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ABSTRACT

Keeping pace with recent advances in construction technology is a challenge
for the cost estimating engineer. Using an estimating style that simulates
the actual construction process and is similar in style to the contractor's
estimate will give a realistic view of underground construction costs.

For a contractor-style estimate, a mining method is chosen; labor crews,
plant and equipment are selected, and advance rates are calculated for the
various phases of work which are used to determine the length of time neces
sary to complete each phase of work. The durations are multiplied by the
cost for labor and equipment per unit of time and, along with th& costs for
materials and supplies, combine to complete the estimate. Variations in ad
vance rates, ground support, labor crew size, or other areas are more easily
analyzed for their overall effect on the cost and schedule of a project.

TUNNEL CONSTRUCTION COST ESTIMATING

Modern tunneling methods are changing and improving rapidly. The innovations
made in excavation machinery, i.e., tunnel boring machines (TSMs), and sup
port systems, i.e., the New Austrian Tunnel Method (NATH) have revolutionized
the industry in the last 20 years at a rate which is more rapid today than at
any time in history. Creating a tunnel cost estimate that is current with
the latest tunneling technology is a challenge that has to be met in the most
realistic way available to the cost estimating engineer. The estimating
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style needs to be as current as the tunneling method to be employed. This
article describes a method similar to the procedure used by the tunnel con
tractor during the bidding phase of a project.

ESTIMATE TYPES

Estimating the cost of tunnel construction has traditionally been accomp
lished by one of two methods. The estimator may take the unit costs of pay
items from previous contracts. He may expand or contract them in relation to
the size of the current tunnel diameter and other geometric conditions. He
should escalate the costs from the time of the previous construction to the
time the planned construction. He may also have to make allowances for geo
technical conditions which are different from those which were encountered in
the previous project.

This style of construction cost estimating is often employed by engineers.
The accuracy of the estimate depends on the size and age of the available
data base. This style does little to recognize the constant advances in
modern tunneling or how changing conditions underground affect the cost of
tunneling.

Another method the estimator may use is to break down the various elements of
work into labor, equipment, materials, overhead, and profit. Each phase of
the work effort is estimated in detail by determining the labor, equipment,
materials, and time required to complete that phase. In this way, effects of
changes in ground conditions, materials, quantities, and work methods are
more realistically evaluated•.

This style of construction cost estimating is most often employed by con
tractors. The accuracy of the est imate' depends on the knowl edge of the
estimator and his construction experience. This style allows new methods and
equipment to be incorporated into the process. The major divisions in a
typical format are described below.
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Basic Data
At the beginning of the estimate, the basic data used in all subsequent cal
culations is listed. This includes dimensions, assumed support methods, cal
culations of production rates and wage rates for the labor crafts.

Plant and Equipment
In this division, the costs for all facilities without a salvage value (site
grading, roads, water treatment ponds) necessary to construct the project as
well as ~ateria1s and equipment which do have a salvage value (TBM, mucking
system, miscellaneous shops and tools) are listed.

Direct Cost
The cost of direct ,labor, supplies, permanent materials, and subcontract
items are calculated for the shafts, starter tunnel, main tunnel, and all
concrete work.

Indirect Cost
This is a summary of project supervision, home office overhead, insurance,
taxes, and all other costs not directly connected to any of the contract pay
items.

Figure 1 is a flow chart for the methodology of a ·contractor-sty1e·
estimate.

CREATING THE ESTIMATE

Each of the following tasks is interrelated with the other tasks, and' the
estimator continues to review decisions made in previous tasks as the esti
mate proceeds. The job layout has to be studied for all conditions which
will have an effect on the work. This includes access to the job site, re
strictions on working hours if the job site is in a city, weather patterns,
and the availability of labor forces. Any special requirements set by the
client must also be noted, such as completion time, portions of the job set
for early beneficial occupancy, or owner-furnished equipment which is to be
installed by the contractor.
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The wage rates for the labor force and the working rules which will be in
effect for the life of the project must also be determined. This information
includes overtime rates, fringe benefits, workers' compensation, public lia
bility and property damage insurance; federal, state and local taxes; and
subsistence and travel pay. local labor union offices are a good source for
this information.

A geological review must be made which will be the contro11 ing factor for
estimating the daily progress once the mining is underway. .All underground
conditions which can be determined from subsurface exploration must be noted.
The nature of the material to be removed has an effect on all construction
operations, including excavation, muck handling, temporary or permanent
support, and handling of water. The pace at which each of these operations
takes place determines the overall progress and cost of the job.

A contractor-style estimate for a tunnel in Taylor Marl was selected as the
example for this article. The mining method uses a Tunnel Boring Machine
(TBM) equipped with tooth cutters. Segmental precast concrete liners with a
flat invert section are used for initial support and need not be augmented
for final lining.

The project includes a shaft at the startfng point of the tunnel, and a 91-m
long ·starter tunnel· in which the TBM and its trailing gear are assembled
prior to the start of tunnel excavation. It is assumed that a second shaft
has been constructed by others at the end of the project. When the TBM rea
ches this shaft, it is disassembled and removed through this shaft. The
tunnel is then ready for construction of the final concrete floor.

SELECTING PLANT AND EQUIPMENT

Once the plans have been studied and the mining method 1s chosen, the plant
and equipment can be selected. In this example, all .new plant and equipment
are assumed; however, in reality, a mix of new equipment and used equipment
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from the contractors' yard will probably be selected. Included in plant and
equipment are the general allowances for setting up the shops and offices,
site grading, water treatment, etc.

ESTIMATING ADVANCE RATES

Estimating advance rates is one of the most important steps in contractor
style estimating. Here the estimator identifies the items of work appropriate
to the planned construction method and estimates the time to complete each of
them. During this process the estimator must also recognize and estimate any
feature of the construction process which will delay the work.

Shaft and Starter Tunnel Excayation
The details of estimating the advance rates for the shaft and starter tunnel
are shown in Figures 2 and 3. A detailed description of these estimates has
been omitted from this paper for the sake of brevity, however, they are simi
lar to the various steps described for the TBM tunnel.

TBM TUnnel Excayation
For tunnel excavation, everything which affects the progress of the excava
tion process must be identified (see Figure 4).

When a TBM is used, the instantaneous penetration rate must be estimated for
each'type of ground to be excavated (see Figure 5). These rates, in meters
per hour, divided into the respective lengths of ground, determine the length
of excavation time for the TBM.

The TBM operates on a 1.2-m-10ng stroke. At the end of each stroke, the
cutter wheel is stopped and the hydraulic shove jacks which propel the TBM
forward are retracted to begin the next ·shove.· This is called the regrip
time and it is calculated for the length of the project.

If temporary support for the rock is required, installation time must also be
totaled. This estimate uses a precast concrete segmental lining which serves
as both the initial temporary support and the final lining.
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After the 1. 2-m-1 ong segmental ri ng has been erected and fastened to the pre
viously installed 11ning, the shove jacks are brought to bear against the
lining and the next round of excavation begins.

As the excavation progresses, the ut i1it ies (e1ectrici ty, compressed air,
water,- pump discharge), ventilation duct work, fans, and rails must be ex
tended. Some of this work can be done concurrently with the excavation. The
time it takes to accompl tsh the remainder is totaled for the length of the
tunnel.

All maintenance time on the TBM must be estimated. Current practice is to
spend one-half of the day shift the last four days of the week and one full
shift on Saturday for preventative maintenance, repairs, and cutter changes.
Add itiona1 time duri ng the remainder of the work week is also allowed for
inspecting the cutters and unscheduled TBM maintenance and repairs.

The muck handling cycle must be closely analyzed. Whenever the TBM is exca
vating, muck must be loaded into a muck handling syste. which is capable of
receiving the muck as fast as it is being excavated. Whenever the muck hand
ling system is incapable of receiving the muck, the excavating system becomes
"muckbound" and the T8M is prevented from excavating. In the case of a rail
muck handling system, being muckbound can be caused by an insufficient num
ber of trains to complete the 10ad-hau1-dump-return cycle in time to keep a
continuous supply of empty muck cars behind the T8M, equipment breakdowns,
and derailments. This total amount of time must be estimated for the entire
length of the project.

Any special geotechnical problems which are not accounted for in the regular
computation of "mining time should also be totaled. In this case, an allow
ance of one lost day per 300 mof tunnel was provided because of the lack of
more complete data from subsurface investigations.

When a tunnel project is started there is a certain amount of time which is
spent learning the whole excavation-mucking-support system. The inefficiency
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of this start-up period must be accounted for. For this example, the crews
will average only 501 efficiency in the first month. A start-up time of two
weeks is used as time lost from production.

The time allowed for lunch on each shift is also calculated for the life of
the project.

The excavation time for the TBM divided by the grand total of all excavation
time plus non-production time gives the percentage of time that the TBM is

working, or its -efficiency.- The efficiency multiplied by the instantaneous
penetration rate of the TBM multiplied by number of hours worked per week
divided by the number of days per week which were spent excavating with the
TBM equals the average daily progress for the TBM. The estimator should com
pare his calculated daily advance rate with similar-sized tunnels in similar
types of ground for reasonable agreement and revise the assumptions if neces
sary.

The average daily advance rate divided into the length of tunnel to be mined
gives the total length of time for direct excavation costs.

TUNNEL INTERIOR CONCRETE

The interior concrete is subdivided into six sections: (1) removal of the
vent line, (2) initial cleanup, (3) pouring an invert in the tunnel, (4)
pouring the floors of the hand-mined tunnels, (5) grouting the pea gravel
installed between the segmental liner and the excavated ground, and (6) the
fi na1 c1eanup.

The progress rate for each of these i'tem-s of work is based on past experience
rather than on a detailed examination of the individual subdivisions since
the work is relatively uniform from job to job.

Some phases of the concrete work overlap, resulting in a reduction of the
total .overall time used for maintenance and outside support costs. A sched
ule of the interior concrete work is shown in Figure 6.
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CALCULATING DIRECT COSTS

A crew is required for each underground task identified previously in deter
mining advance rates. In addition, an outside support crew is also required
to provide necessary support services such as mechanical and electrical main
tenance, crane or hoist operation, and muck handling. The cost of wages and
fri nge benefits for the crews is totaled to establish the dai1y cost of
direct labor (see Figures 7 and 8).

Next, the equipment to be used by both the underground and outside support
crews is identified and this daily operational cost is totaled (see Figure
9).

Then, any routinely reoccurring miscellaneous costs are calculated, such as
power, shop supplies, temporary support materials, and maintenance overtime.
These can be calculated as a daily cost, a unit cost per lineal foot of work
performed, or as a lump sum or subcontract price (see Figures 10 and 11).

The total direct costs for tunneling are summarized in Figure 12.

Direct Concrete Costs
The di rect costs for the
direct tunneling costs.
the sake of brevity.

concrete operations are derived similarly to the
A discussion of these details has been omitted for

INDIRECT COSTS

The indirect crew consists of the project manager and his staff of supervi
sors and administrative personnel. Their salaries, taxes, and profit sharing
are calculated as indirect labor costs.

General expenses are also part of ' the indirect costs and consist of monthly
expenses such as office utilities and supplies as well as special consultant
fees, the main office charges for support of the project, and other fees
incurred by the project.
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FIGURE 7. DIRECT DAILY COSTS - TBM TUNNEL (UNDERGROUND CREW)
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FIGURE 8. DIRECT DAILY COSTS - TBM TUNNEL (OUTSIDE SUPPORT CREW)
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FIGURE 9. EQUIPMENT DAILY OPERATING COSTS - TBM TUNNEL
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FIGURE 10. DIRECT MISCELLANEOUS COSTS - TBM TUNNEL
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FIGURE 11. DIRECT MISCELLANEOUS SUPPLIES - TBM TUNNEL
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FIGURE 12. DIRECT COST SUMMARY - TBM TUNNEL



The costs for builders' risk insurance (0.2% of the contract value per.year),
bond (0.6% of contract value), and property taxes paid on plant and equipment
are included in the indirect costs.

These ind i rect costs are typica1 for a 1arge tunnel ing project. However,
smaller project require a mucti different mix of indirect costs and the cost
estimator must take this into account.

SUMMARY OF TUNNEL COSTS

The summaries of each of the various categories are brought forward in the
summary sheet (see Figure 13).

SENSITIVITY STUDIES

Once the estimating format has been established, sensitivity studies can
easily be performed on any phase of the project, especially if the estimate
is computerized (the author used a lotus Symphony spread sheet).

labor rates, support methods, or crew sizes can be changed, and their effect
on the total project cost and schedule can quickly be analyzed. Another
exercise might be to substitute a used IBM with a lower net cost and shorter
mobilization time but a slower advance rate and more maintenance costs.

One of the most valuable features for sensitivity studies is the effect of an
unforeseen changed ground condition. With the example used for this article,
incremental delays of from one day to 20 days were added for passing through
an area of material that was harder than anticipated. No extra materials or
supplies were used. The results of this change are shown in Figure 14.

Because of the ability to study changed conditions in a more realistic man
ner, the contractor-style estimate is also useful to the construction mana
ger. Actual job conditions can be loaded into the format and the effect of
change orders or changing ground conditions can be more easily understood by

050449021 21 Scapuzzi



: ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:::::::::::::::::: :::::::::::::::::::

....,....
M:" ..

t. ,,"'I

"I

_mUSt
III
sse'lum
..... COS, IOIll .... "CAS' U.I

1CClllII'
.-I, _un

.1lI............................................ ,,,.. La,.
• IU ., II _ un lUI... JlUI...' CII'UU.'S

_ .nll.. IIIIM" II • ,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : : : : : J: :

JIll::::::::::::::::

.. .t.tll tIS.llt.N au.III.N

• n.I12.ltS n.I12.ltS

It.'''.122 '1••7.18 ••as.1I2

• 'lI.nl.2lt

11I7••

UP••un.•

lin.•• 117.544

.. "1.111

• a.Mt.'"

It54.JU 127',m

NUl. 1129••"

au5.111

•.ttl

t ...

uu

1.1...t

U' IlM' ••.,lNn COlli

4,MICClUIW'

5•• IlMW.-l

U' .1." -'l ClSlI

......m au.tI5.41.II.....llt a.Mt,tJ5 12....... t2J.547.J55 127.547.155

1122,112 a74.1M '1.455,127

7.. .mID

.... lilEU CtICIIll COIlS

t.4' 1IIIIlU '.l ClSlI

"'''5
".2II.5M .I.... ,US II

.. ..11••56 tJ,t6J, 145 U,16J.145

.. .....m a._u.. a.•.w

N
N

en
(")
AJ
'0
C
N
N

FIGURE 13. SUMMARY TUNNEL COSTS
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the construction manager and owner. This is especially useful if underground
conditions are encountered which were not anticipated and provided for in the
bid documents and a claim for extra compensation is submitted by the
contractor.

CONCLUSIONS

The assumptions made in this example are intended
mate, for the cl ient and not to be the -low Bid.·
is required for a true contractor's estimate.

to develop a budget esti
Far more elaborate detail

Albert D. Parker, -Planning and Estimating Underground Construction- (1970).
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