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PREFACE 

A study of the cost of construction of underground, rapid transit 

tunnels in soft ground was instituted under U.S. Department of Trans­

portation contract DOT-TSC-1104. The scope of construction work to be 

considered was that: 

• Between existing shafts or stations and 

• Completion up to and including the pouring of all 
finished concrete 

The study was completed through an estimation of tunneling hours and 

downtime hours to give an expected value, and distribution about that 

value, of the total shift hours involved from start to breakthrough of 

the tunnel. Additionally, some subjective factors influencing contin­

gency and profit are presented. 

The study was sponsored by the Office of Rail Technology of the Urban 

~4ss Transportation Administration, the Transportation Systems Center 

under the direction of Mr, Andrew Sluz, the Technical Monitor. 

Mr. Joseph Keating, of Keating Associates, was the outside consultant 

and provided data for the effect of institutional factors. 

Data from .the Chicago tunnels were provided with the ,.assistance of 

Messrs. R.I. Leland and S.J. Sulinski of the Metropolitan Sanitary 

District of Greater Chicago. Ing. Manuel Salvocho, of Ingenieros 

Civiles Asociados, S.A., kindly provided information on Mexico City 

tunnels. Other data were gathered and analyzed by Bechtel personnel; 

P.L. Shank (WMATA), N.N. Munnerlyn and F.E. Velez (BART) inspected 

hundreds of log sheets. Analysis of the data was performed principally 

by L.R. Damskey with the able assistance of V.J. Miller. 

iii 



.... 
< 

s, .... 

It 
vd 

"'' 

,n> 
11' 

•"' .. ,, 

01 

lb 

tap ,.., 
II o.r 

pl 
qo 
gal 
1;> ..,, 

.. 

Appro1i11111, Conv1r1iena •• Mttric Mt11ures 

Wi•• ,_ "-

U'IC~. 

feet ...... ..... 
,...,. •ndte:• 
aquwe tHt 
aqua.- yard$ 

scauar• mllea -· 
ounces 
p, .... ,. 
sho,t IOfts 

llOOO lb! 

tuspoone 
tabt.■pioonw 

fluid cunces c-pi:nts 
q ....... 
pllooa 
cub,c , .. , 
cubic yards 

ll11t;,ty •, 

lENGTH 

2"$ 

JO 
O.! 
I.Ii 

AREA 

6.$ 
0.0, 
O.B 
2.6 
0.4 

MASS (w1i!II_II 

2S 
0.0 
o., 

VOLUME 

s 
15 
JO 
0.14 
0.47 
0.'5 
3.8 
0.03 
0.7ti 

TEMPERATURE ltml) 

, ..... , - 1/91• ... - ... J21 

Te Fi .. 

centuneters 
cent1metfls 
met•r!'. 
k1lom.tets 

square cent,meter& 
squar• meters 
squMe matws 
Squ.¥8 IUlomal•s 

"-<:"ures 

grams 
k1~ogrt1m1c 

tonnes 

mlll1hters 

milhhter• 

m1llilite•s 

htefs 
ltte•s 
li1e:rs 

liters 

cubic melau 
cublc me••• 

C•t:atus 
temper•tut• 

s, .... 

cm 
cm 
m 

""' 

cm' 
m' .. , .,., 
"" 

9 
kg 

ml 

ml 
ml 

.. , 
ml 

'c 

METRIC CONVERSION FACTORS 

-:: 

-

~ 

.... 

-= 

~ -

~ 

• ! ! 

., 
N 

.. 
N 

;:: 

~ 

e:: 

~ 

~ 

:! 

:'! 

... 

... 

S! 

.. 
-
.. 

s, •••• 

...,, 
cm 
m 
m 

""' 

c,,1-
,.2 ...,, 
"" 

g ., 

ml 
I 

I 
ml 
,.1 

"c 

,.,.,ni••tt Conversions fro■ Metric ~•HrH 

Wb■ YH I••• 

tn1tlunet•rs 

cent1me1ers 

fflllet'S 

fflllters 

11.tlcrnetms 

ll•lli,ly lly 

LENGTH 

0.04 
o.• 
3.3 
1.1 
0.6 

AREA 

squ¥e t»flttmeceu O. 16 
SCI""''• met•• 1.Z 
sqa.Nffe IUIGfflllhtfS 0.4 

-. ... 110.ooom'i 2.5 

MASS (wti1ll1J 

grams O.Olli 
kilograms 2.2 

·-• 11000 "91 1.1 

m1lhltlWS 

lltert 
lUltf'S 

11\MS 

cubu:: 11'W'ters 
c:1,1bl1: metw1i 

VO~UIIE 

0.03 
Z.I 
1.06 
0.26 

li 
1.3 

TEMPERATURE (Htcl) 

c.1 • ...,. ·-- 9/51-
"""3:tl 

t, fi•· 

,nciuls 

inches , ... 
- yants 

••••• 

-·­squat,tyatd• 

sq..-•mitaa ·-· 
ouncH 

.,.,...,00 

short·-· 

11uid ounctlS .,._ -· ....... 
cubicfNt 
cubic 11an:t1 

folW-il ·-- ., 
., 52 ... , 212 

-•f I • I ~ I A r,0 
f I I -~ I ~ • ·~

0 

1 I I l~O • I • ~ ~ 1 1 1 , , , 1 r , r 
-40 ·20 zo 40 10 10 100 

•c J7 •c 

...... 

.. 
,n 
It 
yd 

,..2 

'fll' .. ,, 

.. 
"' 

II 01 ,.. 
qt ... ,.1 
ydl 

.. 



Section 

1 

2 

3 

4 

5 

6 

CONTENTS 

SUMMARY 

SELECTION OF COST ESTIMATING TECHNIQUES 

2.1 Review of Systems Analysis Methods Based on 

1-1 

2-1 

Cost Estimates 2-1 

2.2 Selection of Optimum Cost Estimating and 
Analyzing Techniques 2-1 

QUANTIFICATION OF FACTORS WHICH INFLUENCE 
CONSTRUCTION COSTS 

3.1 Physical Characteristics 

3.2 Institutional Effects 

DATA DESCRIPTION 

4.1 Sources 

4. 2 Soils 

4.3 Primary Lining 

4.4 Mining Operations 

4.5 Data Processing 

4.6 Grout 

ANALYSIS OF DATA 

5.1 Background 

5.2 Learning Curve 

5.3 Preliminary Analysis 

5.4 Method of Analysis 

PREDICTING EQUATIONS 

6.1 The Rate of Advance Equation Learning Curve 
Exponent 

V 

3-1 

3-1 

3-2 

4-1 

4-1 

4-2 

4-3 

4-3 

4-3 

4-4 

5-1 

5-1 

5-2 

5-5 

5-8 

6-1 

6-3 



Section 

7 

8 

9 

Appendix 

A 

B 

C 

D 

6.2 

6.3 

6.4 

6.5 

The Rate of Advance Equation Intercept 

Rate of Advance Equation 

Total Downtime Equation 

Other Down Hours 

INSTITUTIONAL EFFECTS 

7.1 Data Collection and Analysis 

7.2 Data 

7.3 Analysis and Findings 

7.4 Institutional Factors Impact on Contingency 

7.5 Contingency Simulation 

7.6 Area Productivity 

7.7 Tunneling Questionnaire 

7.8 Conclusion 

RECOMMENDATIONS 

8.1 Future Data Collection 

8.2 Additional Studies 

8.3 Risk Model 

GUIDELINES 

PHYSICAL DATA 

A-1 Characteristics of Tunnels and Equipment 

A-2 Average Weekly Progress 

A-3 

A-4 

A-5 

A-6 

Rate of Advance Calculations 

Calculation of Downtime Hours 

Total Estimated Shift Hours and Percentage 
of Error 

Keypunch Forms 

MEXICO CITY TUNNEL DATA 

REFERENCES 

REPORT OF INVENTIONS 

vi 

6-6 

6-9 

6-12 

6-15 

7-1 

7-3 

7-3 

7-4 

7-7 

7-10 

7-13 

7-13 

7-17 

8-1 

8-1 

8-2 

8-4 

9-1 

A-1 

A-3 

A-23 

A-41 

A-57 

A-73 

A-81 

B-1 

C-1 

D-1 



Figure 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

5-9 

5-10 

5-11 

6-1 

ILLUSTRATIONS 

Economic Factors in Tunnel Construction 

Relation Between the Percentage Mix of Manual and 
Machine Effort, Percent Learning Curve, and Learning 
Curve Exponent 

Tunneling Rate of Advance vs Cumulative Tunnel Length 

Typical Equipment Failure Rate Curve with Time 

Rate of Advance vs Cumulative Tunnel Length 

Tunneling Rate of Advance 

Tunnel Length; Unexplained Variations in Rate of 
Advance 

Reduction in Variance due to Equipment, Soil, and 
Length of Work-week Variables 

Comparison of Calculated and Reported Cumulative 
Tunneling Hours vs Tunnel Length 

Distribution of Weekly Average Rates of Advance 

Cumulative Distribution of Weekly Average Rates of 
Advance 

Distribution of Learning Curve Values 

6-2 Total Downtime as Related to Cumulative Feet of 
Tunneling 

6-3 

6-4 

6-5A 

6-5B 

6-6 

6-7 

7-1 

Excavating Cutting Wheel Downtime for USC No. 1 

Shield Downtime 

Rotating Cutting Wheel Downtime 

Digger Arm Downtime 

Miscellaneous Downtime 

Administrative Downtime 

The Change in Profit Plus Contingency With Changes 
in Contingency 

vii 

5-2 

5-4 

5-5 

5-7 

5-10 

5-10 

5-11 

5-11 

5-12 

5-18 

5-18 

6-2 

6-14 

6-16 

6-17 

6-18 

6-19 

6-20 

6-21 

7-6 



Figure 

7-2 

7-3 

7-4 

7-5 

8-1 

B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

Impact on Contingency Measured as a Percentage of 
Direct Labor Cost 

Risk Components of Contingency Under Best and Worst 
Cases 

Contingency Level Probabilities 

Impact of Institutional Factors on Cost Contingency 

Ring and Face Log 

Pumping and Instrumentation Plan 

Central Intercept 

Central Intercept 

Filtering Rhythm and Movement Sequence 
of the Mold Sections 

Producing and Unloading of the Conduction 

Filter Train 

viii 

7-9 

7-9 

7-11 

7-12 

8-3 

B-9 

B-10 

B-11 

B-12 

B-13 

B-12 



Table 

6-1 

6-2 

6-3 

6-4 

7-1 

7-2 

7-3 

7-4 

TABLES 

Comparison of Estimated and Predicted Learning 
Curve Exponent 

Comparison of Estimated and Predicted Rate of 
Advance Intercept 

Rate of Advance Prediction Error of Estimate 

Average Downtime - Hr/Ft 

High-Low Range of Responses Contingency and Profit 
Assigned as a Percent of Labor 

Average Uncertainty Effects on Contingency 

Distribution of Contingency Responses - Best and 
Worst Cases Combined 

Contingency and Profit Assigned as a Percentage of 
Direct Labor - Best and Worst Cases Combined 

ix/x 

6-5 

6-7 

6-10 

6-13 

7-6 

7-8 

7-11 

7-12 





1. SUMMARY 

Twenty-two tunnels from the San Francisco Bay Area Rapid Transit District 

(BART), the Chicago Metropolitan Sanitary District, and the Washington 

DC, Metropolitan Area Transit Authority (WMATA) have been analyzed to 

determine what factors influence the Rate of Advance (RoA) through the 

ground. The major effect is the increase in productivity achieved 

t_hrough the effect of the Learnjn~ Curve. Other effects, due to soil 

and equipment types, are multipliers to the basic equation. 

Downtime for the various pieces of tunneling and muck-removal equipment 

are random events that are difficult to forecast, although trends were 

found and estimates determined. 

An important aspect of the study was to quantify the variability of the 

rate of advance and down time calculations. The estimator does the same 

in a more subjective manner - each referring to his personal source of 

information to decide the effects of expected soils and equipment on the 

rate of progress through the ground. The results of our study in quanti­

fication of these variables are a step in the direction of understanding 

some of the tunneling cause and effect relations and giving the causes a 

numerical value. Quantification of these variables should reduce the size 

of the contingency applied by the bidding contractors to more meaningful 

terms of risk. 

Data on the mining progress through the ground were of a poor quality. 

In order to provide better data for analysis from future tunnels, recom­

mendations have been suggested for the tunnel (Ring & Face) log. At 

best, the recommended data acquisition will quantify the future tunnel­

ing rates. At worst, the analyst will be given a better subjective view 

of what occurred during tunneling. 
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2. SELECTION OF COST ESTIMATING TECHNIQUES 

2.1 REVIEW OF SYSTEMS ANALYSIS METHODS BASED 
ON COST ESTIMATES 

Rapid transit tunneling is not an often repeated construction effort in 

which costs can be scaled to the next tunnel. Nor can a few inflation 

indexes be used to go from one time frame to a future period. And 

lastly, no two tunnels will have the same ground conditions and equip­

ment uses. No two tunnels are the same! 

Because of these differences, it seemed appropriate for the analysis to 

examine the tunneling systems and not their costs. Barring new techno­

logies, some combination of personnel, equipment, and soils, taken from 

many experiences of the past, will be brought together for tunnels to 

be built in the future. Our effort, therefore, was to determine the 

individual contributions of each of the components. And with that 

knowledge, we can estimate the resources to be used for a specific 

future tunnel and price out the resources at their going market price 

at the time the tunnel is to be built. Escalation factors can be more 

accurately estimated on a component by component basis at that time. 

2.2 SELECTION OF OPTIMUM COST ESTIMATING 
AND ANALYZING TECHNIQUES 

The main components of a tunnel's construction are manhours, equipment 

depreciation and maintenance, and bulk materials. 

• Bulk materials concrete, rebar, grout materials 
are largely a linear function of the tunnel's length. 
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• Equipment depreciation and maintenance should be 
available from historical records as well as from 
published data. 

• Manhours represents the crew size multiplied by the 
shift hours from beginning to end. (The question is 
how many hours will be involved? Shift hours are 
composed of tunneling hours plus equipment shutdown 
hours.) 

Estimates of tunneling hours based on linear feet per hour have not 

resulted in an adequate estimate. The main effort should be a systems 

analysis of the rate of advance (RoA) through the ground. 

2.2.1 The Soils Estimate 

A probability analysis relating core analyses to what was found 

during the tunneling should be conducted. Conditional probabilities, 

P (Soil BI Soil A), are based on the presence of one type to predict 

another. And Baysian probabilities can be used to increase the like­

lihood of predicting probable soil characteristics with the inclusion 

of additional data (new core samples). 

All this can be displayed by a probability tree (l, 2) to determine 

the soils most likely to be encountered at various distances through 

the ground. 

2.2.2 Tunneling Equipment 

Several different methods of face excavation are available: the one­

direction rotating cutting wheel, the cutting wheel capable of reversal, 

the oscillating wheel (reputed to be no longer available), the digger 

arm (similar to a backhoe), and manual digging. Depending on how many 

types of excavating processes were to be found, Discriminate Analysis 

could be used to find which excavation process was likely to be used 

with which types of soil, tunnel length, and other tunnel parameters. 

2-2 



2.2.3 Mucking Equipment 

Discriminate analysis could also be used to determine which muck transport 

system fits the other tunnel characteristics best. 

2.2.4 Crew Size 

Crew size and the various categories of skilled and unskilled crafts are 

expected to be a function of the equipment used. This can be found with 

a simple matrix having rows and columns of excavation and types of mucking 

equipment. 

2.2.5 Rate of Advance (RoA) 

Using the weekly advance rates as the dependent variable, regression 

analysis can be used to relate it with the many soil characteristics, 

equipment used, and primary liner types. 

2.2.6 Downtime 

Reliability theory, together with regression analysis, can be used to 

estimate the amount of time the equipment would be'down and unavailable 

for tunneling operations. Maintenance costs are, of course, related to 

down time. 
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3. QUANTIFICATION OF FACTORS WHICH INFLUENCE 
CONSTRUCTION COSTS 

3.1 PHYSICAL CHARACTERISTICS 

The set of physical variables decided on, after reviewing several sets 

of tunneling data, were: 

Tunnel Rate - ft/wk 
Cumulative Feet of Tunnel 
Tunneling Hours in Week 
Shield Down Time - hr/wk 

Water Running in Tunnel 
to Date Hp to Cutter/Digger 

- 1 + 2 

Excav Equip Down Time - hr/wk 
Conveyor Down Time - hr/wk 
Muck Transport Down Time - hr/wk 
Misc Down Time - hr/wk 
Admin Down Time - hr/wk 
Total Shift Time - hr/wk 
Silt & Clay - 1 + 2 
Clay & Sand - 1 + 2 
Sand & Gravel - 1 + 2 
Cobbles & Boulders - 1 + 2 
Cemented - 1 + 2 
Peat & Trash - 1 + 2 
Cohesive - 1 + 2 
Tunnel Pressure - psig 

Total Jacking Potential of 
Shield - tons 

OD of Shield - ft 
Shield+ Rotating Wheel - 1/2 
Shield+ Oscillating Arms - 1/2 
Shield+ Digger Arm - 1/2 
Shield+ Manual Digging 1/2 
Mucking Equip: Conv Belt+ Train - 1/2 
Mucking Equip: Conv Belt+ Truck - 1/2 
Mucking Equip: Rubber Tired Truck 1/2 
Grnd: Non-Cohesive - 1 + 2 
Grnd: Running - 1 + 2 
Lining: Ribs & Lagging - 1/2 
Lining: Cone Pipe Jacked into 

Place - 1/2 
Last Week of Tunneling= 1/2 

1 + 2: Varies between values of 1 and 2 
1/2: A no/yes variable with a value of 1 or 2, usually 

Based on the tunnels investigated, we believe these data items are 

adequate to describe the tunneling system and its RoA. 

During the last six tunnels investigated, the soil was predominately sand 

with clay and with poor standup time. Some breasting was required, and 

consideration was given to adding this as another parameter. It was 

dropped because breasting was not the major cause of slowdown (even though 
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breasting did slow the RoA). The major cause was adequately described 

by the basic soil variables of Sand and Clay and Running Ground. 

The quantification of the physical factors is discussed in Section 5 

and 6, Analysis of Data and Predicting Equations. 

3.2 INSTITUTIONAL EFFECTS 

Institutional effects are generally subjective variables that enter into 

the contingency. To a large degree they are subjective because they are 

not directly measureable. The factors decided upon for this study are: 

(1) Schedule/Time 

Traditionally, bar charts have been used for scheduling; 

but these charts only show the time for beginning and end 

of activities. A network (CPM/PERT) chart shows the inter­

relation of activities which must be_ completed before , 
another activity can start. Without this type of analysis, 

proper planning cannot occur; time overruns on subsequent 

activities are not likely to be understood. 

(2) Direct Costs - Owner Acquisition 

• 

• 

• 

• 

Land and Rights-of-Way. Generally the owner can more 
expeditiously accomplish these activities (including 
the right of eminent domain). Entry to buildings and 
their preexcavation underpinning are also included. 

Materials. For items of equipment that will span 
more than one subcontract, procurement costs may 
be reduced, including the cost of financing monies. 

Insurance. The same rules would pertain to each 
subcontractor. The consistency of the policy and 
its jobwide scope should reduce the premium costs. 

Building Permits. This would not seem to be as 
cost sensitive to owner participation. Although 
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the reduction of personnel involved (owner and city 
agents) might expedite permit acquisitions, each must 
be processed individually. Negligible effect. 

(3) Labor Productivity 

Total job agreements are preferential so that each 

craft is responsible and is treated the same on each sub­

contract. It would appear to be more expeditious if the 

Owner negotiated the agreement and had it in hand by the 

time the bids were awarded. 

It is expected that there are differences in productivity. 

Factors were investigated. Our findings indicate a wide range 

of subjectivity with little or no quantification of the indices. 

The demand on a given labor market is believed to have an 

effect: e.g., if the building economy is booming in a 

specific area, additional demands on the local labor market 

are likely to be met with personnel of marginal productivity. 

Compressed air work is subject to local labor negotiations. During the 

BART construction contracts 1M0031/1S0022, the generalized maximum hours 

of work were restricted by the air pressure to: 

Max hr= 8.0-0.134(psig) (3.1) 

Labor negotiations resulted in an annual pay rate increase. For the 

three-year period, 1968 to 1971, and including the annual inflation 

index, the hourly wage rate is described by: 

$/Hr = [1.1036 (Max psig)-O. o133]\ [ 0 .1715-0. 003~ (Max psig)] . 

where: n = years since contract 
was first in effect 

(3.2) 

The above applied to all union rates while under pressure. Foremen 

received $4/shift in addition. 
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4. DATA DESCRIPTION 

4.1 SOURCES. The data were found in the following forms: 

1. BART: 1M0031-MR,ML; 1R0053-RR,RL. 

The excavation and downtime data had been summarized 
into weekly increments. Soil characteristics were 
taken from a soil profile and written verbal descrip­
tions. Other data were in the tunnel report summaries. 

2. BART: 1S0011-TR,TL,SR,SL; 1S0051A-SR,SL. 

All data were obtained from rough logs: the ring 
erection log with two rings/page, the foreman's log, 
and a weekly advance summary. 

3. Chicago Metropolitan Sanitary District: Upper Salt 
Creek tunnels 1, 2, and 3. 

All data were taken from weekly data summaries, soil 
profiles, and written records of equipment used. In 
one case, it was necessary to contact the shield fab­
ricator for data. 

4. WMATA: 1F0012-FIB North Outbound, North Inbound, South 
Outbound, South Inbound; 1F0021-F2A Outbound, Inbound 
Branch Route Outbound, Branch Route Inbound; 1D0091-D9. 

All data were taken from the ring report logs (one page/ 
ring), soil profiles, written rough logs, and oral commun­
ication with personnel involved in the tµnnel excavations. 

5. Mexico City Deep Sewer. 

The data were received too late for study and analysis. 
The text is in Spanish and is appended (Appendix B) as 
a potential source of information. The tunnel charac­
teristics were different enough to have been useful in 
the analysis. 

Copies of the original data are found in Appendix A-1,2. 
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4.2 SOILS 

Soils engineering suggested classifications other than those ultimately 

used. The difference lay in that the descriptions used by the face crew 

foreman were not those of a soils engineer, and the face crew foreman, 

for all his lack of exact scientific expertise, was in the hole and mak­

ing a continuous log of the face conditions as he saw them. The cate­

gories finally used were: 

• Silt and Clay 

• Clay and Sand 

• Sand and Gravel 

• Cobbles and Boulders 

• Peat and Trash 

• Cemented 

• Cohesive 

• Running . 

For each soil category, a value between 1 and 2 (0 to 100%) was to be 

assigned so as to describe the average face composition. The logged 

data did not permit the inclusive description, and in many cases the 

composition does not add to 100 percent. Fortunately, the transitory 

changes did not appear to have major effects on the RoA. 

Running water affected the RoA whether the water was perched or from 

an unlowered water table. The quantity of flowing water was not metered. 

Our quantification became: 

• 1.0 Dry 

• 1. 25 Moist 

• 1. so Wet 

• 1. 75 Running and impeding operations 

• 2.0 Flooding and stopping operations. 
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4.3 PRIMARY LINING 

All but one tunnel used either steel segmented rings or ribs and lagging. 

The one exception was in Chicago's Upper Salt Creek No. 2 sewer inter­

cept, where a 9.28-foot-diameter shield was used. The concrete lining, 

being both primary and finished, was lowered in segments through the 

nearest following shaft and jacked into place over a slip bed of wet 

bentonite. Later the bentonite was replaced with a cement grout. 

4.4 MINING OPERATIONS 

For each tunnel analyzed from the basic logged data, the time for the 

shove, the ring erection, and what is here called "dead time," was ob­

tained. From these data, a pseudo RoA equation was developed for each 

tunnel involving the intercept and learning-curve exponent in the form 

of equation (5-1). Time and resources did not allow further analysis. 

It is suggested that further study of the data may disclose information 

that would permit the tunneling contractor to increase his efficiency 

for these operations. 

4.5 DATA PROCESSING 

In both the RoA and downtime estimating equations, the logic suggested 

that cumulative feet would be the dominant independent variable (in the 

latter equation, L ft represents time, most frequently found in reli­

ability analyses), and all other independents would act as multipliers 

representing the perturbations around the relation between the dependent 

and independent variables. To accomplish this, the multiplier must have 

a value of 1 when the parameter in question has no effect; a 11 111 or a 

"2" was used in no/yes statements and a range of 1 to 2 was used to de­

note a characteristic that varied fractionally between O and 1. 
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4.6 GROUT 

Only the BART 1S0011 TL/SL tunnel's grouting data were analyzed. Both 

pea gravel and cement grouts were used in the ratio of 1.54:l. The total 

grout consumption was 4.1 percent greater than the theoretical void left 

by the shield. 

Although of minor cost, it may be possible to relate the consumption of 

grout to the soil types. 
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5. ANALYSIS OF DATA 

5. 1 BACKGROUND 

Tunneling, taken in its entirety, comprises so many diverse activities 

that it soon became obvious that it would be necessary to divide it 

into subtasks that were basically homogeneous in order to model each 

as a unit operation. The resulting concept is shown in Figure 5-1. 

The activities within the dotted line framework are concerned only 

with nonmonetary resources. 

• The tunnel length defines the quantities of bulk 
materials to be used. It also influences the choice 
of tunneling equipment and influences the RoA. 

• Soil characteristics and primary liner types both in­
fluence the tunnel equipment choice and affect the 
rate of advance. 

• Tunnel equipment sets the crew size, influences the 
contractor 1 s capital costs, and affects ~he RoA. 

• The above then set the RoA and have a large effect 
on equipment reliability. 

• From the RoA, the tunneling hours are estimated. 

• Equipment reliability estimates the downtime hours. 

• The combination of crew size, tunnelin$, and down 
hours provides the estimate of nonexempt crew 
manhours. 

• Current costs are then applied to estimate the 
tunneling cost without contingencies and profit. 

• Institutional factors (identified contingencies), 
unidentified contingencies, and profit are applied 
to reach a total cost. 
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• Throughout the calculations, an error of estimate is 
carried. The various costs (the result of the average 
values for all the above) and their variations are 
combined in a risk model (Monte Carlo) simulation to 
obtain a range of total costs and the probability of 
the occurrence of each. 
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Figure 5-1. Economic Factors in Tunnel Construction 

5.2 LEARNING CURVE 

Literature research on Rate of Advance analysis yielded little in 

the way of mathematical analysis. Several authors mentioned that 

the RoA increased as the crews learned to work together and equip­

ment deficiencies were eliminated.()) One author(4) used the term 

"Learning Curve." An analytical approach is given by Pietrzak and 

McJunkin(S) based on hard-rock tunneling. Although these authors 

do not provide details of their model's logic, it does appear that 

there may be similarities between their model and the work being 

reported on here. 
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The concept of a learning curve where subsequent repetitive work is 

achieved at a higher rate of productivity is certainly not new. ( 6) 

The airplane frame industry found that with their mixture of manual 

and machine work, an SO-percent curve, on the average, defined their 

increase in productivity. That is, each time the number of airframes 

produced was doubled, the last unit required only 80 percent as much 

time as the reference unit. In the case of tunneling, using the 

average learning curve exponent found for all the tunnels studied, 

82.3 percent, and an initial rate of 4.0 hours/foot, the following 

rates might be expected. 

Cumulative Feet 
of Tunnel Hours/foot Feet/hour(RoA) 

1 4 0.25 
2 3.29(4x0.823) 0.30 
4 2.71(3.29x0.823) 0.37 

128 1.02(1.243x0.823) 0.98 

1024 0.57(0.693x0.823) 1.75 
2048 0.47(0.57x0.823) 2.13 
4096 0.39(0.47x0.823) 2.59 

In general, industry has found that the degree of learning depends on 

the mixture of men and machines used. Figure 5-2 describes the 

change in learning curve, as reported by Hirschmann, (l) with the per­

centage of manual effort used in the specific task. 

It seemed obvious that the learning curve should apply to the repeti­

tive tasks of the shove and primary ring erection. Theoretically, the 

learning curve should be a continuous negative-sloping curve. In 

actual practice, interruptions to the work (equipment failures, planned 

shutdowns, etc) as well as modifications to the tasks (different soils, 

substitution of new equipment) occur to change the position of the curve. 
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A new soil might displace the curve. New equipment might merely in­

volve an upward perturbation and then a rapid increase in productivity 

to again reach the former curve position. 

In general, what might have been expected from a theoretical "learning 

curve" approach to the analysis is what was found for the RoA in soft­

ground tunneling. 

An example of the persistence of the Learning Curve was found in the 

BART RR/RL tunnels. Upon completion of the RR tunnel, the shield was 

immediately moved to the RL tunnel and tunneling continued. Except for 

an initial perturbation to the RoA, the advance rate quickly fell into 

line with the rate being achieved at the completion of the RR tunnel. 
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Cl 
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Figure 5-2. Relation Between the Percentage Mix of Manual and Machine 
Effort, Percent Learning Curve, and Learning Curve Exponent 
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5.3 PRELIMINARY ANALYSIS 

In order to explore the learning-curve concept, raw data for several 

tunnels were plotted; Log (hr/ft) vs Log (cumulative ft), Figure 5-3. 

The learning-curve function is of the form 

hr/ft I(~ ft) E 
(5. 1) 

where: ~ ft = cumulative feet 

I = hr/ft for the first foot of excavation 

E = the learning-curve exponent 

and: 
Hr/ft= (RoAr1 

Percent learning curve= 100 exp (E * Ln 2) 
(5.2) 

Data sets for the first three tunnels had been summarized into weekly 

units of data; therefore, all subsequent data accumulations were kept 

in a weekly format. The dependent variable (hr/ft) is the weekly 

tunneling hours, exclusive of any down time, divided by the feet of 

advance accomplished during the week. 
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e SHOVE 
,ARINGS 

ISOOSIA,SR 
BART 

■ 0£ADTl&IE 
• TOTAL CVCLE 
(v (HR/FTl/7.134(! m-D.34'4 

7.134 (! fTl -0.:14114 .79.0 %1..C. 

I.fill (l: FTI -0.4ll2114. 7Z.5% L.C. 

8.737 (! FT) -0.llJll,9t.Z% L.C. 

o.n.z (!fT)-ll.27ZH,12.1%L.C. 

Figure 5-3. Tunneling Rate of Advance vs Cumulative Tunnel Length 
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The independent variable (E ft), in order to be compatible with the 

weekly average characteristics of the dependent variable, is calculated 

as the cumulative sum through the previous week's excavations plus half 

of the current week's distance. 

The data can then be regressed to determine the values of I and E. 

The resultant equation can then be considered to be a rate equation 

d (hr) 
d (ft) =I(!: ft) E 

(5.3) 

and can be integrated between distances n and n + m. 

n+m 

d (hr) = IJ (~ ft) E d (ft) 
n 

( 5. l;) 

For reasons that will be discussed later, valid results will not be 

obtained by integration between zero and the total number of feet in 

the tunnel; integration should be in parts to conform to the types of soils 

and other perturbations expected to be encountered during the excavation. 

By calculating the number of hours required to excavate the tunnel 

and given the crew size, the number of tunneling manhours is estimated. 

However, equipment does fail. And when the equipment is down for repair 

(or, for that matter, whenever there is a shutdown), the crew is usually 

on standby and must be paid. Therefore, it is necessary to estimate 

the downtime that may be encountered. Reliability theory has found that 

equipment generally responds as shown in Figure 5-4. 

In developing a failure-rate function, the dependent variable was de­

fined as hrs down/ft and the major independent variable as cumulative 

feet; both specified in weekly terms as before. A predicting equation 

to develop the number of downtime hours during the tunnel excavation 

will permit the estimation of crew manhours idled. The sum of the 

tunneling and downtime hours is an estimate of the non-exempt payroll 

and the time duration of the tunneling. 
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It is of primary importance to note that the Rate of Advance is not 

assumed (as is normally done), It is calculated, based on the con­

ditions expected to be encountered. Among those conditions are the 

soil characteristics (either from a decision-tree estimate or a core­

boring profile) and the equipment to be utilized. 

Figure 5-1 shows the cost calculation logic. It is expected that, 

once the soils and tunnel length are specified, the tunneling and mucking 

machinery ranges are considerably reduced. And when the machinery is 

,decided upon, barring labor union restraints, the crew size is determined. 

On the basis of the foregoing evolved concepts, some details of the 

analytical work will now be discussed. 
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5.4 METHOD OF ANALYSIS 

Regression analysis was used to determine the effects of the so-called 

"independent" variables on the dependent variable, hr/ft. Independent 

variables should be independent from each other but, in commercial 

practice, a high degree of interdependence is usually found among these 

factors; i.e., a high degree of statistical randomness among the vari­

ables might well indicate a poorly managed project. 

In fact, the lack of independence, when analyzing the individual tunnel 

data, resulted in the derivation of some learning-curve exponents that 

were considered to be impossible. The method of getting around this 

problem was to plot each tunnel's hr/ft vs Lft on log-log paper. The 

obvious outliers could then be eliminated. Outliers, in this sense, 

means those data points which are displaced from the negatively sloping 

line due to some other variable effects, such as a change in soils, a 

series of mechanical breakdowns, etc. The renaining data sets were 

then related, using only a desk calculator, to solve for the I and E 

of each tunnel. 

The next step in the analysis was to find the effects of the remaining 

variables. The logic suggested that the effects of the other variables 

would be as multipliers; therefore, the regression used the logarithms 

of the variables. 

(

(hr/ft) 
Ln 

I (I: ft) E 
)= f(LnX 1 , LnX2,-, LnX,1 (5.5) 

The above reasoning was tried on several tunnels. The following set 

of figures demonstrates an example from one of the WMATA tunnels. 

Figure 5-5 is the plot of hr/ft vs Zft. Figure 5-6 is a logarithmic 
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plot of the same data with the assumed outliers circled. Figure 5-7 

is a transformation of the dependent variable to the form used in 

equation (S.5) vs Eft; the learning-curve effect on productivity has 

been removed. The data have now been normalized and all data sets are 

scattered about a horizontal axis having a value of 1.0. Figure 5-8 is 

a plot of the unexplained residual (reported-predicted)* vs Lft after 

regressing in the form of equation (S.5). 

The scale of the ordinate is the same as that of Figure 5-7. It can be 

seen, in comparing Figures 5-7 and 5-8, that the variance from the 

horizontal line is greatly reduced in the latter. It appears that re­

gression analysis can develop a mathematical model that will satisfac­

torily estimate a tunneling Rate of Advance. 

To determine how closely the tunneling hours can be duplicated, a dif­

ferent set of tunnel data were regressed to estimate the weekly Rate of 

Advance. The corrections due to soils, equipment failures, etc., are 

fractional multipliers whose effects are different depending upon the 

numerical value of hr/ft. 

Two methods were used in the calculation. One was to integrate the 

derived equation between the weekly stations. The other was to multi­

ply hr/ft by the weekly advance. The results are shown in Figure 5-9. 

*Note that the word "reported" is used rather than the usual word 
"actual" in calculating the unexplained residual. In general, the 
reported data were extremely doubtful in character. In one case, the 
soil changed from sand and clay to sandy clay and back again as the 
shifts changed. And sometimes, damp, wet, or moist sand was used 
interchangeably. Throughout our investigation into the raw logged 
data, it was obvious that little or no attention had been given to 
consistent observation and logging of data. And certainly no thought 
had ever been given to the possible future use of the data in a 
quautified analysis. 
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In the integration case, the error was 2.2 percent 749.4 hours re-

ported vs 766.0 hours calculated. In the summation case, the error 

was 0.7 percent - 749.4 hours reported vs 754.6 hours calculated. 

Again, the logic of the model development appeared to satisfactorily 

duplicate the reported tunneling hours. 

5.4.l Cross Tunnel Derivations 

RoA equations were derived for several individual tunnels in order to 

investigate potential problems which might occur when all the data were 

combined. For instance, there were statistical outlier data points in 

the individual tunnel data for which there were no explanatory variables. 

• An error could have occurred in the dependent variable, 
hr/ft. The lineal tunneling distance was probably cor­
rect, because both the starting and finishing stations 
were always compared with the number of rings erected. 
The error was most likely in the tunneling hours; i.e., 
shutdowns had occurred and were not reported or were in­
correctly reported. This would result in too great a 
value for hr/ft in this data set. 

• Errors in the independent variable could (and did) 
occur because of incomplete tunneling data logs; 
e.g., the soil characteristics changed and were 
not reported. 

These outlier data were generally removed from the regression data 

before combining all data sets. 

The combination of all the tunnel excavation data, with all the soil and 

equipment variations, permitted the derivation of an RoA equation that 

could not be derived with the limited variations in soil characteristics 

and single equipment sets found in individual tunnels. Additionally, 

the RoA equation used the intercepts and learning-curve exponents de­

rived from the individual tunnel data. 

Both the intercepts and learning-curve exponents appeared to be functions 

of soils, equipment, and the managerial expertise of the contractors. 
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No data to classify the expertise existed; therefore calculations were 

restricted to soils and equipment. Both derived equations gave statis­

tically satisfactory results. 

Substitution of I and E into the RoA equation permits the hr/ft to 

be calculated. Two methods were used to calculate the tunneling (oper­

ating) hours: integration and summing of finite units of tunneling feet. 

The RoA equation (6.3) is derived in Section 6.3. For the purpose 

of this discussion, consider the equation to be of the form 

hr/ft= I (~ ft) E (F) 
(5. 6) 

where: hr/ft = Average time to excavate during a specific 
distance of the tunnel's length. 

I & E = Intercept and learning c1,rve exponent 

F = A consolidation of all correction factors. 

Calculation of the tunneling hours requires that the tunnel be broken into 

sectors of roughly equivalent soil expectations. Correction factors are 

then calculated for each sector. The weekly averages were used here. 

5.4.2 Integration Method 

Equation (5.6) is integrated between stations d and d+i along the tunnel. 

Each sector is considered. The tunneling hours are calculated by 

to obtain 

J
d+i 

hrsii = I Fi (I: ft) cd (ft) 
d 

hrs .. = --' - ,.., IF. ("'ft) E+1ldd+i 
11 E + 1 
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Total tunneling hours are the sum of the sector hours 

5.4.3 Summation Method 

j 

Total Hours = I: {hr)i 
i = 1 

(5.9) 

The only difference in sunnnation is the calculation of the sector hours; 

they are now estimated by using equation (5.6) directly and multiplying 

by the number of feet, m, in the sector, i. 

(5 .10) 

The modification to the variable L ft is due to the RoA derivation use­

ing the average rate during a sector having average correction charac­

teristics. To conform to this logic, the cumulative feet of progress 

were taken to be half che distance min sector i plus the total distance 

excavated up to the beginning of sector i. Total tunneling hours are 

as in equation (5.9). 

The two methods of estimating the total tunneling hours are shown, for 

each tunnel analyzed, in Appendix A-3. 

5.4.4 Total Down Time 

To estimate the total hours required to excavate the entire length of 

the tunnel, the amount of non-tunneling hours due to equipment failures 

and administrative shutdowns must be added to the tunneling hours. 

Total down time was fitted to an equation of the form shown in Figure 

5-4. Because of the random nature of the failures, the equation fit 
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is less satisfactory, statistically, than other derived equations. 

The results, on a tunnel-by-tunnel basis, are shown in Appendix A-4. 

It was intended to derive equations to describe the failure rates of 

the various excavation systems; i.e., the shield, the rotating wheel/ 

digger arm, the mucking system, etc. Although the information is 

available in the data bank, insufficient time and resources precluded 

their derivations. Certain of these downtimes are needed in the RoA 

equation; e.g., shield, excavating equipment, misc. and administrative 

down hours/ft of advance. In addition, they are al30 needed to estimate 

maintenance costs. The latter could not be found as a separate category. 

Until the equations become available, the program user will continue to 

rely on his own data and that published by the AGC in their Contractors' 

Equipment Manual (7th Ed. 1974). 

5.4.5 Total Hours 

Total hours is the sum of tunneling and downtime hours. On a tunnel­

by-tunnel basis, Appendix A-5 shows total hours, by both the integration 

and summing methods compared with actual hours. 

5.4.6 Variability of Predictions 

The only certainty about estimating is that a single monetary projection 

is bound to be too high or too low when compared to the final actual 

costs. A more useful estimate will cover the range into which the final 

results will probably fall. The range may be estimated subjectively by the 

estimator using the knowledge and background of those familiar with the 

task to be performed. Or, as will be discussed here, it may be quantita­

tively estimated from the errors of estimate produced from the statistical 

procedures used in deriving the equations. 

A method of imputing the range is known as Monte Carlo simulation. (S) 

In this procedure, an equation is solved many times, and each time the 

equation is solved, each independent variable's coefficient is randomly 
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changed within the confines of each coefficient's statistical variation. 

In this manner, the equation, or process series, is solved enough times 

to permit the estimation of the distribution of the answers. The curve 

in the lower left corner of Figure 5-1 illustrates the result of such a 

simulation. 

The weekly progress rate, in hr/ft., is an example of tunneling variability. 

The median progress value is that rate most likely to occur. However, 

there is approximately a SO-percent chance that this value will be exceeded. 

Note that Figure 5-10 is not a normal distribution; it is approximately 

log normal. The cumulative distribution of these data is shown in Figure 

5-11 where the median RoA was 0.60 hr/ft (1.67 ft/hr). At the 80-percent 

probability level, the RoA was 1.125 hr/ft (0.89 ft/hr) or less. And at 

the 20-percent probability level, the RoA was 0.325 hr/ft (3.08 ft/hr) or 

less. 

The variability of the tunneling hours, using equation (5.8), would now 

be estimated, for the integration method, by 

and for the summation method, by 

where: r = random normal deviate 

a = standard error of estimate of the individual 
predicting equations 

Total downtime hours are calculated by 

_ (Ln DH1 ± r o0 H) 
D hrs; - ft; e 
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Equations (5.11) through (5.13) calculate the distribution of hours 

for sector i. To obtain the total hours over the tunnel's length, 

equation (5.9) is increased to include the individual sectors' vari­

ability. To do this it will be necessary to calculate the variance of 

the estimate for each sector, i, sum the variances over the sectors, 

and then take the square root of the sum. This is the standard error 

of estimate of the total hours. 

where; 

1: (hr~) · (:r hr.)2 /N 
02 = I I 

' N-1 

hr;= Hours calculated for sector i 

N = Number of iterations used to calculate the 
distribution of hours 

The total hours variation, or standard error, is 

(5.14) 

(5.15) 

Equation (5.9) is now modified by adding the results of equation (5.15) 

to obtain 

Total hours 

The distribution of total in-the-hole hours is calculated from 

equation (5 .16). 
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The above means of estimating the tunneling and downhours are based on 

random occurrences during normal operations; extraordinary events were 

excluded from the analysis. For instance, on one pair of parallel 

tunnels, the shield passed through shafts at 12.5 and 44.5 percent of 

the total tunnel distance. The contractor opted to spend about two 

weeks at each shaft on each tunnel for shield and excavator wheel main­

tenance and modifications. In addition, when the shields were within 

200 feet of the tunnels' ends, forward progress was halted as the 

station was not ready for the breakthrough. 

5.4.7 Other Costs 

After the total shift hours are estimated, crew staffing and current 

labor costs are combined to estimate the labor cost distribution. Data 

on staffing were obtained for most of the tunnels. Properly, the possible 

variance in both the staffing and labor costs are estimated and combined 

with total hours variance, using the technique of the propagation of 

error (variance), to calculate the labor cost distribution. 

The parameters of tunnel length, anticipated soil characteristics, and 

primary liner types are expected to influence the selection of equipment 

for excavation and mucking. 

In the time available, maintenance costs, either total or on individual 

items of equipment, could not be found. It is not known whether these 

costs are individually itemized or are buried in other operating costs. 

The effect of not quantifying crew, equipment, and maintenance costs, 

either because all or part of the data were not available or could not 

be found, results in a void in the calculation procedure. These data 

are normally available to contractor's estimators from the contractor's 

properietary information data bank. The disadvantage to the proposed 

calculation procedure is that the information can not be weighed to bene~ 

fit from the experience of many tunneling operations. We believe that fu­

ture studies should find and analyze these histories. 
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6. PREDICTING EQUATIONS 

Derivation of the predicting equations was accomplished by stepwise 

multiple regression. The first equation computer run, after eliminating 

variables that logic suggested should not be included, was to determine 

the correlation coefficients between the individual remaining independent 

variables and those data sets that appeared to be outliers (due to a lack 

of explanatory variables or just poor data). Outlier data were elimin­

ated on the preliminary tunnel-by-tunnel runs. 

A technique used to reduce intercorrelation between variables is to 

create new variables by adding and subtracting; e.g., if x1 and x2 are 

highly correlated, it may be possible to find coefficients for each that 

are less correlated or completely independent by adding the new variables 

x
3 

and x
4 

to the regression matrix, where 

x3 xl + x2 

x4 = xl - x2 

If the regression results included all four variables, such that 

the resulting coefficients for x
1 

and x2 would be for 

and for 
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The above technique was used for all correlation coefficients>+ 0.3. 

Unfortunately, this procedure does not directly give coefficient standard 

errors of estimate. In the example above, an error of estimate is cal­

culated for all four variables. 
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Figure 6-1. Distribution of Learning Curve Values 
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6.1 THE RATE OF ADVANCE EQUATION LEARNING CURVE EXPONENT 

The Learning Curve Exponent varied from tunnel to tunnel; the average 

for the 21 tunnels was -0.281 (an 82.3 percent curve) with a standard 

deviation of 0.071. The cumulative distribution of the exponents found 

is shown in Figure 6-1. Because of the large variation in the exponent, 

a means of predicting is required. Managerial control undoubtedly has 

a large influence on the exponent (a measure of productivity) but was 

unknown for analytical purposes. We were quite aware of the potential 

value of such a subjective measure of supervisory control; however, in 

past attempts to quantify this variable after-the-fact, it was found 

that the inclusion was usually statistically nonsignificant. Nor did 

personnel want their gradings recorded. The subject is noted here to 

signify that the variable was recognized as meaningful. 

In section 3.1 it was stated that the symbols 1 ➔ 2 and 1/2 mean that a 

parameter either has an assigned value which varies between 1 and 2 or 

has a yes/no value of 1 or 2. The 1,2 variation was chosen for compu­

tational reasons rather than a 0,1 range, and is used in this and 

subsequent derived equations. 

Equation (6.1) gives some quantitative insight into the effects of the 

independent variables on the rate of productivity increase. For instance, 

• Increasing the work week from 40 to 80 hours is about 
a 19% increase in the exponent. A further increase 
to a 120-hour work week has a marginal increase of 
only about 9 percent. The rationale might be that 
the discontinuance of starting and stopping daily 
operations is reflected in the tunneling producti­
vity exponent. 

• Tunneling in running water (a value of 1.75 assigned) 
vs tunneling in moist ground (1.25) reduces the 
productivity rate exponent by approximately 250 
percent. 

t The productivity exponent is bettered by increasing 
the jacking potential, and it is reduced with the 
cross section area of the shield. 
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o Except for the coefficients for soil cobbles and 
boulders, and for peat and trash (for which there 
were insufficient data), the effects of soils on 
the productivity rate can be estimated. 

Table 6-1 shows the exponent observed for the individual tunnels, 

the predicted value, and their differences. 

LEARNING CURVE EXPONENT= -0.5538 0.00938 * 

Ln (Total Shift Hr/Wk) + 0.03025 * Ln (Silt and Clay: 1 ➔ 2) - 0.03271 * 

Ln (Cobbles and Boulders: 1 ➔ 2) + 0.06094 * Ln (Cemented Ground: 1 ➔ 2) - 0.23648 * 

Ln (Peat and Trash: 1 ➔ 2) + C.03254 * Ln (Cohesive Ground: 1 ➔ 2) - 0.03254 * 

Ln (Running Ground: 1 ➔ 2) + (1.02192 * Ln (Water Running at Face: 1 ➔ 2) - 0.05555 * 

Ln (Tunnel Working Pressure - Psia) - 0.03964 * Ln (Jacking Potential - Tons/ft2 ) 

+ 0.17693 * Ln (OD of Shield - ft) + 0.04705 * 

Ln (Shield and Wheel: 1/2) 1- 0.05597 * Ln (Shield and Digger Arm: 1/2) - 0.04746 * 

Ln (Conveyor Belt and Tru,:k: 1/2) + 0.04705 * Ln (Rubber Tired Muck Vehicle: 1/2); 

Sv = 0.051 R2 = 0.9699 
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Table 6-1 

COMPARISON OF ESTIMATED AND PREDICTED 
LEARNING CURVE EXPONENT 

Observed Predicted 
System Contract Tunnel Value Value 

BART 1M0031 MR -0.2920 -0.2875 
BART 1M0031 ML -0.2501 -0.2741 
BART 1R0053 RR/RL -0.2343 -0.2461 
BART 1S0011 TR -0.2706 -0.3215 
BART lSOOll TL -0. 3977 -0.2904 
BART lSOOll SR -0.2363 -0.2805 
BART 1S0011 SL -0.3621 -0.3295 
BART 1S0051A SR -0.3404 -0. 3472 
BART 1S0051A SL -0.3940 -0.3317 

Chicago 68-404-2S USC II l -0.4016 -0.3345 
Chicago 68-405-2S use 112 -0.3385 -0.3391 
Chicago 68-406-2S USC 113 -0.2415 -0.3215 

WMATA 1F0021 F2A Out -0.2764 -0.2578 
WMATA 1F0021 F2A In -0.2192 -0.2607 
WMATA 1F0021 F2ABR Out -0.2589 -0. 2811 
WMATA 1F0021 F2ABR In -0.3158 ..:o. 2777 
WMATA 1F0012 FIB No. Out -0.2229 -0.1914 
WMATA 1F0012 Fl No. In -0.2673 -0.2324 
WMATA 1F0012 Fl So. Out -0.1287 -0, 1825 
WMATA 1F0012 FIB So. In -0.2055 -0.1839 
WMATA 1D0091 D9 So. In -0.2476 -0.2268 

Based on Individual Tunnels, the: 

Standard Error of Prediction: 0.0462 

Amount of variability Removed by Predicting Equation: 55.4% 
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Difference 

-0.0045 
0.0240 
0.0018 
0.0509 

-0.1073 
0.0442 

-0.0326 
0.0068 

-0.0623 

-0.0671 
0.0006 
0.0800 

-0.0186 
0.0415 
0.0222 

-0.0381 
-0.0315 
-0.0349 

0.0538 
-0.0216 
-0.0208 



6.2 THE RATE OF ADVANCE EQUATION INTERCEPT 

Each tunnel not only had a different learning curve exponent, but also 

had a different intercept value (the theoretical time to mine the first 

foot). The mean value of all the data was 3,815 with a standard devia­

tion of 2.557 hr/ft. The cross tunnel computer run was made prior to 

the inclusion of all the data (322 data sets vs 388 finally available). 

Time and resources prevented a final run. 

The derived equation (6.2) is given below. Table 6-2 shows the indi­

vidual tunnel's observed intercept as well as that predicted. 

(
Silt and Clay) 0

•
2215 

Intercept= 0.4121 * 
2 

* 
1 ➔ (

Clay and Sand) 0
•
121

\ 
1 ➔ 2 

(
Sand and Gravel) 0-1928 * (Peat and Trash)-1.2698 * 
1 ➔ 2 1 ➔ 2 

'(Cohesive Ground) 0
-
208* 

1 ➔ 2 (
H2o at Face) 0.2069* 

1 ➔ 2 

(
Cemented Ground) 0.146 * 
1 ➔ 2 

(
Tunnel f:'ressureJ-0·1276 

ps1a * 
1 ➔ 2 

(
Running Ground) 0•

3538 * 
1 ➔ 2 (

Shield and Wheel) o.o71s * (Shield and Digger arm) 0-
2068 * 

1 ➔ 2 1 ➔ 2 

(
Shield and Manual Digging) o.5694 * 
1 ➔ 2 

f eonveyor Belt and Truck) ·0•
4136* 

\ 1/2 

(
Conveyor Belt and Train\-0·278\ 

1/2 } 

(
Rubber Tired Vehicle) 1.5395* 

1/2 

/Ribs and Lagging)-1
•
1369* 

\ 1/2 
(
Concrete Pipe Jacked In\ -2.&21\ e -7.3957 • 

1/2 } 

R2 = 0.925, Ln Sy = 0. 1956 
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Table 6-2 

COMPARISON OF ESTIMATED AND PREDICTED 
RATE OF ADVANCE INTERCEPT 

Observed Predicted 
System Contract Tunnel Value Value 

BART 1M0031 MR 2.497 2.692 
BART 1M0031 ML 2.391 2.689 
BART 1R0053 RR/RL 9.314 10.661 
BART lSOOll TR 3.035 5.045 
BART ISOOll TL 6.754 5.368 
BART lSOOll SR 2.811 3.823 
BART 1S0011 SL 7.856 5.136 
BART 1S0051 SR 7. 134 6.338 
BART 1S0051 SL 8.553 10.639 

Chicago 68-404-2S USC Ill 3.476 1. 961 
Chicago 68-405-2S use lf2 o. 722 0.716 
Chicago 68-406-2S use ff3 0.783 1. 675 

WMATA 1F0021 F2A Out 2.390 3.194 
WMATA 1F0021 F2A In 2.353 3.624 
WMATA 1F0021 F2ABR Out 1.811 2.488 
WMATA 1F0021 F2ABR In 2.928 3.007 
WMATA 1F0012 FIB No. Out 3.083 2.431 
WMATA 1F0012 FlB No. In 3.456 2.872 
WMATA 1F0012 FlB So. Out 1. 776 2.398 
WMATA 1F0012 FIB So. In 2.108 2.453 
WMATA 100091 D9 So. In 4.879 4.217 

Based on Individual Tunnels, the: 

Standard Error or Prediction: 1.201 

Amount of Var Removed by Predicting Equation: 76.8% 
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Difference 

-0.195 
-0.298 
-1. 34 7 
-2.010 

1.386 
-1.012 

2.720 
0.796 

-2. 086 

1.515 
0.006 

-0.892 

-0.804 
-1. 271 
-0. 677 
-0.074 
0.652 
0.584 

-0.622 
-0. 345 

0.662 



Some conclusions that can be inferred about the initial Rate of Ad­

vance from the equation are: 

• Relative to the clay and sand category, 

silt and clay is about 7 percent slower, 

sand and gravel is about 5 percent slower, 

cemented ground is about 2 percent slower, 

cohesive ground is about 6 percent slower, 

running ground is about 17 percent slower. 

• Compared with the rotating cutting wheel, and where 
soil conditions will permit alternate excavation 
methods, 

the digger arm is about 10 percent slower, 

manual digging is about 41 percent slower 

• Compared with a conveyor belt and tram for muck 
removal, 

a conveyor belt and truck are about 9 percent 
faster, 

a rubber-tired vehicle is about 35 percent slower. 

• The initial rate is inversely proportional to the 
learning curve exponent (E). 
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6.3 RATE OF ADVANCE EQUATION 

The large matrix size, 115 real and created variables, required the 

location of a computer program with larger capacity. The time delay 

reduced the time available for analysis. Although equation (6.3) 

predicts with a high degree of accuracy, improvements can be made by 

manipulation of data and the inclusion of new types of soils (no 

glacial till soils were included). 

The predicting equation (6.3) is given below. Table 6-3 shows the 

standard error of estimate, based on equation (6.3), for each tunnel. 

[(
Total Dwri Hr ~ o.4095 (Shield Dwn Hr ~ 0-

1088 

Hr/Ft = I (};Ft)E * ----- + 1 * ----- + 1 * 
Ft Ft 

Excav. Equip Dwn Hr ) 0
•
4095 (Misc. Dwn Hr ~-0.

37a3 (Admin Own Hr ) 0
-
643 

+1 * ----- +1 * ------+1 * 
Ft Ft Ft 

(
Silt & Clay)-0

•
19

\ (Clay & Sand)-0·192 * (sand & Gravel)0
•
2468 * 

1 ➔ 2 1 ➔ 2 1 ➔ 2 

(
Cobbles & Boulders\-0.1753 * /cemented G ·nd) 0

•
25 * 

,➔ 2 j \ 1 ➔ 2 (
Cohesive Grnd\-0-22 * 

1 ➔ 2 / 

(
Running 9rnd)

0
•
22 

* (Jacking Potential)-0·
1766 * (o DFSthield)

0
•
942 * 

1 ➔ 2 Tons/ Ft2 

(Shield & Digger Arm\-0.13\ /shield & Ma1ual Digging\ 0•128\ 

\ 1n ~ \ 1~ J 
/convyr Belt & Train\ 0-58 * /Rubber Tired Vehicle)-0.41 * / Ribs & Lagging\ o.439 * 
\ 1/2 / \ 1/2 \ 1/2 / 

/concrete Pipe\ 1
•
105 * (Last Week) o.9074 

] 
\ 1/2 / 1/2 * 0.10377 

Sy = 0.294 R2 = 0.72 (6.3) 
Ln SF = 0.4094 (the variables between the square brackets) 
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Table 6-3 

RATE OF ADVANCE PREDICTION ERROR OF ESTIMATE 

Tunnel ,Contract Tunnel Number System 

BART 1M0031 MR 
1M0031 ML 
1R0053 RR/RL 
150011 TR 
150011 TL 
lSOOll SR 
1S0011 SL 
1S051A SR 
1S051A SL 

Chicago 68-404-25 USC /fl 
68-405-2S use 112 
68-406-25 use #3 

WMATA 1F0012 FIB No. Out 
1F0012 FlB No. In 
1F0012 FlB So. Out 
1F0012 FlB So. In 
1F0021 F2A Out 
1F0021 F2A In 
1F0021 F2A B.R. Out 
1F0021 F2A B.R. In 
1D0091 D9 So. In 

Average 

Amount of variability removed by 
predicting equation 

Standard Error 
Relative to Equation 

.277 

.204 

. 358 

.429 

.587 

.279 

.493 

.305 

.391 

.218 

.159 

.041 

.242 

.452 

.232 

.177 

.279 

.293 

.253 

.257 

.403 

0.270 

71. 8% 

6.3 

The errors are logarithmically distributed. USC #3 is not in the 
log normal distribution; without USC #3, the Mean= 0.297. 
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Some interesting observations may be made relative to the effect of 

certain correction factors. 

Equation (6.3) suggests that soils effects on the RoA, from greatest 

impediment to greatest ease of progress, would be: cemented ground, 

sand and gravel, running ground, cobbles and boulders, silt, clay and 

sand mixes, cohesive ground. Logic doesn't support the above order. 

The cobbles and boulders should be a higher order and probably resulted 

in its position (and exponent) due to interactions with more favorable 

conditions in the few data sets in which they appeared. Statistically, 

considering the numerical values of the derived exponents and their 

individual errors of estimate, the first three soils are different 

from the last three, but in the two groups of three there is not much 

difference. 

The RoA is increased with increasing jacking potential and decreased 

with increasing diameter of the shield. 

The last week of tunneling is inefficient relative to the RoA. 

There are correlation interactions between the various down times as 

well as the equipment in use. Table 6-3 shows the standard error of 

estimate by individual tunnels. 
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6.4 TOTAL DOWNTIME EQUATION 

Total downtime per foot of mining was not a good prediction the 

event appears to be too random. Reliability theory suggests that a 

U-shaped curve, Figure 5-4, should describe the events with time, and 

the regression, equation (6.4), was done in that form. However, because 

of the poor fit of the equation, it is suggested that the average down­

times, hr/ft, may be used. For all equipment failures, the averages 

are shown in Table 6-4. 

(TOTAL DOWN HOURS+ 0.001JFt = 4.5054 x 10-3 Exp[-5.0536 x 10-5 * (:EFt) - 1.3573 x 10-7 * 

(:EFt)2 + 2.1773 x 10-11 * (:EFt) 3 + 0.85647 * (Silt and Clay: 1 ➔ 2) + 0.67523 * 

(Clay and Sand: 1 ➔ 2) + 0.82934 * (Sand and Gravel: 1 ➔ 2) + 0.30376 * 

(Cobbles and Boulders: 1 ➔ 2) - 1.27427 * (Cohesive Ground: 1 ➔ 2) + 1.28616 x 10-3 * 

(Total Jacking Potential of Shield - Tons) - 0.18252 * (OD Shield - Ft)+ 2.66974 * 

(Shield and Cutting Wheel:½)+ 0.80838 * (Shield and Digger Arm:½) - 1.46578 * 

(Conveyor Belt and Train:½) - 0.39557 * (Rubber Tired Truck: ½)J; 

R2 = 0.174, Ln Sv = 1.9563 (6.4) 
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Table 6-4 

AVERAGE DOWNTIME - HR/FT 

Average Standard * Category Hr/Ft Deviation o/u 
Down 

Total Hours 0.1720 0. 3718 2.16 

Shield 0.0249 0.0878 3.53 

Excavating Equipment 0.0440 0.2410 5.48 

Conveyor 0 .0113 0.0404 3.04 

Muck and Other Transportation 0.0166 0.0789 4. 75 

Miscellaneous 0.0697 0.1459 3.53 

Administrative 0.0089 0.0400 4 .1,9 

*The coefficient is a relative measure of the variability of the 
data about the mean. A satisfactory value, for nominal use, 
would be less than 0.5. 

A further investigation into the total down hours is shown in Figure 6-2. 

The plot between cumulative total down hours and cumulative feet of 

tunnel suggests a relationship that could be developed and would involve 

the cumulative history of soils penetrated, and the equipment types 

in use, as well as the shield diameter and jacking potential in tons/ft2 . 
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6.5 OTHER DOWN HOURS 

The "other equipment down hours" were investigated plotwise and are 

shown merely to display their potential as a means for prediction. 

Figure 6-3 shows the downtime for the excavating cutting wheel used 

on the Chicago USC No. 1 tunnel, 

Figures 6-4, 5(a), 5(b), 6 and 7 indicate the cumulative downtime 

hours vs cumulative tunneling feet for the shield, excavat 

ment, miscellaneous, and administrative down hours. 

equip-

Statistical analysis of these data would likely develop usable pre­

dicting equations except for predicting the shield and administrative 

down hours. These events appear to be completely random. 

The conclusion that may be drawn from Figures 6-2 to 6-7 is that 

• There appears to be a linear relation between down 
hours and cumulative distance of tunneling (time) 
for total down hours, excavating equipment, and 
miscellaneous hours. Statistical analysis of the 
data would be expected to result in a useful pre­
dicting equation, 

• The shield and administrative down hours appear to 
be random events not correlated with tunneling dis­
tance (time). Under these circumstances, the mean 
and standard deviation of downtime (Table 6-4) is a 
satisfactory means of estimation. 

The disadvantage of using a mean downtime for equipment that shows wear­

out characteristics is that: 

• Short tunnels will be overstated for downtime 

• Long tunnels will show too much downtime at the 
beginning and insufficient downtime at the end. 

The argument for further analysis is pervasive. 
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Figure 6-5A. Rotating Cutting Wheel 
Downtime 
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7. INSTITUTIONAL EFFECTS 

Institutional effects are those factors, usually subjective, that are 

applied as multipliers to the direct labor costs to allow for identified 

parameters with unknown or partially known ranges of variability. In 

the categories of 

• Risk - an action with a known set of outcomes and 
each outcome occurring with a known probability 
distribution; and 

• Uncertainty - an action with a known set of outcomes, 
but each outcome occurs without a known probability 
distribution 

institutional effects fall into the classification of uncertainty. In 

order to reduce some of the uncertainty, a number of questions were 

asked of tunneling contractors relative to the effects of various insti­

tutional factors. The results of the analysis of the questionnaire 

answers have been incorporated into a guideline for planners' use for 

determining the factors' impact on costs. The factors examined were 

those deemed most significant in their effect on project costs. Dis­

cussions with transit system owners and tunneling contractors by 

Bechtel's consultant, J.M. Keating, as well as Bechtel's own estimat 

staff, led to the following selection of eleven major institutional 

factors. 

1. Availability and Analysis of Subsurface 
Geological Conditions 

This factor covers the extent to which the Owner­
engineer has collected, evaluated, and disseminated 
subsurface information to the contractor prior to the 
contractor's bid preparation. Included in this infor­
mation would be any geological interpretations obtained 
by the Owner-engineer. 
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2. 

3. 

4. 

The Extent of Owner Disclaimers with Regard to Subsurface 
Information Provided to the Contractors 

Flexibility of Engineering Specifications 

Flexibility refers to the degree to which the engineering 
specifications allow for design changes suggested by the 
contractors to accommodate the selected construction 
method. 

Quality of Engineering Specifications 

Quality refers to the accuracy of the Owner-engineer 
design including assumptions on which the design and 
specifications are based. 

5.A Owner-obtained Rights-of-way 

Rights-of-way include arrangements with all Owners of 
property, including utilities that must be relocated. 
Rights-of-way are also construed to include areas 
needed by the contractor as work and storage areas, 
including any rights-of-way needed for muck disposal. 

5.B Owner-obtained Construction and Entry Permits 

6. 

7. 

8. 

These include permanent and temporary construction 
permits and entry permits where required. 

Potential Contractor Liability 

Liability here is used to include only the contractor 
liability related to changed conditions. 

Labor Agreements 

The existence of systemwide labor agreements. 

Labor Union History in the Area 

Included in the history are work practices, craft 
availability, work stoppages, jurisdictional disputes, 
and union management relations. 

9. Owner Payment and Retention Periods 

10. Owner History of Claims Settlements on Past Projects 
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7.1 DATA COLLECTION AND ANALYSIS 

The impact of institutional factors on tunneling costs, for the most 

part, has a twofold effect. First, there are what we have chosen to 

call the identifiable costs. These represent, for example, estimated 

expenditures incurred by the contractor to: 

• Collect and evaluate subsurface data where none 
is provided by the Owner, 

• Obtain rights-of-way and construction permits 
not obtained by the Owner, and 

• Cover added financing costs where owner payment 
periods are excessive or retention amounts 
excessive . 

The second effect of the institutional factors is on contingency costs 

included by the contractor at the time of bid to cover expenditures that 

are "likely" to occur during the tunnel drive, but which cannot be 

quantified at the time of the estimate. Contingency costs are directly 

related to the risks incurred by the contractor. The greater the risk 

burden, the greater the contingency costs. This second impact, the 

impact on contingency costs, is by far the greater of the two and also 

less visible to the owner. 

7.2 DATA 

Since current industry practices do not require sufficient detailing of 

contractor bids to identify contingency costs, an alternate approach 

was taken to obtain data from which to evaluate institutional cost 

factors. The questionnaire discussed in paragraph 7.7 was sent to 25 soft­

ground tunneling contractors through Bechtel's consultant, to determine 

the impact of each of the institutional factors on contingency. Since 

contingency costs are a measure of the contractor's risk and risk is 

theoretically related to profit, the questionnaire also included 

several questions relating to profit. Profit, in this case, can be 
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construed to mean gross margin. Of the 25 questionnaires sent out, 

12 were returned; 2 of the responses were rejected because of incom­

pleteness. The questionnaire established a base project; twin 3,000-

lineal-feet tunnels from a common work shaft through standing soil, 

primary liners of segmented steel, and the drive assumed through free air 

with wrap-up insurance provided by the Owner. The contractor's labor 

costs were assumed to be 50 percent of his total costs before 

contingency and profit. 

7.3 ANALYSIS AND FINDINGS 

The questionnaire asked each contractor to evaluate the relative con­

tribution of each of the eleven factors to the contingency he would 

apply to his estimate under the best and worst circumstances associated 

with each factor. He was also asked to express, as a percentage of his 

base labor package, the total contingency and total profit that would be 

included in his bid price under the best and worst circumstances. It 

should be noted that the best and worst cases are unlikely to occur 

but were included here as upper and lower boundaries. 

Each respondent was asked to add to the list of factors if he chose to 

do so; two did. 

As expected, the responses showed a wide range of variation. Part of 

the variation is obviously attributable to differing interpretations 

of the questions. 

Table 7-1 illustrates the spread in responses to the questions regarding 

contingency and profit amounts. The median value is that for which half 

the responses are lower or higher. From the contractor's point of view, 

in the worst case, where the majority of risks must be shouldered, 

contingency could be an amount equal to his total labor bill. 
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As classically interpreted, potential profits should increase as the 

contractor's risk increases. This is illustrated in Figure 7-1 where 

contingency is plotted on the horizontal scale and contingency and 

on the vertical. The contingency figures from the questionnaires repre­

sent the contractor's evaluation of relative uncertainty. 

The "best" and "worst" case responses were analyzed by arranging them 

into frequency distributions. For the best case, the 10% to 90% fre­

quency spread covered the range of 0% to 24% contingency; for the worst 

case, the 10% to 90% spread covered 19% to 96% contingency. As shown 

in Figure 7-1, there is a small overlap in what is considered best and 

worst. In fact, the graph could be interpreted as a continuum of re­

sponses representing profit and contingency as a function of the con­

tractor's uncertainty (contingency). 

The center curve (in the two fan-shaped projections) is bounded by an 

upper and lower limit, and this range of uncertainty contains the area 

into which approximately 70 percent of responses would be expected to fall. 

When the contingency is removed from the Profit and Contingency, it can 

be seen that, in both the expected values of the best and worst cases, 

profit reaches a maximum and then decreases; in the best case, it is at 

approximately 10 percent contingency, and, in the worst case, it is at 

approximately 70 percent contingency. It could be surmised that the 

profit percentage represents the contractor's minimum expected profits 

and the contingency plus profit percentages his maximum expected profit. 

No inferences should be drawn con erning the justification of these maxi­

mum profit levels. It only indicates that owners can significantly re­

duce tunneling costs by minimizing the monetary risks to be assumed by 

the contractor and thereby reducing the applied contingencies. 
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Table 7-1 

HIGH-LOW RANGE OF RESPONSES 
CONTINGENCY AND PROFIT ASSIGNED AS A PERCENT OF LABOR 

Best Case Worst Case 
Lowest Median Highest Lowest Median 

Contingency 0 6 25 15 40 
Profit 10 29 40 20 51 
Profit+ Contingency 10 35 65 35 91 
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Figure 7-1. The Change in Profit Plus Contingency With Changes in Contingency 
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7.4 INSTITUTIONAL FACTORS IMPACT ON CONTINGENCY 

The impact of the various institutional factors on contingency varied 

significantly among contractors; the ranges and averages are shown in 

Figure 7-2. Table 7-2 lists the factors by best and~. and the 

median response of all contractors sampled. Availability of subsurface 

information in both cases is the highest contingency factor. The Owner's 

history of claims settlement and the labor union history account for the 

next largest amounts. 

Figure 7-3 is a plot of the average contractor responses to the best 

and worst cases for each factor, in descending order, and indicates 

the cost differentials between the best and worst conditions. 

Under usual contracting conditions, institutional factors do not gen­

erally fall completely into "best" and "worst" classes; statistically, 

this is a highly unlikely condition. There will more likely be a 

mixture of the two. In order to examine this aspect, the data for the 

two cases were combined and analyzed. Table 7-3 shows the result of 

the combination. The mean is the arithmetic average and the median 

divides the data into halves. The 10 percent and 90 percent points 

cover the statistical range into which 80 percent of the data are most 

likely to fall . 

The spread between the mean and the median is a rough measure of the 

degree to which the distribution is skewed. The sign of the difference 

between the (Median-Mean) indicates the direction of the skewness; a 

negative sign means the distribution is skewed to the higher side. For 

instance, it is believed that it is more likely to require a greater 

contingency for subsurface geology information than less (Question No. 1). 

Table 7-1 can now be added to recognize the variability of the data and 

to consider the responses as a total distribution. 

Note that only the median values are added arithmetically. The 10 percent 

and 90 percent points are by the root-mean-square (/ o2 90w2 10% + /o ) • 
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Table 7-2 

AVERAGE UNCERTAINTY EFFECTS ON CONTINGENCY 

Uncertainty Items 
Percent Contributions to Contingency 

1. The availability and analysis on 
subsurface geological conditions 

2. Extent of Owner disclaimer with regard 
to subsurface conditions I 

3. 

4. 

5. 

6. 

Flexibility of engineering specifications 

I 
Quality of engineering specifications 

Owner obtained rights-of-way 

Owner obtained permits for construction 
and entry 

7. Liability 

8. Labor agreements 

9. Labor union history in area 

10. Owner retention period 

ll. Owner history of claims settlement 

12. Mobilization payments 

13. Scheduling problems 
► 

14. Weather 

15. Proximity to water 

Average Total Contingency as a 
Percentage of Total Labor Costs 

Median Total Contingency as a 
Percentage of Total Labor Costs 

7-8 

Best Case Worst Case 

2.5 

0.7 

0.6 

0.6 
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0.1 

0.6 
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6.0 
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3.3 

2.0 

1.5 

3.8 

2.8 

4.9 

0.4 

4.0 
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This again indicates to the user that extreme values are not very 

likely to occur. 

In use, Table 7-2 would be modified by using the data from Table 7-3 

(or a modification to suit the user) and Table 7-4. Medians of Table 

7-3 and the contingency of Table 7-4 would be multiplied and the 

10-percent and 90-percent points combined, by propagation of error, 

to obtain the individual contingencies as a percentage of total labor 

costs. 

7.5 CONTINGENCY SIMULATION 

To integrate the contingency information collected by the sample, three 

stochastic simulations were carried out, using a Monte Carlo technique; 

one for the average case and another for both the best and worst cases. 

Figure 7-4 depicts the results of this simulation. The curves repre­

senting the best and worst cases are highly unlikely and are included 

here for reference. 

The interpretation of the lines is as follows: under the best conditions, 

50 percent of the contractors will include contingency values greater 

than 35 percent of direct labor. Similarly, under best conditions: 

• 85% will have contingency values greater than 11% of direct labor 

• 70% will have contingency values greater than 18% of direct labor 

• 50% will have contingency values greater than 33% of direct labor 

• 30% will have contingency values greater than 51% of direct labor 

• 15% will have contingency values greater than 68% of direct labor. 

Similar figures can be extracted for the average and worse cases from 

Figure 7-4. 

As a starting point, planners may find the following work sheet, 

Figure 7-5, useful in evaluating the impact order-of-magnitude of these 

institutional factors on contingency. Numerical values are based on 

the average values calculated from the questionnaire sample. 
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Question 
Number 

1. Soils 

Table 7-3 

DISTRIBUTION OF CONTINGENCY RESPONSES­
BEST AND WORST CASES COMBINED 

Median 
10% Mean (50%) 

8.5 30.9 29.0 

90% 

56 

2. Soils Disclaimer -6 8.4 7.0 27.5 

3. Engineering Specs. 0 6.6 5.5 

4. Spec. Quality 

5. Right-of-Way 

6. Permits 

7. Liability 

8. Labor Agreements 

9. Labor History 

10. Retention 

11. Claim Settlement 

Mobilization 
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Figure 7-4. Contingency Level Probabilities 
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Contingency 
Profit 

TOTAL 

Table 7-4 

CONTINGENCY AND PROFIT ASSIGNED 
AS A PERCENTAGE OF DIRECT LABOR­

BEST AND WORST CASES COMBINED 

Median 
10% Mean (50%) 

1 28.5 21 
17.5 40.5 37.5 

17.5 58.5 

Soft Ground Tunneling 
IMPACT OF INSTITUTIONAL FACTORS ON COST CONTINGENCY 

90% 

61 
71 

93.6 

{CHECKLIST 

'"

-------F-AC_T_O_Rs ___________ lF __ tDD'-C-O_NT_I_N_GE_N_C_Y-___ _, PERCENT ('lil OF 
DIRECT LABOR 

1. AVAILABILITY AND ANALYSIS OF SUBSURFACE 
GEOLOGICAL CONDITIONS 

2. EXTENT OF OWNER DISCLAIMERS WITH REGARD 
TD SUBSURFACE CONDITIONS 

3. FLEXIBILITY OF ENGINEERING SPECIFICATIONS 

4. QUALITY DF ENGINEERING SPECIFICATIONS 

NONE 
MARGINAL 
ADEQUATE 
GODO 
EXCELLENT 

EXTENSIVE 
NOMINAL 
FEW 

RIGID 
ADEQUATE 
FLEXIBLE 

MARGINAL 
SATISFACTORY 
EXCELLENT 

5. OWNER OBTAINED RIGHTS-OF-WAY. ENTRY PERMITS NONE 
ANO CONSTRUCTION PERMITS MAJOR ONES 

All 

6. LIABILITY 

7. SYSTEM WIDE LABOR AGREEMENTS 

8. LABOR UNION HISTORY 1111 THE AREA 

9. OWNER RETENTION PERIOD 

10. OWNER HISTORY OF CLAIMS SETTLEMENT 

11. OTHER FACTORS 

EXTENSIVE 
NOMINAL 
MINIMAL 

ND 
YES 

POOR 
MARGINAL 
AVERAGE 
GOOD 
EXCELLENT 

LONGER THAN 
AVERAGE 

AVERAGE 
SHORTER THAN 

AVERAGE 

POOR 
MARGINAL 
AVERAGE 
GOOD 
EXCELLENT 

31.0 
16.5 
8.5 
5.0 
1.0 

8.0 
2.5 
0 

3.0 
. 1.5 

0.5 

3.0 
1.5 
0 

5.5 
1.5 
0 

5.5 
2.5 
0 

7.0 
0.5 

7.0 
5.5 
4.5 
1.5 
1.0 

2.5 

0.5 
0 

12.0 
5.5 
1.5 
1.0 
0.5 

Figure 7-5. Impact of Institutional Factors on 
Cost Contingency 
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7.6 AREA PRODUCTIVITY 

The concept that productivity of skilled and unskilled craft wo~kers 

varies in different geographical areas of the U.S. is generally accepted 

as a subjective variable. The quantification of this subjectivity is 

another matter and, at the present stage of knowledge, is not well 

established. 

From proprietary sources, it is estimated, based on a value of 1.0 for the 

West Coast, that manhour requirements for other areas of the U.S. would have 

multipliers of 

1.1 for the Midwest 

1.15 for the East Coast (excluding New York City) 
and Southeast 

1.2 for the Gulf Coast 

based on 1972 data. 

In general, the multiplier is skewed to the high side (less productive) 

rather than the low side. When a range of values is to be considered, 

the expected value +0.5, -0.3 can be considered a range into which, by 

chance, 20 percent of the productivity values will fall; e.g. 

For the East Coast: 1.15 + 0.5 
1.15 0.3 

7.7 TUNNELING QUESTIONNAIRE 

1.65 
0.85 

As explained earlier in this section, data had to be gathered by direct 

contact with major contractors, since usual breakdowns of bid figures 

did not provide adequate insight into the built-up estimates for our 

purposes. The following letter was dispatched to some 25 tunneling spe­

cialists late in December 1976. 
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"We are working on a D.O.T. study evaluating the cost of soft ground 
tunneling. 

"This report is being prepared by Bechtel Corporation and basically has 
involved gathering statistical data from job reports in North America. 
The infonnation gathered to date shows a good correlation at the direct 
cost level when adjusted for regional variations. 

"In the areas of contingency and profit, we would like your assistance and 
have included a questionnaire that we hope you will take the time to fill 
out. 

"The questionnaire is being sent to twenty-five men in the tunneling 
business and your response will be anonymous and tabulated to develop 
ranges for contingency and profit. 

"The format is laid out in such a way as to reflect the extra cost of 
construction if the contractor is saddled with the unknown and owner­
engineer bas put the burden of solving problems on the contractor. 

"Please respond to both cases "best" and "worst." The "best" condition 
would be ideal from the contractor's standpoint; for example, no dis­
claimer by owner-engineer regarding data and evaluation of 8ubsurface 
conditions, job labor agreement, etc. The "worst" case would be your 
opinion of the opposite of "ideal." 

"In your evaluation you will have to make assumptions based on your 
experience with soft ground tunneling projects but consider the basic 
project as: 

A. 2 - 3000 LF tunnel from a common work shaft. Ground tends 
to stand up as steel liners are extruded from the tail of 
the shield. 

B. Compressed air is not required and the contractor is covered by 
owners wrap-up insurance. 

C. The contractor's labor package is equal to 50% of the total 
cost without contingency and profit. 

"Thank you for your time on this questionnaire and we will send you a 
summary of the results. 11 
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Contingency Areas 

Working with the job conditions described, how would the "Risk Components" 
tabulated below change when considering the "best" and "worst" cases. 

Contribution of Risk Items 
to Contingency 

% Contribution 
"Best 11 

The availability and analysis on 
subsurface geological conditions 

Extent of owner disclaimer with regard 
to subsurface conditions • 

• Flexibility of engineering specifications 

Quality of engineering specifications 

Owner obtained right-of-way 

Owner obtained permits for construction 
and entry 

• Liability 

Labor agreements 

Labor union history in area 

Owner retention period 

Owner history of claim settlement 

Etc . 

• Etc. 

Etc. 

Total Contingency 

Contingency Values 

100% 

% Contribution 
"Worst" 

100% 

Working under the above two case conditions how would the percent of 
contingency vary. 

"Best" "Worst" 
As% of total labor 

As% of total cost 
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Profit 

A. Working under the above two case conditions and assuming good confi­
dence in estimate cost and contingency value, how would the percent 
of profit vary. 

"Best" 

As% of total labor 

As% of total cost 

B. Same as A. with additional conditions noted. 

5 or more bidders 
As% of total labor 

As% of total cost 

3 bidders 
As% of total labor 

As% of total cost 

"Best" 

"Worst" 

"Worst" 

C. Modify contracting method to target estimate with 10% fixed fee plus 
25% sharing in profit or losses based on target estimate. 

As% of total labor 

As% of total cost 
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7.8 CONCLUSION 

The above data processing has been discussed with a degree of precision 

probably not supported by the accuracy of the data. The purpose was to 

indicate the statistical procedures involved. It is a first step in 

the reduction of uncertainty concerning institutional factors and can 

be used as a reflection of the concern of ten tunneling contractors. 

More contractors should be concerned and contribute to reducing such 

uncertainty to the level of risk by contributing their subjective (and 

quantitative, if available) values to increase the discipline's total 

knowledge. It does seem unfortunate that a much higher degree of accuracy 

can be achieved in estimating tunneling labor and total costs, only to 

have this accuracy destroyed by the present high degree of uncertainty of 

institutional effects. 
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8. RECOMMENDATIONS 

8.1 FUTURE DATA COLLECTION 

Rapid Transit tunneling data generally have not been summarized into 

formats whereby the data could be used for future estimating. Reports, 

as such, have been in terms of funds expended. Because of the rapid 

rates of inflation during the last ten years, between and during tunnel 

construction, the extrapolation of past to future costs is deemed 

infeasible; there is no one inflation index that can be applied to all 

the resources used during construction. 

In order to use past data, the actual resources consumed - manhours, 

equipment, and bulk materials - must be known so that current costs and 

expected escalation factors can be applied at the time new construction 

is contemplated to estimate the total cost of a finished tunnel. 

Based on the above concept and in conformation with the study contract, 

the following are recommended as minimum information requirements to be 

reported on completion of future tunneling contracts subsidized by U.S. 

Department of Transportation funds. 

8.1.1 Economic Factors in Tunnel Construction/Case History Data 

The format is shown (filled out) in Appendix A-1. Sheets l through 5 

summarize all but the weekly progress. The unnumbered pages are for 

weekly progress summaries and average soil characteristics. 

The latter breakdown is not displayed. The characteristics used in this 

study resulted from the descriptions found in the tunneling logs. Better 
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descriptions can and should be developed by soils engineers~ but 

must be compatible with the capability of the face crew foreman to 

quickly recognize and log. It must not be time-consuming, as his 

primary responsibility is the safe advancement of the tunnel face. 

8.1.2 Ring and Face Log (Figure 8-1) 

The weekly summary of tunnel progress is composed of Ring and Face Log 

data. The latter should contain sufficient information so that only 

clerical assistance is needed for compilation. 

A suggested set of face description criteria are included that are 

mutually exclusive and in combi:1ation will give an adequate picture of 

the advancing face. The BART log sheet contained data for two rings 

per sheet, and the WMATA log had one ring per sheet. 

8.2 ADDITIONAL STUDIES 

The results reported upon here are based on tunnels whose data appeared 

to be quickly available. There may be data errors because there was 

not sufficient time to verify certain reported information that, upon 

study, raised questions of correctness. These data should be verified 

or corrected. 

Not enough different soil types were included. Glacial till soils, to 

evaluate the effect of cobbles and boulders, need inclusion. The 

Toronto subway and Edmonton sewer systems have those soil character­

istics and one or more tunnels should be added to the data deck. 

All. the collected data were not studied and should be analyzed to 

determine: 

• Equipment types most applicable to expected tunneling 
conditions and lengths. 
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RING & FACE LOG 

Tunnel# ____ 10B/18), Contract# ________ , Contractor ___ , Walker: , Shifter: ___ _ 

Date: __ / __ /19 __ , Shift: ______ , Tunnel Pressure: _____ psig, Weather: _____ _ 

Ring# ____ ,Station@ Start of Shove: __ + Time@Start of Shove: ______ _ 

(24 hr clock) Time@ End of Shove: ______ _ 

No. Muck Vehicles Filled: ___ _ Minutes: ___ _ 

Ring # _____ Expanded, Diameter After Expansion: _____ , Time@ Start of Ring Erection: _____ _ 

Expansion Time:__ ----, Expander Press: psig, Time@ End of Ring Erection: _______ 1 

ESTIMATED SOIL FACE COMPOSITION 

Silt: ___ ··· ....... %, Clay: ____ %, Sand: ____ %, 

Gravel:_%, Rocks & Boulders:_%, Peat & Trash:_%. 

ESTIMATED FACE CONDITION (SCALE 0-1.0) 

Running:__ ·----, Moderately Stable: ____ _ 

Stable: __ ----,Hard: ______ _ 

Breasting: __ Ves __ , No __ _ 

EST I MA TED WATER CONDITIONS 

Dry: __ (0), Damp: ____ (.2), Slight Flow:____J,5) 

Operating w/Pumps: __ (.75), Flooded Out: __ (1.) 

Shove Jacks, Show jacking pressures on profile. 

TARGET POSITIONS AFTER SHOVE: 

Front 

Rear 

Left Hi Lo 

Grout Used: ________ (gravel/cementl 

SHUTDOWNS 

Minutes: ______ _ 

FACE PROFILE BEFORE SHOVE 

(Sketch Soil Characteristics & Location) 

(Note: Outside circle~ 100 units. Each square~ 
1% of total areal 

Roll of Shield: ____ _ 

Time@ Beginning: ____ , Continuing (ck) ____ , Time@ End: _____ , Reason: 

Time@ Beginning: ____ , Continuing (ck) ______ , Time@ End: _____ , Reason: 

Time@ Beginning: ____ , Continuing (ck) ____ _ Time@End: _____ , Reason: ________ _ 

Slowdowns, Reasons For: --------------------

Other Comments: ---·-- ---------------------------

---------------------1 
(Note crew size on first ring log of shift) 

Figure 8-1. Ring and Face Log 
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• Crew staffing as a function of equipment to be 
used and expected tunneling conditions. 

Bulk material requirements must be added to the system. 

Although a beginning was made in estimating the effects of institutional 

factors, it was only a beginning. Mailed-out questionnaires are notorious 

for their poor responses. Because of the gross effects these factors have 

on costs - which far overshadow the quantitized tunneling effort - a 

more detailed study needs to be made. Contractors should be interviewed 

because the response percentage will be increased. And more factors will 

be included. 

Our questionnaire only went to transit tunneling contractors. All tunnel­

ing contractors, including those for large-diameter sewers, for both soft 

ground and hard rock should be included. The questionnaire should be 

expanded. 

Equipment maintenance and depreciation were not readily found, but need 

to be included. 

The derived predicting equations should be analyzed for stability of 

the derived coefficients. Ridge analysis(9) is one method of modifying 

the coefficients to achieved satisfactory stability. It was precluded 

in this study by the restraints of time and resources. 

8.3 RISK MODEL 

All the above data, including the results of the study to date together 

with their variances, will be useless unless they are combined in a 

simulation model. Not only useless, but incomprehensible. 
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A risk analysis model must be written to facilitate the complete use 

of the data (lO) and allow the decision maker to make a rational 

judgment about the economics of the project. 
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9. GUIDELINES 

Two forms are suggested for future data acquisition. Section 3.1.1 

lists the data used in this study. The data are keypunched in a 

7Fl0.5 format on the card deck forwarded separately as part of this 

report. 

The key document on the advance rate is the Ring and Face Log. Daily 

perusal of the shift's logs should be made by supervisory personnel to 

ensure accuracy and completion. Weekly averaging of the data is highly 

recommended so that questions on omissions and errors can be corrected 

before memories of events are forgotten. To save time, the weekly averages 

should be posted directly to keypunch sheets. The forms used are shown in 

Appendix A-6. 

In the following, consider each variable on the keypunch form of Appendix 

A-6 as XI, X2, ----, X42. 

The intercept and learning curve exponents are estimated first: 

• Plot X4/X2 (hr/ft) vs X3-0.5*X2(r.ft) on log-log papet· 

• Remove obvious outliers from the immediate analysis 
(they will be used later). 

• Regress Ln(hr/ft) = f[Ln(Ift~. 

The estimated values are punched into the data cards as X38 and X42. 

Analysis of the tunnel RoA or a larger matrix composed of many tunnels 

is made by -
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• Obtaining correlation coefficients between all input 
variables, 

• Eliminating variables that have no logical (engineer­
ing) basis for being included in the analysis, 

• Eliminating variables having correlation coefficients 
greater than± 0.9 (the analyst may have his own level 
for elimination). In such cases, one variable is 
probably adequately explaining the variation in the 
other, 

• Eliminating variables that appear only a few times. 
These variables may induce an exaggerated effect. If 
the variable is considered to be logically important, 
it may be useful to examine its effect in a smaller 
matrix of data with other variable characteristics of 
a similar nature. 

Based on the inter-correlation coefficients of independent variables 

left for consideration, new dummy variables may be constructed (see 

section 6.0) that will increase the explanatory value of the predicting 

equation. 

The effect of the learning curve and intercept have been previously 

determined. Only the multiplier effects of soils, equipment types, 

and their breakdowns are to be found. The dependent variable (see 

Figure 5-7) is calculated by 

y = X4/X2 hr/ft 

The Ln Y is regressed against the logs of the independent variables and 

their durnmys. 

A best equation can now be selected. 

The same basic procedure is followed for estimating the other prediction 

equations. 
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TQe best form for the downtime predictions is not yet finalized. 

Figure 6-2 may provide a satisfactory basis for analysis. 

Figure 5-1 shows the system calculations for estimating the tunnel 

construction cost. As a final step, the equations are combined, together 

with costs and derived (as well as subjective) variabilities into a Monte 

Carlo simulation to estimate the expected cost and its distribution. This 

is known as risk analysis(lO). The contractor can then bid, based on his 

"feel" for the degree of confidence he believes is justified. The advan­

tage of risk analysis is that it quantifies a large portion of the unknown. 
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Appendix A 

PHYSICAL DATA 

Data included in this appendix are: 

A-1 Characteristics of tunnels and equipment 

A-2 Average weekly progress 

A-3 Rate of advance calculations 

A-4 Calculation of downtime hours 

A-5 Total estimated shift hours and percentage 
of error 

A-6 Keypunch forms 

A-1/ A-2 





Appendix A-1 

A partial record of the physical characteristics of the individual 

tunnel and equipment used in several tunnels. 

Although it is expected that the complete history is available in 

the historical record files, complete information could not be 

located in the time available for the searches. 

It is reconnnended that this or a similar form be used to record the 

pertinent history of future tunneling operations. 
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ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

A OESCAIPTION 8. DESIGN tNFORMATtON 

1. PLAN ANO PROFILE ATTACHED 

2. TYPICAL SECflON DRAWING ATTACHED 

J TEMPORARY LININGS DETAILS ATTACHE.D 

4. PERMANENT LININGS DETAILS ATTACHED 

5. GEOLOGICAL PROFILE ATTACHED 

7. OEWATERING PLAN ATTACHED 

>---------------~--- --- --· ---

--------------, 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 
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B DESIGN INfOAMATION (CONTINUED) 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 
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,:;iurvc.-icr l I I 

lJ;i,,:.o.,,.d__.f--•-A~ I 
t"..rA ,,J. j\j,..,~ 3 

r "'~~l 
ForJJi £,L",. 

l,L•-lrt ~ I I I I. r.'"'-- ...... .-

I H .• , • ('\M Oh·~~ I I I 

IM·~.,.. ':I. ,., ,., 
-· 

TOTAL IJ TOTO 

r- ,\\,·,.-.-. ,,,_ . ' c.~~';.'i .. ": -,Ill. Coroe.rihr Crew 
v 

('" .... c:...~~ 
1,.,., 1-.~., .. .::i "-··-·--"·• C'---

t'M.rAH,trr 

--~. -·-
,.___. 

TOTAL 1 i t TOTAL ,J TOT<>L 
111 -.OU CATEGOFtV Of CREWS ◄ liEAOl,,,G, SUPPORT SUA:f"ACE, SHAFT ETC I REPORl AS LOGGED 
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HOURS I $ti1Fl Sfflffl/OU I HOURI/ SHIFT ~ 
1ST ,.. , .. 

IHlfl" SHIFT SHU'T WORK OESIGIA no• 
!rt ... ••• SHIFT SttlFt SHIFt 

I I I <.h:fl,r I 

I I ~ h~ -• (" {. 

I C.<>IJl.f'''"·~or I 
~~rlc..!tt'"4 ; l . 

-

' I I TOTAL ~ 

I· i hr ~,,,~1 It -c.r•J.. C.~· , I· g, hrs ,;N 
I <:..h,l'i-,- l 

• I rP.. 1-+ "' .• l._ I 

1-,l ic::., ,;"" f'l,...,..L I 

I};\,,,,.,,.,, \.':r:: 1'.,I,.,.. .,_ 
l,.,hArr r ., 
F·,ci", :.bc:c ;;) 

~· 

'ft Tt\Ti0oL II 



7. OWIIER FURNISHED MATERIAL AND EllUll'MEIIT LIST 

I. OTHER OWIIER SUPPLIED COST ITEMS l•.9. INSURANCEI 

,. DESIGN INFORMATION !CONTINUED! 

10. UNDERPINNING DESCfUPTION 

- ... , -----:,_,,, a..,,_ -
I Jl:.l'_L..., ,.( ~ -' 

11. UTILITIES. DESCRIPTION 

.C:: - . :~· ··-- . . . ., - .A -,-11 -
,./T/L , _ _. - ul ,,.,_ .. n. -

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

8 DESIGN INFORMATION 

1. PLAN ANO t'IIOfllE ATTACHED· 

2. TYPICAL SECTION DfUWtNG ATTACHED· 

l. TEMPORARY LININGSOETAllS ATTACHED· 

t. PERMANENT LININGS DETAILS ATTACHED: 

5. GEOLOGICAL PROFILE ATTACHED· 

I. VHUL DESCRIPTION OF SOIL CONDITIONS: 

SHEET OF - -
Jnsl IND 

1ml 1110 

IJ 1: -'--
,e,6,;_,,..,, ,,,.. ,. ,._,,. Al't,I&'.'._ e..,.,..,. ,r:.. --- ---
S,,m.,'I.] 

7. OEWATERING PLAN ATTACHED· 

.. GROUND WATER CONDITIONS DESCRIPTION 

9. SITE PREPARATION & RESTORATION DESCRIPTION 

~--·-

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

C. CONSTRUCTION METHOOS 

1. FREE AIR: Y.Es 
2. COMPRESSED AIR: 

PSIG MIN I PSIG IIIAX 

l. DESCRIPTIONS 

TUNNEL EXCAVATION 

- -

··- -

TEMPOAARV LINING 

--
A /,,,.~,, 

~A• ;..~f'-,,,,tU ~ 

n - - --

1ml I NO 

-

SHEET OF 

LENGTH {FT) I '7.a .... 7-!!./' 

LENGTH tFn I 
I PSIG WTO AVG. 

- . 

,., ........ ""- . -- .. ~ L:.~ - AA,;§ r::.- T. '?"': -
, 

I 

FtNAl Ll!lillllilG 

-

Appendix A-1. (Continued) 
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D. MAJOR EQUIPMENT UTIUZEO 

ECONOMIC FACTORS l'l TU!lltiH C!lNSTRUCT!O!'; 

CASE HISTORY DATA -
SHEET OF 

1. CUTTING AND EXCAVATING 5. OTHER MA T!RIAl HAND UNG EOUlf'ME~T !S1'£ClfVI SURFACE TO HEADING 

MAKE UNERS !PRE CASlt 

MOO•L 0£1CJUPTIOlill 

TYP(: ose1u. A TflJ G Ai RMS OUHilNG ARM 

CONN£CT£0 HORSE PoWER 

NO.USED 

GROU11NG 

OUCAlflflOrt 

CONCRETE lf'.VffH 1ANO W4LKWA¥51 

ouc,un,oN 

ltAll CARS: .•. CAl'ACl'tV m ~. 
tlUNfft Tlflt VEHltU 1110 (fl 

----· C0Ml1.,"11DNlSP[Clf.'r; 

1-------------------------------i 
4. MUCKING EOUll'MEU UNOERGAOU~D TO SURFACE !DESCRiBFl 

6 VlNTING, PUMPiNU. co-...PRESSION EOUIPME.~T 

F. TVPICAL CREW SIZE AND UTILIZATION 111 

I. CAEW~ 2. CREW~ 

$M1F"TSIOAV HOURS !SHtFT,._ • SHIFfS/0,t,V 

M)Ri(IIJG DESIGHTPDN 1$T .... ..... 
SHUl SHIFT $Hlff WORI( OUIGNA TiOilf 

,d,h;u At: I": (..-.., /'!, /3 

~ 

~~-.. 

,_______ .. 

·--
TOTAL 

1. OlHCR {SptcilyJ 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

3. CREW-

llESCRl"TION 

HOURS I SHIFT SHIFTS/ OA'f HOURS/ $HIFT 
1ST , .. , .. 

.SHIFT SHIFl SHIFT WOAK DESIGHTIOilf 1ST ,.. 
SHlfT uun 

0----

(1) NOT£ CATEGoRV Of CREWS !HEADING, SUPf'O~T SURFACE. SHAFT ETC l FIEPOAT AS LOGGEO 
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,.. 
SNIFT 

C.VACtTY 10. 

CAPACIT'I' •• 
-··-

CA,ACIT't' ... 

tAl'ACln' ... 

SHEET-L-OF --·-

•· CAEW-

$HtffS/U.Y HOUJIS/fltlH 

W(IRI{ OESIH,UtO• 1ST ... , .. 
SHtFT SHIFT SHIFT 



A. DESCRIPTION 

I. OTHER IIWIIER SUWLIED COST ITEMS !•1. INSURANCE! 

d DEStON INFORMATION {CONTINUED) 

1l UNDERPINNING DESCRl4'TION 

7,;.....,.Q,,e,,,,., ,,, :;,..,eEa&rl!t'?:Jli" -
~l,-ru /.t" .- - •- - - ,, . 

,-,::;._ .,,,. I - - ~ 
f 

J ... ,. - u-~u c-,_ 

!1. UTILITIES. OESCRIPTIOfl -- . J'./11',,,.~ _ .. ., .A#-.J-- -
<;;;:,- .JIA... .z - ,..._ - - , 

k 
,., -

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

B DEStGN INFORMATION 

1. PLAN ANO PAOfU.E ATTACHED 

2, TYPICAL SECTION DRAWING ATTACHED: 

3. TEMPORARY LININGS DETAILS ATTACHED, 

•· PERMANENT LININGS DETAILS ATTACHED, 

5. GEOLOGICAL PROFILE ATTACHED· 

I. VERBAL OESCRll'TION OF SOIL CONDITIONS· 

SHEET 1 OF 

YH ..... 
YES NO I,_. 

YH NO -

YH NO v 

VES NO 

S....wc w_m+. O...,.y 4:;,Jr~} S.Mi. HEDIUl,(_~1' C'..t_,1y 

'S',t,,- ..... ;f/.t!.~ I.,...,_,,. ,,,.,..,, o.,_ ::a....,._,.,.~. 

l, 0£WATERING PLAN ATTACHED YH NO V 

I GROUND WATEfl CONDITIONS DESCRln-lON 

9 SITE PREPARATION & RESTORATION DESCRIPTION 

~~~ -4-g,,___~y---;;__ f:,.,.;~ 1/4 ,,..,,,,_~17 

J.Q::Jr LF - GI~ .. eq{,}1'7"0(. tf,_5SS's:t ..--. - . '(. 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

C CONSTRUCTION METHODS 

1. fRH AIR: 

2. COMPRESSED AIR 

PSIG MtN 

3. DESCRIPTIONS 

J2 --, 

J ,a_ 
, 

TEMPORARY LINING 

~$-L.# A,..,, __ .,,, 

PSIG MAX 

,_ ___________ . 

~tNAl LINING 

Appendix A-1. (Continued) 
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SHEET _2_ OF __ 

LENGTH (FT) 

LENGTH (fTl 

P\IIG WTO AVG 



0 MAJOR EOUiPMENT UTILIZED 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

SHEET OF --
,_cu_r_r_••_c_•_•_o_,_xc_•_•_•_n_•_c _______ . ___ -------------1 5. OTHER MA TERI Al HANDLING EQUIPMENT (SPECIFY! SURFACE TO HUOING 

MAKE 
LINERS \l'RE CAST) 

MOD[l 
DHCfUPTIO• CAPACITY •o. 

OTMH!fVECIF'l'l 

CONNt;CTEO HORSE POWER 

14() USEO 

GROUTING 

OUCRWTIH CA,AtllY ... 
HORSE POWFR £A. JACKtNG -,rotOR '"2..Q::> 

NO. SHlElDS USED I 
l. MUCKING EOUIPMEilfT !UNOERGROUNDI 

a~ ------~ 
CAPACfJY (t) 

CONCRETE· INVEA'r !ANO 'hALl<l/fA YSl 

D£st811'TIO• tAPACtTY ... 
•• CAPACITY IT) --

Al.Ill[~ ttAt VUHCU ■O 

COMIIUIATIOti: lSPEClrYl 

4. MUCKING EOUll"MfNT UNDERGROUND TD SURFACE !DESCAf8E) 

6. VENTING. PUMPING, COMPRESSION, EQUIPMENT 

E. OUANT!nES /NOT INCL ACCESS $HAFT! 

1. TUN'WH (If MULTIPtE, SHOW FOR EACH) 

LENGTH 

ll'fS!DE 0 D 

CONJ' !O U'lA T lOfil 

NO CROSS OVEt-tS, tf MUL rl?LE 
-----------

TOTAL EXCAVATIOO 

TUNNEL PRESSURE RANGE 

2 GROUTING (CYI 

Bfr'fNO HMf', LINING 

CO'IISOL!OATION ffACEi 

PREGAOUTING 

l H:11!1PORAAY llNUUi (If ustnt 

m 

CY 

PSI ... 
ACfUAL 

---·-----------~-------l 
llUAUtlV 

C_ flNAl LINING 

TVP( 

II."'.) llNERS 1,: PF!E-fA8 OR PiUCAST ,. 
>-----·--------------

OUAN'Tl"flfSlf CAU-IN-PLACE 

OUCFUlll'IOtl ou .... nTY 

cc•tRfT[: {!':VJ 
l----·--·-----------1------'1 

A£11fOJICIIIG fTONSi 

·-
FQqMl!IC !S.f l 

------------------~-~-- ······----·-

1. OTHER (S,,.~lyl 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

6. INVERT (ANO WALl(;WAYS), ARCH 

OESCRtl'f10N QUANflTY 

COJIICflUf itY, 

11:EIAR (TOIISl 

··- !U.J 

STRUC ST£H (TOH! 

7. MAJOR UNDERPINNINGS 

OHCIIWTtO• ARU{S.F.1 

,.-:},-- .AJ __ ~-

····~~IZ{s 
. "7,_ S'.."'""_, ~,,.,, ---

rOrAL 

B, AfRlOCK SYSTEM (IF USED) 
I 

MAN LOCKS 

tlUMIER 

lE•GTff 

DIAMETER 

MUD LOCI( 

NUMIER 
-- ___,_ 

Lfl!IGTH 

OIAMETER 

BULK HEAD DESIGN 
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I 

iUf 

ifT) 

!FT) 

lfA.J 

!FT! 

ifTI 

PSIG 

0£$CAIP'Tl0111 CAPACITY ... 

SHEET _4_ OF __ 

9, APl'URTENANT STRUCTURES 

VE~l A~D FAN SHAFTS 

COJIISTRUCTIOI METHOD· _c::::;; ~ "'~-• Jl,,.,,.,,,( / -
,t:;;,,,.,.,,,s;-,o ,,- 1.-;-., ;,,;~C"1J/IU 

' 
WIOfH lfll PUDTH r,r ! DE,nt " 
W4ll THIC:11:.us 

EXCAVATIOI QUAJfTITU {CY! 

COIIICRfTf QUAflfTITIES iCVl 

PUMPING STATIONS 

co•STIU.ICTIO. METktil'.l: 

CO•FfGlJRATIO• 

DEPTH lfTl ! OIAlffTER !Fll 

EXCAVATIOIII QUANTITIES ICY! 

COICRETE QlJAfnlflU 

OTHER APPUFtTENANCES (SPECifVI 

DUCfll'TIQN EX:CAV.(CVI I co■tRUf iC'rl 

I 

I 
10. ~TE PREPAAATION & RESTORATION 

DES(JUPTION rv,r I ARUfH.l 

CLEAA & GftUB 

fUM0V4l Mwu, I 
RESTOAAtlON 

,., ,_ I 
" 



F. TYPICAlCREWSIZE ANDUTlllZATl(lN (1) 

I. CREW-

SHffTS/HY HOURS /SHIFT.._ 3 

I WOfUUNG DUIGMAHON "' .... A!IO 
Sli!FT SHIFT Ul!fl 

c:,,.~'"-e.JM:,J'r I I 

11l41,..f'.t:-I- I I 
<::11.1,,,,.,..,,::.IL- I I 

"'""""' ........... ,,., 1 
U,,,_d-LIJIC. I I 

LI•"- Ii J 
&' !i:',,,t!if!!!;I/I I I 

C'. ·" .,,.."' /)JI ~ '), 

G--,,.,·-,•·' f , 
-

i;.-r.a-t. :a.?. ....... 

TOTA\ 

2. CREW-

SHlfTS/OAV 

WORK OUIGtUHION 

ECONOMIC FACTORS ,~: TUrmH Cfl'1STRUCTl1'11 

CASE HmTORY DATA 

3. CREW -

HOURS I SHIFT SHIFTS I OAV HOUAS/SlftFT 
1ST , .. , .. 

SHIFT SHIFT SfilfT WORK OES1GNA110N 
1ST , .. 

SHIH SHIFT 

~ 

~ 

-'--

(H NOTE: CA TEOOfl't/ Of CRH1S !HEADING, SUWOHT SVR FA Cf, SHAFT ETC I RU"OAi .\5 LOGGED 

F, TYPICAl CREW SIZE AND UTlllZATION ill F,ilP, 

I. CREW- >•/;,,: -- I' r, , 2. CREW-

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

.::,..,ppod Cre<.J 3. CREW- \lrcu.t (rc:w 
tHlfTI/IAY ."I J H81fllS/IMIFT 'i' SMlffl/ OAV 3 KOURI I SMIFT t ltllfTSfOAY 3 HOIJAS I Stun 

.. RIUd Dtlt6NATHJ■ lff ... o J"O . ., .. ,..,r $MlfT WORK DiltHA TION 11T , .. ,. . 
1MtfT IHIFT SKtFt WOHOHIGIATIOII 

.•. ... 
lttiFT INlfT 

,-____ ,... 
I I ' s::-" ----"" I I I i:;-,..,,.~_r',~(l('\ I I 

"-'-'-IA f"IN,1,.J,..., I I I ICr~~ (),..,,.A,,,r I I l II.I~ • .,,_1~,..,.,-~ .,;i iii 
1-1·--~, ., '1 '1 l'r,.,,-,, Ai/..,,- I I I 0, •~A.AA,.,(\ I I 

iu ..• 1. A-,-A,L _ I I I • A.,../+,. -- u." ~ ,;, al LJ.J ~-,-.. ,o( ,;j 

ii'=•·· •. /'\-....L, I I I r f\Jv,,~,' &-A~ f'v., I I I 
>J,, 

I\-- ~ .ii :;z T""' u-- I I J 

-· 

TOTAL l!I IJ 13 ToTAi.. '7 ..., '1 TOTitJ. (a (. 
10 flfOTE: CATEOOA't' Of CREW$ {HfADfHG.SUPPORT: SURFACE.SHAFT ETCJ REPORT AS LOGGED 
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SHEET~DF 

4. CREW 

SHIFTS/OU MDUAS /IHIF'f ,.. 
SHIFT 11r0Alt OfSl&,MATION '" ,.. , .. 

SHIH $tUH Stllf'T 

SHEET 5 Of 

4. CREW- 'Bull C,o,1ci 
i SfttflS/OAY ,.:, NCUtfll I mn 1 

, .. 
SHIFT WORK DHIGU.TtON "' ... "'" IHIFT INIFT ltHFT 

I F'Are.-~- I I I 

~ t-1:~- ( .. J../ ;.J I-/ 
I 

,:;; 

l. r-or,'l.1. :s "!"' -<r" 



A. DESCRIPTION 

l PROJECT NAME 1 Foo 11.-- I NUMBER 

2. LOCATION "l £>< hJ;AJ<, 7r,,u i\. C, 
l. OWNER W/v!A."7"A I UIGINEEFI 

4. CONTRACTOR 

5. DATU, START I COMPUTE 

6. PROJECT SCOPE !INCLUDE ANY APl'URTEMANT STRUCTURES) 

1. OWNER fUR,.ISHED MATUUAl AffD EOUfPMEIH LIST 

----------

4. OTHER OWNER SUPPLIEO COST lTEMS {t.1 INSURANCE I 

.. ---- .. .. 

·-----· 

r= 

ECONOMIC FACTORS IN TUNNH CONSTRUCTION 

CASE HISTORY DATA 

B DESIGN INFORMATION 

rd 1. PLAN' AND PROFIU: ATTACHED· 

2. TYPlCAL SECT JON ORAWING ATTACHED: 

":i. TEMPORARY UNINGS DETAILS ATTACHED, 

4 PERMANENT UNINGS DH AILS ATTACHED· 

5. GEOLOGICAL PROFILE ATTACHED, 

6 VERBAL DESCRfPTION OF SOil co-.olTIONS: 

~ t.Jf\ - s:,.,._,,~ C, A,Y 

7 DEWATERING PLAN ATTACHED 

8. GROUND WATER CONDITIONS DESCRIPTION 

---

·-

9. SITE PREPARATION & ~£STORATION DESCfUPTION 

~---------

8, D£SfGN INFORMATION (CONTINUED} 

UI. UNDERPtNNING DESCRIPTtON !VOA) r. 

.11. UTILITIES. OESCRl?TION 

<5'~•~ .,... ,, .. ~ .-----
JI./_ s-- - /.'.""' .. - - t' 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

C. CONSTRUCTION METHODS 

1. FAH AIR 

2. COMPRESSED AIR· 

l'SIG Mt~ 

3. OESCFHPTfONS 

TUNNfl EXCAVATION 

-

--
-

PRlMAR Y Ll;",J!;-.:c; 

'YF .J 

\l'SIGMAX 

/}7/(.,/ 7'/~ :s 7et:::!'C- £.~s-=---

FINAL LINING 

SHEET OF 

·ns! NO ... 
YU ND -
YES NO -
YES ND -

iVES NO ... 

n .,,,.,_oc=:c..: f/6£1\,/~.!::::_, 

!ns NO 

SHEET -~ Of -~ 
LENGTH IFTl I ,),J..C 
LENGTH IFTl j 

I PSIG WTO AVG. 

-

/weio.LJ ,l.A,.r,'01,,Jd 

! r-11 r..,, ,<,1 c.t1-e-77:. 

I 

1----------

Appendix A-1. (Continued) 
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D. MAJOR EQUIPMENT UTILIZED 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

SHEET 3 Of 

h CUTTING A■D UCAVATIIIG 1..I .1...vr-. M ., ,/Jt: S. 0THEftlll>TtftlAL HANDLING £QUIN£NT (IPlClfYI SURfACE TO HEADING 

MAU LIN£R$ iPAE CASTl -· OHCRlnlOR 

.,_, I -•n ....... I I MCIUAT•• ·- I I Dl&l .. &A• I 
OTIIIIIIPICliYJ 

-.:TID--R 
IIO,UIIO 

Z.-LD fl-11 ,,J.&I)~ Bo, - ,.,,,,:: GROUTING 

OUTIIDI DIA. I '2~,7' I 1.lloGTII I ?..I 9 ' OliCAIP'tlH 

NO.OP- I J '""UITl'OftCl!lTDNll lz.{,,IIIO.Ol'llOCl<lf<GMOTOIIIII 

--•A.-MOTOIII -
II0 .... 1t.0, U11D 

1 --H-(UIIIIIIIH81111f,1) 

nn, C0NCR£TE· INVERT (ANO WALKWAVSI __ , ..... '"·' CN'IICITY ITI OUCfllP'ftoN __ , .. -TY m ---- UPACl1Y m --4. -----•-TlllllllfACEIIIIICIIIIEI .. V£NT18G, PUMPING, COMPRESSION, EOUll'MENT 

F, TYPICAL CREW SIZE AND UTIUZATIQN (11 

1. CREW-

IMlfTS/ DU z tlOUM f$HlfT.oL ~ 

WOIKING DlSlliNA TION 1$l .... ;!"',D 
SHIit sn1n umt 

"' ,.,_,.,, ((} 

---~-- J I I _,, , -z, l, 

l <~'"!_,'.) <, (., 

-- - I I 

v---,. r,,: t, .., 
L.~, 'V y 

-r.; .... (._.,...,,.._ ,.J /¥ 

TOTAL 

2. CREW -

SHIFtSfllAV 

WORK llfSIGNAl40fll 

DESCllll'TIOa 

1. OTHER !Sooalvl 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

J. CREW-

MOUflS / SMIFT SMlfTS/DAl' HOUA$f$Ntfl 

"' , .. , .. 
SHIH SHIFT SHIH WOii« DESUi,NATIOIII 1ST , .. 

SHlfT SHIFT 

-

.,. tlOTl: CATEGORY Of CAE:WS IHEADINO, $VP'PORT: SURFACE. SHAfT nc-1 AlPORT AS LOGGID 
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, .. 
SHIH 

CANCln ... 

CAPACITY .o. 

(A,PACtTY ... 

CAPACITY ... 

5"EET 5 OF 

4.CREW-

SHIFJI/ DAY MO URS I SMIFT 

WOIII( GIESIHUIOI 1st IND 
SHIFT $Htff 

, .. 
$Klfl 



A OESCRtPTION 

! l'!!OJECTNAME,ECn,bQrrod<rr- lo Honfoo,..,..,,., .. ,!NUMBER 

2. LOCATION :Son Fronc,3CO Cah+orri,,.., 
3. OWNER P,aRrr. I ENGINEER 

4. CONTRACTOR 

S. OATES: START lo/oi/7c I COMPLETE 

I. l'!!OJECT SCOPE (INCLUDE ANY APPURTENANT STRUCTURES) 

/:jn Ar~ V • .,..,.,,.,J,. J, • u.J,;J r, -1"-J ,J" ..l 

/',v +1 .,.,,,.1~ 

1. -ER FURNISHED MATERIAL ANO EQUIPMENT LIST 

I. OTHER OWNER SU,,L1£D COST ITEMS 11.1. INSURANCE I 

S, DESIGN INFOAMAllON {CONTINUED) 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY OATA 

8. DESIGN INFORMATION 

1 :sons I- I+ !. PLAN ANO PROFILE ATTACHED· 

2. TYPICAL SECTION DRAWING ATTACKED 

PIJTB 3. TEMPORARY LININGS DETAILS ATTACHED: 

4. PERMANENT LININGS DETAILS ATTACHED-

,;J/5/7/ 5. GEOLOGICAL PROFILE ATTACHED: 

6 VERBAL OESCRll'TION Of SOIL CONDITIONS: 

SHEET 1 Of --
ns NO 

YU NO 

YES NO 

YES NO 

:YES 1•0 

,i,.., ... , J.. 11"1 J..-1~-tJ J ('/r, 11.,r,,""' ~r... n,/; a, ~"=n• h,.,,rrl 
,J r,rr,, ",,,../ ,..J,..,,..~ ;.Jl'.'.l l:ec:c.d. 

J,,. 1/ 

7. DEWATERING PLAN ATTACHED 

I. GROUND WATER CONDITIONS DESCRll'TION 

7',,. ,,,.,J.,.. ,,-,--,r, t ,,. 11~ 
J 

--· 

9. SITE PREPARATION & ffESTORATION DESCfflPTION 

-

~--•h 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

C CONSTRUCTION METHODS 

l. fffEE AIR Ve 
2 COMPRESSED A!R 

Gcc.i,cd. ':}+CY\d , 1.p. fa i cf.:J-

YES NO 

,,..,..,. / l."'<"rl .... J..,,...,.,, ,r.hl'\1 /. 
V 

SHEET 2 OF 

LENGTH lfTl I '?di/ 9, 7 ti 

1----------------·------------------l Y,C'~ LENGTH IFTI I '709, 9,-,\ 
I PslG MAX 

I 

PslG MIN C I"! 1<',;;i I PslG WTD AVG. 

f-·--------------------•-------------

IG. UNDERPINNING DESCRIPTION 

!!. UTILITIES. DESCRIPTION 

l. DESCRIPTIONS 

TUNNEL EXCAVATION 

~-£;¥c..ncic.. tioc i. iO!> CDU1C'..d c, ,/,h, ,,, c:.l,.:,./A 
I 1,Sr_(j_ i.. ,ltb a ruuc..k. ...... ""'n, 1,. 1t1r , Y, -t.J-. +rr, ·,,., 

LtL-n. bb, c - l:.ir.,. rl ,,,.J.-. ,.;,. I irl-s. r,1-- 11--'"' 

PRIMARY UN!:--;G 

..,./-,.1"1 I >"\t", 

"'INAl LINING 

__ ('(',Ar/(" fc-
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0, MAJOR EQUIPMENT IJTllllEO 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY OATA 

SHEET OF 

I, CUTTING AND EXCAVATING S. OTHER MATERIAL HANOLIIIG EQUI-NT (!IPICll'V, SURFACE TO HUOING 

MAI(£ LINERS (PA£ CASTI 

IIIOOEL OQCRWl'tol 

TYP<. I ROTATtllG Wff(fl I I ose1uut1K ARa I I Oli& .. &ARM I 
ITHUl{lftCtf:Yi ...... A, ••I -,...,_,,, __ 

C08NI.CT£D MORIE ~ft "" J 

NO.USED 

2. SHIElO GROUTING 

OUTSIDE OtA. I If. l•S Fl-. I LENGTH I OHCRflltol 

NO.OF JACIKI I I ~::'~~CE ffONtl T ,-in,,JNO. °" JAC•tNG -•I (' . .. ! £1.· i~J.,.,,,., 
ttORU POWIR IA. JACKING MOTOR f''--•~·,,_10Gl,o(J 01,..,-l 
NO. SHIELDS UIED r--- i O, __ ,, "'· ,. 

l. ■UCKIIIII EQU-IIT (UIIDERGROUIIG, 

TVl'I!, 11MB £,'mco 14ir H..,,d.cr:, COMCRIT£: INVERT iAN(> WALKWAYS) 

COM'IOR: LIHTM ln.l C.-'4CflY ITI OlSCflfffTJO• 

liUCAIII: .. , tAt-ACITY m {' -~-,, ~- ... ,, 1,.., 

•NIIII Ttflf YfNICU H. CDACITI' rrl A. -.i, I,.. ,..~ -l 
C-ATIH (IPfCtfYJ 

4. MUCKING HUll'IIHT UIOEIIGROUHTO SURfACE (OUCRIIU 

:J~L~, ' - I rn ,-:JJJ ..,_ , ... __ I I. 1h ·,-/. &. VENTING, PUMPING. COMl'AE$SION. EQUIPMENT 

" , 
"' ·-,J., , •..• ... l.. -1,,,...J;., _,, Jr.., ,1. •• , ',.J, -- ..... _,._ ouc11,,-,,o. 

1 ,Ml, :l\rk I Q~-. /•A,.,/~• I ,-,,r I, ,<I• J <''SI'\, J..A A,-,,,.(" r•. A.u... h L ~- . '"l:. ·-· Ta• .. ·-·• 

J LJ. ,/' ~-- r I'•-~- I O,.JI'\, 
,,, _ •• o •• L I ,. r ,, ___ "'J 

, 

" " .J 
,1. ,,.I, t'- --

7 OTttER rs,,,.,1y1 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

£ QUANTITIES !NOT INCl. ACCESS SHAFT) 

L TUNNEL llf ■uLTlfl.E.SHOW FOR EACH) 6. INVERT (AND WALKWAY Si. ARCH 9, Al'l'URTEIIANT STRUCTURES 

LENGTH $11, • 10 (l, q (, ~-1.2'1.1 fT DfSCftlPTION QUANTfTY VENT AND FAN SHA.FU 

tNSIOE 11~. /7. l. .. co■c:Rnr: /CTI CGll:ITIIJUCTIUMnNOO· 

CONFIGURATJON C.irc. ...... lar RUAfl {Tom 

NO. CROSS OV£RS. If MULTIPLE .... ··- {U'J 

CAl'llc:ITY .. , 

UJACITT ... 
ii 
I 

::J 

CAPACITY .. , 
I,,., 

I 

CAflACITY .. , 
,,,, ~- I· ::J 

111'\--1''1 7:._, 
J • " 

I. 

SHEET 4 QF 

TOT.Al EXCAVATION CY 1TRUt.SlEH ITOa WIDTH tF11 lftlAIITit FT OIPTll 

TUNNEL i-Rl$$UAE AAHGE .J.1:S 1'$1 - 13.'i;~ 1'$1 

I. &IIOUTIIIG (CY\ 

,R AtTUAl 

HHIND TEW. LINING I I C..3, ~ c.1.1 
CONSOLIDATION (FACEJ 

PAI GROUTING 

J, PRIMARY LINING 

DHCIW'ftOI GUA•t1n 

J· ')Iii. ~4. ....... , ti·""'" ... 

4. FINAL ll■l■G 

TVP£ C" __ , rr ,I-,.-

NCt Lttifl\$ IF PREfA8 OR PRECAST EA 

OUANTiTIU IF CAST ·IN-Pi.AC£ 

OHCIIIPT18fl ou•nn 

COICAETI ICY! 

REINfORttH ,., .... 
FOIWIIIG ($.fJ 

I 

1. MAJOR UNOERl'IIINIIIOS 

OEKR.rlOI AAUtU.l 

TOTAL 

I. AIRLOCK SYSTEM (If USED} 

MAllfLOCKS 
__ _..._ 

IUJllffl 

LEHTff 

Dt•nER 

MtJOLOCk none:. 
IUIIIH 

UIIGTH 
---------

DIAMUUI 

BULi( ttE.t.D OEIIGft 
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WAU THtc-..r• 

U:CAVATID■ l!IUAIITITH 

tDNCIIITI llUAIITITIU 

l'OMPING STATIONS 

CHITRUCTIOI MlfNOO: 

CIWFIIURATtOI 

"'"" 1rnJo.-n• 
UCAV&no• GUQTITIH 

co•c•nt ouMTmH 
OTHER APPURTENANCH IIHCIFY) 

DHCIHfl'l'IOW U:tAY.(CYJ tltlCIIITtlCYI 

(UJ 

(FT) 

lf\'I 

11. SITE PREPARATION I AESTORAJION 

IU> ·-· Tffl -AII.F.I 

!FT): CLEAR& GAUB 

lfTI REMOVAL 

1'$1G RESTOAATIOfll 

fT 

ICY! 

ICY! 

!fTI 

ICY! 



F, TYPICAL CREW SIZE AND UTlUZAT!ON (1 i 

1. CREW- f.le.ad;nQ Crew 
SHlfTSiOAY ,:) HOURS !SHlfT ~ 

WOAKIHG OU:tGHA.tlOll 1ST ~NC 3R> 
SHIFT SHIFT stun 

Q;, ,,,.,I L_l I 

"'J.. -I'+ 11.~~· I 
..Hrodins- ,:,..,..· __ j.:) 

.Hln.c£..:i......_ ',J 1~-11 

>An L, " : c 5_ .... 1-;J 

J.Ja.lk..c:..c:.__ I 

'P,r"L-""'"" I 
A,vr,s.t- ,_ ,-~ ·-..,:. I 

I ,.,h,,.,.-r• ' 
T-- l,"),vl,,,r"' I = A,I~,.. I 

~· 

TOfAl .::t.j<i ~I 

2 CREW-

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY OATA 

::'>urt'1w:. J CREW 

SHIFTS !DAY HOURS I SHIH Sl-lt~SIOAY HOt,ASISfflfT 

WORK onm•ATIOJII 
1ST ,.o , .. 

Sff!FT SHlfT SHIH WOFIK OES1GlitAHOJt 
1ST ,.0 

SHIFT SHIH 

--
······-

,.. 
SHIFT 

!11 NOH CATEGORY or CREWS !H£ADING. SIJPPOiH SURFACE, SHAFT ETC.! REPORT AS: lOGGED 

A OESCRIPTlON 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

B DESIGN tNFOAMATION 

/.:5 001 1, PLAN AND PROFILE ATTACHED 

2 TYPICAL SECTION ORAWlffG ATTACHED· 

J. TEMPORARY LININGS DETAILS ATTACHED'. 

4. PERMANENT LININGSOETAIU ATTACHED: 

41/10 70 5. GEOLOGICAL PROFILE ATTACHED, 

7. DEWATERING ,LA~ ATTACHED· 
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SHEET OF ---
4. CREW -

SHIH$/ DAY HOURS/ SHIFT 

WOfl:KOHH:l!IIIATIH 1ST , .. , .. 
SHIFT SHtrT SPOFT 

SHEET_!_ OF __ 

YES NO 

YES NO 

YU NO 

YES NO 

YU NO 



B. DESIGN INFORMAHON ICONTINUED, 

1, UNDERPIIIIIINC OESCRIPTIOII 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

C. CONSTRUCTION MET HOOS 

1. FRI! AIR: 

?. COMPRESSED AIR: 

PSIG MIN 

l. DESCRIPTIONS 

,__ ____________ ----------•·-·--~~------------1 

1---------------------------------------l 

D. MAJOR EQUIPMENT UTILIZED 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

SHEET 

1. CUTTIIIG ANO UtAVATlllll $. OTHER MATERIAL HANDLING EOUINUT (SPECIFY) SURFACE TO HEADING 

MAKE LIN£FtS (PRE CAST) 

MOOEl 011,tRtPTMII CMACln' 

TVPf: I RDTATIWG WNHL f f OICILLATMIG .... l I OIHIHARII I>< 
0™••-•1rn Hc.'"'d 1---\' n' 11'"\r. 

CONNECTED HOASE POWER tv,-.'- 0, r, · I~ J...I, 
..., 

HO.USE(> 

Z. IIIIElD GROUTl,.G 

OUTStDE OfA. I l'i',r.A' u I LENGTH I DlltRIPTtot CAf'ACITY 

110.0f JAC<S I I :::~s;;rce {TONS! I:!)~ "c-! ~~ - ~ .,.~._.,., flJO I:.~ ... J\,,1,-..r Airic. 
HOAII POWER EA, JACJUNG MOTOR 

NO. StMLDI U$ED I 
3. MUCKIIIG EGU-NT (UHERllROUNDI 

,..,,.., ,._,.,,._••-I '7:11 JJ. 
""" "-- ·~« 

CONCffUE., INVERT IANO WALKWAYS) 

COIIVIYOII· UIITMIJ (PT.) CAPACIT't' rtl Of,CJIIP'ttOI CAPACRY 

IIAUUl:I: IIO. CAPACITY ITI T,, .1, ,u_ ,,.4 • ..1 ,!,,--~..., .. ,..,,. (' • •• ,. L. 1? ---
fl:NIII '1111 VINICU ltO. CMACITV m 
ta.tliTIOII CSPICIFTI 

4. MUCKING £0Ull'lllNT UIIDERGROUIID TO SURFACE IDESCRIIEI 

6. YUTING. PUMPING. COMP"HSION, EOUINENT 

O(SCFl.,,,.IOtl CAPACITV 

Bn4r. l nr ~-~J.;,l"."'-
f:''~,_J A;,,. Hur 11'1" ,-

(',.,...A• ... I A ..L. •• 

l. OTHER ISpodl'f) 
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E QUANTITIES fNOT tNCL. ACCESS SHAFT) 

'· TUNNEL OF MUL TIPU, SHOW FOR EACH) 

ENG TH IS'(.. 7 Fr 

1NSJOE 01oll. If, (. OUTSIDE C:H4, 

CONFIGURATION i2_g•,,,olc. +tock. bON! =, Oi"\ roch 
,.. ~ J..CJ.L.c..1..!). __ -- --

NO. CROSS OVERS, IF MULTIPI.E .;; ... 
TOTAL EXCAVATION CV 

TUNftE:L PRESSUftE RANGE 0 PSI .. , 
l. GROUTING (CYI - m. ACTUAL 

8EHtND TEMP, LINING 

CONSOUOATION (J ACU 

PFIIGFlOuTtNG 

l. P !\!MARY LINING 

OUCRtrTIOI GIJAITITY 

- l .. ~~ r I I' • .,..,....,,_ 

V V 

C. FIIIAl LINING 

TYPE (' A~~r~ +, 
NO. LINERS IF flR£FA8 OR PAE.CAST .. 
QuANTITtl$ IF CAST-IN,h.ACE 

OHCfHPTtQ. OUAITITY 

COICIIIIETI fCY) 

llEIMFOIICIJIG !TOIi$! 

FOMliH !$.F.I 

F. TYPICAL CREW SIZE ANO UTILIZATION l1l 

1. CREW- 2. CRUii-

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY OATA 

I. INVERT (AND WAlkWAYSI.ARCH 

OUCRlfilON lll.lANTITY 

COflllCAET£ tCVI 

IUIAfl fTOflllil 

··- lUI 

STRUC.ST££L (TH$1 

7. MAJOR UNDERPIN .. NGS 

UHCIU1TIO# ARUts,f,t 

TOTAL 

.. AIRLOCK SYSHM (IF USED) 

~N LOCKS "'--... 
IUMHR fEAl 

UNllTtf !FfJ 

OIMHTUt iFfl 

MUOLOCK n!"lf'le 

*UMll:A ll4l 
---

Lfll(iTH jf-fl 
------- ---· 

01•1tHER il'TI 

BULK HEAO DESIGN PSIG 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

CASE HISTORY DATA 

J. CREW-

SHEET-4-0F --

9. APPURTENANT STRUCTURES 

VENT ANO FAN SHAFTS 

CONSTRUCTION METHOD; 

WlDTH ifTI IAUOftt FT DEPT" FT 

*AU. TtUCkN£$$ 

f li:CAVA TIO■ QUAUfTH «:Yi 
CO#tft£TE 011.0TITIH ICYI 

PUMPING STATIONS 

CllNITIUiafOfl MfTMOD· 

COJIFIGUAAliOII 

D£'1N tin I tNMJuut (fl] 

UCAVATIOI QUA.TITIH (CYJ 

COIICR£Tl QUAITITIH 

ontER APPURTENANCES isP[Clf\lJ 

DUCFlll'TtOI UCAV.(CYJ tDflCR£TE (CY I 

10. SITE PREPARATION & ~£STORATION 

DEICfllfTIO• TYPE Aftl:AIS.f.l 

CLf:AR& GAUB 

REMOVAL 

AESTORATtON 

SHEET OF ---
C. CREW-

SHIFTS/ OAY ,:a, HOUAS/SHtFT It' SfflFTI/DAY HOURS ISHlFT SHIFTt/OAY HOU8S I SHIH $Nlft$/OAV tKtUfllflfflFT 

WQIUCIH OESIGHTIOII 
,.., >NO 31>.0 

SMIFl S.llfT SHIFT WORK Of5'GHTtON 
1ST 2 .. lllO 

$iUfT SHIFT Sli!FT WORI( OESfGNATtOlt l$T ... lllO 
.SHIH SHIFT INlfT WORK DESIGNATtolil "' ... lllO 

'"'" 
.. ,,, SlttFT 

i.J.. I 'f-L J .i.. ,. 

I\J. ,..I......,,...:,, I• ... ,.<; •·< 
r"\~rAL-• l • .2 1-.::i J·.:J 

ul ·" I I l 
~ ) I I 
IA:l.~ I I I 

lc:.1.:N,., I I I 
f>,..f':,,_,,.,, ']-1'1. 1- J?, •J-J~ 
le:;.,.-.. .-., ... ,-.. ,. ,. ,. "I' ~-- I 

IT'-A L'\-.-L.,... 
I(' •• ~.,, C"r,,, 

!:"i. ,,..~;"+., • ...1.,,.+ I ' I 

r \..I~-- l I I 

TOTAl 

11 ► NOTE: CATEGOflV Of- CAEW$ IHU,OUiG, SUf"90,-T: SURFACE".SHAFT ETC.I Rf POAT AS LOGGED 
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Appendix A-2 

A record of the weekly average, for each tunnel studied, of the 

• progress rate, 

• down hours and 

• soils encountered. 

All data, including those concluded to be outliers, are listed. These 

data are also available on the punched-card data sets submitted. 
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Appendix A-3 

Rate of advance calculations vs. measured rate for each data set of 

each tunnel. 

The calculation procedure includes the estimate of the learning curve 

exponent, equation (6.1), the intercept, equation (6.2) and their 

substitution in the RoA equation (6.3). 
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CU/oltJLATIYr' 00.ilrl' l-H)URS sea SHl[LO 
•'E(K rl(T COR~LC'tIO~ COPRfCl'IOPII COr-1RfCT10N 

21 Je5t ,ro 1. C4 .76 9 .. 9 J 

2l i.ta?~so 1.rn . ,. 9.9] 

2J i.19,, .sn l • t'l9 • 1b 9.9} 

,. Q]q IC .GD 2.tt, _,. 9.,q 3 

25 1;t12c.,.ov I. 01 • la 9. 9 3 

Appendix A-3. 

(ICAVJTlNC 
f"'UlP~f "'T 
COR'RfCT JO~ 

1 .so 

1 .so 

I .5C 

I .SQ 

1. ~o 

I. 50 

t -~•O 

I. SO 

l .so 

l ,.;;,o 

! • SC 

! ~ !: C 

1.50 

1 .~G 

J • ,;_L 

1 .. ~D 

1 .. ~Q 

l .. so 

I .Sc 

' .. so 

fXCAVAT lNF 
fCIUIPMfNT 
CORJH"Ct IO~ 

! -~ C 

1. so 

! .. ~o 

I~ 1:: O 

1 .so 

Wf£1P5 HOURS 
-- ----~--- ___ .... --- -- -
PH£GIUTION su,ootJOPri 

:rn .. I 5 26.?2 

~ ,.10 ff 2. 31 

1'15 .. ltZ 141.J ff 

61 .1, 61.62 

11 a .. 63 118 .. 17 

6 ~ .. •1; b 3,.4"' 

60. i':i 69. 71 

11 A.?O 111;.:,7 

119.0t 118 .oo 

51!1 • '."b Slo .t'lb 

61 • l 'f 67 • J 3 

n.02 7J.O I 

S 7 • 26 51.?~ 

3u. '.'C H.Jo 

9"i .ni 9~ ,.:,o 

95 .97 9S.I> J 

J er. .. tq lOlt. 1 7 

81. 35 81 • ., .. 

79 ~ ~i 79. ~ I 

9il • ]J 9~,. 3 'l 

19.16 79 .. l 1 

H,.t...l 1t,.~l 

tio. 1S 60 .. 1'4 

2Q.0c. 2~.".}11 

z J .. ze z 3.,1a 

CU MULA TJ V[ HOUl>S 

- -------- ----- --- - -~ -
INHGRUtON su;,,,u Tl ON 

3C + 15 lf> .22 

73 .. zs &P ~ ':· J 

219-07 709'. 6 7 

280 .. RO 211.,?8 

J99 .fl(i ~89 .'lb 

lf62 .Ql 457. 89 

<:,J2 • f.6 c 2? .t,C 

6SO .. A7 6ff'.Jd;7 

H,9,.P7 7~ 0 .. !0 

A2•. 14 Bl!. e :': 

89 I• 2A RilO .Qb 

Qtict. rn QS ~ • c;ip. 

10.zt .t,B )Gl l .Z~ 

J C55 • lil8 1 (il.j :' .54 

11 sn. or l )1'r. 5~ 

l?~f- • ~z 1216 ... s 

13SI .02 l JijC .f2 

1432.3& l<i.? 1. Q(. 

1511. ~fl l !>O l .2 7 

HOfi,.r'll l~9S.S9 

CUMUL.& TJ VE'. HOLRS 

J 6R5 ..J 9 H,7- .. H;, 

1 '161,. 81 1751, J'i1 

2822.~6 lPJ?-13 

1851 .Ml HJl;il.j7 

1874,.87 l 8t>4 ... s 

Rate of Advance Calculations. 
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ACH:H r-!(llll?S. 

- - - -- . -- --
W[fl(S CUllllllLATIVf 

~ .OD 1-i .Q"'I 

:u.co 4:::;. C:"l 

110.:JC Jt,LQC 

ill .00 1 01. cri 

111 • ::J(J 't•J2.Q[ 

56" ::'O ~i:.-1. rn 

Sq. :"IG r.12 .c::i 

91- .1;-::: ':->b .. or 

q4 .DO e::,o. or 

Aii • C:J f flt .tr: 

11.00 "t'hJ • r.r 

<t".l)(l llC.J.:::;;' 

Sc. :10 QCl .or 

11? .~Cl 1 r1 3. "If 

Sb. CU l t1~9, 

s2. '.ir l I'! l. :'1" 

9~ .':ir'I lZHi.C'"' 

l CrJ. :JO l ~""~.CC 

RP.');) 1 <lb4. er 

Oil ,.QC 1 ""P, r;n 

l[lVAl HQ11'<S 

9C:, .oo I tit.,J. CO 

9? • oc 1 7tiS. 00 

83 .Of"; 1 s2s. f'n 

41.00 U69~Gr 

St, .. DO l9ZS,.[O 



~-'/ AAe:a. JU~ID lPANS,l T OISTRlCl 
COitflUC l HUM"'EO JJII003'1 
•L ll,h1liEL - ?ttfH t~ OAJtOILL STlll:Et 

~·"' ,u~r-JiCO, CJUF(Hit,.U 

[XCliVU l'ilG V(£1C:'S HOURS CUMUliTIV[ MOUPS ltTUll HOU~S 
CU"IUl,,IT IV" 00111N HOURS. SOIL SHIELD £QU1PME'fH -- -- ---- -- .. ----- -~ --- ---- -- -- -- -- ---·- ---. __ .., ____ ,_~ .. -----~-

lit[(K f[( T CO~A(CTl0'-1 CORllfCTIOH CORRECTION COPR£CTIOt-1 tNT[GAATIDlrri SUIOU1 lON INTEGRATION SUMIO T [ON w(EKS CUMUU,Tnt 

1n.,(lc I .011 .,s •. ,1 I .,SO 39.?5 :Jtt,.lfS 3q., 2"S 311 •• !; 12 .. 00 12 .. or, 

~:, ~&io 1 .oa , 15 ~.,1 t .!,O '11,.1111 ftQ.90 80.M, 1r;.JS Jjj .oo f,{>. 00 

1 7c,.".'o 1.21 ·" 9 .93 I ,SO 1311.q,.. 132.,2 115,60 2Jl • 7l a.~o 1•2 .. oci 

33c .OC 1.n ,H 9.93 !,SO l2!L.7~ 125 .,s llfJ.110 111.a.2 89.00 .?31.or: 

«;5,r,.oiJ l ,.C2 .13 9.,9 l I .so ua.c,z 128,06 1169.92 'l:t;0.81 11 l,OO 34-. Or! 

.,,.p.sc 1 .eo ,77 9 ,9:S 1.so l2l ,47 121 .. 1"" 597 • ]9 581' ,.11 102.00 lfllb,.0{' 

r 11111.sa 1,01 -11 9.,93 1 .so U0 .. )9 110.,1 111.18 r•~• 11 t 1, .. 00 '>'.>8.0(; 

D':l'"l,00 1.02 _,. ,.,1 1 • 50 81h 1!7 Bit .~ft 862 • 65 852,h •o-oo 1,u .. 00 

• lil& 1.~0 1,01 .,. 9.93 J .r;o !-9•H 5 1h'.'1 92'1,(16 91? •2b b 3. 'JC U'l.OC 

l:l l St c: .SJ 1 .,(fr;; • 7b 9,.93 I .so ll•flS 12 .!r£ 9l4l .. &l 921.i .so 10.00 6?1 • 0(; 

II 169r .JO 1.0b ·76 9.93 I ,SO 18•11b 1,.,1 1013.67 1001.,95 8'& .oo 77!» .. er 

1, 1°7".00 I .07 .,. 9,.93 I .. !to 75 •• s lS .. 6"" 1089, l2 1019 .S9 H,00 A68.GC 

l J 19JC, .oo 1 .. 6& ·" 9.tll 3 l .~ti 1t11.1u ••• 3 .. 11111. u • I 12• ,'+] s,.oo oz7 .co 

l • 19& .,..~c '.',. q9 .,. 9 ., S J .so lS•6? l2• l• l l0,,. 73 llS6.H zs.oo 9SS .. OQ 

n ?I~".~:; 1.21 .79 9.91 1 .su fl('o .. 10 llb,.:,C' l zoi; .. ~,., 12•2,H 66.0::l 1~21.00 

lb .21f9<;;.:JO 1. oz .79 9.,91 I .~O tn••"b 112.12 1""2a .11s l'H~.79 tft4 • 00 11 i"S .rip 

17 2~ 1" .so 1-. 53 ,,. 1h93 J .~o 11:8 .61 •U .. 61 1-.11 .. 111:5 Hl1t .. ttO $6.00 tun .oo 

" 118, "f • C ;'J 1 ,.nq . ,. 9.9:S I .so 82· 31 •2.io 1559. lb 15D6 .. 70 101 • !JO 12'1\2.tlO 

l 9 l:lS"'.00 I .oz ,lb 9 .93 1 .~o lOCi .. 01 1os.,o IM141.78 161 l • 70 911 .oo J 31b.Cf: 

20 J?e 1 .c:i 1.1'.'t, . ,. 9.91 r.so 111,."J ;«1.&l 11!9. s,i;i tt>ftt> ~sc ,s.ao 1411.Cr 

~AT AR~A R•P JO TRA ~SIT OI ~ TRlC l 
CO"IUUCT NU,.P.ER ht OOH 
•L Jt,lt.il((L - 21l , ... TO fUliOtLt $ TR(£ T 
SAS flUtc('l SC O, CtLHl'RNl I 

£llCAYATI•G CUHUli Tl VE H01.,IR"S ACTUAL 1'401JRS 
CU"IULA11Vf 0011N NOUR~ SOIL S~lELO [QUIPP't(NT --- ----- ~- ~· _.., __ ~ --- - =---~~·-~--~---~-

Wf £.M; "UT CORR(CTlON Cl)AAftl ION COPA(C TI 0-N CDIHfCl 10'1\1 lNlEGIUllON SU"tMU ION lNlEGRU JOI\! SUflUUl lOti w££1(S CUPIUlAT IVC 

21 351",00 l .O~ .,. 9..,93 l .!iQ 81.68 A :s.sa 11121.1, 1770.01 ,2.00 I 563,00 

2Z H9~.oo I .03 ·•o •·n I .SO 11s.oo 011.,, 1•1 •• 21 HSS.UO 95 .oo as•.oc 
n ~12"'. 00 1 .oz .,. , .. ,3 l .. so 107 .. 112' 107 ,• I 20ttJ.,b8 1992 .110 10, .. 00 1762.00 

2• 11?a..,..oo 1 .c• . ,. 9.,9l J .~o s2.•e s2.ea 2096 .s6 2011s.2a 103 .oo 1870.0Q 

2S 11391'1".0J I •00 . ,. 9.91 1 .so JS• "1'! 35.18 .7131•3'1 2081.0• 101.00 1971.00 
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'" a;;rt ~AP l 0 P<Ar.;>JT DISTRICT 
C:'.lt.lTfU::f Ni.JJol~[Q: J RQJi; l 
!);,t /QL T iJ "Jt. ~LS 
f:!t QKtl[ Y, C:Allj':0'-~1'. 

£J:CAVJTING 
CJ"'ll!Ll TI v£ ;;ic .. -. "<')UW~ S'1IL ~MHLD HU fOl'!fNT 

i,,([M; q [I CORl?(CTlON ro~~fCT ION CORAtC t l 0~ COl:UH'CT JON 1,,.nr:.runoN SiJ"OUf(O~ 1~TEGR•T ION SU"Hli T J 0.,_ 111U:11.s C!JIIIUl,liT 1V[ 

2".:: □ l. ::J9 ... 1c.n .. ~2 15'.23 91 .99 J5J,23 91 • 99 H,.OO 1t.. er 
9"'. 1:-Q l .D:'.l ... 1(1.77 • .z 19111.(17 l 9S .58 351. 90 2tn.sa l .?'.l. 00 1°6. er: 

fb~.CJ J .1:::: ... 1 o .. 77 -•i UJ .87 1,1 .. n&1 S4 J. 78 '+7fl.t>l 1 p,.oc 31~ .. oo 
;, l ., ~ "J t .n ·'' 10. 77 •• 2 131 .. 75 l 31 .~3 bH .52 t, I 1'•25 ll I .oo 4 ?5 ~ co 

?!>". :'J 1. '!9 ... l 0. 77 ·" l27.CJ2 1 lb ,.9q, 802., c,5 131. l 9 1111.0 □ i; 3q. or 

32!" ■ OJ l •JI . " l O • 11 _., 120 ,.J l l 20•'.JS 922. f.S as 1. 2-. I 19.0G r,c,J!. er; 

!b 1' .~::;. l.'59 ... J 0 .. 17 ·" 1'.B.,41 1 J:3,. ! B 1Ci56.06 99(' .62 8(\~ 00 7 l:J, ■ GC 

lt4 'T -!'.'::i I .C8 ... 10.n ·" 149,.-12 11'49.36' 11os .. r.9 ll3ll.97 1 ui.c:rn Ali6. OC 

1;,£<1.C:J 1.2;:: ... rn~ 11 _., 161 .53 161 .,Iii 6 1367.01 DOJ.41,1 1 2!'1. oc C 1t, • ('. 

11 & 11.. co 1 • ':1 l ... l C .. 71 .. ' 1 sa.19 158 o 75 p:,15.;q l«lt !". l 8 l l" .re 1 c;;;i.. ::r 

11 11 ..... "':l 1.: 3 ·" l G,. 77 ,.9,t 11 l ,.<r:P 17!•53 lf.97.39 lf3).]J 111.0:-i 1 '..'"JS .er 

12 171."'J l .12 . '. l :J. 71 ·" 1 D l. 58 10 i ·" 1 1198. '91 1133.29 1" • C:.i 1 2 ~ 3. C':" 

,, "b "'.'."'J l • S l .,, 1:1.11 ·"' l lj.2 .. ti. 152'.ll l Q~ I .. 10 HI:! Ii .tiO 11 7 • DO 1 uro. 

l• e11u.::-::i 1 • 71; .,, 10 .. 7 7 .. , l Jt, ~ 96 1 .H, .9!1 2oep.N, 202:". 35 11 LOO 1 ': l 3. c:; 

l' 1::1•.:1:: 1.11; .,c JC. 11 ·" 11 P. 1 A 11 A .. J 1 2'206 • ?i. 2l<tr.,S2 '9'9 .oa 1612.CC 

lb 1:11". ~o l,11 • At' l O. 77 .n 117,97 117 096 2 12 .. • ?l 215 !! ... 7 11 '1.(,Q 171'L:::Jr ,, !1:i"'. " l,'.:;2 • •r 10.77 ·" 82 ,Ob a2. 16' 240f..?7 ni.c.sJ 4-'4 .oo 1.i,?~. en ,, 112•.::-:J l • JC • !IC l 0.17 .. , 9 J ~? I', 9.Y. ~ ~ 2'11~9 ~ "'5 2'13~ .-19 IH,.QQ l c ll • 

1, pr•.-:;:..: l .'JC -•□ 10 ~ 17 ·" 99 .4& 9,:-, ,1/b i'599.01 l"-311. 64 l (Cl. JO 20111 .O::) 

20 IH 11 •:?'.J 1.:>:::: • qr, lG .11 • e 2 ! 21. 35 i:n.1i.. 27Zt;,.3$ 2661.98 119~1;::' ? 1 I!:,('. C': 

"" • i,/~. IHP';:) TPA/1.Sll rsr1nc1 
C ~-- t :>A[f '-ii.JM.fH.::- ! "'.JC~ J 
r.R /Rl T J"-''<f: L ~ 
&E 0 ttEU:r. C AU r OJ:~ Iii 

[XCAYHPIG lllf[ Ii<' S .HOUR!! CUl"IUlA l I YE MOUAS ACTUH HOURS 
(ll"llll •Ti ~f oc--. HOUR~ SOIL ~HI (l :J UlUIPJllll(Pd -~ - -- -- -~-- - ~ -=-=- - - - ·-~~--~--~ -~---- -- ---

.. u:~ "'lfl COl!RECflO-, ca..:rnc r I l'lt, CORQE Cf I 0~ C.OQHCT lOt-. 11\HGRlTJON s.u1011H IO!til IlrilH6RHlO-. SUMIU f lON iHEMS CU"'Ulil JV( 

21 lf•~"~ao l • GO • li!O HJ.. 11 .. , 126.~t' 12'!!. ,9 l 2'1~1. 77 21e.i .~t l l 9,00 2279,.('0 

" 14 711 .-co 1 • DO • 90 10.11 .. , 22. I 0 22.JO Z87S• H 2A1 l •00 120.00 2' 3e9. 00 

2J 1~ 7;;.00 l ,00 . •o l Q .. l l • &2 1. )5 7. lS 2U1. 72 a,e.3, 120.00 2~19.CO 

,. 159111 .::c 1.,01 ... 10 .11 .. , 121.115 127 .,. 3010. 58 291116. 19 l U,.00 16~4.00 

2< lb7"'.~J- l,r!t ... IQ .. 11 _., 18 .. 10 16 .1 0 3081L68 3C2'- .-29 7A ,00 2 712.00 

26 1 Pl,.,, OiJ i .. ro ... l O .11 • ,2 Jll?.29 1io2.,ll!! 323n.91 Hbf> .. 57 119 .oo ZlPJ.00 

27 i 9!i 1' • :;;::, l .. '72' ... 10.11 .. , 137.fl7 l l7 ., 7 H68.'4t. BOlil.OJ 112'.00 29'43 .oo 

,, l"."S t:,. OD 1 .'.;b ... Hl-17 .. !!' 2 121.,n l 2 I.~ 6 Jq90.ll 3f42C: .'ilr JQJ.00 3r,.6 .. ro 

29 219?.00 1.:n ... 1 c.11 .. , l] 7., lb 117 .. H, 3'62A .,07 35b '! .bS 118.00 JI t,'4 • O'.) 

30 71' 2'~.oo l .r:; ... 10+ 11 ·" 128.J"O 126 .".iO 3756,. 08 369 t .. tiS 112 .oo 321b.CQ 

31 2HIII.OC 1.1111 .66 10 • 71 ·" 52 .i.s 52 .• 5 p,011..!;-3 n .. 11.10 bQ,00 ni.s.oo 

l? Zttti. ?• rio l • '.31 ,.9C 10.11 .02 12 3. 7 3 12 3. 13 39]21. 2b 386 7 .83 111.00 3'462 .00 

!3 2541- .[ □ l .nz • •o l D.11 .,2 110 .S8 110.5' 1401.12' • .113 397e,.,o 1 Hi .oo 3i::,1e.oo 

,. Z~5"'.CO 1. nc .•o Io. 17 •• 2 Ill.IS 1n.15 ~1115.99 '4J lL55 l I 0 .:::io Jb 0 7.C0 

35 271i,-.0c l .. 00 • •o 10.n •• z 121 • lit 121 .. 7 '5 1.1297. 72 it2 l 3. 29 12':J.OO 1' ~ 11 .. 00 

3b 281 "'• :)0 la!l •• 0 l D • 17 •• 2 l 05. l 7 !OS. l 1 002.89 11,33s .i.is 77. '.JO HiQ&i,.QO 

37 21'!! e.oo l .01 .•o 10 • 77 ·"' 9&.11 98 .2 1 li~Dl.tb ,\l/4J6 dl 11 B .. DO ~a 1z. o:J 

3P 290 :, .. GO 1,.nc •• o 10. 77 •• z ie.i.9 18 .. 69' qSJ9.R6 14~St:. .i.2 120.00 il1'32.00 
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... ..... ~. J.iPlO TRA!iS?T OJ Slit IC l 
CO-,. J lliCT lill.,,flE:~ lSCCll .. tJN~[l , .. ruNr1sco, CALJFOIHri1li 

(XCAYATllillG vcc•• s HOURS CU"'Oll Tl VE HOUIH lCTUH HOUR'S 
CU"UILiTIV! 0011iN HOURS SOIL SHHLD EOUil'M[ ~ T -------------- -- -- - -- =- == == ==~= ==::::: === === = --- - ---- -- - -- - - --

•t:O, J"[fl Cl"'RQ(CT to•, COAR£Cfl<'flf COiUf[Cl I?N CUARCCTJO~ JkT(GfUTJON SUflitkJf IC .. lHT[GRll ro-. SUf'INI l lCN WE(KS cu»uunvc 

"7.,it l 1.01 • 7 ! 9oll l .09 77 .. ,. Ob.Jl 71.9A && • 12 blw'l8 bl• 0~ 

19fl. 73 I ,01 • 7S ,.11 I ,09 128.0li t 2-. .2'.l 20• ,C2 I 90 • 32 1111. e~ 1 ?7.92 

ltJ.'.' .. 07 l ,Ol .n. ,.11 2 .,419 11119.(19 J 1118.) l 5SS.ll JJR.142 112.16 ;n~o. b@. 

stif. .as J..01 • 7b 9. l l 1 •• , lSS.t:\l l SS.,Z7 ~1c. tl 119 ! .69 lP: .• S9 •r.b. 21 

b9~.U I ,07 . ,.~ 9,11 I +bl 102,73 lOLH Ul.&b !;9&. JS 99 .. qq c-;os .. 11 

,e•.~t. 1.ca .n 9 • 11 J •• 9 121. 71 121.,e 111.:n 719,.'H 99. 37 &fJS, ♦ fjll, 

7 1111.,;J l •0! . ,, 9.11 J .tt9 1 JS .. '.f& 1 !S.:?1t 8'11.1- JISi!i • l 1 to;>.H J'l"'7.otli 

lJS",.U I .Dl • 75 9. 1J l •* 9 132 .aa lH.10 I00•,82 1Ni-, .. l7 10-' ._q[j ~ l !>" 1111 

lliU"'.,2'1 I .oo • 7 J 9.11 I .,49 55 .';9 SSwS9 IObO.,al 10142. H, IU.&b 9!tt .sr. 

lO 1,) "._lt9 IO ll • l'~ ••ll t .,f.J !2.~q '.!2.69 11193 .11 1c1c; .i.s 97.,f:,2 JrH,P 

ll HS".,aa, 1 .:lz • 75 ••ll I •6 3 Jft .. ~- Jtl .. s- 1127 .. 65 lJCQ .99 l!H.9!> 11't. .. C7 

... .1!;,(l JUPlO fOi ... ~l T OIS"i,,,JCT 
CO"flOltf HU"P(P nOOll 
TL liJNJ.IU ... r~•'l'"JSCO, CHIFOR"ilA 

£XCAYU !IIIG w(E:titt'S HOURS CU"'iJLA 11 V( HOUP~ ACTUAL HOURS 
cv-.1 1LH 1vr oo-~· +.!OUffS SOil SHIELD EQUJD~£t,;t -----------------WM-- - ---- --- ---- --- -- --- - ---~-------------

WEEK r((T CORRECT ION COPQ£(1 l0N CORRECTION CORRECllDN P~fEGRITlON SUllflMUlON: 1 ~H.6Rll IO,.,_ ~u111,u,10"- V(EllS CUM UL ll lVf 

illll+ lb 1.C;l ,77 •-s• ·"' 11 .. 71 b2,2 J 11 .. 7J b2.2l 91.85 97 • 8S 

t }"9".3'1 l ,.""J _,. ,,. !t,q , 82 90 • II& ••••• 162.17 u1.10 HZ,.&7 210 .. S1 

n°.t.l 1 .. !1::J .8 I 9 .59 ,82 12'9 .. Jb lZ8,l 0 2';11.'53 27Q.19 lJff ,.§9 ns,11 

ttbo.,. .S , .co • 7S 9 .~9 t •• 9 I 10.18 169 .. 7 J ll61,. 7) '"'•P .. 92 • !.00 111u.11 

62"•31 1.!11 . ,. 9,. 5,9 t +II~ l "JZ.fl~ 1 s2 .. •a hJ/4.,I 1,,01.12 93.58 '5JJ ,.1,9 

82h68 1 +!lZ • 76 9 .. !t~ J .119 11,.aa I 78.&7 193.1' 111:, .. <i9 I l I. 70 613 .. H' 

7 1:isci.., .. 1.n1 ·" <;i,.'5q l .iat 191 .. 68 l 91 .. 51 981A • "~ 97 l .so 102 .S9 125.98 

• 128 1.111 I .,J .7S 9,.59 l .,qq U:J,.111 Ul.]l l U.6 .19 llS>t'.fH 101>. ]0 l"Jl • C* 

• 11151.H, 1 .~., • 71 9,.~ 9 t .. fJ I! '-•2ti 1 l8 .l 1 1304 ·"II 1a1.oz 9.? .. 2'1 92J,. l1 

10 l~lf,,.29 J .. ~c ·" 9.59 t .'t9 11:&.-.1 ftf) .117 13§1 .01 1331.,119 116.SC 1019.82 

ll 1ss 1 .. 29 I .::'.IJ ,75 9 .s, l .'49 q,3.•q 113.5 l l l911.s2 1Js 1 .. c;:; 7~.,66 n1s.u. 

P.l V 18£,l RAPIO TrUIIISJT CJSTO!CT 
COt.iJIUtT frrlUN8(~ ISOOII .. Tu:.,·;:t 

SA• ru H'ISCO, CAL IFORNU 

EXCi¥ll1~6 WEE t11 • S MDURS CUfl'UlA TIVE WOU«>S-
CU"lllll l JYE OOwN MOU!tS SOIL S!otl[LO· [QIJJP,t[ IIIT 

~ ... - - - ¥ - - -- - - - - - --- - - -
_..., ___ -- - .. - -- - - - - - ==:::: 

•££:K r[£ l CORR( Clt ON CD!fRECTION CO ARC CT lON CORR!'CT lOM INTEGRAUON SU"MUJON INT£6RJT lOt.i SU,-NA l I DN W££KS CUMULl"fl\lC 

illi;;'."0 1.11 .~3 9 .S9 I ,.09 83.56 73.:,1 83.S& 73.C:2 ss .. -.2 l"iS. 42 

u~.10 I .oo .83 9.59 I ,.Q9 111.11 11s.n :?01. lb 188 +Olt 11;;.oe ua.sri 

21 ~-&l l .OJ ·"' ,.!19 .. ,,.., 38,. Iii l6 .111 219,. Sil 220. l 8 .... 24 212 • .,.._ 

3ze: • Ol I .,r111 .. '! :! 9.59 1 .419 l ltt ,.96 1111.6~ :!Sff.50 311c .e• 111.11 2'9"'1,. 57 

tiac,9 l 1 .01 ... 9.59 J .. fl9 ISl-06 1 so.be isa~ .. 5fi ,.91.,1 11 J.oe 410.ht; 

6S.ll-,. 7S 1.:n .~c 9,59 l ,.ti9 130. lff 12'9 ••• bJ!.10 bZl .~D 108 .. 81 stq.-.6 

e 3°. 12 1.0- .79 9.59 1.-.9 t Jll,.f!C 1 lit .. 6- 7 771"".'50 756 .11 I QO., "3 ~2'0,. 21" 
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Total downtime hours for each data set of each tunnel are calculated 

from equation (6.4). 
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~.,. ).Q!A RAP 10 1QUo$IT DI~HICT 
c::>;.tR.CT NUM6( Et 1 ~Q':J:11 ,. 'fU\"I( l , .. f ij.l'li!'"I~Cfl, ClL lfCRHl 4 

t:!U JPflli[lolT / CJlCUlAHO ACl'IJill 

C:J"ll'llT ivr SO ll "l ST AtfCf DOWN HOUPS C'OWl'i HOVl.»S. 

w[fl( ~err CrRt::(CllO".' COR~(Cl IO._ 1,,('(K 'S. CUIJliUl.AtlVE wn11.:•s CU•ULI. T IVE 

4 7. 1.1 3 i. • l 7 {li9._']I., 

lii!,l'l 2.2'1 1:<~.11 .. 

lti,? •"7 2.21 JC. 1 L' 

c:t t.. 11.s 2. ~ I zo. )1' 

"~ b ~ r1o1 J.~Q 1r,.q9 

'Of!• Qb 4.74 27..\0 

1l H .;•3 2d'l n,.11' 

ll~3.~8 2 .z 1 1'5 • Si. 

14& !'. i' I ~ alf"i 23.17 

" l"' l"'. 11.-, 1.ai. 1 r • l ~ 

l1 PSO. ti!! 1. aq J 4 .~s 

FH .lP!:A JilPlU 'JQANS,l l OlSHiJC l 
i:'l)"l!f'HCI NLIMB£.t:1 1 sro J 1 
fl tu ~-.t l 
s .. r1,,1-.r1 SCl'J, Cl,Llf~~•q,t 

E ,u IP"'Ef\lT / 
(J-. 11l l TIV!'" !.O 1L £'! 1 ST llflt("[ 

Iii([ I( q:n CORl?£CT i Ofr\l CORR[Cll'111i1 

!fli. 7b 1 .a, I 2,8C 

1 J7. lil 3.61 l.?• 75 

'lU9 .6J Z .. 21 12.<-q 

tlt,9. '-IJ ? • 21 b .. 1 l 

"29.]1 2 • ~ 1 b. 1 7 

az&. o-, 2., ~ l '5 .~b 

1 t'151f .::.ii!: 2 .2 i 5 .6 7 

l""''·J.i.,) l • ~-: c;.:s-. 

1 i.is 1. ?ti 3.t)1 lf .. 69 

11 1 f' lb• ;'><,1 7., 8'1 7. 29 

II l "SJ .,,?i, 1 o8Y 7.16 

t-•v .iR!& JUPlO 1;:atro1stT OtST~JCl 
CQ).ltlUCf ~UMP(il' UC:lU 
;-,f; lU~'I( L 
Sl'I FRl'iltHCO, CJL lfOR ... U 

l • . •• 16. 96 

'7. 61 44. 6.l 

10. 70 55. J 3 

14. 48 69. 82 

18, 74 88, 56 

24. 12 112. 68 

1 2. 62 125-. 30 

lJ.. 36 137, 66 

10. 96 148. 62 

6. 0) l 54 .. , 
3. 98 158 ., 

CAlCULlHIJ 
OOliilll M-OURS 

•f£K • !, CUllll:UlAflV( 

za.:n ,o.n 

)t.5J 3~.9C 

21 .. $6. bl .q, 1 

10 ,Ob 71.53 

11 .. lfl 82.6 7 

l J .2!! 95 ,9!'> 

t.?.a2 10R. 7b 

l 5. !if 12'tt • 111 

13.19 1 l 7 ~ SJ 

\b .. 8] lStt. l~ 

•• 9J 1&1.n 

lCUIP-"Ell:'fl CALCULAHO 
C.Uloll'llf!IIF S':'ll ['I SUt,,C( OQ1tt.i HOURS 

al([ M "( ( l CORPECTI0111 (ORR(Cfl(l,; 111£!1<•$ t1Jti11ULAll¥E 

'-12 .. 1:,.0 2 .21 u.tn e .. o- 6 .O'I 

!f>S • J;J J" l ~ u.qz :u .. !10 41, "" 

CJ2, &3 2 .. 21 lfli,. 7tt & • Bl 5C. 7 l 

~zc. ,ru 3,?l ti.ff .. 1 o.ss t- l -Zh 

•a,;,. QJ 1.;n b• 11 u.u 7& .. 14-'f 

-.5-.,. 75 s. ~- f,.1!, Z'4 .sa 101.02 

11139 • ~2 ,.17 S,'ltf 20.bO 12 l .6< 

l""JJ.61 2.21 S .. 68 10.ei& 112 .. •a 

l 7lb., 3• 2,2b 5,39 11.2. 1,.1.111, 

l J 1'115 .. 75 2 .. 21 s. 11 9.11 I SZ.RS 

11 p:52.94,1 2.21 •• 2 .. s.n 15~.63 
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}.(!~ 1 .oo 

3. Slli ".se 

3 • ff(" 1.96 

J.14 l l • 72 

1P. !l' ~:'.I .l 1 

}E,.,413 It& .10 

l 2. 9~ '59 1b 2 

10 .. 1 c, f,q .BJ 

.oc "' .R l 

1 ~. 1~ 85 .06-

l • 1 l •&.2 J 

&ClUJ.l 
OOWff tlOUPS· 

v££t1;'S. cu•ut• l nE 

11,.flO il .. lf-0 

"• e :! J 1 .. 23 

I .91 l3.Jtt 

1.00 ltt-14+ 

t. ,~ 1 S .. e.~ 

t,,.6F 22 • 11 

Iic.•n :!ld:,8 

}'.(.,Cf(: ~1 •Otl 

lt..Ct 77 • l" 

1 .. or 18 • l" 

:.,,.q;> ~ l •Ot. 

IC TU Al 
0(111tt. HOUPS 

'Wf('IPS CUfllUll.TIVC 

21. tt3 

1, J 7 

1 .. 5isq 

l:'.l.tl 

'i,61 

q.11 

1 ct .. cc 

21.6q 

..2 

.oo 

12. 50 

~I. 7Q 

bS. 10 

·- .1, 
94 .91 

9-'f .. al 

107.ll 



HT UtA RAPID fllMSU DUTRICf 
CONTUCI MUNIER 1$0011 
SL IUN•EL 
SAN JRlMClStO, CALIFO•NIA 

UUJl'IIUTI C&LCULlT£D ACTUAL 
CUftULATIVC SOIL O!SUNCC OOIIN HOURS DOIIM HOURS 

WECt< F(Cf CORAECTIOM C0fttttJON IIE[K•S CUNULATIYE VEEK•S Cll"ULI TJ WC 

29.,S 2.21 u•.12 2.02 2.02 .00 .oo 
10•.sJ 1 ••• 11• .. ttl 19.13 21.lS • 50 .so 

20,.0 , .. , 113.6'0 23.83 44,98 6. 75 ,.25 

JU.ts , ... 112.n 27. 70 n.u 3.50 10.15 

!16.93 1.,. 111.03 13. 98 H.66 8.00 11.15 

• 525. 13 , ... 109.39 31.89 ll8.S5 a. 75 n.so 

6Jf.,zJ z.21 101.01 7 .12 125.67 9.41 36.91 

79 ... 72 2.11 1011.1, 9. 63 135. 30 5. 75 •2-0 

• 01.u 2.21 101.15 3.28 138. 58 4.00 '6.H 

10 981.25 2.21 ,,.s. 7 ,57 lU.15 25. 42 12.aa 

11 111•.o• r.1• 96.25 27 .24 173, 40 22.08 ..... 
12 12,s.n 2.21 •2.20 9, 72 183 .12 6.41 100.57 

13 1,s1.a• z.21 1:n.,1 12.50 195.62 28.89 129.116 

1• 1565.)t 2.21 ••• 11 S. JO 200, 93 S. 33 H•.n 

BAY &REA "'PIO TRANSIT DUTUCT 
CONTRACT NUNBER ISDDSIA 
SL TUNN(l - N&R•£T SfAE£T 
SAN F'RANtlSCOt tALJFOIINll 

£0UIPN[NT/ CALCULATED ACTUAl 
CUMULATIVE SOIL DISTANCE DOtOt HOUJtS OOVN HOURS 

W[[IC Ft[T COHtcrtON COIIR[CftON 11[£1 • S CU"'ULITIYE vrr11 •s CUfll!ULi. U:V( 

as.oo 2.as ua.sl 5.18 5.18 3 .67 l .67 

2 152.SO 3.23 Ut.95 7. 55 12. 7J 17. 78 21.•s 
220.00 2.51 J2'9 .. J6 5.81 18.54 17 .14 :U.59 

210.00 2,21 121.2, 4.52 23.06 3. 58 ,z.11 
350.00 2.21 u:1.21 s. 23 28.29 2.08 ,,.2s 

6 •s1. 10 2,51 125,71 8 .98 37. 27 10 .1., , .. .. ,z 
SU,70 2.21 123.56 7 .80 45.07 6. 32 ,o. 711 

u,.,a 2.21 120.95 8.87 53. 94 ll.68 1z,.,12 

• 729.70 2.21 11•-·· 2. 79 56. 74 7 .01 19,.,4.l 

FAT lQf,l IUPID f~A~$Jf 
C0'41PA~T Nt)P'!fl:£.P lSCGS!' 
SQ tv.,.~tt - •.tP;(:ff ST,;Etf 
~- .. f"~A.._rIS.CO I CAL IfORI.II.t 

[CUJP"E'tl/ CALCULATED ACTUAL CUl-40Ll THE Stll DI STJN:C[ oow~ J<1ou,s OOWN HOUAS ._E t11: t"E[ f C()R~£(Tl0~ COP't[CTHU,i 111([1(• $ CUMIJLH lVE W[(W '$ CIJ'4Ull t fYt 

21. ~6' 3 .6 7 31~. 7 3 7.03 7 .OJ .oo .oo 
t;',1 • 9b i..11 :!18.RS Z3. 89 )O. 92 7. Sr 1.so 

l J7., Q6 •.i 2 ll? • Sb 21.96 52. 08 10. 3~ 17-83 

190.?~ 2. 21 73 .oz 2-26 ss. ~4 2.33 20.u, 

.,.,.., .. \!6 s.:HI. n.sc 9. 06 64, 20 9.J~ 29.JI 

"Bit• 96 'I• 11 7l .6tt S, 55 72. 75 11.2• 46 .S9 

t:t77 .,4b 2 .. 21 10.~, 3.8:l 76 58 s.1+2 r.2 .. o J 

St,tt. r.;1., : ,21 t>" .s.-i J. 5 7 80 .15 1.341 S9.35a 

"'8] ,.h6 J.2:, 6t' .. 214 7 .19 87. 34 9.J 7 bf'~ r,2 

IO 1Q9 .. ~6 3.ZJ b 7,.25, 1,)0 88. 65 J 1 .1~ 80 .2 7 
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UPO[g <.AL t CPEEK I! 
COt.., H?AC T tiUl'l~EP t>&~l.ic-.,-2!) 

CH JC •ur,. lll ]NO J t; 

l 0U lP"'E N t / CAlCUlA HO iClUll 

CUliflllAtJVf S"Il !'llSTUtCf Or.ilN HOURS [Hllilk HOUAsS 

liiEEK f:'EEl CORQ(CTJO",! CORRECTION WEOP~ CUl'!ULAllVE W[[tf;*$ CUtotULl fl V!: 

24 • OD lO•IH, ff .. zt- ct +81 lf.81 a.oc g ,.ao 

3£ .ea 9. 46 It .25 2 .5'+ 7 .. 3!t ~e.'.H'I 30+00 

uc.co 9.1tf) Jt,.2,,. l'b+b2 23,97 6.0~ 11,1.00 

no.no 3-511 ft •2 l s .... 2,.,u 214.00 ••• oo 

... l" • ro J,.~P 4 .. 1 ~ .21 2,.68 5.'JO 11 .. oo 

" -:- ... 1.tio I 2 • 82 l,i.,,)8 &.H, 3ft ... ,. H,00 H'1 .. 0C 

'-S,00 2-65 ... J 7 ).lit :57.58 12.ne l 19.,CO 

'?Bit .. ~O 2,6!i ... u, .9 • 38.Sl A+Ofl 121.00 

• ""S~ .t"O 2. 99 u .. I ft ff .12 lt2 .. 6f. LG.DD )41 .vo 

l 0 it 10 .. co 1.sa q .it 3,.~fi lib.C!-9 21 .. or us.co 

ll r90 .. ro J. 58 ti .03 11. 70 S, 7 .. 79 a .. no t 1b.OO 

17 "'Ot>. ro 3 • 511, ,. Q( 7,311 tC,. t 3 2 ". ')r 1cs- .:JO 

l > t=l8 +CO J -~8 ~ • B 7 8 .)q n.21 ie,JO 211 .. oo 

1• l r9:11., CO l,t>l 3 .. ~ 5 1 S .2, u.s2 1i. ori 229,.JO 

l' l "'62,. CU Z..6~ 3+1tC 10 .b6 99,.l& 12.~o 241 .oo 

lb l ta6b. 00 l. 31!, 3w22 S..10 H'!lt .. 21' 21.sc 268 .5(1 

!T l c IC'• 00 z9,. 37 1.tlf 18 ,31 122 .se z~ .. sr: 2q,e .. oo 

H 1 c,:;n,. ~o 11-6~ l.ll t,.,c;s J 28.66 •• ori J02 .oo 

19 J ~86.0;'J 9,. 7g ~-08 1.~t. 13ti, .. 2'6- F<. 50 110 .sc 

20 HbA.CO 1z .. ,n h!)l 13,.i1 150+ 1 l u.oe: 32'] .!,0 

UPPER' Sil T C~£t11 II 
COl!IHUCT HU"f.1£'1 68-~ □fJ-,?~ 

CM IC-.1.;C', llLtHf't< 

EOUJPl'tff'ill/ UlCULAHO ACTUAL 
CIJ"l(IL At Jy( SOll PHJat,C[ OOWN MOU~S OOWN HOUAS 

W[,(I\ rur CORP[CTJOlil CORA£CTION Wf (M'S CUMUlATJVC Wf[,i; •5, Cufl'uL• TlY[ 

21 l "21. 00 ,. 11 1.90 10.21 160.110 11.sr J!S.i,HJ 

22 zro.?.:JO 3.17 z. 74 7 +06 161.,iu, 11.00 JIIIJ.00 

z, 2"7f • r.J 1:2 • 7~ 2 .. 1,3 11,03 17$,.Al:9 1•.00 362,00 

,. l""l9,. fiJ 10.10 2 • SJ 19 ,! 1 197 .. 66 1 .. 00 360,00 

" 2 ,111 .. PO 10.2e. 2 .. 115, 3 +96 201 •• , zs.oo 394t .oo 

,. 2"3~.C'O 9 .. 4~ 2.11 J ,.s, zoe. u 21 .oo li)S .oo 

Z1 zc 1,. £'10 'i+ll:f> :-.:u l 7 .2ti 225 .... 16.00 ,n .oo 

2' 1 •33 .. ('10 1 .. e.1 2 .. 1• 2" .2e 2'1t9. 72 s.oo \:!6.00 

2• J"ltl. ~Q J. 56 
) -~· 6.b-. ZS6 .. J6 u.oo Jtt17 .oo 

,o ]"lt~ .. !}0 l•b3 1 .fl!~ •• 7fl ?t3.10 ! 1.00 tt!,e, .oo 

31 l <25. 'O 12. 5'1 1,. 1l 21.02 11Jo.12 1 :t.oo .11.00 

32 1•s.,. oo ,. ss 1 .. b5 tt + 32 :?t- .-- 1,.00 .. ,o .oo 

3l ~ .. 2~.00 l .. bll l ,.iliit 1.i; lOI .56 .oo ~•o .oo 

l• fffl4S., OD .. ..,f}j! 1.57 1 .. ,2 3o9.U 1, .. 00 506 +OCi 

" q1z1:. .. ro 10 .t S 1.c;9 20, ,s 329 ,.S3 t. .. co 512.00 

,,. 'I •77.., ('0, 9.,'I I 1 .. 6? JO.llt4i' l•0.02 lft .. ~fl s, •• so 

H ; 111 .. ::rn 2 .b5 t.70 6 .011 3fffh11 11 .. 00 537 .!,,0 

3" s•s1.ro , •• s 1 .. 1ui 6>. 1-. 352.65 13.00 550 ,50 

39 ~Pat.OD Z .. 6S 2 • l 7 10 .. Jft 36l .. U s .. oo ~s~.~o .- 6 lb?. r:o 9,.iot; 2 *66 ,, •• s l9S+641 ttt.5C 572,00 
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uPP£Q SJ.LI cocri-: • l 
co,TPHT ~UPH~(P t,S-.ttJlil-ZS. 
Cffl CAY~, HLINOlS 

(OvlP~t~T/ CALCULI. Tf D ACTUAL 
CU" 11 LA I l'Wf SCH 01 sur-.cc 00\fP<I HOUR$ 00_.N f,H)IJRS 

ti[[!( re[ T COIUl[C no-. COl?RfCTJO~ tll(E;. 's CUt1UlATIV£ WEEK'S CU.,UlATlVE. 

•1 6 "11sS. "O i +Zl ].)1 23.37 -.1 o;.o 1 19. ac ~0 1 ~oo 
., 6fl'45.00 f .21 3.~b 14 .. 11 ijJJ. 77 20 .. or, 611.00 

,i &1193.00 9.11 :3. SI 7 .. 58 itJC l .,35 n.ov 6 3, .. 00 

•• tit l q• re 9 .1ij. 3.q14 • • 52 -.,s.e 1 21.oc b61 .ao 

•5 b':t.5 .. 00 ••ll -. .oe 1, 78 •5l.H 20.00 ••i.oo 

•• ~66'3 .. co l';.2J q • 38 11.81 1n1.11b l ~ .. or. 696 .oo 

., &:t:2~. l.lO 9 .. 21 5 .. oz :n.1s SOS, ZI 12.00 708 • 00 

-a lr"1.5 .. l10 2 -~ 7 6+Ht 18.lc 523 ,SI •• co 71 q • 00 

UPP( P SALT CR£E'I( ., 
co,10,rt NIJfllA(R f.8-~!'.'5-2S 
CH f CAG" t lll l~Ot~ 

U~U1P•['tT / CllCVlAT£0 AC 1Ull. 
CJIHILATJH SOIL OJ ST AN('( oow-. HOUlit~ oow~ MOVPS 

■ £!:Ill: ru·1 cc1n:iccno~ CO~PFClllH<t wt£;,: •s CU"'ULATl~t !il([M •:s, CU•ULATIH 

oib,. !"O 2 .os . l! .11 .17 .oc .oo 
ti,q,.!:'J 2 ,b5 • 31 .oe .25 .. oo .oo 

112 .. uo 2 ,.1.15 .!J .H •• l 1,.or u.oo 

~ss .. oo 2 .t;r .., .i.o 11.lb I 1. 19 c; .. oo ?1,00 

0 b! .. ro l .. 8 I i. • 1 2 30. H , l .t& -. .. 00 1,.ao 

11 n. re 2 .. 65 ~ .. 78 7.,H, 419. 12 2b .. OC ~s .oo 

l f-71 .,;:io 16..tl,j 3o'I.? 1J6 • '42 us.s-. 26.or 8J .OO 

1 •sq.no lil,..f,f.; 3.03 l 3 ,.@,t, 19t ... o 2,.00 109 .co 

;? 1fi11s .ro l, 73 2.69 H, • .lti 215, 76 11 .. 00 126 .oo 
10 J'"'ca, .. oo 2 .. 55 l .. 7~ 16.0fl 2J 1.ao '> .. :Jr u~.oo 

11 3110.ro l. S7 2.~2 l ,.'49 233 .29 1 3.!'!I" }fl!A .00 

I Z Jf.&C .. r:i 1 • 57 1.,H, 1.S2' 2110.u S • 00 l ~3 .oo 

ll '4"91.,CO 2 .,o J.71 t.ia 2'49 .. 9t 17 .. co I JC .. CO 

I• 1HClii.f'O 2 .. t,S l. 6b J0.17 .?t>C!.U• ,.cc J7F-.OG 

" 1407z, .CiJ 11.10 1., 12 J3.J'- 293.50 1 s .or lfl'! .oo 

,, 5. 1 1 t. co 9 .Iii~ 1 .. 0 ", ,. , 93 32C."42 1c. or 2'0J .. JO 
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L!PP[ ~ ~•t. T CP(tK " CO'il'UCT "'UMP£~ b&-'t0ti-2S 
CMfCU,'.':t Ill l ~111 .I> 

E.QU}Ptt(WT/ Cl1..CUL•T£t ACTUAL 
CU.,.PLI T lYf \OH 01 SliNC( f'Olf~ HOU PS :,o":N HOUQ'S 

aE(i., rut CCRP£CllON COPRECTlO"- 11,[(M' S CUMUlAllV( WHk 11
~ CUMULiT1VE 

lC .. 00 2 .. 6r, ·" .o• .o. 30.00 :50.t'O 

t::Jlil. ro J. S8 s. 52' 7 .'49 1.ss 12 .oc (1:2 .. oc 

;,u .. oo 11.01 :! .. t'l 2ti .. c.e 3:,.., 6b I C•OO 'i? .oo 

1:ae.co J., SP. s..1e 10 .,1112 «Ill .Q& 17 .. oc 6q .oo 
~u,.oo J.5~ 5 .is 11.a S.S.84 9.or 78 .oo 

6711 .no 1. 99 li.14" 10. !-2 66. )f:I 1.00 19.00 

i,,;2.CO 10.05 '4 • 98 36 ,9q 103.14 ~ .. or ,u.oo 

11 l O.CO J.27 4 ~ 7 J 18 • t.9 I ZZ•Oti ,.oo 9? .oo 

l ?JC .00 1 o. i:,~ •.tt4 25 .69 l~ 7 • 73 '2ti .. C:C' I 18 .oo 

lC 11'37 .. co '9.J:, 3. 34 l S. 0~ 162'· 77 21 .oo lliS .oo 

ll 11.11 '1,. O::l 2 .bt; , .. is 3 .o9 lf,5 .. 87 Zl• CO u,a.oo 

I? ic:ei .co 2 • D5 J.n •• )? I 11 ,.99 9., 5C J 77 .. !)0 

13 J 781,,('IQ 2 .ti~ 2,9t, 1 .os 119*Ql,i JI .or 1•s .so 

1 • 1 a93 .oo 2 .b!, 2 .fl 1 3. l!:i 182-19 1 ? .. ~ri }f17 .50 

I'· 2 JS 1 .. co 2••5 2. 6it 8 .. 19 l 91J*l1'9 3. !'IC' 2ro .. so 

lb Zlil1l,. :":0 2 .. 65 ;-.~o , .. :n 200.25 .. i:-c 2oc.so 

11 ,,,29., r.o 2.•s 2, 19 • ,51 20• •• , 1 :! .. 011 21 3 .so 

1" l""Z9 .. C.:> 4 .03 z.c l 10 .. 9S ll 7,. ll !>,Sf' 219,0C 

Is 3 ?Qt;.,(lQ 3., 1 A 1 .,ie; 
1 --~ 

2ZS•ZZ 9.,0(1 22s .Jo 

20 Jfss .. co 2 .65 1.. 71 '1 • 72 2JZ.9• 2.oc no.oo 

UPfll[R 5HT CR([M: 13 
co~tlUCt P.Ulllf!(JI 68•'tCll'-ZS 
CHTC&Gt'I, ILL Jl!tOf S 

f.OU lP"ENT / CALCULA TEO AClUAl CUIIWLATJH S!lll OISTAIIC[ DOWN HOURS DOWN HOURS. 
lil(EK f:(( l CO~P[Cfl Oh CO!ffl[Cf)ON W((,c •!, CUlftllUL,ITIW£ lfEEM t~ CU•UL&lIV[ 

21 3 "97,. r'lQ 2 .,5 t .fl, 1',lll 237.08 U,OC , ••• oo 
n 11797 .. 00 2 ,.&-; 1 .. s, 1,.51, 21lli .. 61t hOO Z•9.DO 

n fft.tiS. :'O 2 ,bli l,Sf! 5.01 250.05 1 .sn 250.SO ,. .. 12-, .. no 2 .65 l .. bO 2 .. 69 n.2 .. 1• 16,0P. 26fl.,!>O 

2, ,•of:. CO 2-lfZ 1 .&2 l.'tJ 2S••!S ,ll!i,On 2•1 ,so 
2• if<'lii • ('O .3 .1, 1 •• s - • 0~ 2s1.zo a .. oo 299,.SO 

27 S~t,&.CO 2 .65 1. 7tl 6 .o& 2ti111: .. 21 '."~Cl !'l 102., SC 

z• 5r1n.ro 2.•s I• 9 l 1.a 211.Sl !.!i(I 506 .oo 
l< SP'l8 .. 00 3 .31 2.2c 1.,2 21,.,s , .. o('I 31 s.oo 
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1,,&Sl-ill\:SP'IN MtTi:.ottOLlta"I AJ:'!" A T l?AJr4SJ T •uTHO~llY 
CO"-'PUCT "'iUPt~(I:' !FOO?! ,,. PE'1T '(;;ON OUTQ.OUNO 
io:ASH!~Gfl"lr,jt o.r. 

EQIJlP,-t'WT/ ClLCUlJ TEO ACTUAL 
CUM1 1lH IY( !>!"IL OlSUh:C£ OOiiiN HOURS DOWN MO:.Jll~ 

llif.Ek '"£.f T CO'?~ECTION CORR[CT ION 11Eft1 "S CUNIJLATIV[ Wffk 'S CU"'Ullf1Y£ 

61,. t'O ~ ,?\" 1. 65 2 • !>9 2.59 JC• DJ 10 .01 

'll.J'i s. 2( 1 .65 1.1e If,. 37 6.12 l6 .. 7J 

?U:.re 7 • 89 J ,.b3 l □ ,.ll 1 '+. 50 s .. a2 25 .ss 
1 39,. r:.o 12,. '+ 1 1.1,1 It .6S 19.14 S.3~ l0,90 

~s 3 • .utt li.ZI 1. ;a 11 oli9 .'H .. &3 ,. 67 31t .S l 

"S 1. 81 8 • 21 t.ljf!I J.,.10 34. 7 3 J. 16 H,. 73 

~10. 2a ~. 2G 1.53 .c• l~. 82 • 25 n.9e 
"'02. ('2 lb.14 I ,52 10.13 q,14,. 9S 11 • 35 ,.,,.33 

0 35 • 51 8 • 11 !.tU 1.33: s2.2t 16. 9; M1.?B 

l C l ""~7. ~2 a.21 I,fl;, J 3 • 72 66 .. 0 J 10.se ?'6 .. 86 

11 l "'10. )9 S.2 l l.,Jl l't.ZIJJ en.2t1 l 11. 74 9 I •• o 
ll I llUit • 25 8 .21 ) .2!; •• I 81.C:7 .58 91,.U 

IIIA~MJNGT "N l'l[TROPOLITA# Af(f l TRANS! T ,1iUTH0Pl T 'I' 
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Appendix A-5 

The calculated rate of advance data of Appendix A-3 is combined with 

the downtime estimates of Appendix A-4 to give an estimate of the 

total tunneling shift hours for each data set of each tunnel. The 

percent error of the tunnel's cumulative hours relative to the reported 

hours is shown. 
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Appendix A-6 

The format of the keypunch cards used to record the weekly progress 

data from which the various equations were derived. 

Variable meanings and values assigned are as follows. The dotted line 

represents the decimal point; the format is 7Fl0.5. 

Variable 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

No. Description 

The survey station at the beginning of the week's 
tunneling. 

Lineal feet tunneled during the week. 

Cumulative feet tunneled through the end of 
the week. 

Tunneling hours during the week from Ring Logs. 

Tunneling down hours in week due to shield and its 
ancillaries' failure. 

Down hours in week due to excavating equipment; 
e.g., the rotating wheel and digger arm. 

Down hours in week due to the conveyor belt. 

Down hours in week due to muck tr~nsportation 
and/or the bringing in of necessary supplies; 
e.g., primary lining rings. 

Down hours in week due to other work causes. 

Down hours in week due to administrative decision; 
e.g., a shutdown for surveyor's alignment. 

Total shift hours in week. Tunneling hours (4) 
plus down hours (5 + 6 + 7 + 8 + 9 + 10) total 
shift hours. 
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Variable No. 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Description 

Note: In some cases, tunneling did not 
begin immediately at the beginning of the 
week's first shift and frequently shutdown 
earlier than the end of the week's last 
shift. Where this was known, the interim 
time was assigned to administrative down 
hours (10). Where actual week's beginning and 
end times were unknown, the week's total shift 
hours were computed between the time for the 
first shove and the last ring erection. 

Fraction of the face as silt and clay +1. 

Fraction of the face as clay and sand +l. 

Fraction of the face as sand and gravel +l. 

Fraction of the face as cobbles and boulders+ 1. 

Fraction of the face as cemented ground +1. 

Fraction of the face as peat and trash+ 1. 

Fraction of the face as cohesive ground+ 1. 

Note: The sum of the fractions logged for 
variables 12, 13, 14, 15, and 17 should 
equal 1. 

Average tunnel pressure during the week-psig. 

A measure of the average wetness in the tunnel during 
the week. Refer to Section 4.2. The range is from 
1.0 to 2.0. 

Driver horsepower to cutting wheel or digger arms. 
These data were not complete and therefore the 
variable was not used in the equation derivations. 

Total jacking potential of shield in short tons 
(2000 lb/ton). In some cases, the jacking potential 
was greater than the ring strength; a relief valve 
was installed in the hydraulic line to reduce the 
pressure. The reduced pressure is to be used in 
calculating the jacking potential tons. 
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Variable No. Description 

23 Outside diameter of shield - ft. 

24 If a rotating wheel excavator is used= 2, otherwise= 1. 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

36 

38 

39 

40 

If an oscillating wheel excavator is used= 2, otherwise 

None of the tunnels investigated used this equipment. 

If a digger arm excavator is used= 2, otherwise= 1. 

If manual excavation is used= 2, otherwise= 1. 

Note: In some tunnels, intial excavation 
was manual (2 logged) until the digger 
arm could be brought to bear. Then, due to 
the limited radius of the arm, excavation 
was 50 percent manual (1.5 logged) and 
50 percent digger arm (1.5 logged). 

If a conveyor belt and train are used 2, otherwise= 1. 

If a conveyor belt and truck are used= 2, otherwise =l. 

If a rubber tired mucking truck is used= 2, otherwise= 1. 

Fraction of the face as non-cohesive ground+ 1. 
(This variable was eliminated as being the converse 
of variable 18.) 

Fraction of the face as running ground+ 1. 

1. 

If ribs and lagging primary lining is used= 2, otherwise= 1. 

If concrete pipe lining is jacked into place= 2, otherwise= 1. 

If it was the last week of tunneling= 1, otherwise= O. 
This was an added variable, and it was not practical 
to redo all the data sets to add a 1 or a 2. A 1 was 
added to all data sets for just the last week. During 
the computer data processing, a 1 was added to all number 
36 variables so that the 1/2 relation would hold. 

The tunnel RoA intercept. See Section 5.2. 

The hours/ft for the shove operation. See Section 4.4. 

The hours/ft for the ring erection. See Section 4.4. 
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Variable No. 

41 

42 

Description 

The hours/ft for the dead time. See Section 4.4. 

Note: The data for variables 39, 40, and 
41 were only obtained for tunnels in which 
the original ring logs were used for tunneling 
advance rates. 

The learning curve RoA exponent. See Section 5.2. 
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ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 
DOT STUDY 

KEYPUNCH CODING FORM-GENERAL 

COOINI., CONVfl\>TICr-.:<; 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 
DOT STUDY 

DATA PROCESSING KEYPUNCH CODING FORM-GENERAL 

coi:m .. 1., CONVfNTION::; 

2 t\'J•J 

Appendix A-6 Keypunch Forms 
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ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 
DOT STUDY 

DATA PROCESSING KEYPUNCH CODING FORM-GENERAL 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

DATA PROCESSING DOT i(E\-~BJcH coo1NG FORM . GENERAL 

Appendix A-6 (Continued) 
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ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 

DATA PROCESS,NG DOT tfE\'~8JcH CODING FORM-GENERAL 

ECONOMIC FACTORS IN TUNNEL CONSTRUCTION 
DOT STUDY 

or,r,, Pr:OcF.SSING K(YPUNCH CODING FOftM--GENERAL 

co1.,1 ;~: CON Vt l<..1 !Oi>J'; 

7 Tl'h) '.', .tlVE 
,l, ,\lPtlA ::; _ AlPHA 

,--, ---~-~---

Appendix A-6 (Continued) 
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Appendix B 

MEXICO CITY TUNNEL DATA 

In this appendix, the data submitted by the contractor who conducted 

the tunneling effort for the Mexico City deep sewer (Ingenieros Civiles 

Asociados, S.A.) are presented for reference. It is felt that the data 

herein may be of value either to support or lead to modification of the 

equations derived in this report. 
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Bechtel Corporation 
Fifty Beal Street 
San Francisco, California 
94119 U.S.A. 

November 11, 1976 

Attention: Mr. L.R. Damskey, Long Range Planning 

In response to your wishes, we are sending you a report detailing 

the incidents during the period of excavation in one of the tun­

nels which we are drilling in the soils of Mexico City. 

The adjoined information contains the details requested of us 

during your stay in this city and constitutes the complement to 

the data supplied earlier. 

We would be grateful if, at the conclusion of your investigations, 

you would send us a copy of the final result of your studies. 

Respectfully, 

Engineer Manuel Salvoch 
Director 
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7. THE DRAINAGE PLAN 

In this plot of land, it was necessary to proceed with a deep 

reduction of the level of the ground waters, in virtue of the 

fact that this level was localized at 10.0 m above the crown of 

the tunnel. Not to dewater this would have presented serious 

problems of piping in the sandy matter especially. The surface 

or deep-well type dewatering system covers 60 m ahead of and 40 m 

behind the face. It was made up of 15 shafts on the average and the 

capacity of the battery of pumps was 80 to 100 liters/each. The 

system remained installed and functioning for at least fifteen 

days previous to when the tunnel would pass through the corre­
sponding zone and was maintained for the necessary time until the 

primary revetment of the concrete grout would be injected in its 

periphery. 

In Figure B-1 is shown a plan of the line for lowering the level 

of the water by pump. 

In Figure B 2 is presented a cross-section of a typical pump-shaft. 
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A. DESCRIPTION: CASE HISTORY DATA 

1. PROJECT NAME: Federal District Deep Drainage 

2. LOCATION: CENTRAL INTERCEPT TUNNEL: SHAFT AREA 11 -

SHAFT 13; excavation with shield stage. 

3. OWNER: Head Office of Hydraulic Works of the Department 

of D.F. 

4. CONTRACTOR: TUNEL, S.A. de C.V. 

5. DATES: START: 9/25/72 COMPLETE: 11/7/73 

6. PROJECT SCOPE (INCLUDE ANY APPURTENANT STRUCTURES): The 

Federal District Deep Drainage System consists of a complex of 
tunnels which conduct by gravity the sewerage and rain waters from 

the Mexico Valley basin to a distant river in the state of 
Hidalgo. It is made up on two ancillary tunnels: the Central 
Intercept and the East Intercept, which unite in one major 
tunnel: the Central Emission tunnel (See plan 1-2 5 annexed). 

The present report refers only to the stage of excavation with the 

shield, in alluvial soils in Mexico City, om the face of shaft 
11 toward shaft 13 of the Central Intercept. 

7. OWNER FURNISHED MATERIAL AND EQUIPMENT LIST 
Concrete grout 
Steel for reinforcement 
Type II cement 
Tubing for the conductance of compressed air 
Rails 
Metal frames for shoring 
Transformers for the electric current 
Electric energy 

8. OTHER OWNER SUPPLIED ITEMS (e.g. INSURANCE) 
Materials laboratory 
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CASE HISTORY DATA - (CONT.) 

B. DESIGN INFORMATION 

1. PLAN AND PROFILE ATTACHED: YES NO 

2. TYPICAL SECTION DRAWING ATTACHED: YES NO 

3. TEMPORARY LINING DETAILS ATTACHED: YES NO 

4. PERMANENT LINING DETAILS ATTACHED: YES NO 

5. GEOLOGICAL PROFILE ATTACHED: YES NO 

6. VERBAL DESCRIPTION OF SOIL CONDITIONS: Alluvial soils 

characteristic of Mexico City in its section named the 
transition zone. In this zone there are in general on the 

surface clay deposits and organic silts, covering very com­

pressible clay volcanic strata of variable thickness inter­

spersed with beds of compact silty sand or clear sand, which 

rest upon stiff layers in which the predominating substance is 

sand or silt. The natural water content in the clay formations 

and in the sandy silt is, on the argillaceous average, 200% 

and 40% respectively, displaying cohesion (obtained by means of 

simple cohesion tests) of 0.4 kg/cm 2 for the former and 0.3 and 

0.6 kg/cm 2 for the latter. 
7. DEWATERING PLAN ATTACHF.D: YES NO 
8. GROUND WATER CONDITIONS DESCRIPTION: The normal level of 

ground water in the excavation zone of the tunnel is 10 meters 

above the crown. With the system of well shafts this was brought 

down to below the tunnel invert. In spite of this system, in 

some sites with sandy substance, the use of WELL POINTS became 

necessary on the periphery of the face of the tunnel in order 
to channel the water deposits and remove them by pumping through 

the tunnel to the surface. 

9. SITE PREPARATION AND RESTORATION DESCRIPTION: On the surface 

the CONTRACTOR supplied the land areas required for the instal­

lation of the deep well pumping system, since the project was 

localized for an inundation of Mexico City. Also, in the access 

shafts he supplied an area for the installations; towers, mantle 

capstans, offices, workshops, and storage grounds. 
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CASE HISTORY DATA - (CONT.) 

10. UNDERPINNING DESCRIPTION 

11. UTILITIES DESCRIPTION: The tunnel remains localized at an 

average depth of 30.0 m. As a result it passes much below the 

municipal service lines so that there would not be a problem of 

relocation of the installations. 

C. CONSTRUCTION METHODS 

DESCRIPTIONS: The entire length considered in the present 
report was excavated in normal atmospheric pressure conditions. 
It was carried out by means of an open face shield of 6.42 m 

external diameter and 6.40 m length, with remote control 

hydraulic operation. In the rear it has a thrust system made up 

of 26 hydraulic jacks at 200 ton capacity each, which operate 

by resting against the primary revetment. In the front the shield 

bears 17 jacks with a capacity of 120 tons each, whose function 

is to hold the wood strut which supports the face. 

By means of pneumatic hammers operating manually the material 

of the face is loosened and falls to a lower central compartment, 

whence it is removed by an EIMCO 40 Hair mucker of 1 m2 capacity 

mounted above platforms above the track. Then the convoy is 

pulled by a locomotive up to the shaft through which the muck is 

lifted to the surface, and from there is transported to the 

storage beds in back loader trucks (See Fig. B 3). 

TEMPORARY LINING: 

As the shield advances there is put into place the primary 

revetment, constituted of eleven segments of prefabricated 
reinforced concrete 1.50 m. long, 0.20 m. thick, and 0.75 cm. 

wide, which are connected with each other and with the preceding 

rings by means of screws and nuts, with which they reckon on the 

necessary cavities and ductile areas. In order to maintain the 

circular ring, it is propped up with tubular scaffolding equip­

ped with machanical jacks for its adjustment. This support is 

maintained unitl the zone is iniected. 

The segmented ring is set up with the aid of an eractor arm 

behind the shield's jacket, whic~ has a thickness of 5 cm. Con­

sequently, the advance of the shield leaves a void which is refilled 

immediately with gravel, applied with a small pneumatic conveyor. 
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CASE HISTORY DATA - (CONT.) 

Ten meters behind the shield there takes place the process of 
injection of the cement grout in its refill or consolidation 
stage, later to pass on to the impermeability stage. 

FINAL LINING: The tunnel bears a definitive revetment of concrete 
filtered on the site, maintaining a final surface of 5.00 mts. 

diameter. To make this a metallic frame formed by 9 telescopic 
sections 7.32 m. long, each is utilized, See Fig. B-4. The 

concrete is produced on the surface, lowered down the tunnel by 
gravity, loaded onto transport carts (See Fig. B-5), carried to 
the face, unloaded with the transport belt, fed into pneumatic 

conveyors, pumped, and filtered (See Fig. B-6). 
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OJ 
I ..... 
-"" 

Date 

23-IX-72 

30-IX-72 
7-X-72 

14-X-72 

21-X-72 

28-X-72 

4-XI-72 

ll-XI-72 

18-XI-72 

25-XI-72 
2-XII-72 
9-XII-72 

16-XII-72 

23-XII-72 

30-XII-72 
6-'I-73 
13--1-73 

Chain Advance 
m/wk 

0+104.12 
0+115.37 11. 25 
0+138.12 22.75 
0+161.73 23.61 
0+169.23 7.50 

0+194.73 25.50 
0+221.73 27.00 
0+250.98 29.25 
0+284.73 33.75 

0+312.90 28.17 
0+340.65 27.75 
0+348.15 7.50 

0+359,40 11. 2 5 

0+369.15 9.75 

0+375.90 6.75 
0+386.40 10.50 
0+394.65 8.25 

SHAFT FACE 11 SHAFT 13 OF THE CENTRAL INTERCEPT 

Cumul- Effective er,----s--r- T , M 1c Amount of 
ative excavation Break- Brea!;- Due to water in 

advance work time dmm down in neither the face OBSERVATIOMS 
mh1k hours/wk in the the muck personnel (*) shield removal nor equip-

(hr/wk) svstem ment hr/wk 
(hr/wk) 

11. 25 84 6'1 2.00 
34.00 120 24 1. 7 5 
57.61 126 18 1. 75 
6 5. 11 40 104 1. 7 5 Installation of California 

switch and accomodation 
into the track 

90.61 132 12 1. 7 5 
117.61 144 1. 7 5 

146.86 144 1. 7 5 
180.61 144 1. 7 5 
0 08.78 120 24 1. 7 5 

1236.53 136 8 2.00 
1244.03 40 104 2.00 Serious problems of creep-

ina sands and increase of 
the filtrations into the 
face will make it necessary 
to install WELL POINTS in 

1?55.28 60 84 2.00 
the face. 

Sands in the face with 
265.03 52 92 2.00 creeping water 
271.78 36 108 2.00 Holiday 12/24/72 
1282. 28 56 88 2.00 Holiday 1/1/73 
1290. 53 44 100 2.00 Strong thrusts are noted in 

the ground which defcrm the 
circle of voussoirs and 
which are stopped by injec-
ting the rnne. 



0:, 
I ..... 

(Jl 

Date 

20-1-73 

27-I-73 
3-11 73 

10-11-73 
17-11-73 
24-11-73 

3-III-73 

10-111-73 
17-III-73 

24-111-73 

31-111-73 
7-IV-73 
14-IV-73 

21-IV-73 

28-IV-73 
5-V-73 
12-V-73 

19-V-73 

26-V-73 

---

Chain 

0+402.90 

0+420.15 
0+432.15 

0+444.90 
0+462.15 
0+478,65 

0+492.90 

0+508.65 
0+528.15 
0+545.40 

0+570.46 
0+605.71 

0+633.46 
0+646.96 

0+669.46 
0+691.21 
0+716.71 
0+742.21 

0+768.46 

SHAFT FACE 11 - SHAFT 13 OF THE CENTRAL INTERCEPT 

Cumul- Effect, ve · I__J nfn1 1 I I F Amount of 
Advance ative excavation Breakdown eak- Due to water in 

m/wk advance work time in the down in neither the face 
m/wk shield the muck 1 personnel (*) 

hours/wk (_hr/wk) removal nor equip-
system ment hr/wk 

·---~·-· 
8.25 298.78 44 (hr/wk)· 100 2.00 

17.25 316.03 92 52 2.00 

12.00 328,03 72 72 2.00 

12.75 340.78 68 76 1. 75 

17.25 358.03 96 12 36 1. 75 

16.50 374.53 88 56 1. 75 

14.25 388. 78 80 30 34 1. 75 

15.75 404.53 84 60 1.75 

19.50 424. 03 104 40 1. 7 5 

17.25 441.28 92 52 1. 7 5 

25.06 466.34 132 12 1.50 

35.25 501,. 59 144 1.50 

27.75 529 34 120 24 1.50 

13.50 542.84 72 72 1. 50 

22.50 565.34 120 24 1.50 

21. 75 587.09 116 28 1.50 

25. 50 612.59 136 8 1.50 

25.50 638.09 136 8 1. 50 

26.25 664.34 140 4 1.50 

OBSERVATIONS 

Strong thrusts in the 
ground, cracking the 
voussoirs. 

Strong thrusts in the 
ground. 
Holiday 2/5/73 

The thrusts begin to be 
minor. 

The shield of face ll-10 
begins to operate so that 
from now on the same shaft 
services two faces. 

' i 

Holidays 19, 20, 21/4/73 

Holiday 5/1/73 

Comparison of frame 
progress; 0 + 768.46= 
0 + 770.25. I 



OJ 
I ..... 

C7I 

Date 

2-VI-73 

9-VI-73 
16-VI-73 

23-VI-73 

30-VI-73 
7-VIl-73 
14-VII-73 
21-VII-73 
28-VII-73 

4-VIII-73 
l-VIII-73 

18-VIIl-73 

25-VIIl-73 
1-IX-73 

8-IX-73 

15-IX-73 
22-IX-73 
29-IX-73 
6- x- 7 3 
11-X-73 
20-X-73 
27-X-73 
3-XI-73 

Chain 

0+794.25 
0+820.50 
0+847.50 
0+873.00 

0+894.75 
0+919.50 
0+946.50 
0+975.00 
1+005.00 

1+032.75 
1+064.25 
1+089.00 

1+109.25 
1+113,00 

1+114.50 

1+118.25 
1+126.50 
1+147.50 
1+177,50 

1+203.75 
1+235.25 
1+268, 25 

1+304.25 

SHAFT FACE 11 - SHAFT 13 OF THE CENTRAL INTERCEPI 

Cumul I Effective I ~ I I I I- Amount of 
Advance ative excavation Breakdown Break- Oue to water in 

m/wk advance. work time in the down in neither the: face OBSERVATIONS 
m/wk (hr/wk) 

shield the muck personnel (*) 
(hr/wk) removal nor equip-

svstem ment hr/wk 
24.00 688.34 128 (hr/wk) fo·- l.!>U 

26.25 714.59 140 4 1.50 
27.00 741.59 144 1.50 

25.50 767.09 136 8 1.50 
21. 7 5 788.84 116 28 1.50 
24.75 813.59 132 12 1. 50 
27.00 840,59 144 1. 50 
2a,50· 869.09 144 1.50 
30.00 899.09 144 I. 50 
27.75 926.84 140 4 1.50 
31.50 958,34 144 1.50 
24.75 983.09 120 24 1.50 
20.25 1003.3~ 104 40 2. 00 

3.75 1007.0S 20 124 2.00 Introduction of large 
volume of water into the 

1.50 1008,59 36 108 2.00 face 46 liters 
Exploratory and drainage 
boreholes are made in the 
face. 

3.75 1012.34 20 124 2.00 
8.25 1020.5C 44 100 2.00 

21.00 1041,5< 112 32 2.00 
30.00 107I.5C 140 4 1. 7 5 
26.25 1097.81 132 12 1. 7 5 
31.50 1129.3A 144 L 75 
33.00 1162,34 144 1. 7 5 
36,00 1198.34 144 1. 7 5 



cc 
I .... 

'-.J -cc 
I ...... 
00 

Date 

10-XI-73 

17-Xl-73 

24-XI-73 

1.2-XII-73 

7-XII-73 

Chain 

1+339.50 

1+372.50 

1_400.25 

1+439,25 

1+460.72 

SHAFT FACE 11 - SHAFT 13 0F THE CENTRAL INTERCEPT 

I Cumul-
Effective I tl <; I 1 I M Amount of 

excavation Breakdown Break- Due to water in 
Advance ative work time in the down in neither the face OBSERVATIONS 

m/wK advance shield the muck personnel (*) 
m/wk hours/wk (hr/wk) removal nor equip-

sv,ter.i ment hr/wk 
35.25 tl 233. 5< 144 (hr/wk) 1. 7 5 

33.00 11.266,5~ 144 1. 75 

27.75 ll294.3l 144 1. 75 Holiday ll/20/73 

39.00 11333.3£ 144 1. 7 5 

21. 47 11354. 8] 104 4 1. 75 The tunnel is connected. 
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Appendix D 

REPORT OF INVENTIONS 

No new inventions were developed during this study. Existing principles 

were applied to a problem in a new way, and a logic of problem-solution 

was developed. 
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