freight Tube Transportation Project — Scenario
Investigation

Example - Midtown Manhattan with 4 ft (1.2m),

8 ft. (2.4 m), and 14 ft. (4.3 m) tube diameters

Small diameter - high density network

Intermediate diameter - medium density network

Large diameter - low density network

Different construction technologies: Small (4 ft) and
Intermediate (8ft): Pipe jacking or Microtunneling,
Large (14 ft): Tunnelboring Machines

Figure 10: Freight Tube Tunnel Study for the Federal
Highway Administration Different Tube Networks in
Midtown Manhattan (Around Central Park).
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Tab.3. Freight Tubes Under
Cities - Studied Scenarios.

4 Other Applications and
Developments

The DAT were extended to cost/time esti-
mation of other types of projects as was de-
scribed in Einstein et al. (2017) and summa-
rized below.

4.1 Extension to Linear/Networked
Infrastructure and Other
Uncertainties

Moret (Moret, 2011; Moret and Einstein, 2012,
2016) extended the DAT to include viaducts
(bridges), cuts and embankments in addition
to tunnels, which makes it possible to deter-
mine cost- and time distributions of linear in-
frastructure projects and in-frastructure net-
works. The underlying logic of the DAT with
geologic profiles (where applicable), with
construction activity networks and cost- and
time distributions remains. Very important
is that, in addition to the random geologic
and construction variability considered so
far, correlations and disruptive events were
included in the DAT.

The extended DAT were applied to a section
of the planned high-speed rail line (RAVE)
in Portugal. Cost correlation increases the
range of cost distribution by a factor of five
to ten compared to only considering ran-
dom variability. Figure 12 shows the range
of combined variability and cost correla-
tion (black clouds), and the effect of disrup-
tive events (grey clouds) on the cost-time
scatter.



FREIGHT TUBE TRANSPORTATION PROJECT

Improvement of Technology

Change in cost per Foot relative to Base Case (%, Y-AXxis)

0

20 F

40

-10 f — .
20f
30f
40l
& & & >
g & Nt o
* R X <

-60 |

-80 L

Compare to present technology: Moderate and optimistic improvements,
Present under ideal conditions, Optimistic and simultaneous liner installation (for TBM)

a) b)
10700 4700
z 7z |
© o A
k=) k=1
() [}
E E 3
6450 - = 3950
80 280 117 160
cost [10° eura] cost [10° euro]
<) d)
2300 10700
@ @
& =
= S
4] @
£ E
950 ———— B45(Q m—
60 110 2 480

cost [1 o® euro] cost [1 0® euro]

Fig. 12: Extension of the DAT to Linear and Net-
worked Infrastructure (From Moret and Einstein.
2016); Cost-time Scattergrams showing the effect
of variability and correlation (black clouds], and the
additional effect of disruptive events (gray clouds]
for; a Tunnels, b Viaducts, ¢ Cuts/Embankments, d
All Combined.

Fig. 11: Freight Tube Tun-
nel Study for the Federal
Highway  Administration,
Comparison of Technology
Improvements.

4.2 Extension to Deep Well Boring

Engineered Geothermal Systems require drill
holes (wells) reaching depths to 6 km to
reach the 200°C temperature needed for elec-
tric power production (see e.g. Tester, 2006).
Such well borings are subject to geologic
and construction uncertainties analogous
to those encountered in tunneling but also
somewhat different because of the elevated
temperature. Yost (Yost, 2012; Yost et al.,
2015) modified the DAT to model well boring
cost and -time subject to uncertainties and
applied them to a synthetic typical well hole
(Fig 13). The uncertainty factors are: Compo-
nent cost, drilling cost and time, fluid usage,
trouble costs, geology, temperature effects
(affecting logging, fluid loss, cementation).
The simulation is analogous to that for tun-
nels and results in the cost-time scattergram
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shown in Figure 14. Very interesting is the fact
that considering these factors and their un-
certainties leads to a cost/time distribution
much beyond the deterministic estimate.

4.3 Including Optimization

Looking at different alignments of tunnels
or other infrastructure projects and com-
paring the resulting time/cost distributions
is easily possible with the DAT. However,
selecting the optimum alignment so far
had to be done «by hand», i.e. repeating the
simulations for different alignments and
comparing them externally. Costa (Costa,
et al., 2013, 2016) developed an optimiza-
tion process based on simulated annealing
with which rail line alignments can be opti-
mized regarding economic, environmental
and traveler demands as well as consider-
ing the potential effects of natural hazards.
This tool has now been combined with the
DAT, following the process schematically
shown in Figure 15, and has been applied
to a subway line in Abu Dhabi (Al Kaabi et
al.; 2015).

Cost Final cost vs. time

Proposed well program for Sandia National Laboratories
Clear Lake, CA: 20,000 ft EGS Well

HOLE information CASING information

conductor JJ LL conductor pipe
surface hole surface casing

g " N o : : :
intermediate hole | b intermediate casing
production hole | - B production casing |

production hole 2 production casing 2

production hole 3 production casing 3

Fig. 13: Application of the DAT for Deep Well Borings
- «Synthetic» Well from Sandia National Laborato-
ries (after Polsky et al., 2008).

32,500,000 T T e
32,000,000 |

31500000 —vt—--—t
31,000,000
30,500,000
30,000,000
29,500,000
29000000 |—1
28,500,000
28,000,000
27,500,000
27,000,000 }-
26,500,000
26,000,000
25,500,000
25,000,000
24,500,000
24,000000
23,500,000
23,000,000
22,500,000
22,000,000
21500000
21000000
20.500,000 ;
20,000,000 | ‘:5
19,500,000

Fig. 14: Application of the
DAT for Deep Well Borings
- Cost-Time Scattergram
Considering ~ Component
Cost Uncertainty, Trouble
Events, Geological Variation
and Drilling Fluid Usage
Rates. Dot on Bottom left:
Deterministic Case with

3250 3500 3750 4000 4250 4500 4750 5000 5250 5500

Nb Values = 1000 Std Dev =4l1.1 y=1,567,264.07 Mean x = 4,233.88 y=24,076867.68 Correl=0.9

92

5750 6000 6250

6500 6750 7000  Time

Original Data (from Yost et
al., 2015).



re L

input n loops

3D model of

Geolo,

Hydrolosy, Optimization Tool

Geotechnical (Model, Algorithm & DAT
parameters Database)

Fig. 15: Combination of DAT and Optimization (from
Al-Kaabi, et al., 2015).

5. Concluding Remarks

This concludes the Part 2 of the articles
describing the use of the Decision Aids for
Tunneling (DAT) mostly in the context of
their development and application for the
two Base Tunnels, Gotthard and Loétschberg,
in Switzerland. These applications but also
the others that were briefly mentioned and
the new developments show that tunnels
but large construction projects, in general,
are subject to a variety of uncertainties that
affect risk. Considering these uncertainties
i.e. «Decision Making under Uncertainty» in
the planning, design and construction stages
is necessary for technical, economic, social
and political reasons. The decision makers
in the projects described in the two articles
were aware of the necessity to formally asses
the effect of uncertainties, and the Decision
Aids for Tunneling provided them with the
instrument to do so.

Acknowledgements

The DAT and the application to the GBT and LBT
would not have been possible without the interest
and help of the Alptransit decision-makers and the
development work by colleagues and students. Sin-
ce most of these people were involved in both pro-
jects as well as in some of the other applications
they were mentioned in Part 1 and are now men-
tioned again:

The decision-makers P. Testoni of FOT, P. Zuber.
P. Zbinden and E. Marki of SBB/Alptransit Gott-
hard, F. Kilchenmann, P. Teuscher of BLS/Alptransit
Lotschberg, E. Basler, P. Schuster of E. Basler &
Partners, and P. Egger of EPFL initiated, supported
and made certain that the DAT were used. The geo-
logists and engineers, many of whom are named in
the text, made the practical application possible. C.
Indermitte, V. Halabi, Ch. Haas, C. Marzer, S. Min,
R. Moret, R. Sousa worked as postdocs or as part
of their thesis research on the DAT with C. Inder-
mitte continuing his involvement till today. In other
words exemplary teamwork was involved for which
the authors would like to express their sincere ap-
preciation.

References

Al-Kaabi, M., Costa, A., Sousa, R.L., & Einstein, H.H.
2015: Decision Support System for Tunneling
Construction: Abu Dhabi Case Study. 3rd Arabi-
an Tunnelling Conference and Exhibition.

Costa, A.L., Conceicao Cunha, M.C., Coelho, A.L.F.
& Einstein, H.H. 2013: Solving High-Speed Rail
Planning with the Simulated Annealing Algo-
rithm. ASCE Journal of Transportation Engi-
neering.

Costa, A.L., Conceicao Cunha, M.C., Coelho, A.L.F. &
Einstein, H.H. 2016: Decision Support Systems
for Real-World High-Speed Rail Planning. ASCE
Journal of Transportation Engineering.

Einstein, H.H., Al Kaabi, M., Chan, M.H. Costa, A.,
Dudt, J.-P., Haas, C., Indermitte, C., Karam, K.,
Kollarou, C., Martzer, C., Min, S., Ritter, S., Sou-
sa, R., & Yost, K. 2017: Risk determination for
tunnel and other networked infrastructure. In
proceedings: Geo-Risk 2017: Geotechnical Risk
from Theory to Practice, éth International Sym-
posium on Geotechnical Risk and Safety,

Haas, Ch. & Einstein, H.H. Jan/Feb. 2002: Updating
the Decision Aids for Tunneling. ASCE Journal
of Construction Engineering and Management.

Kollarou, Ch. 2002: Excavation Materials Tunnelling
in the Lotschberg Base Tunnel Using Decision
Aids for Tunneling. M.Sc. Thesis. MIT.

Moret, Y. 2011: Modeling Cost and Time Uncertainty
in Rail Line Construction. MIT, Ph.D. Thesis.
Moret, Y. & Einstein, H.H. 2012: Modeling Correla-
tions in Rail Line Construction. ASCE, Journal
of Construction Engineering and Management.

2012a.

Moret, Y. & Einstein, H.H. 2016: Construction Cost
and Duration Uncertainty Model. Applica-tion
to High Speed Rail Line Project. ASCE Jrnl. for
Construction Engineering and Man-agement.

Polsky, Y., Capuanco, L., Finger, J., Huh, M., Knudsen,
S., Mansure, Ch., Raymond, D. & Swanson, R.
2008: Enhanced Geothermal System. Well Con-
struction Technology Evaluation. Sandia Report.

53



Ritter, S., Galler, A. & Einstein, H.H. 2013: Planning
the Handling of Tunnel Excavation Material - A
Process of Decision Making under Uncertainty.
Tunnelling and Underground Space Technology.

Sinfield, J., & Einstein, H.H. 1996: Evaluation of tun-
neling technology using the decision aids for
tunneling. Tunnelling and Underground Space
Technology, 11(4), 491-504. doi:10.1016/50886-
7798(96)89245-5

Tester, J.W. (& Panel) 2006: The Future of Geother-
mal Energy. MIT Report.

Yost, K. 2012: Decision Analysis for Geothermal En-
ergy. MIT, MS.C. Thesis. 2012.

Yost, K., Valentin, A.& Einstein, H.H. 2015: Estimat-
ing Cost and Time of Wellbore Drilling for Engi-
neered Geothermal Systems (EGS] - Consider-
ing Uncertainties. Geothermics.

Ziegler, H-J. 2004: Vergleich Prognose Befund und
Erkenntnisse in Aptransit Tagung, Band 3. FGU-
SIA.

Bibliography
Reports providing the basis for this paper:
Part 1

Descoeudres, F.; Einstein, H.H., Dudt, J.-P. & Hal-
abe, V. 1991: Entscheidungshilfen fir den Tun-
nelbau. Schlussbericht Gber die im Auftrag des
Bundesamtes fir Verkehr ausgefiihrten Arbeit-
en.

Descoeudres, F., Einstein, H.H., Dudt, J.-P.& Halabe,
V. 1993: Gotthard Basistunnel. Untersuchung
Schachtkonzept Sedrun mit den Entscheidung-
shilfen fiir den Tunnelbau. Bericht Uber die im
Auftrag der Ingenieurgemeinschaft Gotthardba-
sistunnel ausgefihrten Arbeiten.

Dudt, J.-P,; Einstein, H.H.; Halabe, V. 1993: Untersu-
chungen der Materialbewirtschaftung mit den
Entscheidungshilfen fur den Tunnelbau, Kurz-
bericht April 1993.

Part 2

Tunnel de Base du Lotschberg Galerie de Sondage
Nord. Simulation de la construction avec les
«Aides a la décision pour la construction de tun-
nels». Etude demandée par BLS AlpTransit AG.
Mai 1994. R276. Ecole Polytechnique Fédérale
de Lausanne Département de génie civil.

Part 1and 2

Basistunnel Gotthard und Lotschberg. Bausimu-
lationen mit den «Entscheidungshilfen fur den
Tunnelbau». Im Auftrag des Bundesamtes fiir
Verkehr. Nov. 1997. R385. Ecole Polytechnique
Fédérale de Lausanne Département de génie
civil.

54



	Application of the Decision Aids for Tunneling in the Gotthard and Lötschberg Base Tunnel projects, Part 2 : Lötschberg Base Tunnel, other transalpine tunnels and further development

