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FOREWORD

This report, Volume 2, Cost Analysis and Systems Evaluation, summarizes
the constraints, the assumptions, and the results of a very ambitious
study — to develop a method for evaluating alternate construction
schemes for cut-and-cover tunneling in urban areas. A method was
developed and is directly applicable to highway and transit tunnels and
subway stations, at various depths, and for five geologic conditions
that typify most of the major metropolitan areas in the United States.
The entire final report includes four volumes and an Executive Summary.
The titles are given in the Abstract on the next page.

Volume 1 of the report was completed in 1976 and single copies were
distributed to headquarters and field offices of the Federal Highway
Administration and to State highway agencies. Volumes 2 and 3 and

the Executive Summary are being given the same distribution. The
Supplemental Volume, which contains the extensive cost data used in

this study, is not being distributed. All volumes are available to

the public at the National Technical Information Service.

Charles F. Schet
Director, Office bf Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The
contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents
do not necessarily reflect the official views or policy of the Department
of Transportation. This report does not constitute a standard, specification,
or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are considered
essential to the object of this document.
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PREFACE

In June 1974, the U.S. Department of Transportation

authorized Jacobs Associates to investigate different construc-

tion methods and associated costs relating to cut-and-cover

tunneling operations for highway and transit structures. The

objective of this effort was to determine the most cost-

effective solution for a variety of situations. A report

covering the first phase of the study entitled, "Cut-and-Cover

Tunneling Volume 1: Construction Methods, Design and Activity

Variations" has been published as Report No. FHWA-RD-76-28

(NTIS No. PB-257014).

Prior to completion of the second phase, the scope of work

was expanded to include a greater variety of site and construc-

tion conditions. Findings and results of both the initial and

expanded studies are presented in this final report. It per-

tains primarily to the cost of cut-and-cover construction plus

general evaluations of the cost of environmental disruptions

caused by the construction.

Although this volume is essentially complete in itself,

the reader may wish to review Volume 1 for detailed information

concerning work operations and activities, design guidelines,

construction methods and costing procedures used in completing

the study. For convenience, key figures, tables and design

information from Volume 1 have been included in this volume.

The design of temporary and permanent structures was

performed under the direction of J.L. Wilton, by P.B. Lawrence.

Special computer control techniques needed to produce multiple

estimates were developed by N.A. Tracy. Transcription of the

report was by A.L. Russell.

General information and cost data relating to control of

groundwater were provided by Ground/Water Technology Inc.

(Moretrench American Corporation). The Bay Area Rapid Transit

District provided information relating to various safety

aspects of cut-and-cover construction. The help and coopera-

tion offered by these and other organizations who contributed

to the study effort is fully appreciated.
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INTRODUCTION

The need for new and improved transportation facilities

through urban areas has been increasing rapidly. Of the

different construction options available, cut-and-cover tunnel-

ing will probably continue to be a principal method of building

these facilities. In some instances, it may be the only feasi-

ble alternative.

This report is intended to help the planner, designer and

constructor select the most efficient cut-and-cover tunneling

technique for his particular situation. This is accomplished

by use of a series of multiple estimates, which provides a base

of cost data by which the planner can evaluate his current

project.

Five combinations of soil and groundwater conditions

typical of most U.S. cities are considered. The study analyzes

three methods of ground support: soldier piles and lagging,

cast-in-place concrete walls and precast concrete panels; each

used in conjunction with either internal or tieback bracing.

Cut-and-cover constructions are evaluated with respect to

three transportation structures: a four-lane highway, a rapid

transit station and a rapid transit line section. Each

situation is analyzed on the basis of depth and different

ground and site conditions typical of urban areas within major

cities of the United States. Comparative evaluations are also

made for cut-and-cover, inverted ( under-the-roof ) , combination

systems and several variations of cast- in-slurry concrete wall

methods of construction.

Volume 1, Report No. FHWA-RD-76-28 , provides a general

review of cut-and-cover tunneling and describes different

ground support methods and procedures currently used for

transit construction. It evaluates requirements with respect

to two urban sites and defines eleven major construction

activities common to most cut-and-cover projects. Alternate

methods of performing these activities are analyzed and their

compatibility with different construction methods discussed.

XI 1



Indirect and overhead requirements are treated separately as

four additional activities. Volume 1 also contains design

guidelines and other information and data used in evaluating

the overall cut-and-cover tunnel design-construct process.

Volume 2 expands the design and other criteria given in

Volume 1 to include three additional urban sites. Ground wall

support and bracing systems are designed for 108 situations.

Structural requirements and work and material quantities for

major activities are given for 176 situations.

Volume 2 develops and compares construction costs for

different types of cut-and-cover tunneling performed within

urban areas. Total project costs are prepared in a manner

similar to that used by general contractors in competitive

bidding. They include all operations and activities necessary

to complete the civil work requirements for each transit

structure. Components of labor, equipment and materials are

identified and a method provided by which costs can be updated

to reflect different economic conditions of future projects.

The common data and systematic approach used provide a

more versatile tool for preliminary planning estimates than

using unit costs gathered from projects covering a variety of

local site and construction conditions. The estimates were

prepared using a common location, common year of construction,

common physical site conditions (buildings, utilities, etc.),

common design criteria, and a common rate library of labor,

equipment and material prices. Costing of work items is

uniform for all estimates. Overhead, administrative, and

general costs are developed separately (but similarly) for each

estimate, eliminating unbalanced bid prices. Examples are

given in Sections 4 and 6 to show how cost data provided for

176 situations can be used by the reader to approximate the

cost of jobs differing from the study conditions and

requirements. Not only location and physical differences, but

also local institutional restraints can be adjusted to suit the

planner's situation.

Xlll



The report discusses the cost of environmental disruptions;

a serious disadvantage of cut-and-cover construction. These

costs are based on a developed rationale which quantifies

various disruptive elements in terms of dollars. The rationale

treats those elements of disruption not normally allowed for or

included in initial bid price of the project.

The most effective construction for a particular situation

is determined by comparing the costs of construction and dis-

ruption for feasible alternatives. Examples are given to

illustrate how this comparison is made when considering both

cut-and-cover and' inverted construction methods. The procedure

enables the reader to identify the best technique for his

specific site and structure requirements.

Volume 3, Report No. FHWA-RD-76-30 , contains summary cost

analyses of 15 cut-and-cover projects. These summaries give

the unit costs of labor, equipment and material required to

complete all operations and activities for a particular

construction. Data from Volume 3 could be used by those wish-

ing to develop a unit price cost estimate for a particular

cut-and-cover tunneling situation.

The Supplemental Volume, Report No. FHWA-RD-7 6-139,

provides all basic data for four study situations including

quantities of work, production rates, labor crews, equipment,

materials required, and costs. These basic data, particularly

the cost estimates, were used for all the estimate situations

considered in the study.

The English system of measure is used for all costing data

and examples used to illustrate methods and procedures

developed in the study. It was neither practical nor desirable

to repeat the multiple estimates using S.I. units for all

material quantities. S.I. equivalent values have been added to

English unit dimensions in the text, and where practical, in

the tables and figures of this volume. In other cases metric

conversion factors are provided.

xiv



SECTION 1

CUT-AND-COVER TUNNELING, STUDY CRITERIA

1.1 GENERAL

Basic fundamentals of cut-and-cover tunneling operations

as well as general discussions pertaining to transit struc-

tures, urban sites, design guidelines and construction methods

and activities are given in Volume 1. This section presents a

brief summary review of information pertinent to the continua-

tion of the study plus data relating to new site conditions

which were added to the overall research effort. Due to the

changed scope of work, there are minor differences between

Volumes 1 and 2. They relate primarily to site and estimate

code designations. Where such differences occur, Volume 2

supersedes Volume 1.

1.2 TRANSIT STRUCTURES

Three transit structures are considered: a four lane

highway, a rapid transit station and a rapid transit line

section. Sinco the study deals primarily with the deter-

mination and comparison of procedures and costs associated with

different construction methods, only the structural shells

(including embedded conduits, pipes, etc.) are considered.

This is based on the assumption that architectural and

mechanical-electrical requirements would be essentially the

same for each type of structure regardless of construction

method used and therefore would not affect comparative evalua-

tions. Special sections such as end walls, transitions, vent

shafts and entrances are treated separately.

The dimensions of walls and slabs of the structural shells

are based on typical structure designs taking into account

varying depths and soil types, surcharges and potential uplift

forces due to groundwater conditions.

1.2.1 Highway Tunnel : The highway tunnel shown in Figure 1

consists of a reinforced concrete box structure with two

traffic lanes on either side of a center wall. A divided
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plenum chamber above the roadway is sufficiently large for

forced air intake and exhaust as well as utility ducts and

conduits. Lane widths and vertical clearances are consistent

with current highway tunnel standards. For the purpose of this

study, a 2,000 foot (610 m) length of tunnel is considered as a

single construction contract.

1.2.2 Rapid Tranist Station ; The cross section of a rapid

transit station shown in Figure 2 is similar to several on the

San Francisco Bay Area Rapid Transit (BART) system. It has

reinforced concrete walls and composite structural steel and

concrete slabs. The upper mezzanine level contains public

areas for ticket booths, turnstiles and walkways as well as

space for storage and mechanical-electrical equipment. The

lower level contains trackway and platform loading areas.

The station is consistent with the line section shown in

Figure 3, with tracks on either side of the center wall and

platforms on the outside. If the line sections were driven

tunnels, they would enter the station along the outside walls

with a common loading platform area between. This would change

the station configuration, but would not materially affect the

overall evaluations made for the study. The station length of

700 feet (213 m) is about the same as used for both BART and

Washington Metropolitan Area Transit Authority (WMATA).

1.2.3 Rapid Transit Line Section ; The double track reinforced

concrete box section shown in Figure 3 is typical of line sec-

tions used in most transit systems. The center wall contains

frequent openings allowing track workers a place to stand while

trains are passing and to facilitate air flow around high speed

trains. For crossover sections, the center wall is eliminated

and the roof slab thickened or reinforced with steel beams.

The study considers a contract length of 2,000 feet (610m)

which, with the 700-foot (213m) long stations, gives a reason-

able spacing of stations of approximately one half mile (0.8km),

1.2.4 Depth of Structure ; The cost of cut-and-cover construc-

tion is critically dependent on the depth of the structure

below the ground surface. In most instances, an attempt is
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made to keep the work as shallow as possible. There are times,

however, when the natural grade exceeds the allowable grade of

road or track and the designer is forced to locate the struc-

ture deeper. The depth of existing utilities or other

structures which can not be relocated can also affect the

design depth. Problems (and cost) associated with access and

ventilation are also greater for the deeper structures.

Three depths of excavation are considered: 30-foot

(9.1 m) , 50-foot (12.5 m) and 70-foot (21.3 m) . Although the

structures are shown at specific depths in Figures 1, 2, and 3,

they are considered at the three depths for most study situa-

tions. Due to the 40-foot (12.2 m) height of the station

structure, it is not evaluated for the 30-foot depth.

1.3 URBAN SITES

The physical configuration (buildings, utilities, etc.)

assumed for the urban site is illustrated on Figure 4. All

adjacent buildings are supported on spread footings. Many

different configurations may be found at actual sites. The

number and height of buildings or types of foundations and

basements could vary significantly. Some sites may have

considerably more utilities, others less. The effect on

construction methods and cost due to differences between

assumed and actual site configurations can be appraised as

relative variations of requirements from those indicated for

the assumed site. These variations are considered as related

to applicable construction activities which are discussed later

in the report.

1.3.1 Ground Conditions : Five different site conditions (soil

types and ground water levels) , representing most sites in

major U.S. cities, have been specified for the study. Geolo-

gical profiles of the sites are shown on Figure 5 and a general

evaluation of different construction aspects is given on

Table 1. Sites 1 and 2 were considered in Volume 1; sites 3,

4, and 5 were subsequently added. The sites are described on

page 10.
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Site 1 ; Water table high; soil is alluvial including

sand, gravel and some clay. The water table can be

lowered by dewatering without causing distress to adjacent

buildings.

Site 2 ; Water table low; soil is similar to that of

site 1.

Site 3 : Water table high; soil is alluvial, similar to

site 1. Unlike site 1, the water table outside the

structure must be maintained as close to its original

level as possible.

Site 4 : Water table high; soil is interbedded sand and

compressible organic silt over bed rock at 60 feet. Rock

is considered to have surface fractures. Water table must

be maintained high.

Site 5 : Water table high; soil, except for surface fill,

is soft clayey silt over firm clay at 70 feet (21.3m).

The soil types indicated for sites 1 and 3 are such that

very little differential settlement of adjacent structures

would occur if the sites were dewatered. There are instances,

however, where area dewatering may not be permitted due to

other considerations. This may be the case if foundations were

supported on timber pilings which could deteriorate if not kept

continuously wet or where hydrostatic heads must be maintained

to prevent inflows through embankments or levies. Sites 4 and

5 contain compressible soils which can not be dewatered. The

presence of rock at site 4 requires certain modifications of

construction methods compared to the other sites.

1.4 CONSTRUCTION METHODS

As used herein, construction method refers to the type of

ground wall support used for the open-cut excavation. Volume 1

describes eight different methods (including steel sheet pil-

ing, reinforced concrete placed in slurry, etc.) and gives a

general evaluation of their applicability with respect to major

construction activities. Of the various methods considered,

three were chosen as being representative of current and future

10



cut-and-cover construction in the United States. They are: 1)

soldier piles and lagging, 2) cast- in-slurry concrete diaphragm

walls and 3) precast concrete panel diaphragm walls. All three

are considered for cut-and-cover construction and the diaphragm

walls for inverted constructed. An indication of the adapt-

ability of different construction methods with respect to the

five site conditions is given on Table 1, page 9.

1.4.1 Soldier Piles and Lagging (SP&L) This is the most

common method of ground support for cut-and-cover construction

used today in the United States. Although there are several

variations, it usually consists of vertical steel beams placed

6 feet to 10 feet (1.8 m to 3 m) apart with horizontal timber

lagging bearing on the inside flanges. It is a relatively

flexible ground support system, and, as it is not watertight,

is not adaptable in areas where the groundwater level must be

maintained. This ground support system is illustrated in

Figure 6.

1.4.2 Cast-in-Slurry Concrete Diaphragm (SPTC) : Two general

variations of this type of ground support are currently used.

One method, developed in Europe, consists of excavating full

depth alternate slots about 20 feet long (6.1 m) using a

bentonite slurry to support the sides. A reinforcing cage is

placed in the slot which is then filled with tremie concrete.

The process is repeated for in-between slots. The method

developed in the United States and used in this study is the

soldier pile and tremie concrete wall shown in Figure 7.

Soldier piles placed from 6 to 10 feet (1.8m to 3m) apart

provide the primary ground support as in the case of soldier

piles and lagging. Tremie concrete is placed in a slurry

filled slot between piles to transfer ground load to the

piles. Under certain conditions, where pile spacing is more

than 7 feet (2.1m), steel reinforcing is used in the concrete.

The surface of the tremie wall is subsequently covered

with a 1-foot (0.3 m) thick finishing wall throughout the

permanent structure (see Figure 7). This is primarily for

aesthetic purposes and could be eliminated (thereby reducing

11
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overall costs) if architectural requirements permitted. This

is especially pertinent with respect to the transit line and

highway sections where appearances of side walls might be

incidental to the overall use.

1.4.3 Precast Concrete Diaphragm (PCP): This type of ground

support is a recent European development and has not yet been

used in the United States. The method developed by Soletanche

(Ref. 8) uses precast concrete panels placed in a cement grout

filled slot. The grout hardens to provide firm support of the

outside soil, minimizing ground movement. The grout is cleaned

from the inside faces of the panels, which form the walls of

the permanent structure. Various configurations of panels can

be used. A study, specifically aimed at development of pre-

fabricated structural panels for use in the United States is

described in Ref. 43.* This type of ground support is shown in

Figure 8.

1.4.4 Bracing of Ground Support Walls ; Two methods are in

general use; internal cross-bracing and tieback earth or rock

anchors. Figures 6, 7 and 8 illustrate the use of internal

bracing for three types of ground wall support. Figure 9 shows

typical tieback anchor configurations for all three depths.

Either bracing method can be used, provided other factors are

favorable, for each of the ground support methods discussed

above. Cross-bracing is more common in cut-and-cover tunnel

construction even though tiebacks provide better access for

excavation, structure construction and backfill. Tieback

anchors should not be used in highly compressible soils.

1.4.5 Sites with Rock ; Encountering rock above or near grade

(site 4) requires that certain modifications of the construc-

tion methods be made. This pertains primarily to keying the

support wall to the rock, providing adequate water cut-off and

maintaining the integrity of the excavated rock surface below

the support wall. If rock is encountered above the invert, the

excavation could either be widened on either side to allow for

a step-in at rock line or the soldier piles could be extended

*Note; References are listed on pages 287-290.
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below invert by rock drilling. In all cases, there will be

added costs that do not occur at sites where rock is not

present. These are in part compensated by eliminating the need

for a deep cutoff wall. For purposes of this study, the con-

struction procedure used at the earthrock interface of site 4

is illustrated on Figure 10.

1.5 CONSTRUCTION ACTIVITIES

Although no two cut-and-cover projects are the same, there

are a number of basic construction activities, common to most,

which can be used in comparing direct costs and evaluating

variations due to different construction and site conditions.

These direct cost activities are identified as follows:

A. Traffic Control

B. Maintenance, Replacement or Relocation of Utilities

C. Protection of Adjacent Structures

D. Groundwater Control

E. Installation of Decking

F. Installation of Ground Wall Support

G. Bracing of Ground Wall Support

H. Excavation

I. Construction of Permanent Structure

J. Backfill

K. Restoration

Each is comprised of a combination of several related

sub-activities or work operations which in summation reflect

the total effort required (type and quantity of work, etc.) to

complete a particular structure. Some activities are deter-

mined by the chosen method of construction, others are

dependent on contractual stipulations.

Volume 1 discusses these activities and provides general

evaluations and tables showing their adaptability and require-

ments when considering different construction methods under

varying site conditions. Figure 11 illustrates typical

activities in the construction of a rapid transit station.

These drawings are reproduced by permission of the Perini

Corporation.
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Worksite prior to start of project showing
existing utilities below street surface

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND- COVER CONSTRUCTION
ACTIVITIES

22



\jj

Showing early activities of (A) traffic control,
(B) utility maintenance, (C) underpinning (insert)
(D) dewatering well casings, (E) decking installation,
and (H) first pass of excavation.

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND-COVER CONSTRUCTION
ACTIVITIES (Continued)
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Showing (C) protection of adjacent structures
(insert)

,
(E) completion of decking installation,

and (H) second pass of excavation.

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND- COVER CONSTRUCTION
ACTIVITIES (Continued)

24



Showing (F) ground wall support, (G) bracing
installation, (H) excavation, and (I) setting
forms for base slab.

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND- COVER CONSTRUCTION
ACTIVITIES (Continued)
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-~N>i1

Showing (G) removal of bracing and (I) construction
of the permanent structure. Insert shows installation
of outer wall waterproofing.

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND-COVER CONSTRUCTION
ACTIVITIES (Continued)
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Showing (I) completion of permanent structure,
(J) backfill, removal of street decking, and
(K) surface restoration

(Courtesy of The Perini Corporation)

Figure 11 - TYPICAL CUT-AND- COVER CONSTRUCTION
ACTIVITIES (Continued)
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In addition to direct cost activities, it is also neces-

sary to consider general and administrative expenses and plant

costs. These include both fixed and time related items

dependent on the type and duration of construction and are

identified as follows:

N. Overhead - Fixed Costs

0. Overhead - Time Related Costs

P. Plant - Fixed Costs

Q. Plant - Time Related Costs

Project construction costs, as subsequently developed and

discussed in this report, are defined in terms of these 15

activities. Contractor's mark-up is treated separately. The

cost of disruption caused by each construction system can be

calculated using a rationale suggested in Section 5.
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SECTION 2

DESIGN GUIDELINES AND APPLICATIONS

2.1 GENERAL

Design requirements for cut-and-cover tunneling are

considered as: 1) design of permanent structures - provided by

the owner's engineer and, 2) design of temporary structures

such as ground wall support and construction decking. The

design of temporary structures is usually performed by the

contractor on the basis of data and information provided by the

owner. Other requirements, such as protection of adjacent

buildings or maintaining groundwater levels, may or may not be

specified depending on specific site and contract conditions.

The design of both permanent and temporary structures is

dependent on the soil type and hydrological condition of the

ground and the vertical and horizontal relationship between

adjacent buildings and utilities with respect to the proposed

construction. In most instances, these factors have a greater

effect on the design of temporary structures than on the design

of permanent structures. The site configuration used for all

study situations is shown on Figure 4. Ground conditions

assumed for the five study sites are shown on Figure 5.

A brief summary review of guidelines and criteria used in

the analysis and design of cut-and-cover tunneling operations

is given in the following paragraphs. A more detailed

discussion is provided in Section 4 of Volume 1.

2.2 SOIL TYPES AND PROPERTIES

The design of cut-and cover structures varies signifi-

cantly depending on the type of soil in which the structure is

built. Since no two sites contain identical ground conditions,

it is necessary to make separate designs for each situation.

However, for study purposes, average or typical conditions can

be considered which will provide adequate and cost effective

designs for both permanent and temporary structures.
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Even though most soils have some cohesive properties, it

is common practice for a broad range of silty sands, clayey

sands, sandy silts, sandy clays and even clayey silts to assume

an "equivalent" non-cohesive soil for design purposes. The

ordinary rules of soil mechanics for a non-cohesive soil (using

an equivalent 0) are then applied to develop applicable lateral

earth pressures for design of permanent, and to a greater

extent temporary structures. This is the type of soil

considered for sites 1, 2, and 3.

Cohesive soils including soft clays, clayey silts and firm

clays exert lateral pressures which are dependent on the soil

unit weight and the value of cohesion - 'c'. When dealing with

soft clays or silts in excavation the problems of base stabil-

ity and passive pressure becomes very critical. As these soils

are very sensitive to disturbances, it is difficult to obtain

accurate values of the soil cohesion in the undisturbed con-

dition. These types of soil are found in site 5. Site 4 has

both cohesive and non-cohesive soils as well as rock.

Physical properties of soils typified by the five study

sites are shown on Table 2. These properties were used in the

analyses and calculations of design requirements developed for

the different cut-and-cover constructions considered in the

study.

2.3 DEWATERING AND RECHARGING

It is likely that most transit structures will be built at

sites with a relatively high water table level which affects

both the design and construction of the structure. Several

possibilities exist: 1) the area can be effectively dewatered

without detrimental effects to adjacent areas or structures,

2) the water table must be maintained or 3) impervious nature

of the soil is such that predrainage (dewatering) would be

impractical.

In the first instance (site 1) , dewatering during con-

struction could be accomplished with deep wells, well point

systems or other conventional methods. Recharging would not be

30



Table 2. SOIL PROPERTIES AND DEFINITIONS

SO/L PROPERTIES ANO DEFINITIONS
S OIL. PR OP>£RT/£S SO/L MECHAN/CS AND GENSRAL ENG/NR. FORMULAE

S O/L TYPE

ALLUV/AL SOIL

ORGAN/C S/LT

SOFT CLAYEYsilt

FIRM CLAY

£&U/VAL£NTSOIi
at sits 4 -

33"

2C

2 9.7

IZSPCF

SOOPSF

/2QPCFGZPCF

I/2.PCF

SOOOPSfi/ZZPCF

GSPCp

SOPCF

eopcp

leZPCF G3PCF

COrt£S/ONL.£SS SQ/L.S •

Ka = TAN Z (45- % )

Ko = /- S/N & OR, = OS
Kp = TAn\4£ + <b&)oR R£F5RSA/C£/G

t
Po 462

FLEXI&LE WALLS, D£WATERED.
Kj - o.a R* YH

FLBX/&LS walls , A/or dswatered.
p'j - O.dKa X(H-H')+ O.aK* f'H'
P„ - (S3 H'

SEMI • RIGID WALLS ,D£WATERED
/=/= 0.4CKO + K*.) VH

SEMI -At/GID HALLS NOT DEWATEREO
F>* =0.4- (Ko + K« ))T(H-HO+ 0.4 CKotK^lT'H1

P» - S3 H'
SYM&OLS USSD /A/ TH/S R£pOPT
SOIL MECHANICS ;

<p ANGLE OF INTERNAL FR/CT/ON
6 ANGLE OF WALL FRICTION
C COM£SION
t MOIST UNIT WEIGHT
S' SU&MERGEO UNIT WEIGHT
g"w UNIT WEIGHT OF WATER
Ka COEFFICIENT OF ACTIVE LATERAL EARTH'PRSS$L*£

K o COEFFICIENT Op AT REST LATERALEARTHPRESSUK&
Kp COEFFICIENT OF PASSIVE LATERAL EARTH•PKSSSIKQ

GENERAL ENGINEERING t

A ADHSSION (SK./N FRICTION

)

CI O/ST. 6ETNEEN GROUND WALLANO &LOG.FOUNDA770M
[

& WIOTH OF WALL.
la WIOTH OF PILE
O PILS PENETRATION&SLOH&OT7VMOF EXCAVATION
C\ D£PTH FK.OM SR.OUHDSU*A*C£ TO MIDPOt/vrOF T'S&ACK4HC*OKA3£.

Dp OSP>TH OF BU/LO/NG FOUNOATION
J DEPTH OF PILE.
FS. FACTO*. OF SAFSTY

.

f FACTOR(DEPENDENT ON TIESACK ANGLS ANDR&
H DBPr/i OF EXCAVATION
H' WATER 7X&LE TO BOTTOM OF EXCAVATION . I

Hi &UILDING FOUNDAT/ON TO BOTTOM OP EXCAVATK>\

K OIM&NSIONLESS NUNI&SR
.

N PRESSURE /NOEX.
n N£T &U/LD/NG FOUA/OAT/ON LOAD .

PA ACTIVE PRESSURE CMO/STJ
Pi ACTIVE PRESSURE CSUBMSRGSD J

/%, MAGNlTUOeOFACTIVE LATSXAL EA*7» P*&SSU«S(MOGi

PJ/ MAGMITUDB OFAcnva LATBKALS^rH PiesssotscsMMexs^

Pp, PASSIVE PR.ESSU&E C*IOIST

)

PL PASSIVE F*/?SSSU*.S CSU&AtSRGED)
P„ WATER PXSSSUAZS
P„ ACTIVE PRESS UK.£ GAAO/SNT CAiO/ST

>

Pi active pressu/^e gaad/ent Csua*ieR<se6.

Pp PASSIVE PR&SSUKE GK4O/0NT CMO/STJ
P'p PASS/VS F*R£SSURS GRADIENT(SVAMSRGeO)
p\, YVAT£K. PRESSURE GKAD/SNT
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necessary. Any of the three ground wall support systems

designed for dry soil conditions could be used, provided

adequate safety precautions were taken against possible failure

of the dewatering system. Design of the permanent structure

would be based on high water table conditions.

Where the water table must be maintained, (site 3) imper-

vious type ground support walls would be used. The excavation

is physically isolated by establishing a water-tight "bath tub"

in which the construction will occur. Pumping facilities would

only be required to extract water from within the impervious

shell. Open sumping and trenching may be possible at some

depths, or the excavation could be effectively isolated by

predraining the area of excavation and reintroducing the pumped

water (recharging) to the soil mass beyond the support walls.

Since recharging is much more difficult and less predictable

than dewatering, great care must be taken to ensure that

various components of the feedback loop operate as required.

In either case, monitoring of the water table and dewatering

system must be continuous and analyzed by experienced prac-

titioners.

The design and effectiveness of a dewatering system

relates to its ability to reduce the exit gradient (water

flow-beneath the ground support wall) sufficiently to prevent

piping or "boiling" of the soil within the excavation. In

situations where fairly impermeable soils are found at reason-

able depths below the excavation (which would probably be the

case at most sites), the support walls could be extended into

the impervious layer, thereby providing an effective cut-off

seal.

If the pervious material is of great depth, the exit gra-

dient can be reduced by increasing the depth of support wall

embedment below the bottom of excavation. For all practical

purposes, however, the exit gradient for assumed conditions at

site 3 is not materially reduced beyond that achieved with an

embedment depth of approximately 35 feet (10.7m). The distance

between the bottom of the wall and top of an impervious layer
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as well as the width and depth of excavation affects the

calculation of the exit gradient and consequently the design of

the dewatering and ground wall support systems. For situations

similar to site 3, it would be necessary to make a thorough

geotechnical analysis of all factors: permeability, aniso-

tropy, relative densities, stratigraphy, depth of excavation

and cut-offs and location of the existing water table before

determining the most effective dewatering method. It is likely

that separate analyses would have to be made for each depth and

type of structure considered. Open sumping and trenching

(dewatering the soil within the support walls as the excavation

proceeds) may be acceptable at shallower depths, but would

probably not be permitted where the hydrostatic head exceeds 30

or 40 feet (9.1m or 12.2m) even though a lengthened flow path

had been provided by embedment, theoretically sufficient to

prevent piping. Considering a critical gradient for most

granular soils of 1 and a safety factor of at least 2, the exit

gradient must be less than 0.5.

Due to the organic silt layer at site 4, it would be

necessary to recharge the overlying sand layer to prevent

subsidence if the area was dewatered. However, due to the

proximity of impervious materials (silt and rock), it is likely

that effective seals at bottom of the diaphragm walls can be

achieved so as to essentially eliminate the dewatering oper-

ation. Sumping and trenching and some interim pumping of the

sand layers will be required as the excavation is lowered.

Sealing a diaphragm wall to rock can be an expensive operation

requiring special construction techniques and monitoring.

The soil profile at site 5 contains no permeable strata,

hence predrainage and/or recharging would not be applicable.

The requirements for dewatering and subsequent design of

temporary structures vary considerably with respect to site and

construction conditions. In some instances, the need to reduce

the exit gradient in soil below the excavation to prevent

"piping" is more critical in determining cut-off depths than

structural requirements for passive or bearing capacities of

the ground support walls.
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The above discussion is a general overview of dewatering

analyses made for the study. Determinations of cut-off depths

used for the design analyses are in general agreement with

experimental results summarized in NAVFAC, DM-7 (Ref 18).

2.3.1 Special Dewatering Considerations at Site 3 : For the

special situation at site 3, an alluvial soil that should not

be dewatered, the following assumptions are made:

1) The sand forming the aquifer has an equivalent iso-

tropic permeability of about 200 cm x 10" /sec. However,

since it is an alluvial deposit, anisotropic properties are

assumed with horizontal permeability substantially greater than

vertical permeability. This is typical of most alluvial soils.

2) The existing water table is 10 feet below the ground

surface and the predrained water level within the diaphragm

walls is maintained at least 3 feet below subgrade.

3) An impermeable layer is present at a depth of 100 feet

below invert.

4) Although recharging is used to maintain the existing

water table, it is assumed that reasonable variations in water

level will be permitted.

Results of dewatering analysis for site 3 are shown on

Table 3. The general schemes considered for the different

sites are illustrated on Figure 12.

2.4 DESIGN OF PERMANENT STRUCTURES

Long term loadings assumed for the design of permanent

structures are shown on Figure 13. In most cases the design is

comparatively insensitive to changes in soil type for the

following reasons:

a) When the permanent water table is high (which is

usually the case), a change in soil type or its competency will

not result in a marked change in design vertical and lateral

loads on the structure.

b) If the water table is low, the only variation in

vertical loading would be possible differences of moisture

content of backfill materials used.
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Figure 13 . DESIGN LOADING LONG TERM
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c) Lateral loads, exclusive of surcharge, will vary

somewhat with changes in soil type. However, the actual effect

of these variations on the design is usually less than other

structural considerations such as a design for buoyancy.

Street and sidewalk live loads (surcharges) are considered

at a common design value of 600 psf (28.7 kpa) for all sites.

Building surcharge loads do not impart significant

additional lateral soil pressure to the walls of permanent

structures unless the buildings in question are not under-

pinned, are relatively tall (heavy) and are unusually close to

the plane of the cut-and-cover structure walls. Empirical

formulae, such as shown on Figure 14 can be used for most types

of building surcharge problems which would be encountered.

The basic design of permanent cut-and-cover structures

shown on Figures 1, 2, and 3 conform generally to similar

structures of recently completed transit systems. The designs

were checked structurally for conformance with the study design

criteria.

2.5 DESIGN OF TEMPORARY STRUCTURES

Although the design of temporary structures (ground

support, decking, etc.) has been discussed rather extensively

in various texts and manuals, there still remains differing

opinions and practices in the engineering community regarding

various theoretical and practical considerations involved. The

design approach used herein is based on past experience of the

study team and should provide adequate and effective designs

for most cut-and-cover situations.

Summary criteria for the design and analysis of temporary

structures are shown on Figure 14 in both English and metric

(S.I.) systems. Design values and equations as discussed below

refer to the English system. Applicable soil properties are

given on Table 2, page 31.

a) Design Lateral Pressure, Flexible Wall Systems,

Retained Non-Cohesive Soil Dewatered (Figure 14-1)

This lateral pressure diagram is based on recommendations

of Terzaghi and Peck (Ref 12) for non-cohesive soil. The
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magnitude of lateral pressure may be taken as Pd where:

Pd = 0.8 Ka^fH

and where H is in feet.

b) Design Lateral Pressure, Flexible Wall Systems,

Non-Cohesive Soil Not Dewatered (Figure 14-1)

Although this design condition is not common in cut-and-

cover construction, it would, however, be applicable to a case

in which sheet piles were used for the wall system and the

water table could not be lowered. Values of Pd and P'd are

also based on the recommendations of Terzaghi and Peck:

Pd = 0.8 Ka^ H

P'd = (0.8) Ka (10y) + (0.8) (Ka) (H-10) (*')

Pw = 63 H'

The relationship for P'd is applicable only to the

specific case where the water table is 10 feet below grade.

c) Design Lateral Pressure, Semi-Rigid Wall System,

Retained Non-Cohesive Soil Dewatered (Figure 14-1)

This type of wall system has only been used for about

twenty years and appropriate design criteria is not included in

standard texts.

The magnitude and shape of the lateral pressure diagram is

a matter of engineering judgment for each specific case. For

this study the following relationship is used:

Pd = (0.4) (k + k ) (S) Hu a
d) Design Lateral Pressure, Semi-Rigid Wall Systems, Soil

Not Dewatered (Figure 14-1)

Values of Pd and P'd are computed as follows:

Pd = (0.4) (k
Q

+ K
a ) (}f) H

P'd = (0.4) (k
Q+Ka ) (10y) + (0.4) (kQ+Ka ) (H-10) (*')

Pw = 63 H'

Again the value of P'd is applicable to a specific case

with the water table 10 feet below grade.

e) Design Lateral Pressure, Semi-Rigid Wall Systems,

Cohesive Soil Not Dewatered (Figure 14-5)

P'd = [(H-H')tf + (H'tf')] -4C, or

P'd = 0.4 [(H-H')Tf + (H'*r')J , whichever is greater

Pw = 63 H'
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f

)

Design Lateral Pressure y Traffic and Construction

Equipment Surcharge (Figure 14-1)

The lateral pressure diagram for traffic and equipment

surcharge is an approximation of the results which would be

obtained by theory of elasticity for a 600 psf surcharge 12

feet wide (strip load) immediately behind the ground wall.

g) Design Lateral Pressure Due to Surcharge, Building

Foundations Not Underpinned (Figure 14-1)

On cut-and-cover projects where the soil is reasonably

competent, it is usual practice to develop empirical relation-

ships for computations of lateral pressure due to building

surcharge. The empirical equation on Figure 14-1 incorporates

the following values:

q^ = Building foundation load, which is taken as

the sum of all dead and live loads on the

roof, floors and basement(s), using appro-

priate live load reduction. The load is

considered as uniformly distributed over the

building plan area and acting on the elevation

of the building spread footing or mat founda-

tion.

D^ = Depth of building foundation

n = Net building foundation load, which is equal

to qf minus the weight of soil replaced by

the building. It is seen therefore that

n = qf
- y D

f

W = 40% of n when the building line coincides with

the ground wall system (a = o)

W = if the horizontal distance between the

building line and the ground wall equals 1.5

times the depth of the cut-and-cover structure

invert below the building foundations

(H^ = l.5a)
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a = Minimum distance between ground wall and

building foundation. Therefore,

W = 0.4n (1 - —2—

)

1.5H,

Although the equation is representative of current prac-

tice, care must be taken to recognize building surcharge

conditions where empirical relationships are not applicable.

h) Design Passive Resistance, Retained Soil Dewatered

(Figure 14-3)

The passive resistance diagram shown on Figure 14-3 is

somewhat conservative, but is representative of criteria often

used in cut-and-cover construction. Values of active and pas-

sive pressure gradients (p and pi are based on Rankine
a p

values:

P
a

= Ka >

P = K£j
P F.S.

Where "F.S." - factor of safety is taken as 1.5.

For a driven soldier pile the passive resistance p may

be considered as acting on a width three times the width of the

soldier pile (efficiency factor = 3.0). For a soldier pile

encased in concrete the passive resistance p may be con-

sidered as acting on a width 2.25 times the diameter of the

concrete surrounding the piles (efficiency factor = 2.25).

i) Design Passive Resistance, Retained Soil Not Dewatered

(Figure 14-3)

Values of pa, p'a, p and p' are shown on Figure 14-3

are Rankine values:

pa = Ka*

p'a = Ka5T'

Pp = KP y

p' = K£ll
P F.S.

Also: pw =^Tw = 63 psf/ft.

47



This diagram is applicable to semi-rigid diaphragm walls

and to sheet pile walls. The depth of wall embedment below

subgrade will, however, be controlled by the need to prevent or

control piping in certain soil types.

j ) Design Vertical Bearing Capacity (Figure 14-3)

Substantial vertical bearing capacity must be incorporated

into the design of ground wall systems to account for the fol-

lowing types of vertical loads (as applicable)

.

Live and dead construction deck loads

Weight of ground wall

Weight of internal bracing

Vertical or downward component of tieback loads.

Usual practice in cut-and-cover construction is to develop

empirical vertical bearing capacity formulae which will give

reasonable results on the side of safety. The formulae sug-

gested on Figure 14-3 are representative of this approach. In

special cases of high concentrated vertical loads on a portion

of the ground wall system this type of empirical formulae may

yield unreasonable results and a more comprehensive design

approach is warranted.

k) Deck Structure Loads

The minimum practical load criteria for construction

decking is ordinarily considered to be AASHO HS-20-44 loading.

Construction equipment (such as crawler cranes, truck cranes

and modern transit mix trucks) often impart heavier loads. In

these cases the deck structure should be designed for both

AASHO HS-20-44 loading and applicable construction equipment

loading. For this study, the following loadings are considered

representative:

1. Any reasonable combination of three 11 ft. AASHTO

HS-20-44 (MS-18) traffic lanes (public traffic) plus a

working 50-ton crawler crane or truck crane (contrac-

tor's working area on deck) - or,

2. Four 11 ft. AASHTO HS-20-44 (MS-18) traffic lanes

and two parking lanes (public traffic and/or equiva-

lent contractor's work deck traffic).
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1) Design Stresses for Temporary Structures

Design stresses for most components of cut-and-cover

temporary structures are ordinarily taken at higher values than

allowable design stresses for permanent structures. The

following are representative of current practice:

1. Soldier Piles and Wales

Design stress shall not exceed 120% of allowable

stress.

2. Sheet Piles

Bending stress F
b

= n.80 Fy where Fy = minimum

yield stress.

3. Diaphragm Walls (SPTC and PCP Walls, etc.)

Stresses shall not exceed 120% of allowable

stresses (applies to temporary loads only).

4. Struts

The slenderness ratio of struts shall not exceed

120 and the maximum axial stress to which the struts

may be subjected shall not exceed 14,000 psi

(96,500 kPa).

5. Timber Lagging

Stresses shall not exceed 120% of allowable

stresses.

6. Stress Bars or strands for Tiebacks

Allowable tensile stress shall not exceed 0.60

f's, where f's is the minimum ultimate tensile

strength (allow 0.80 f's for test load).

7. Deck Structure Framing Carrying Public Traffic

Stresses shall be as specified in the latest

edition of "Standard Specifications for Highway

Bridges" as adopted by the American Association of

State Highway and Transportation Officials (AASHTO -

formerly AASHO)

.

8. Deck Structure Framing Carrying Constrtuction

Loads Only

Design stresses shall not exceed 100% of allowable

stresses.
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2.5.1 Design of Construction Decking ; The loading criteria

used for the design of decking should be representative for

most urban areas. The concept of temporary support piles for

deck beams near midspan for the highway tunnel and rapid

transit station (Figures 6 and 8 on pages 12 and 15) is

compatible with assumed traffic maintenance requirements. At

many urban sites, however, it may be possible to divert traffic

temporarily so that deck beams spanning the entire excavation

can be used. The cost of construction decking ordinarily does

not change markedly when this latter construction method is

used; but the method does offer significant savings in

excavation costs and in the cost of the construction of

permanent structures.

2.5.2 Design of Ground Wall Support and Bracin g: Developed

criteria, load diagrams and "guideli nes presented here and in

Section 4 of Volume 1 were used to design ground wall support

systems for all cut-and-cover construction situations con-

sidered in the study. General arrangements of the systems are

illustrated on Figures 5, 6, 7 and 8. Structural requirements

are tabulated for each situation and presented as Tables 35

through 43 - Appendix A, page 213.

Material quantities and work requirements used in develop-

ing costs and subsequent comparisons of methods were developed

from the given designs. Quantities for major items are listed

as Tables 44 through 55 - Appendix B, page 223.

In all cases, the designs reflect both technical analysis

and practical experience gained from the design of many "braced

land cofferdams" completed by the study team on recent transit

systems. Although the situations considered cover a broad

spectrum of cut-and-cover variables it is likely that specific

site conditions could require variations in design results.

The general design criteria and formulae given in the tables

allow for design with soil conditions not specifically covered

in this study.

2.5.3 Design Guides and References : The following list of

texts and/or design manuals are used extensively in the
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engineering community for the design of temporary structures

associated with cut-and-cover construction. Each of these

publications has been consulted in preparing the design

criteria for this study. The reference numbers refer to

complete bibliographic listings on page 287.

Terzaghi, 1943 (reference 11)

Terzaghi and Peck, 1948 (reference 12)

Terzaghi and Peck, 1967 (reference 13)

Teng, 1962 (reference 14)

Tschebotar iof f , 1973 (reference 15)

Leonards, 1962 (reference 16)

Andersen, 1956 (reference 17)

NAVFAC, DM-7, 1971 (reference 18)

SMFD/ASCE, 1970 (reference 19)

Steel Sheet Piling Design Manual, 1974 (reference 20)

Prestressed Concrete Institute, 1974 (reference 21)

ASCE/SEONIC, 1970 (references 3, 4, 32, 33, 34, 38, 39)

AISC, 1973 (reference 22)

AASHO, 1973 (reference 23)

Uniform Building Code (reference 24)

Timber Construction Manual, 1966 (reference 25)

2.6 PERMANENT PROTECTION OF ADJACENT STRUCTURES

Ordinarily, the design of permanent and temporary cut-and-

cover structures is not significantly affected by adjacent

buildings. However, the total cost of a given project can be

affected depending on the extent of underpinning or other

protection required due to the construction.

General criteria used to determine the need for permanent

protection of existing foundations is shown on Figure 14,

page 40. It is assumed that buildings less than four stories

in height will not require protection. The following table

shows the permanent protection requirements for the various

situations considered in the study.
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No No
No Yes
Yes Yes

Permanent Protection
10 Story 5 Story

Cut-and-Cover Structure Building Building

Figure 2

Highway Tunnel - 30 ft.* depth
Highway Tunnel - 50 ft.* depth
Highway Tunnel - 70 ft.* depth

Figure 3

Double Box R.T. - 30 ft.* depth No No
Double Box R.T. - 50 ft.* depth No No
Double Box R.T. - 70 ft.* depth No No

Figure 4

Rapid Transit Station - 50 ft.* depth No Yes
Rapid Transit Station - 70 ft.* depth Yes Yes

Buildings 3 stories high or less: No permanent protection.
*30 ft. = 9.1m, 50 ft. = 15.2m, 70 ft. = 23.1m

Semi-rigid ground wall support systems - soldier pile and

tremie concrete or precast concrete panels - are designed to

offer permanent protection in lieu of underpinning, conse-

quently the above tabulation applies only to soldier pile and

lagging method of ground support. There are, however, certain

lesser costs such as removing or support of sidewalk vaults or

cornices, which would be applicable in all instances.

It is evident that the cost of permanent protection is

dependent on the location, size and number of buildings

affected by the construction. Figure 4, page 7, lists the

assumptions made for this study. Building configurations at

other sites would probably be different, therefore it will be

necessary to make appropriate adjustments in cost of permanent

protection as determined and explained later in the report.

The use of a semi-rigid ground wall support system (usually

more expensive than a flexible system) may be justified if it

eliminates excessive amounts of underpinning or other permanent

protection which otherwise might be required.
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SECTION 3

CONSTRUCTION COST DATA

3.1 GENERAL

The term "construction cost data" is used to identify many

types of costing information pertaining to construction work.

It may refer to the number of work units completed by one man

in an hour, or it may reflect the cost of completing a mile of

tunnel when advancing at a given rate of progress. Although

they include many different elements, cost data are usually

considered with respect to specific projects on the basis of

three categories of work: 1) direct costs - completing

contractural work requirements, 2) indirect costs - general and

administrative and plant and mobilization costs and 3)

contractor's markup - contingencies and profit. Categories 1

and 2 represent the contractor's cost; the sum of the three,

the bid price or total cost of construction normally considered

by the owner agency.

Each category reflects the correlation and extension of

various unit resource costs and quantities with respect to

anticipated production or other requirements determined for the

project. Starting with basic unit prices such as the cost of a

man-hour of labor or a pound of steel, costs are calculated for

all operations and then combined or grouped into work items to

arrive at total direct cost - Category 1. Categories 2 and 3

relate to total project requirements. All costs are summarized

as unit or lump sum bid prices extended against a bill of quan-

tities established for the project. Section 5 of Volume 1

presents a discussion of different costing and bidding tech-

niques normally followed in the United States.

The following paragraphs discuss various aspects of con-

struction cost and provide basic data which can be used to

determine the cost of cut-and-cover transit structures.
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3.2 AVAILABLE COST DATA

Most available cost data consist of published bid prices

submitted by contractors for a project or various types of cost

records maintained by either the owner or contractor during the

course of construction. The availability and reliability of

these data for use in determining costs of future construction

can be rated as shown below:

Type of Available Data Availability Reliability

Bid Prices High Low

Owner's Records Moderate Moderate

Contractor's Records Low High

As used above, reliability or lack of reliability refers

primarily to the difficulty experienced by individuals not

involved directly with initial preparation of the data to

correlate costs with supposedly comparable work on the basis of

resource or component variations. This is also discussed in

Section 5 of Volume 1. However, available data can be used to

provide fairly reasonable approximations of activity cost with

respect to total cost of cut-and-cover construction. An

example is given on Table 4 which shows the results of several

analyses based on grouping and combining bid prices into eleven

major activities such as excavation and utilities. The first

analysis reflects twelve recent cut-and-cover projects in San

Francisco and Washington investigated in this study; the second

analysis refers to five projects as given in Reference 42, and

the third is a general summary of costs taken from Reference

1. Although the percent of total cost shown for each activity

is fairly consistent in the three analyses, it is unlikely that

the same factors or cost data were used in all instances.

Since the percentages represent "averages", they could be

misleading for any specific project. In general, available

cost data should not be used to determine costs of future work

unless details of how those data were developed are known.
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3.3 DEVELOPED COST DATA

Cost data can be developed for each construction situation

in a manner normally used by general contractors in preparing a

competitive bid. This entails a complete analysis of all work

operations and requirements in terms of cost components and

productivity needed to complete the work within the limitations

of the contract. Since factors that affect cost; like quan-

tities and types of work, site conditions and contractual

stipulations are never the same for any two projects, it would

be difficult to develop data applicable directly to all situa-

tions. Nevertheless, there are similarities and relationships

in major activity requirements which if properly evaluated and

correlated can be used to develop cost data typical of most

cut-and-cover construction. These evaluations require a

fundamental understanding of construction methods, procedures

and production with respect to labor, equipment and material

requirements which affect the direct and indirect costs. This

basic understanding is acquired over a period of years and

reflects the experience of the construction estimator used in

developing costs for a project. Although techniques may

differ, the following steps are normally used for the

estimating process:

1. Ascertain project requirements. This entails studying

the contract documents including design drawings,

specifications, general conditions and other

stipulations pertaining to the proposed work.

2. Investigate and evaluate site and other local condi-

tions which would affect the work.

3. Make a quantity take-off of all segments of work;

compare with given bill of quantities.

4. Establish basic price of labor, equipment and mate-

rials, consistent with the time and location of the

project

.

5. Determine method of construction and establish appro-

priate operations required to complete each item or

segment of work. Most items will require several
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operations; for instance, concrete work would normally

include operations of: 1) prepare foundation, 2)

build, set and strip forms, 3) place concrete, 4) cure

and finish, etc. Identify specialty work to be com-

pleted by subcontractors.

6. Set up labor crews, equipment spreads and material

requirements as needed to complete each operation.

7. Determine time to complete each operation on the basis

of estimated production rates for respective labor

crews and equipment spreads.

8. Establish cost of components (labor, equipment,

materials and subcontracts) for each operation and

item to obtain total direct cost of the work.

9. Prepare a construction schedule showing most effective

sequence of work with respect to project requirements.

10. Determine indirect, general and plant expenses

required but not included in direct costs.

11. Add contractor's profit, contingencies and escalation

allowances appropriate for the work.

The above steps, which are illustrated in logic form on

Figure 15, give a brief description of how cost data are

usually developed for a specific job. Variations in quantities

of work, methods of accomplishment and local and site con-

ditions unique to a project are summarily considered. It is

apparent that a considerable amount of study and detail is

required for each situation. Often it is necessary to evaluate

several alternatives before finalizing costs. The costs are

summarized as bid prices reflecting the individual's appraisal

of most effective manner for completing the work.

Cost data needed to evaluate and compare different cut-

and-cover tunneling situations for this study are developed in

general accordance with the above except that contractor's

markup (Step 11) is considered separately. The general

procedure is illustrated by developing four basic estimates

which are discussed later in this section.
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Project Requirements
1~ Dimensional Criteria
2. Quantities of Work
3

.

Site Conditions

Contractual
Requirements *t Environmental and

Working Conditions

1. Construction Methods
2. Operational Analysis
3. Productivity Req'mt's
4. Time Requirements

Manning Requirements
Crews - Skill
Man-Hour Req'mt's
Wages - Fringes
Availability

Labor
Costs

Type of Equipment
Operating Costs
Maint . & Repair
Depreciation
Availability

Type of Materials
Quantity of Mat'l
Material Prices
Availability

Equipment
Costs

I

I
Material
Costs

Direct Costs

4
Indirect Costs

Adminis. & Superv.
Mobil. & Demob.

Plant Costs
Fixed and Time Rel.

Contractor '

s

Markup

I
Project
Cost

Figure 15. LOGIC FOR DEVELOPING COST DATA
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3.3.1 Estimate Designations The open-trench cut-and-cover

tunneling situations considered in this report reflect several

variations of five major conditions affecting the construction:

1) Urban sites - Five each.

2) Transit structures - Three each.

3) Ground wall support - Three methods.

4) Depth of structure - 30, 50 and 70 feet (9.1m, 15.2m

and 21.3m)

5) Bracing system - Two methods.

Details of the transit structures and urban sites are

shown on Figures 1 through 5 and Table 1. Ground support and

bracing details are illustrated on Figures 6 through 10.

Design requirements and quantities of work are discussed in

Section 2 and listed in Appendices A and B.

Different combinations of the above conditions give 270

possible construction situations. There are, however, certain

combinations that would not be feasible from a construction

standpoint. Soldier piles and lagging would not be used at a

site with a high water table that could not be dewatered, and

tiebacks are not practical in soft clays. In addition, the

transit station can not be considered at the 30-foot (9.1m)

depth. Eliminating these possibilities leaves 176 situations

to be evaluated.

To identify each situation and corresponding cost esti-

mate, a four character code is used which defines: 1) the

particular site considered, 2) type of structure, 3) method of

ground wall support and bracing and 4) depth of construction

and high or low initial water table level.

The particular condition designated by each code character

is listed on Table 5. The codes assigned to the 176 cost

estimates are shown on Table 6. They identify the study con-

ditions used to define each situation. These estimate codes,

although similar, should not be confused with activity varia-

tion codes used in Volume 1 and discussed next.

59



Table 5. ESTIMATE CODE DESIGNATIONS

FIRST CHARACTER - Site Condition

1 - Site 1

2 - Site 2

3 - Site 3

4 - Site 4

5 - Site 5

SECOND CHARACTER - Type of Structure

1 - Four Lane Highway

2 - Rapid Transit Station

3 - Rapid Transit Line Section

THIRD CHARACTER - Ground Support & Bracing Method

G - Soldier Piles & Lagging - Internal Bracing

H - Soldier Piles & Lagging - Tieback Bracing

J - SPTC Wall - Internal Bracing

K - SPTC Wall - Tieback Bracing

L - Precast Panel Wall - Internal Bracing

M - Precast Panel Wall - Tieback Bracing

FOURTH CHARACTER - Depth of Excavation - Initial Water Table

T - 30 ft (9.1m) Depth - High Water Table

U - 30 ft (9.1m) Depth - Low Water Table

V - 50 ft (15.2m) Depth - High Water Table

W - 50 ft (15.2m) Depth - Low Water Table

Y - 70 ft (21.3m) Depth - High Water Table

Z - 70 ft (21.3m) Depth - Low Water Table

60



rH
1

rH

^-1

1

CN

•-I

1

co

rH
1

1

CN
1

CN
1

CN

CN
1

CO

CN
1

CO
1

rH

Csl

S
CO

l

CN

CO
1

ro

CO
1

•*

1

rH W
55 FH CO

<
cj

fa J
OS fa
O 2
2-5
O 0*

-" fa
as EH

z i-l

rH
1H

tN
J
rH

1

CN

><
>i r«

rJ
r-l

1

rJ
CN

1

rH

NJ
CN

1

CN

rH
CN

1

CO

>H
rJ
CN

1

rH
CN

1

LO

>H

r4
CO

1

rH

tsl

rJ
CO

1

CN

rJ
CO

1

CO

><
rJ
CO

1

-3

rJ
CO

1

LO

^ G"
r-l rH

co <r

rH
1

rH

«
rH

1

CM

><

rH
1

CO

rH
1

1
CN

1

rH

fcrS

CM
1

CN

>H

CN
1

cn

>H

CN
1

'

CO
1

rH

CN
ferS

CO
1

CN

CO
1

CO

fcrS

ro
1

1
Hww
fa

o

2 fa

| OS fa
- Hfc¥ «

"

03

H
c« » cj
<p-J S5
cjco o

cj 2M
in
rH

1

>->

rH
1

CN

><
n
rH

I

I")

T
-3"

r-l

1

un

>H

h
CN

1

r-l

CN
->
CN

CN

1-1

CN
1

CO

>H
I")

CN
1

-3

-)
CN

1

LO

h
CO

1

rH

CO
>-)

CO
1

CN

>H

CO
1

CO

>-3

CO
1

r«
1-1

CO
1

LO

EC
rH

1

rH

Cv]

a
rH

i

CM

1 1 1
CN

1

rH

CN
EC
CN

1

CN

1 1 1

as
CO

1

rH

Cs]

35
CO

1

CN

1 1 1OS "O O
fa 2HWHQUO

1

CO
JJO
O M <
») 1. J CJ

rH
1

rH

N
CJ
r-l

1

CN

I 1 I

CJ
CN

1

rH

IS)

O
CM

1

CN

1 1 1

J*O
CO

1

rH

CN
CJm

I

CN

1 1 1

3OM
H
g

1

rH

rH
1

CN
1

cn

rH
1

-a-

l
CN

1

rH

CN
1

CN

CN
1

CO

CN
1

1
CO

1

rH

CO
1

CN

CO
1

CO

CO
1

1Shco
1

m
HM
CO Son,m

CJ

H

H2M
>
rJ
rH

1

rH

3
rJ
rH

1

CN

>
rH
rH

1

ro

>
rJ
rH

1

<•

>
rJ
rH

1

LO

>
rJ
CN

1

rH

rJ
CN

t

CN

>
rJ
CN

1

CO

>
rJ
CN

1

>
rJ
CN

1

LO

>J
CO

1

rH

3
r-l

CO
1

CN

>
l-J

CO
1

CO

>
rJ
CO

1

<3

>
rJ
CO

1

LO
>-•

Q
H
CO

>
fcrS

rH
1

i—

1

3
rH

1

CN

>
rH

1

co

>
rH

1

1

>
CN

1

rH

CN
1

CN

>
CN

1

CO

CN
1

1

>
CO

1

rH

3
CO

1

CN

>
hi
CO

1

CO

>
CO

1

1
H
fa
fa
fa

om

2 W
m >; H

1 OS w
H S OS
CO :=> o
cj en o

CJ

H >
|-s

rH
1

r-H

5
r-l

1

CN

>
rH

I

>
rH

1

-3"

>
"J
rH

1m

>
-"J
CN

1

rH

CN
1

CN

>
CN

1

CO

>
>->

CN
1

>
<-)

CN
1

LO

>
r-)

CO

rH

CO
1

CN

>
rn
CO

1

CO

>
CO

i

>
>->

CO
1

LO

r-l 2

1

CO
w

>
EC
rH

1

rH

3
33

1

CN

1 ' l

>
33
CN

1

rH

CN
1

1 1 1

>
EC
CO

1

•-I

3
EC
CO

1

CN

1 i 1OS «3 CJ
fa 2M CO M
Q W OJJO
O M <
CO fa nJ

CQ

H

H
2
1-1

OO
CJ >

CJ
rH

1

rH

3O
rH

1

CN

l 1 i

>
O
CN

1

rH

3
CJ
CN

1

CN

1 1 1

>O
CO

1

rH

g
CO

1

CN

1 i 1

H

rH
1

rH

rH
1

CN

i-h

l

co

rH i 1 1 1 1 1
CO

1

rH

CO
1

CN

co
1

CO

CO
i

-3-

1H coH w
^Sfa3

hU 2
So ft
^CJ

PQ

HH
CO
w H2M

I

rH

PJ
rH

1

CN

H
rH
rH

1

CO

H
rJ
rH

1

H
rH
rH

1m
1 1 1 1 1

Eh
rJ
CO

1

rH

tJ
CO

1

CN

Eh
rJ
co

1

CO

Eh
hJ
CO

1

H
>J
CO

1

LO
.

vO H
ferS

rH
1

rH

E3
irS

rH
1

CN

H
fcrS

rH
1

CO

Eh

rH
1

i 1 1 1 1 1

H
CO

1

H

5"

CO
1

CN

«
CO

1

co

H
CO

1

sr

1

l-l

H
fa
fa
fa

o
co

2 fa !M >h H
J

i os w 1

H OS OS 1

co 3 cj r
< rJ 2 |

pa

H

2M
H
r-J

rH
1

rH

3
rH

1

CN

H
r^
rH

1

CO

-I
rH

1

H
<-)

rH
1

UO

t 1 1 1 1

H
>-)

CO
1

rH

to
I-)

CO
1

CN

H
r-)

co
1

CO

Eh

CO
1

-3

H
r^
CO

1

LO

H J 1

33
rH

1

rH

3
rH

1

CN

1 i 1 1 1 1 1 1

H
EC
CO

1

rH

£3
33
CO

CN

1 1 1OS ^j o
fa 2M CO Mowo
O M <
CO PL, J

pa
6
LO
o
ro

H2 "

M
Eh
CJ
rH

1

rH

1=1

CJ
rH

1

CN

1 l 1 1 1 1 1 1
CO

1

rH

E3O
CO

1

CN

1 1 1

o
II

bc
H
pL|

a

o
a!
cj

H
OS
o
a,

CO

CJ
2M
O
Si
03

rH

fa

CO

CN

fa
HM
CO

CO

w
HM
CO

-3-

fa
HM
CO

LO

fa
HM
CO

rH

fa
EhM
co

CN

fa
HM
CO

CO

fa
HM
CO

-3-

W
H
rH
CO

LO

w
HM
CO

rH

fa

M
CO

CN

fa
HM
CO

CO

fa
HM
CO

w
HH
CO

LO

W
Eh
rH
CO

H
w
a

os

o
fa

>H
<fl rH

« h a

QM
Pm

2

HM
CO
2
s

a
3
-1

-i

<
-t
.0

M

2

-1

H
/)
3 fa
< 2
a m
-1 rJ

2
O
H
CJ
U
CO

0)

P
o
13

61



3.3.2 Activity Designations : Each situation and cost estimate

is evaluated with respect to fifteen activities described in

Section 1. Activities A through K represent direct cost items;

activities N, 0, P and Q indirect and plant costs. As used

here, the terms "activity" and "item" are interchangeable.

All activity requirements and major variations associated

with each situation can be identified by a four character code

similar to that used in the preceding paragraphs to identify

different estimates. The first character shows the type of

structure; the second, the activity letter (A, B, C etc.). The

third and fourth characters are used to indicate site and con-

struction conditions that have a major impact on the cost of

the activity in the particular estimate situation being con-

sidered. The third character indicating the type of ground

wall support and bracing and the fourth character the depth and

soil condition. These code designations and conditions are

listed on Table 7.

Although activity requirements vary for each different

situation, there are certain conditions which have very little

effect on the requirement and/or cost, with respect to the

overall construction. For instance, the decking activity is

dependent primarily on the type of structure and is essentially

unaffected by the depth of excavation or soil type. Where a

changed situation condition has no appreciable effect on the

activity requirement, a zero is used in lieu of the code desig-

nation character. (See bottom Table 7.)

Each activity in turn is comprised of several individual

work operations needed for completion. The number of opera-

tions, which are definable elements of work, could vary from 3

or 4 to 30 or 40. Operations are indicated and listed numeri-

cally in conjunction with applicable activity code.

The above discussion pertaining to estimate, activity and

operation identification is given merely to acquaint the reader

with the general coding format used in developing cost data and

estimates and in preparing various summary tables given in the

report. Subsequent reference to a particular cost estimate or
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Table 7. ACTIVITY CODE DESIGNATIONS

FIRST CHARACTER - TYPE OF STRUCTURE

1. FOUR LANE HIGHWAY TUNNEL
2. RAPID TRANSIT STATION
3. TWIN BOX RAPID TRANSIT TUNNEL

SECOND CHARACTER - MAJOR ESTIMATE ACTIVITY

A. CONTROL TRAFFIC
B. UTILITY WORK
C. PROJECT ADJACENT STRUCTURES
D. CONTROL GROUND WATER
E

.

DECKING
F. GROUND WALL SUPPORT
G. BRACING
H

.

EXCAVATION
I. CONSTRUCT PERMANENT STRUCTURE
J

.

BACKFILL
K. RESTORATION

N. OVERHEAD (FIXED COSTS)
0. OVERHEAD (TIME RELATED COSTS)
P. PLANT (FIXED COSTS)
Q. PLANT (TIME RELATED COSTS)

THIRD CHARACTER - TYPE OF WALL AND/OR BRACING

A. SOLDIER PILE AND LAGGING WALL ONLY
B. S.P.T.C. WALL ONLY
C. PRECAST WALL ONLY

D. DIAPHRAGM WALL - IE, S.P.T.C. OR PRECAST WALL

E. INTERNAL BRACING ONLY
F. TIEBACK BRACING ONLY

G. SOLDIER PILE AND LAGGING WALL WITH INTERNAL BRACING
H. SOLDIER PILE AND LAGGING WALL WITH TIEBACK BRACING

J. S.P.T.C. WALL WITH INTERNAL BRACING
K. S.P.T.C. WALL WITH TIEBACK BRACING

L. PRECAST WALL WITH INTERNAL BRACING
M. PRECAST WALL WITH TIEBACK BRACING

FOURTH CHARACTER - DEPTH OF EXCAVATION AND/OR WET OR DRY SOIL CONDITION

N. 30 FT DEPTH ONLY
P. 50 FT DEPTH ONLY
Q. 70 FT DEPTH ONLY

R. WET CONDITION ONLY
S. DRY CONDITION ONLY

T. 30 FT DEPTH WITH HIGH WATER TABLE
U. 30 FT DEPTH WITH LOW WATER TABLE

V. 50 FT DEPTH WITH HIGH WATER TABLE
W. 50 FT DEPTH WITH LOW WATER TABLE

Y. 70 FT DEPTH WITH HIGH WATER TABLE
Z. 70 FT DEPTH WITH LOW WATER TABLE

NOTE: IN THE THIRD AND FOURTH CHARACTER WHERE NO VARIABLE CONDITION
APPLIES A "0" (ZERO) WILL BE USED.
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activity will be by code designations. By referring to Tables

5, 6 and 1 , the reader should soon be able to correlate cost

data and requirements with specific study conditions.

3.3.3 Basic Cost Estimates : For some situations the activi-

ties and operations would be similar in that they reflect the

same general type of work. Requirements for excavating a

cut-and-cover section using soldier piles and lagging for

ground support would be practically the same as for cast-in-

place diaphragm walls providing both methods use internal

bracing and are suitably dewatered. Placing concrete for

permanent structures usually entails the same general opera-

tions regardless of method of ground support used. However,

there would be variations depending on quantities of work

involved and effective production to be achieved. These

variations are considered by: 1) varying the size and type of

labor crews and equipment spreads, 2) varying material quan-

tities or work requirements, 3) varying hourly production rates

and 4) defining limits of operations in modular fashion so as

to accommodate dimensional changes such as those caused by

varying depths from 30 to 50 to 70 feet (9.1m to 15.2m to

21.3m). By using typical labor crews, equipment spreads and

material requirements for all basic operations, it is possible

to develop increments of cost data which can be combined, added

or deleted to determine the cost of many cut-and-cover

tunneling projects. To accomplish this and illustrate the

procedure, detailed cost estimates were prepared for four

situations that include most individual operations required for

all possibilities. These basic estimates are:

1. Estimate 3-1KY -- Site 3, highway structure,

2,000 feet (610m) long, cast-in-place concrete wall

(SPTC) with tieback bracing, 70-foot (21.3m) depth,

wet soil.

2. Estimate 4-2JY — Site 4, rapid transit station 700

(213m) feet long, cast-in-place concrete wall (SPTC)

with internal bracing, 70-foot (21.3m) depth, wet soil,
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3. Estimate 5-2 LY -- Site 5, rapid transit station, 700

(213m) feet long, precast concrete panels (PCP) with

internal bracing, 70-foot (21.3m) depth, wet soil.

4. Estimate 1-3GY -- Site 1, rapid transit line section,

2,000 (610m) feet long, soldier piles and lagging

(SP&L) with internal bracing, 70-foot (21.3m) depth,

wet soil.

Since all four situations involve high groundwater tables

(most likely condition in urban areas) additional analyses were

made to determine variations in costs for sites with low water

tables. This pertains primarily to control of groundwater -

activity D - although the design of temporary support and

permanent structure are also affected. Separate analyses were

also made for variations in underpinning - activity C - and in

handling utilities - activity B - as required by different

widths and depths of structures.

Following the general steps outlined in paragraph 3.3, the

estimates were prepared by using Jacobs Associates' estimating

program and extended on an IBM 360 computer. The procedure

includes the preparation of a rate deck listing all pertinent

labor, equipment, material and subcontract price data. Labor

is defined by trade, individual classification or crews and

shows hourly cost of base wages, fringes and taxes. Hourly

rates for equipment operation (fuel, lube, repair parts, power,

depreciation and repair labor) were established for individual

units and equipment groups or spreads. Unit cost of materials,

(mbf of timber, tons of reinforcing steel, etc.) as well as

subcontract prices for speciality items of work were estab-

lished and included in the rate deck. Much of the sub-

contract data was provided by contractors performing similar

work on current transit projects. The rate deck, which con-

tains about 900 elements of cost, is applicable to a wide

variety of cut-and-cover tunneling situations. It reflects mid

1974 labor wages, material prices and other costs in the

Washington, D.C. area. Since the location and year of con-

struction will be different for all future projects it will be

necessary to make appropriate adjustments for variations in
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basic prices used in the rate deck. These adjustments are

discussed in Section 6.

All information and data in the rate deck are coded for

use by the computer. Table 8 shows the type of cost informa-

tion provided.

Specific requirements: quantities of work, labor, equip-

ment, material and rates of production were determined for each

operation required to complete major activities for the basic

estimates. To a large extent, these requirements reflect

experience achieved in recent transit construction. This

information was also coded and provided the input for the

computer which extended all requirements against the cost data

of the rate deck. The computer printouts show detailed cost

information for all operations, activities and the job as a

whole. They are too voluminous to include in this report so

are presented for reference as a supplemental volume for those

interested in that type of cost estimating detail. Summary

cost analyses of all operations and activities for the four

basic estimates are also included in Volume 3. Table 9 shows

typical cost data for individual operations. It gives the

requirement (description, quantity and production) and unit

cost of each component as well as total unit direct cost.

Table 10 is a summary of operation costs for a particular

activity, the total of which is the direct cost of the

activity. Table 11 shows partial summaries of different

resource requirements (quantities and costs) included in the

estimates. The analyses provided in Volume 3 have been

condensed in Table 12 to show total activity component costs

for the four basic estimates.

Costs reflecting different requirements (conditions not

included in basic estimates) for activities B, C and D were

determined in a similar manner. Component costs for activities

B and C are shown on Table 13. Table 14 gives typical costs of

activity D for various groundwater conditions and methods of

ground support.

66



The detailed cost data given in Volume 3 and Tables 13 and

14 provide basic information needed to evaluate all cut-and-

cover tunneling situations. The activity operations have been

defined by increments of work to facilitate adjustments due to

different situation requirements. For example, operations for

activity H - Excavation - were developed for set increments of

depth as detailed on Table 9 - Operation 5, Excavate 30 feet

(9.1m) to 50 feet (15.2m). If the structure was considered at

a 30-foot (9.1m) depth, operation 5 would be deleted from the

cost analysis. Unit direct costs of operations and activities

can be compared to show the effect of using different methods

for the construction.

It is noted that costs do not include architectural

finishing, trackage, roadbed or permanent mechanical-

electrical installations except embedded conduits. Cost of

these items would be essentially the same regardless of

construction method used and consequently would not materially

affect final comparisons. Also, the costs of appendages such

as vent shafts or entrance ways are not included. They are

considered separately in Section 4.6. In short, the basic

estimates reflect total contractor's cost for constructing the

structural shell of three types of transit structures. Activi-

ties A through K are considered as direct cost; N through Q as

indirect and plant costs.

CONVERSION FACTORS

(for Tables 8 through 15)

1 IN = 1 in. = 25.4mm 1 MBF = 2.36 m3

1 LF = 1 ft. = 0.305m 1 LB = 0.45 kg.

1 SF = 1 sq. ft. = 0.093m2
l TON = 907 kg.

1 SY = 1 sq. yd. = 0.836m2
1 BAG (94 lb) = 42.6 kg

1 CY = 1 cu. yd. = 0.765m3
1 BAG (100 lb) = 45.4 kg
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Table 13. VARIATIONS IN COST FOR ACTIVITIES ($1,000)
B - UTILITIES
C - PROTECT ADJACENT STRUCTURES

JOB PERM
CODE LABOR EQUIP M & S MATL SUB TOTAL

B. UTILITIES:

1BAO 198 19 199 8 1,219 1,643

1BDO 198 19 199 8 1,720 2,144

2BAO 65 6 67 2 423 563

2BDO 65 6 67 2 549 689

3BAO 153 18 121 11 964 1,267

3BDO 153 18 121 11 1,465 1,768

C. PROTECT ADJACENT STRUCTURES:

1CAN 116 25 29 23 - 193

1CAP 967 67 362 23 - 1,419

1CAQ 1,896 103 611 23 - 2,633

1CDO 116 25 29 23 - 193

2CAP 347 24 133 8 - 512

2CAQ 682 37 223 8 - 950

2CDO 41 9 11 8 - 69

3COO 21 7 8 - - 36

Notes: These costs cover all variations of Activities
B and C for all comparative estimates in this
study. The Activity Code Designations (Table 7)
indicate the conditions under which these sub-
estimates are used.
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3.4 RESOURCE REQUIREMENTS

Cost data developed for a project essentially summarizes

by type and cost all resources needed to complete the project.

The amount or quantity of these resources, which are classified

as components of labor, equipment, and materials (subcontract

costs broken into basic resources) can be used to determine

potential variations in total costs when considering different

project years and/or location. A construction method which

requires a relatively high amount of labor as compared to

another would be less competitive in a high labor wage area.

Differences in material prices due to geographic locations

would affect total project costs and possibly could affect the

choice of construction method to be used.

Resource requirements for a project can be summarized as

illustrated in Table 11. Typical resource quantities for

several estimates considered in this study are given in

Table 15. Since the same price data (rate deck) were used for

all estimates, it is possible to show comparative percentages

of total costs represented by each resource for the three

methods of cut-and-cover tunneling. Although these percentages

vary due to changes in depth, type of structure, etc., reason-

able averages can be determined by considering a sufficient

number of situations. Results of such an appraisal are shown

below.

Percent of Total Cost

Resource SP&L SPTC PCP

Labor 44%

Equipment 5%

Materials 51%

This relationship of resource requirements is considered

with respect to variations in cost data discussed in Section 6,

3.5 CONSTRUCTION SCHEDULES

Project duration represents the effective sequencing of

many elements of time which reflect in total the completion of
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all required activities. As discussed in paragraph 5.5 of

Volume 1 there are several methods by which this sequencing of

operation time can be made. Analytical methods such as CPM are

normally used on large projects but for purposes of this study

the operation time requirements developed for the basic

estimates are combined to arrive at total activity time and

plotted in proper sequence on a time scale (bar graph) to show

project duration. Figure 16 shows comparative schedules for

constructing a four lane highway section at site 1. Schedules

for a rapid transit station and line section at the same site

are shown on Figures 17 and 18, respectively. All schedules

are based on working five days per week. The number of shifts

per day depends on the particular activity being performed but,

in general, the schedules reflect one shift per day. The

charting tapes used for activity durations indicate the method

of construction being considered. The schedules are for

structures built at a 70-foot (21.3m) depth. Reductions in

total time due to construction at 30 and 50 foot (9.1 and

15.2m) depths are noted on the bottom of the schedules.

Total time in months was used to determine the time

related requirements for indirect activities and Q for the

basic estimates. Durations of individual direct cost activi-

ties are used as a measure of disruption which is discussed in

Section 5.

3.6 SUMMARY

Construction cost data have been developed in general

accordance with procedures used in making a competitive bid for

a project. Costs are defined in terms of labor, equipment and

material required to complete all operations and activities

included in four basic estimates. Requirements are based on

design guidelines given in Section 2 and determined quantities

of work listed in Appendix B.

The cost data, basic estimates, general resource require-

ments and construction schedules developed in this section are

used to determine costs for all situations considered in the

study.
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SECTION 4

COST OF CUT-AND-COVER CONSTRUCTION

4.1 GENERAL

The preceding section describes how construction cost data

are developed for typical cut-and-cover tunneling operations.

Four basic estimates including work operations common to most

situations were used to illustrate the overall costing proce-

dure. Costs for both direct and indirect requirements (without

contractor's markup) were summarized with respect to 15 major

activities discussed in Section 1. Additional cost data

pertaining to certain activity variations not included in the

basic estimates are also given.

Several approaches were studied to see if common factors

could be developed by which activity costs determined for the

basic estimates could be adjusted to properly reflect cost of

the other 172 study situations. It was found that no specific

group of factors would be adequate. This is due primarily to

the fact that variations in activity requirements are not

consistent within groups or combinations of study conditions.

Consequently, it was necessary to develop separate estimates

for each situation in order to make comparative evaluations of

cost.

As discussed in Section 3, making a detailed cost estimate

is a rather complex and time consuming effort. It is possible,

however, to develop reliable costs for different situations by

a more expedient method of adjusting costs of a basic (or com-

pleted) estimate to reflect conditions of the new situation.

It requires two determinations: 1) determining variations in

quantities or requirements for comparable work operations and

2) determining unit or lump sum costs applicable to the

required adjustment. The general procedure is adaptable to the

use of computer or hand-extension methods.

This section of the report describes the overall procedure

and pro.xdes an example of how a cost estimate is developed by

manual calculations. The individual estimates are identified

89



by code as shown on Table 6

4.2 MULTIPLE ESTIMATES

Variations in operation or activity requirements for

different situations are discussed in Volume 1. For example,

when considering a low water table site, the control of ground-

water - activity D - would be eliminated. There would also be

some changes in the permanent structure slabs and walls and in

ground support due to reduced structural requirements. Raising

the structure from a depth of 70 feet (21.3m) to 50 feet (15.2m)

reduces the amount of excavation, the area of ground wall

support, the amount of bracing etc. Other variations due to

differences in weight of piles or bracing also occur. In all

cases, variations can be defined essentially by determining the

increase or decrease in quantities of work required for com-

parable operations of different situations.

Quantities of work required for major operations and

activities were determined for each situation on the basis of

structure and ground support details and design guidelines

given in Sections 1 and 2. Determinations were also made for

related quantities such as formwork which would affect the cost

of construction. Quantities for major activities are tabulated

in Appendix B, page 223. Different units of measure could be

used. Ground support areas could be expressed as "square feet"

or "square yard" or piling could be shown as "per each" or by

"lineal feet". This would be a judgement factor and dependent

on the applicability of the unit measurement for the particular

adjustment to be made. The quantities given in Appendix B can

also be used to approximate requirements for situations dif-

fering from the study criteria. If a construction was made at

a 40-foot (12.2m) depth, the quantity of excavation would be

the average of that shown for 30 and 50-foot (9.1m and 15.2m)

depths for comparable situations.

Differences in activity or operation requirements were

determined by comparing those of a new situation with those

developed for a basic or completed estimate most nearly reflec-
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ting conditions of the new situation. Activity costs of the

basic estimates were then adjusted to reflect quantity

variations extended against unit or lump sum prices of the

respective operations. Appropriate allowances were made for

production, crew sizes and equipment and material requirements

as applicable to the particular adjustment being considered.

Adjustments can be an addition or deletion, or merely a

revision of component cost.

The estimate format and rate deck described in Section 3

were developed so that estimate input could be readily changed

in accordance with differences in operation and activity

requirements such as discussed above. New input was prepared

and computerized estimates made for situations 1-1LY, 1-3HY,

2-1GZ, 2-2GZ, 3-2MY, 3-3JY, 4-3LY and 5-lJY. Summary analyses

of operations and activities for these estimates are included

in Volume 3. Following the same procedure but using manual

calculations, estimates were also made for situations 1-lMY,

2-1HZ, 2-2HZ, 3-3KY, 4-2KY and 4-3MY.

These estimates plus the four basic estimates provide cost

data for 18 situations; six for each transit structure, all

built at a 70-foot (21.3m) depth. Each estimate includes the

most severe conditions within a group of similar situations and

is used as a base in developing costs for other estimates. As

an example, estimate 2-1GZ (site 2, highway structure, SP&L,

internal bracing, 70-foot depth and dry soil condition)

includes all operations and cost data required to determine

estimates 2-1GW and 2-1GU which represent the same construc-

tion but at 50 and 30-foot (15.2m and 9.1m) depths. Estimates

1-1GY, 1-1GV and 1-1GT; essentially the same construction, but

at a site with a high initial water table, can also be made by

adjusting various operation and activity requirements.

This process of essentially "building" new estimates from

a completed or base estimate was used to develop costs for the

remaining study situations. Summaries of all cost estimates

are included as Appendix C, page 245.
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As previously noted, costs are related to time of con-

struction. In preparing the individual estimates, evaluations

were made of differences in operation and activity time

requirements so as to determine total project duration for each

situation. These durations (in months) are shown on Quantity

Tables in Appendix B, page 223.

A detailed example of how a manual estimate was prepared

is given in the following paragraphs.

4.3 DEVELOPING A COST ESTIMATE BY EXTRAPOLATION

The procedure is illustrated by considering variations

necessary to adjust estimate 1-lLY (site 1, four lane highway

structure, PCP with internal bracing, 70-foot (21.3m) depth and

high water table) to determine the cost when completing the

same construction at a 30-foot (9.1m) depth, estimate 1-lLT.

These estimates contain examples of all needed adjustments

which are considered in three categories: 1) the addition or

elimination of entire work operations, 2) adjustments for

quantities on the basis of unit prices developed in a base

estimate and 3) adjustment to time-related items for changes in

estimated project duration.

Calculations used in making the adjustments are shown on

Table 16. The heading of the table describes the new situation

(1-lLT) and indicates the difference in construction time of 6

months between 1-lLT and base estimate 1-lLY (see Appendix B).

Activity costs for estimate 1-lLY are obtained from Appendix C

and entered in the appropriate column of Table 16. Unit costs

for individual operations are given in Volume 3 and could be

listed for respective activities. To simplify extensions,

totals and adjustments are rounded off to the nearest $1,000.

As mentioned, the terms "item" and "activity" are synonymous.

4.3.1 Adjustment of Work Operations : When the 18 base

estimates were prepared, the work operations were chosen to

facilitate the adjustment procedures for other situations. As

an example, item H - Excavation for 1-lLY contains seven

operations as shown by the summary on page 97:

92



CO e>
H 2
25

>1>• Pi CO
p < a
CO > o
p H
•-> H H
9

CJ
w

M
PJ 25

PS fa OO
fa a CJ

CO o o
2 H M
O HM CO O
H H P
3

CO
o f*5

P CJ CO
CJ 25J >* o
< H CJo M

> P
w M 2J

CJ
<d

§ <
^s fa M
w O CO

vO

(1)

iH

!

P
H
CJ
P
PS

CO

oM
H

CJM
CO
w
p
w

M
H
CO
W

O

w
H
rH
CO

«\

H
Pm
W
P

!
o
M
CJ

PQ

X

H
»JO
Pm
Pm
P
CO

CO
H
25

H
CO
P
•"3

P
<

H

O

25O
l-l

CO

pa

xw

N

ooo
st

CN

V

^
^
^

S

Q
^
^
v

»i » i

25oM
PmM
P5
CJ
CO
w
p

H
fa
Jx
H

EH

Pm

25
faO

ctf

i-l

fa

P
a.
cu

p

P
Pm
a>

p

w
p

co co crj

CU 0) S
rH rHrH
O -H CU ^
ffi Pm CU O

P Q)

CO P

X!

5

H
CO

H H
CO
O W
CJ CO
<
PQ

W
HM

Jx
rJ
rH

I

rH

P5o
£5

ooo
ooo

ooo
ooo

ooo
00

CJhJMO
PhP4
f^EH

p2o
EhCJ

st
st

CN]

CO
wM
H

H
P

PQ

CO
CT>

•-3

P
<:

[->

o
pi

co
w
Pi
p
H
CJ
P
P5
H

Pm co

CJ

CO
o

Pm
H
H

P
25
PO
Pm
O

sf
CT«

00

CNJ

o
25

CJ
w
p

w

>«»

^ rH
-p G
•H o
>
•H p
+-> CJ

O cu

Jfl

•H
rC o
-P cr
•H w
!5 ^
CO

}-<

O o

& 03

CJ hJ
o
c ~

>•> W
CO m

J
e .«

cu T3
4-1 CU

IH •Hm
•H

• O
T3 £3
cu

•p •>

o rH
fi o3

P
CO o
03

P •>rH

ft O C!
<1J a o
a v-X

X HH
0) 03

•> H H
cu 03 CU

> P P
•H O 03

P
o3

0JD

HS
n n

a> Eh X CM
S S

VO
CO •• co
p T) 00
C CU e bO •

a) P LO ^ O
fc3 03 o
p CJ co r^ ii

CO bO • o
3 •H o cr>
•>-) CO X)
t3 cu II II >.
a3 -a

. CJ •

rH CO p o cr
^1 cu cp P CO

< o
•H rH .H rH
U

•' Q* II II II

CO

CU P fa J^p •H (J E-

o CJ

25 P rH rH rH

93



TJ
CD

3
n
•H
-P

ao o
s OM ^^
>h

Pm CO
< s
> oM
H H
CJ H
W P.
hJ S
Fn O
f^ O
Pm

so o
H !-l

H
CO CJ
H P
CO P4O HO CO

S
>h O
H CJ
rH
> P.H 3
EH <
<s W

H
CO

<i

DJUSTED

COST
;i-ilt)

§ 1
*
*

^

S
i < w \ V
Q
<

\ V

§
§

O
H ^ 5^ ^

^H
[£]

sa ^
£

'

HH
CO

1—

!

o J? £$
»

»

^

\"> ^r w V

o
^
^

!

to

PI

Pm
H
P

CO
H

M
CO

w
EH
X!
W

^K 1 4 s

!3 CM CU

T*w CO o -J< 'i-H i-H s

!
p H • <4H -H > CO 4-1 4-) i-H cu

Nl •-) Eh H CPh nJH fi (CH Pi

I

P Pm 4J«H CJ CU Ctj g Ctj T3 CO T)
<: rH H ttf 0)H X f!H ?£ M M OX

p^ KSPJOWntPM^ rH CO OHH
CJ • • CO Pm U C PQ pH rH Cd CD PQ

CO •doo -p u u cd CU CU rO ^S

j
^

w ^ c fi aow to? (i)'d > CU CU T>

^ p Hi O O OH (U CXi-H rH fi CU 4-> -H PQ C
^cjoehcocoococjw i-J CO EH Eh W

[jj

3 X §
P o 1—

1

r |

H 53
CH

o I—

I

p CJ w " w £
Pm Pm JSSS^H S H ^ir*irH-i

CO PQ H P H
S ^M Pm >

$
O ^

l

t

. o OX EH o o
s co C

co >-]

o o
o

k i-H

H

5

o w 7 00 vO

o
CJ CO '

PQ
w

rH CT»

CN
h-

1

CO
H
P ?
W 1
H Eh Eh Eh O

Pm HH PC* S
2 o SO M
rH Pm W PPm CJ

CO
Pm
p

Pm
o

OPm
P<5P d

W CO rs Oco PQ

O

ap
CU

u CO

o ^5

in
vo

<4H

c3

V4
cti

bOO

II

T> 13 o •

U U
CD

II

CO

CU

CO

CU

T3
o o
p

r—

|

3 ^
rH
CJ

rH
O rH

II

II
£ aM H
rH CM H CJ

-X rH rH

CO

CU

4-J

O
53

94



T3
<U

P
S
•H
U
S

CO o O
H s o
S H ^
5; ^ CO
§-H < s
CO > o
!=> l-H

•-o H H
9

CJ
w

H
hJ S

Pi Pn o
O w cj
Pn Pi

s
CO o o
S H M
O HM CO CJ
H H P.

5
CO
O

Pi
H

O CJ CO
cj SJ « o
<3 H CJ
cj rH

> Q
w M S
rJ

CJ
<C

<3 W

H

vO

i-H

H

O
M
CO

•

ADJUSTED COST

(1-lLT)

^ §

8 *^ <*

^ *
^ >&

N.

ooo
CO

CO

<

M
O

w
HM
CO

^
vr

H

O $$Si

^
^
^

K^

^

I

9

V \> \> V
•^1 Q

Q
&

W

oM
CO
53
W 1 i

^^ i i i
1H

PM
W

CO
H

H
X

\

Q S ^i

J2 bO ^ CO
CO o C r-t u H

NJ p M •H bO <U • (X CO

I

^3 H <U O S <L» P, <u OQ On 4J jn -H 4J • Q CJ< M (U O OW5
1pi XJ^3 u*u tC Xr-H Eh

18 o •u -u a c }-i 6 rH •P- CJ
\) CO CUTJ C'H^l S rH O.T3 WX w <U «H O 0) Q) OJ 03 <D t3 pi

\ Q Q^ CJ ad Di Pn 12 P <
r

,

H X H
Pi
P M 1

CJ l-H JP CJ W PM

p"

<;
Pi

d
Ph
><

H SH g H o
CO PQ Eh H

3
Ph * «\ PQB

1 5

O ^ \\ CO

\
1

• O o O o O
H _ o o O o O

Z co C
CO 2
o w ,

o o o o O
o K

•. » •> « -

H <N i-H oo CO LO
H 00 <t CM r^ o
< CJ CO ' 00 r^ CO CO ON
S <J d. ~

CJ ^ PQ t-l vO i-H <j-

M CM
CO

In

s
2o

s O Eh W M
H W 1-1 •J HH H H H W tD i-J 2<fl Pi M < S H H
^ O > a cj fe OM Ph M < S P W HH s pi CJ Spi CJ CO
CO O X H H < SW CO !3 w Ph CO PQ

m M •-) W

CO
e
LO
<^)

r^-

toJDO

M
II

r-O •

ON T3
!>,

II

G ^
o O
4J

rH
rH

II

II

>*
H O

4->

O

95



T3
CD

3
c

•i-4

4J

C
CO O O
H S3 O
53 M N_^

§ Pd CO
E-i <: a
en > o
P M
-> H H
P O M
<d w P

J 2
pd p O
o w o
P Pd

3
CO o O
a H M
o HM CO CJ
H H P
5

CO
o Pd

H
P o CO
o ap £h o
<c H CJ
o M

> P
W M aP

CJ
<3

§ <
kS P M
H o CO

VO

rH

crj

H

-3

"l

9

Hi

!
K
X

i

51

aoH
H
<!a

CO
w
p
W
H

\

O
a
wHM
CO

H
P
W
P.

1

u
a

p
H
CJ

N Pd
co pq

u

1

is

H
PdOH P

H P
CO pW CO

p
HH H
CO CO
P o
p
<

H
P
i-i

i

rH

CO
H
53

H
co
P
->

P
<

H

O

a
oM
CO
a
W
H
X
w

S3oM
H
PM
PdO
CO
p
p

W
P P

2PO

H
CO

H W
CO
O P
CJ CO

<s
pq

w

5*
P

I

o
!2

ooo
VOo
CM

^
^
^
tf

^

T3
C
O
PQ

X

ooo
CO
CM
CO

N

8 ^S9 s

u
o

cd

15
W 0) CO

CD U Q)

raUH
CJ o
0) >-H
P U&
X CU CI)

CO
En
CO
oo
E-i

CJ

M
P

iJWW>

*V*4 K^ fcv/l k,>
K^l t^S t^S fN X

9
- HO

Eh

pq
- P

co

ooo
co
CM
CO

CM

P
WP
X

>P

9

W H
H
<p
p

p
w
XM
p

p

p
w
pd

a §< MPH
P N«-'

0"

^̂
^
^
«
?

EH
CO
O
CJ

P
P

9 s
EHfr-S

O lo

ooo
OOO

OOO
OOooo o

vO
o
CM

rH
ON
rH

00

un

OOOOm vo
<j-CM

•* n ^

ro oo <f
CM

w
CJ
M
Pd
P
PM
pq

ooo

CM

CM
CO

96



1HEQ 1 BREAK PAVEMENT & HAUL
14,000 SY

$ 48,852
3.489/SY

1HEQ 2 EXCAVATE FIRST 5 FT
23,300 CY

195,219
8.382/CY

1HEQ 3 EXCAVATE 5 TO 22 FT
79,300 CY

367,470
4.634/CY

1HEQ 4 EXCAVATE 22 TO 30 FT
37,300 CY

197,143
5.285/CY

1HEQ 5 EXCAVATE 30 TO 50 FT
93,300 CY

464,742
4.981/CY

1HEQ 6 EXCAVATE 5 TO 70 FT
93,300 CY

516,398
5.535/CY

1HEQ 7 FINE GRADE INVERT
14,000 SY

91,999
6.571/SY

1HEQ ITEM EXCAVATION
326,500 CY

1,881,895
5.764/CY

Note: 1 FT = 0.305m, 1 SY = 0.837 m2 , 1 CY = 0.765 m3

To adjust this work item to a comparable estimate at

50-foot depth (1-1LV), it is only necessary to deduct the cost

of operation 6. At a 30-foot (9.1m) depth (1-1LT), the cost of

operations 5 and 6 are deducted as shown on the third sheet of

Table 16. Deleting these operations gives a total direct cost

for the excavation item of 1-1LT of $900,755. The total

quantity of excavation is 139,900 CY giving an item unit cost

of $6.44/CY. A common but less accurate adjustment can be made

by deducting the total quantity of excavation represented by

operations 5 and 6 (186,600 CY) at the original weighted

average unit item cost of $5.76/CY, leaving a total for the

item of $806,333. In this latter instance, the adjustment does

not properly reflect the actual cost of operation 1 (breaking

pavement), the high cost of operation 2 (excavating around

utilities), and 7 (fine grade invert), which are all required

regardless of depth of excavation. Wherever possible,

operation type adjustments should be used in preference to

deleting quantities extended against the item unit cost.
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Operation adjustments are also used for item G - Bracing

and item J - Backfill. However, in both of these items, addi-

tional adjustments in operation unit prices are necessary due

to different requirements at shallower depths which require not

only fewer levels of bracing (a reduction in operations) but

also lighter weight bracing members due to reduced ground loads.

4.3.2 Adjustments by Unit Prices ; After operation adjustments

are made, most of the remaining adjustments of direct cost

items consist of multiplying the difference in quantities

between the base and new estimate by a unit price developed in

the base estimate. The unit price adjustment can take several

forms depending on the particular operation involved and the

judgment of the estimator. These include: 1) total unit cost

of all contributing resources (labor, equipment and material),

2) a modified unit cost, 3) labor and equipment unit cost only,

and 4) material unit cost only.

Where the adjustment occurs in one operation, the unit

price developed for that operation should be used as being most

accurate; where multiple operations are involved, a weighted

average unit price should be used. Where adjustments are

relatively minor, rounded unit prices will suffice.

Total unit prices are used for modifying operations where

the cost is proportional to the resource effort involved, such

as providing and placing reinforcing steel or excavating at a

particular level. If, for instance, a structure was several

feet wider than the one in the base estimate, the additional

excavation would require the same amount of effort per cubic

yard to remove and haul, at a given depth, as the original base

estimate excavation.

An example of a modified total unit cost is shown in item

E, Decking, of Table 16. The adjustment described as "holes"

applies to operation 2, Drilling Holes, and operation 5, Back-

filling Holes. While the same number of holes is required for

the 30-foot (9.1m) depth as the 70-foot (21.3m) depth, the

total length drilled is far less. There are costs associated

with moving and setting up the drill at each location regard-
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less of the depth drilled. To reflect these costs, an hour of

drill crew time per hole was allowed, reducing the unit price

used for the adjustment by about 10 percent. For this

particular adjustment, a unit measure of "lineal feet of hole"

was used instead of the "per each" unit given in the cost

summaries. While this modification is not too significant in

this example, it is more pertinent in the SP&L and SPTC

estimates, where up to 50,000 feet (15,240m) of hole drilling

is required for the ground support items.

Under item F, Ground Support, the changes required to

properly modify the operation of Casting Precast Panels is too

complex to adjust with one unit price. The first four adjust-

ments for this item show changes required for the casting

operation. The labor and equipment costs are proportional to

time of utilization, and have been converted to a daily rate

for adjustment, based on the number of days needed to cast the

particular number and size of panels required. The materials

have been separated into three categories as the reinforcing

and top soldier piles are not proportional to the volume of

concrete. Most other operations are simpler and a single unit

price change is sufficient. In this case, the variation in

this one operation amounts to about $2,400,000, justifying the

additional detailed breakdown.

Material unit price adjustments, without corresponding

labor and equipment changes, are warranted under conditions

where a reduction in quantity is not accompanied by a reduction

in time required to perform an operation. Reducing the weight,

but not the number of pieces of bracing does not materially

reduce the work for the crew which must perform the same amount

of work but with lighter members. In the same sense, reducing

the thickness of a concrete wall of the permanent structure

because of shallower depth does not reduce the forming, strip-

ping, cleanup or finishing required. While the pour time may

be reduced, the work crew will usually be paid for the same

number of hours regardless of a minor reduction in actual pour

time. In these and similar cases, adjustments are based on
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material unit prices only. The reinforcing steel placed in

these walls is adjusted by the full unit price indicated.

4.3.3 Time-Related Adjustments ; Time-related adjustments can

be seen in items and Q (page 4 of Table 16). These adjust-

ments are straightforward. The average cost per month for

overhead labor (item 0) is reduced by the difference in number

of months of project duration of the two estimates. Since the

two projects considered are essentially similar in scope, if

not in time of construction, the same number of overhead

personnel would be required for each. If the scope of work

were to change, other adjustments might have to be made in

these items. While the estimates were prepared to keep costs

of work items separate for easy identification and comparison,

it is possible for simplifying adjustments, to combine all

time-related costs into one monthly adjustment rate.

4.3.4 Other Adjustments ; An adjustment not mentioned pre-

viously is the lump sum adjustment shown for item D, Control of

Groundwater. This is a complex adjustment when varying

structure depth involving drilling, installation, pump sizes,

operating costs and maintenance costs, as well as time-oriented

costs due to reduced construction period. These variables have

been estimated separately for all study situations by

Ground/Water Technology Inc. , acting as a consultant. A

summary of estimate variations for this item is given in

Table 14, which was used to make the adjustment shown in the

example.

Several items such as utilities were not changed. The

work involved in relocating and maintaining utilities is not

dependent on how deep the structure will go or whether

groundwater is present below the utilities. In extending a

base estimate to a situation where utilities are different from

those assumed, suitable operation adjustments would be

required. Typical utility types and sizes were used in the

basic estimates (Volume 4) to facilitate such adjustments.

Differences due to underpinning requirements - protection of

adjacent structures - can also be evaluated by considering
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various combinations of operations used for this item in the

basic estimates.

After direct and indirect costs are computed for the new

situations, an allowance of 15% is added for contractor's

markup. This is discussed in paragraph 4.4.

Since site, structure and support conditions for base

estimate 1-1LY are similar to those of 1-1LT, except for depth

70 feet (21.3m) vs 30 feet (9.1m), all adjustments used in the

example were reductions in costs determined for the base

estimate. This need not be a factor in extending estimates to

a new situation as adjustments can be either additions or

reductions.

Determining costs for alternate locations, depths, etc.

may require several calculations using an appropriate data base

to assure reasonable and comparable results. The estimates

made for this study are well suited for this purpose, as they

cover a wide variety of conditions and are based on common

design and construction cost data. In evaluating a new sit-

uation, it is possible to use one or more estimates similar to

the situation being considered and vary by unit prices, inter-

polation or extrapolation, those items which show significant

cost changes under different conditions. Appropriate lump sum

adjustments can be made to cover a number of minor variations.

Thus, comparative estimates for alternate sites can be readily

produced in the pre-design stage by using one or more of the

developed base estimates.

4.3.5 Conditions Applicable to Use of Method ; The type of

situations which can be evaluated by this procedure include:

1. Structures of different width, length, depth or cross

section.

2. Different types, sizes or number of utilities. This

would also include situations such as park areas or

other off street areas having no utilities.

3. Adjacent strucutures with different underpinning or

support requirements.
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4. Different soil conditions requiring modified

dewatering or excavation techniques.

5. Areas such as parks or side streets where decking and

traffic control requirements are less stringent.

6. To a certain extent, the method could be used to

evaluate situations using different ground support

systems such as described in Volume 1. In this case,

however, it would be necessary to make a new estimate

for activity F. Other activities could be adjusted as

discussed.

In some instances, it may be adequate to make only general

evaluations of total costs rather than using item by item

adjustments shown in the example. This might be the case where

it was desired to approximate the cost of 1,000 feet (305m) of

line section instead of the 2,000-foot (610m) length considered

in the study. Assuming conditions were essentially the same

except for length, it would be reasonable to assume that the

total direct cost would vary in proportion to project length;

fixed costs of overhead would be the same and time related

costs would vary with respect to project duration. Table 17

shows how three developed estimates might be adjusted for

different project lengths. It can be seen that in this

particular case, percentage variation in cost from the base

estimates due to changes in length of structure are

approximately the same for all three methods of construction.

The greater the difference in conditions from those of the

developed estimates, the more difficult and exacting will the

necessary adjustments become. Although reliability of results

will decrease with complexity of adjustments, this method will

provide greater accuracy than trying to estimate the cost of

future work by using available unit bid prices submitted for

other projects and which in all probability were developed from

different cost data.

In preparing a new estimate, the types of adjustments

described in the example should be made first and then general

adjustments due to changes in length, etc. Adjustments due to
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Table 17. EFFECT OF PROJECT LENGTH ON CONSTRUCTION COST ($1,000)

RAPID TRANSIT TUNNEL INTERNAL BRACING
50' DEEP
SITE 1

LENGTH (3F TUNNEL
DESCRIPTION

1000 LF 2000 LF 3000 LF 4000 LF

SOLDIER PILES & LAGG.: (1-3GV)
DURATION (MOS.) 22 26 30 33
DIRECT COST 5,309 10,618 15,927 21,236
IND. - FIXED 483 483 483 483
IND. - TIME REL.

TOTAL COST

1,743 2,060 2,377 2,615

7,535 13,161 18,787 24,334
COST/LF 7.54 6.58 6.26 6.08
% OF 2000' BASE 114.5% 100.0% 95.2% 92.4%

CAST- IN- SLURRY: (1-3JV)
DURATION (MOS.) 26 29 33 36
DIRECT COST 5,900 11,800 17,700 23,600
IND. - FIXED 483 483 483 483
IND. - TIME REL. 2,078 2,318 2,638 2,878

TOTAL COST 8,461 14,601 20,821 26,961
COST/LF 8.46 7.30 6.94 6.74
% OF 2000' BASE 115.9% 100.0% 95.1% 92.3%

PRECAST PANELS: (1-3LV)
DURATION (MOS.) 26 30 34 37
DIRECT COST 5,997 11,994 17,991 23,988
IND. - FIXED 498 498 498 498
IND. - TIME REL. 2,095 2,417 2,739 2,981

TOTAL COST 8,590 14,909 21,228 27,467
COST/LF 8.59 7.45 7.08 6.87
% of 2000' BASE 115.2% 100.0% 94.9% 92.1%

Note: 1 LF = 1 ft. = 0.305m
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different years of construction or locations would then be made

in accordance with procedure discussed in Section 6.

This method should not be applied to construction outside

the United States without a thorough investigation of labor

productivity and wages, equipment utilization and material

prices for the country involved. Differences in these com-

ponents in all phases of construction could materially affect

determined requirements and costs. Construction procedures,

legal and safety regulations and contractual stipulations could

also affect results. In most cases of overseas construction,

producing a new estimate would probably be simpler and more

accurate than adjusting all of the details in an estimate based

on U.S. practices and costs.

4.4 BID PRICES

In final evaluations of cut-and-cover construction, it is

usual to compare the bid price of the work. This price, which

includes costs as determined for the study estimates plus an

allowance for contractor's mark-up, is normally expressed as

unit or lump sum prices extended against a bill of quantities.

For this purpose, the bill of quantities for any situation is

taken as the eleven direct cost activities (activities A

through K) treated as lump sum items. Bid prices would be the

activity direct cost plus a proportionate allowance to reflect

indirect costs and markup. Using a uniform markup of 15

percent, (15% of direct plus indirect costs) bid prices for the

four basic estimates (Section 3) would be as shown on Table 18.

An example of how bid prices are determined can be seen by

considering estimate 1-3GY (see Table 44-11). Total direct

cost (activities A through K) is $12,881,000; total indirect

cost (activities N, O, P and Q) is $2,727,000. Adding 15% to

the sum gives a total bid price of $17,949,000. This bid price

is 1.393 times the direct cost. Multiplying cost of activities

A through K by 1.393 gives their respective bid prices.

Comparing direct cost of activities A-K (Table 12) with

bid prices shows a difference of from 30 to 59 percent. These
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percentages reflect the relationship between the direct cost of

performing the work and corresponding indirect and markup costs

for the respective construction. They vary for each situation

and could range upwards of 70 percent. If indirect and markup

costs are prorated or "spread" uniformly in proportion to the

direct cost of each activity (as done above) the resulting bid

price is referred to as "balanced"; if not, the bid would be

"unbalanced". In all cases, the total obtained by extending

the bill of quantities against bid prices would equal the sum

of direct cost plus indirects and markup.

Total bid prices determined for the 176 construction sit-

uations are given in Table 19. Activity bid prices for all

estimates can be determined as discussed above in conjunction

with summaries given in Appendix C. Unit bid prices are

obtained by dividing activity bid price by respective quantity

of work. Table 20 shows typical unit bid prices for several

methods and depths of construction. Subsequent reference to

construction cost implies a bid price as discussed above.

4. 5 COMPARISON OF COST ESTIMATES

The format used for Table 19 is designed for ease of

comparison of total project costs for different construction

methods under varying site and depth conditions for each of the

three structures. Forty different situations are considered

(three structures each at two or three depths for five sites).

The costs of two to six alternate construction methods are

shown, depending on applicability to site conditions, for each

of these situations.

A discussion of trends indicated by this table is in

order. A simple listing of the number of situations where each

respective method is most cost effective could be misleading as

not all situations are equal. Structures will be located at

shallow depths where possible, some site conditions are more

common than others, and some methods are not applicable to all

situations. Some general trends can be noted and then results

at each site will be discussed.
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One of the most obvious conclusions is that cost increases

rapidly with depth of structure regardless of which site,

method or structure we are discussing. Cost increases of 50%

to 70% are noted from 30 ft. (9.1m) to 70 ft. (21.3m) depths.

Although a planner may not have an option in determining depth

of structure, it can be important when estimating trade-off

costs of alternate alignments.

Another general observation is that internal bracing is

generally more cost effective than tiebacks for cut-and-cover

tunnels. Although tiebacks are competitive in some cases; and

in a few, less expensive than internal bracing, the following

discussion relates primarily to internal bracing estimates with

special comments on tiebacks as appropriate. Future changes in

material prices, or improvement of installation techniques

could alter this situation. Therefore, it is necessary to note

the trends indicating where such improvements would prove most

effective.

4.5.1 - Site 1 Estimates ; The ground conditions at site 1 are

considered representative of the majority of sites for urban

transportation tunnels in the United States. Consequently the

evaluations made in comparing construction methods at this site

will be used as a yardstick to compare results at other sites.

All six combinations of ground support and bracing are com-

patible to the eight structure and depth situations at this

site.

While soldier piles and lagging (SP&L) is most cost

effective at the 30 ft. (9.1m) and 50 ft. (15.2m) depths of the

highway tunnel the SPTC wall is lowest at the 70 ft. (21.3m)

depth. For the station, the precast panel wall (PCP) has the

lowest total cost for both the 50 ft. (15.2m) and 70 ft.

(21.3m) depth with the SPTC wall a close second. This is due

to a larger proportion of diaphragm walls being utilized as

permanent structural walls at the two level station. For the

rapid transit tunnel the cost of the SP&L wall is well below

that of the two diaphragm walls at all depths.
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It is of interest to note the difference in efficiencies

between the highway tunnel and rapid transit tunnel. For the

transit tunnel the difference in cost between SP&L and SPTC

estimates increase progressively from 30 ft (9.1m) to 50 ft

(15.2m) to 70 ft (21.3m). For the highway tunnel, the

difference decreases from 30 ft. (9.1m) to 50 ft. (15.2m), and

at 70 ft. (21.3m) the SPTC wall is less expensive. A review of

activity cost summaries in Appendix C shows this change is due

to increased cost of item C (adjacent structure protection-

underpinning) for deeper sections of the highway tunnel. The

transit tunnel is narrow compared to street width and does not

require underpinning of adjacent structures. This shows quite

clearly that where underpinning costs are high, they could

offset the apparent economy of SP&L wall construction. This

factor affects the economies of both wide structures, the

highway tunnel and station.

The width of structure also affects the economy of

internal and tieback bracing. The two bracing systems are

roughly the same for each type of wall system at all three

depths of the wide highway tunnel. At the narrow transit

tunnel they are competitive only at 30 ft. (9.1m), with tieback

bracing increasingly more expensive at 50 ft. (15.2m) and 70

ft. (21.3m). A review of activity G costs for the stations in

Appendix C indicate lower costs of tieback bracing compared to

internal bracing. This is due to the fact that the permanent

steel of the roof and mezzanine slabs double as temporary steel

for the internal bracing methods and are included in item F.

In the tieback estimates, the permanent steel is installed with

the structure and is included in item I. The apparent low cost

of bracing in this case is offset by a higher cost of permanent

structure.

4.5.2 Site 2 Estimates ; This site has the same alluvial soil

as site 1; the only difference being that site 2 has a

permanently low water table (below invert). This means that

the permanent structure is designed for lighter loads, (not

having a water surcharge) and of course, the site does not

110



require dewatering. Estimates at site 2 are consistently lower

than comparable estimates at site 1 with differences varying

between 6% and 12% of total cost. With comparable estimates at

both extremes of high and low water tables it would not be

difficult to interpolate costs for a situation partway between

these two. It can be observed that all trends and economies

discussed for site 1 also are applicable at site 2.

4.5.3 Site 3 Estimates ; The soil at this site is similar to

sites 1 and 2, with a high water table as at site 1. Unlike

site 1, however, the water table cannot be lowered. These

estimates include dewatering within the diaphragm walls with a

recharge system maintaining the high water table outside. For

sites where these conditions exist, each must be assessed

individually as to its capability of being successfully

recharged. Soldier pile and lagging construction is precluded

by these conditions because this type of wall is not watertight.

The SPTC and PCP estimates prepared for site 3 vary from

1% to 12% higher than the comparable estimates at site 1 where

the water table can be lowered. In general, differences are

less at the shallow depths and increase with depth. Variations

in three major work activities contribute to these increased

costs. Dewatering and recharge costs are slightly higher than

site 1, but the main difference is in the cost of ground

support walls and bracing. Due to the high water table during

construction, the walls and bracing must be heavier to support

the added head of water, and the cutoff walls are lengthened to

prevent boiling of the invert*

Tiebacks are longer and more difficult to install in wet

soil, adding to the cost of these estimates. It can be seen on

Table 19 that tieback/internal bracing cost ratio is higher at

site 3 than at site 1, and that the differences increase with

depth due to the greater number of ties required. In general,

tiebacks are less competitive at site 3 than site 1. Otherwise

the same general trends of economies and efficiencies noted for

site 1 are present for site 3. The SPTC walls are most cost

effective for the highway tunnel and transit tunnel for all
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depths, and the precast panel wall less expensive for the

station at both depths. As at site 1 the economy of the panels

are more effective on the two-level station than the single-

level tunnels.

4.5.4 - Site 4 Estimates ; Unlike sites 1, 2 and 3, site 4 does

not have uniform soil conditions at all depths. Sand exists

from ground level to 30 ft. (9.1m) and from 50 ft. (15.2m) to

60 ft. (18.3m). There is a silt layer from 30 ft. (9.1m) to

50 ft. (15.2m) and rock below 60 ft. (18.3m). As in the case

of site 3, the water table is high and cannot be lowered, so

that soldier pile and lagging estimates have not been con-

sidered. While these conditions are less common than site 1

conditions, they have been encountered in some recent sections

of transit construction in Washington and Baltimore. Their

effects on construction costs are not the same for all depths

or structures. Costs generally run higher than at site 1, with

internal bracing estimates being up to 10% higher and tieback

bracing estimates 8% to 19% higher.

For the 30 ft. (9.1m) and 50 ft. (15.2m) depths the cost

differences between site 4 and site 1 estimates are found in

the cost of groundwater control, ground support system and

excavation. Because of the silt layer it is impractical to

recharge the groundwater. Control of groundwater is achieved

by trenching and sumping which interferes with, and reduces

excavation progress, and increases its cost. The silt layer

does not afford the passive resistance of the alluvial soil of

site 1 which increases the depth of the cutoff walls required.

At the 70 ft. (21.3m) depth where bedrock is encountered,

there are other changes which affect costs. Some of these

changes balance each other and so are not immediately apparent.

The diaphragm walls must be structurally keyed into rock and

properly sealed. The remaining rock to invert must be removed

by drilling and blasting. In addition, the walls must be moved

out to allow a reasonable "step" in the rock before excavating

down. This increases the cost of earth excavation and backfill

with minor increases in decking width and strut length. On the
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other hand, since the ground wall is keyed into rock at 60 ft.

(18.3m) it eliminates the need for a deep cutoff below the

invert as at site 3. This saving is higher for SPTC walls than

for PCP walls as the SPTC cutoff contains more concrete and

steel, while most of the cutoff of PCP walls are hardened

cement slurry mix. The additional costs and savings result in

the internal bracing estimate costs to be roughly on a par with

comparable site 3 estimates at 70 ft. (21.3m) despite the

problems with silt and rock.

In the case of tieback estimates, however, the savings do

not offset the higher cost of tieback installation. Tiebacks

cannot be successfully anchored in the compressible silt

layer. Anchors above it can be installed on comparatively flat

angles. In the silt layer itself, the ties must be angled down

and lengthened to develop anchorage in the sand or rock layers

below. This increases the cost of the tieback estimates in

general, particularly at the 50 ft. (15.2m) and 70 ft. (21.3m)

depths. Actually the tieback estimates are not competitive

with internal bracing at any situation at site 4, and short of

a dramatic breakthrough of installation costs need not be

considered under these conditions. As in the case of site 3,

SPTC wall estimates are most economical for the highway and

transit tunnels while the PCP wall estimates are less expensive

for the stations.

4.5.5 - Site 5 Estimates - Site 5 consists of soft clay below

fill to a depth of 70 ft. (21.3m) where it is underlain by

stiff clay. It has a high water table which cannot be

lowered. The soft compressible clay not only precludes

predrainage but also all use of tiebacks. Due to the need to

maintain the high water table, SP&L wall support estimates are

not used, reducing the possible support variations to two, SPTC

or PCP with internal bracing. The major effect on costs is the

presence of soft clay. It is difficult to drain and expensive

to excavate. As in the case of the silt layer at site 4, the

soft clay is not capable of developing sufficient passive

resistance for the support wall. The diaphragm wall must be
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extended to penetrate the stiff clay layer for all depths of

structure. This also increases the load carried resulting in

heavier walls and bracing than other sites.

These factors result in higher costs at site 5 than any

other sites for comparable internal bracing estimates. Cost

increases over site 1 estimates vary from 4% to 30% with the

respective increases of SPTC wall and PCP wall estimates about

the same. Due mainly to the extra long cutoff walls at the

shallow sections, the largest percentage increases are at

30 ft. (9.1m) and decrease at 70 ft. (21.3m). This is opposite

to some of the cost trends noted at other sites.

With respect to cost comparisons on the basis of ground

support, the same trends noted for sites 3 and 4 apply. The

SPTC wall estimates are most economical for the highway and

transit tunnels while the PCP wall estimates are less expensive

for the station.

4.6 COST OF APPENDAGE STRUCTURES

As previously mentioned, the cost estimates apply only to

the structural shells of the three transit structures. In all

likelihood, however, there will be appendage structures such as

vent shafts and entrances associated with each situation. In

order to appraise the overall cost of a project, estimates were

made for several structures that may be included in a contract

package. Table 21 lists estimated bid prices of these ancil-

lary structures based on method and depth of construction.

When evaluating different projects, costs of included

appendages could be added to the bid prices given on Table 19.

For instance, a transit station constructed by precast panel

method at a 70-foot (21.3m) depth may require two entrances (2

x $355,000), one vent shaft ($495,000) and one emergency exit

($320,000). The structure bid price would be increased by

approximately $1,525,000 to allow for this additional construc-

tion.

Although entrances and shafts would be specified in final

design, there may be instances; such as at a high water table
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site that could not be dewatered, where the need for adequate

end bulkheads may be left to the discretion of the contractor.

In this case, and depending on sequencing and interface

requirements of contiguous contracts, it may be necessary to

include the cost of end bulkheads in applicable construction

estimates. They have not been included in total bid prices or

other summaries for the highway and rapid transit tunnels, but

could be added as shown on Table 21. The station estimates

include the cost of end bulkheads.

4.7 NEW TECHNOLOGIES

History has shown that new technological developments,

resource considerations and various environmental aspects have

affected construction work in many different ways. Some, such

as the tunnel boring machine have enabled the industry to

offset, to a certain degree, the inflationary increases in

costs experienced in recent years. Others have contributed

significantly to increased costs.

How new techniques would affect future construction is

hard to predict. Although each would have a different effect

on various situations, a general evaluation could be made by

considering the relative mix of cost components as given on

page 100 By adjusting each component percentage-wise in

accordance with best appraisal of potential effect of new

technologies, it would be possible to make an approximation of

total cost variation. Assuming a new technology would save 15%

of the labor while adding 25% to the equipment cost required

for a precast panel job, the estimated bid price would be about

95% of that listed for the particular situation on Table 19, or

a net saving of 5%. [l.OO - (0.45 x 0.15) + (0.05 x 0.25)]= 5%.

4.8 SUMMARY

This section illustrates how construction costs can be

determined for many cut-and-cover tunneling situations. Due to

the many variables involved, there is no quick and easy solu-

tion. Each situation must be evaluated separately. Estimate
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adjustments require a general knowledge of how cost data is

developed and how it is affected by varying work requirements.

Cost data provided in Appendix C and Volume 3 enable the

planner to compare 176 situations. Significant differences in

activity costs due to methods of construction can be identi-

fied. The bar graph of Figure 19 provides a visual comparison

when considering different methods for a transit line section.

It can be seen that some of the activities show greater changes

than reflected in differences of total project costs and in

some cases offset each other. Figure 20 shows a comparison of

total costs with respect to bracing methods and width and depth

of structure. Other graphs or charts could be prepared for

specific planning or study purposes.

By following the examples and using the various tables, a

planner should soon be able to make reliable estimates for new

situations.
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SECTION 5

RATIONALE FOR QUANTIFYING

ENVIRONMENTAL DISTURBANCE AND DISRUPTION

5.1 GENERAL

Quantification of disruption to the socio-economic envi-

ronment poses a complicated problem in the overall evaluation

of cut-and-cover construction in urban areas. Most studies

dealing with the impact of transportation schemes relate

primarily to "long term" effects of the completed system rather

than the relatively "short term" impacts experienced during the

actual construction. Some short term disturbances can be

generalized in a more or less quantitative manner, others can

only be considered in a qualitative sense reflecting the

opinions of those making the analysis.

Certain impacts change with time. For instance, an

initial disturbance of having to walk two additional blocks to

the office may likely be accepted as a normal condition within

a short period of time. Conversely, temporary patronage of a

nearby competitive retail store may soon result in a permanent

loss of trade for a construction-affected store. Quantifying

verbal complaints or aesthetic displeasures is impossible.

Many of the disruptive influences are more dependent on

the physical dimensions of the work than on the method of

construction being used. Regardless of method, the disruption

caused by constructing a narrow transit line section in the

middle of a wide street would be small compared to that caused

by a highway or station section built within the confines of a

narrow street.

In all instances the adverse impacts are relative to the

sensitivity of the urban site and adjacent area.

A requirement of the study is to develop a rationale for

quantifying in dollars the environmental disturbances and

disruptions caused by three methods of cut-and-cover construc-

tion. These disruptions, which include different physical,

social and economic elements, are considered with respect to
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three measurable criteria: 1) Business, 2) Social, and 3)

Safety. Although interrelated, each is treated separately and

then combined in final quantification. In essence, the adverse

effects of construction on local businesses are considered as

negative impacts. That is, the quantification is measured as

the potential loss of revenue. In an opposite sense, social

disruptions are measured as the additional time and effort

(equated to dollars) required to perform normal daily rou-

tines. The safety criterion is related to types and total cost

of construction.

A dollar amount is established which reflects a precon-

struction value against which each criterion is measured or

evaluated. These amounts; referred to as "value bases," are

dependent on the characteristics of the site and on project

requirements.

Possibilities, such as agency purchase and subsequent sale

of adjoining property or other redevelopment schemes which tend

to mitigate disruptive impacts are not considered, nor is

allowance made for long-term effects which are assumed to be

comparable in all instances. The initial planning and design

of a project normally includes the investigation and specifi-

cation of certain traffic patterns, utility relocations, etc.

which must be adhered to during construction. Although these

requirements can be attributed to disruptive aspects of cut-

and-cover operations, additional cost involved is assumed to be

reflected in project bid prices and therefore not included in

this rationale. No distinction is made as to whether the cost

of disruption is to be borne by the contracting agency, con-

tractor, private enterprises or the general public.

The following paragraphs outline the proposed rationale.

The intent is to develop a methodology by which reasonable

assessments in terms of dollars can be made. The assessments

should be considered primarily as a means by which relative

comparisons of impacts can be made for different situations and

construction methods. They deal with disturbances experienced

within the immediate construction area and do not relate to

122



compromising off-site impacts which may occur.

5.2 VALUE BASES

To quantify any set of conditions in dollars, it is

necessary to have a common monetary or value base by which the

relative effects of considered factors can be measured. Since

each quantification criterion (Business, Social and Safety) is

affected by and reflects different conditions, it is necessary

to establish a value base for each. All are dependent on the

existing socio-economic and physical conditions peculiar to the

site and project being studied. Even when considering the same

disruptions, the dollar impact or cost would be considerably

different within a highly developed business district than in a

residential area.

As used herein, a value base is a predetermined dollar

amount used as a datum against which the effects of construc-

tion disturbances are measured. In some instances, it may be

possible to establish a reliable base, in others it will be

necessary to use "best judgment" based on available informa-

tion. The following paragraphs describe how dollar amounts are

determined for each of the value bases.

5.2.1 Business : This criterion deals with the potential

financial loss incurred by businesses immediately adjacent to

the construction (street frontage). Consequently, the value

base must reflect a dollar amount representing the volume of

sales, service, etc. that would be affected by cut-and-cover

operations. It is determined by considering the total annual

volume for the year just prior to start of construction.

Although each site would present different factors, conditions

and mix of commercial enterprises, it is assumed that the

following tabulation is indicative of a typical business-

commercial section affected by the construction of a 2,000-foot

(610m) long highway structure.
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% of
% of Total Estimated Annual

Type of Business Establishments Annual Volume Volume

Retail and Services 70 $40,000,000 83

Offices, etc. 25 6,000,000 13

Entertainment 5 2,000,000 4

Similar tabulations showing average or approximate annual

dollar volumes for specific urban sites could be prepared by

using information from local Chambers of Commerce or other

agencies. If factual data were not available, it would be

necessary to make general assumptions of the prevailing

business activity.

In quantifying the potential impact, it is also necessary

to make some evaluation of the financial stability or status of

affected businesses. It would not be reasonable to include in

the cost of disruption the dollar amounts representing busi-

nesses which may be on the verge of bankruptcy; contemplating a

move to a new location, or making other changes which would

occur regardless whether the construction was undertaken or

not. Some of the factors to consider are:

1. Are the existing businesses thriving or just breaking

even?

2. Are there comparable retail and service facilities

located within the general area or at a nearby

shopping complex? The auto-oriented shopper would

probably consider an additional few miles of driving

as incidental compared to a few minutes of incon-

venience due to construction.

3. Are the services unique and not easily duplicated?

4. Are the businesses daytime oriented, or do they depend

primarily on nighttime patronage when construction

activities are generally minimized?

These and other conditions, which should be investigated

for each area, can be summarized as a "stability factor." For

purposes of this analysis it is suggested that factors ranging

from 0.5 to 0.9 be used. A factor of 0.5 representing a
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business situation which is very marginable, i.e. might

possibly close or move regardless of the construction. A

factor of 0.9 reflecting a stable business in which loss of

revenue could be attributed to the construction. Stability

factors would be determined for the respective types of

businesses involved. Multiplying the estimated annual volume

by the assigned stability factor gives the dollar amount (value

base) by which the disruptions of cut-and-cover construction

are measured. For example, assuming a business situation with

a mix and dollar volume as shown on the preceding page and

stability factors of 0.5 for retail and services, and 0.90 for

both offices and entertainment the determined value base would

be $27,200,000.

In some instances there could be positive aspects which

might affect the value base. The potential loss of business by

a retail clothing store may be offset by an equal volume of

business generated by a short-order diner established primarily

to serve construction workers. Revenues lost by construction-

affected stores may be reflected as increased sales for com-

parable stores within the general area. Although these and

other posssibilities should probably be considered, it is

likely that any attempt to do so would be so involved, and of

such a random nature as to contribute little to the quantifi-

cation process.

5.2.2 Social : This criterion includes many intangible

elements attributable to cut-and-cover construction such as

noise and air pollution, aesthetics and inconvenience to

pedestrians and traffic. Some can be summarily quantified as

contributing to adverse economic impacts as discussed in

paragraph 5.2.1. Others would be practically impossible to

quantify in terms of dollars.

Some of the disturbances are being controlled or elimi-

nated through efforts of agencies like OSHA or EPA. Noise can

be reduced by use of mufflers or other sound dampening proce-

dures which could increase initial cost of some construction

equipment by about 10 percent. Sweeping and washing of streets

125



or wetting of dust contributing materials help in reducing air

pollution. Covered and decorative walkways will be provided

for pedestrians. Although there may be variations in asso-

ciated costs depending on method of construction, it is doubt-

ful that differential dollar values could be assigned. A

method using slurry would require an increased effort for

cleaning streets, while noise control would be more critical

when driving soldier piles. Since it is likely that contract

documents will contain regulatory provisions covering most of

these disruptive elements, it is assumed that costs to comply

will be included in initial bid prices and therefore not con-

sidered in this value base. Costs would be essentially the

same for all three methods of construction.

A disturbance which can be quantified is the inconvenience

to pedestrian and vehicular traffic caused by the construc-

tion. The magnitude of this disturbance is dependent on volume

of traffic through the construction site and the convenience

afforded by alternate routes or bypasses. Vehicular traffic

can be defined as commercial (delivery trucks, etc.) and non-

commercial (private cars, transit, etc.).

There are many physiological and philosophical methods of

evaluating public inconvenience but for purposes of this

rationale the following is used:

The inconvenience caused pedestrians and vehicles by con-

struction activities is measured as additional increments of

time (quantified in dollars) required to accomplish normal

daily routines. Therefore, the value base needed to appraise

the social criterion must reflect an equivalent dollar amount

of pre-construction daily routines. It is determined by con-

sidering: 1) the approximate number of pedestrian and vehicle

trips per day, 2) time required for each trip and 3) an eval-

uation of the dollar equivalent of time expended.

Number of trips per day within or through the site can be

determined from traffic surveys taken prior to construction and

could be identified as follows:
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Low Density Med. Density High Density
Trips/day Trips/day Trips/day

Pedestrian 300 - 700 700 - 1,500 1,500 - 2,500

Commercial Vehicles 30 - 50 50 - 80 80 - 120

Non-Commercial Vehicles 200 - 600 600 - 1,200 1,200 - 2,000

An approximation of time required for each trip; which can

also be assessed from pre-construction activities, may be as

shown below:

Pedestrian 8 minutes

Commercial Vehicles 20 minutes

Non Commercial Vehicles 3 minutes

The value of time is arbitrarily taken as:

Pedestrian $ 8.00 per hour

Commercial Vehicles $30.00 per hour

Non Commercial Vehicles $15.00 per hour

Assuming 250 days per year, the social value base for a median

density situation would range from $425,000 to $825,000.

5.2.3 Safety : An important aspect of any cut-and-cover con-

struction is safety. This applies not only to the work itself,

but also the general public and adjoining buildings and facil-

ities. Although every effort is made to assure a safe job,

actual experience is usually somewhat less than perfect. Each

construction and urban site present different factors and con-

ditions which would affect this criterion.

Many of the major elements involved such as ground or

surface water control, underpinning, protection of adjacent

buildings and ground stability are specified in the documents

and associated costs allowed for in total bid prices.

There are, however, other costs not normally included in

initial evaluations. They pertain to such items as bodily

injury and property damage claims resulting from the construc-

tion. Although these claims are generally handled through
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various insurances, they represent additional cost of the

work. Since they usually relate to the total dollar amount of

the contract, the value base for the safety criterion is taken

as the bid price of the construction.

5.2.4 Summary ; The three value bases provide datums by which

the disturbances and disruptions of cut-and-cover construction

not normally allowed for in initial bid prices can be quanti-

fied. Each base is affected by different aspects of the

construction. In most cases, the adverse impacts are due more

to cut-and-cover operations per se than to a particular method

of construction. Also, physical features and configurations of

the urban site can have a greater affect on the cost of

disruption than the method of construction used.

The business and social value bases will be adjusted by

means of weighted factors reflecting the relative impacts of

various construction activities. The dollar difference between

the original and factored bases is taken as the quantified cost

of disruption. It is apparent that this method is dependent on

initial appraisal of the value bases. The dollar amounts in

the examples are used merely to illustrate the rationale and

may or may not be typical of any particular site.

The value base (bid price) considered for the safety

criterion is already used as a general measure for evaluating

safety aspects of construction. For purposes of this ration-

ale, it is factored by means of percentages determined from

historical records pertaining to safety experience of various

cut-and-cover projects.

Although the value bases are defined for cut-and-cover

operations, it is likely that the same or similar bases could

be used in evaluating the impact of underground or other

surface construction. By developing and using comparable value

bases, relative cost of disruptions could be determined for

different modes of construction.

The discussion of business and social bases relates to a

commercial area. In areas of high rise apartments or single
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family residences, the determination of dollar amounts for

businesses and pedestrian and vehicle trips would be based on

actual conditions of the site. The business value base for

apartments could be considered as the total annual rent

payments of the affected buildings. Due to the temporary

nature of construction, the stability factor would probably be

considered as 0.8 or 0.9. These and similar evaluations would

be made for each construction situation.

5.3 WEIGHTING FACTORS - BUSINESS AND SOCIAL

Factors affecting the business and social value bases are

considered with respect to: 1) time and 2) the physical

dimensions of the construction and site.

Time-related disruptions vary in both duration and magni-

tude. The general nuisance of any construction work over an

extended period of time has a definite impact on the environ-

ment. The magnitude of this impact is dependent on the physi-

cal dimensions or characteristics of the site and the type of

construction activity being performed.

Physical dimensions defining the length, width and depth

of construction are essentially set by contract documents.

Although these dimensions may vary slightly depending on method

of construction, the magnitude of disruption is dependent

primarily on the overall relationship between the size of the

structure and available street area within which the construc-

tion is made. A method requiring an additional 5 feet (1.5m)

of excavation width to accommodate the ground support system as

compared to another, (soldier pile and lagging vs. precast

diaphragms) would cause little difference in total disruption

if the street was wide. On the other hand, if the street was

narrow, this additional 5-foot (1.5m) width could preclude the

use of one lane of traffic which would have a significant

effect on disruption.

Although there are many possibilities which might be

considered, for purposes of this rationale the business and

social value bases are factored as discussed in the following

paragraphs.
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5.3.1 Time-Related - Duration ; This element of disruption

relates to total time required to complete the construction

regardless of method being used or structure being built. Its

exact effect on business and social value bases is hard to

specify except in a general sense that business activity would

decline over an extended period of time and that inconvenience

to pedestrian and vehicular traffic would continue in propor-

tion to time.

Some businesses may close after a few months of disrup-

tion; some may move to a new location while others may continue

"business-as-usual. " Variations in total volume of business

during the construction might possibly be obtained from the

Internal Revenue Service, Merchant Associations or similar

agencies. However, even if available, it would be necessary to

make determinations as to whether or not the changes were due

primarily to construction activities or to other economic

conditions. This relates to the stability factor previously

mentioned.

Various mathematical calculations can be made to determine

the additional time required to complete "pre-construction

routines" during the course of construction. Assuming the same

number of vehicle and pedestrian trips would be made; either

through or around the construction, the quantification of

disruption for the social base would be proportional to the

percentage increase in time for trip and the duration of dis-

ruption in terms of years.

In line with the above, suggested weighting factors

assigned to this element of disruption are given below:

Adjustment Factors for Duration

Value Duration of Constr uction
Base 24 mo. 28 mo. 32 mo. 36 mo. 40 mo.

Business 0.89 0.88 0.87 0.85 0.84

Social 1.50 1.65 1.80 1.95 2.10

These factors are based on preliminary evaluations of

potential loss of business over an extended period of time and
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the continued disruption of pedestrian and vehicle traffic

during construction. They are applicable to all three methods

of construction. Factors for other duration times would be

extrapolated from the given values.

Another aspect of duration is its relation to the calendar

year. A construction requiring 28 months to complete could

disrupt two or three Christmas seasons depending on month of

start. Although the same duration is considered, the potential

impact would be greater if three seasons were involved. This

condition should be considered in the initial planning phase.

5.3.2 Time-Related - Magnitude ; This factor relates to the

magnitude of disruption and corresponding completion time of

each of the eleven major construction activities (see Section

1). An activity that causes severe surface disruption, such as

decking, contributes more to the total disruption than say

groundwater control. Also, the effect of each activity on

total disruption varies with depth. The disruption caused by

the decking activity for a highway structure would be essen-

tially the same in all cases but would represent a greater

percent of total job disruption at the shallower depths. To

show this relationship between activity disruption and times,

with respect to type of structure and method of construction,

an evaluation matrix was prepared for nine situations at a

70-foot (21.3m) depth. See Table 22.

The 'weighting factors' listed on Table 22 show the

relative disruption caused by each activity with respect to

total disruption based on a scale of 100. Values assigned

represent "best judgment" when considering the different

combinations of transit structure and construction method.

Time to complete an activity is determined from basic estimates

and schedules presented in Section 3. The 'scoring factors'

indicate the relationship of times to complete the same

activity for a particular structure when using different

construction methods. For example, when considering a highway

structure, the time to complete activity C using the soldier

pile and lagging method is two and a half times longer than
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when using either of the other methods. The respective scoring

factors would be 2.5, 1 and 1. The sum of weighted scores

(product of weighting and scoring factors) gives a relative

evaluation of the magnitude of disruption for each method of

construction.

The average weighted scores for the three transit struc-

tures are 111.0 for SP&L; 113.6 for SPTC and 118.3 for PCP.

Factors for adjusting both business and social value bases are

established by referring these scores to total disruptive

measure of 100. Since impact on business criterion reflects a

decrease, a reciprocal is used. These adjustment factors are

shown below.

Adjustment Factors for Magnitude - 70-Foot Depth

Value
Base SP&L SPTC PCP

Business 0.90 0.88 0.85

Social 1.11 1.14 1.18

When considering a specific structure, adjustment factors

could be determined from the respective matrix instead of using

the average as shown above.

5.3.3 Physical Dimensions ; The magnitude of disruption

depends to a large extent on the relationship between the

physical dimensions of the construction and the width of the

street within which the construction is made. It may be

possible to make analytical analyses of this relationship but

for purposes of this rationale the following is used:

Ratio of Street Width
to Width of construction

Adjustment Factors
for Dimensions

1:1 1.20

1.5:1 1.08

2:1 1.05
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5.3.4 Combined Factors - Magnitude & Dimensions: Since

"magnitude" is dependent on "dimensions" , a combined weighting

factor is used to show their effect on both business and social

value bases. The magnitude adjustment factors for "business"

are divided by the dimension factor. The magnitude factors for

"social" are multiplied by the dimension factor. These com-

bined factors, which indicate the magnitude of disruption

caused by different construction methods at 70-foot (21.3m)

depths in streets of varying widths, are shown below,

COMBINED WEIGHTING FACTORS - 70 FT (21.3m) DEPTH

Method of
Construction

Physical Dimension
Value
Base

Ratio
R = 1:

St.
1

Width to
R = 1.5:1

Structure
R = 2:1

Business SP&L 0.75 0.83 0.86

SPTC 0.73 0.81 0.84

PCP 0.71 0.79 0.81

Social SP&L 1.33 1.20 1.17

SPTC 1.37 1.23 1.20

PCP 1.42 1.27 1.24

Combined weighting factors for 50 and 30 foot (15.2m and

9.1m) depths (see following tabulations) were determined in the

same general manner as discussed above by developing additional

evaluation matrixes for the respective depths.

COMBINED WEIGHTING FACTORS - 50 FT (15.2m) DEPTH

Method of
Construction

Physical DimensioiT

Value
Base

Ratio
R = 1:

St.
1

Width to
R = 1.5:1

St
R
ructure
= 2:1

Business SP&L 0. 79 0.86 0. 90

SPTC 0. 77 0.84 0. 88

PCP 0. 75 0.82 0. 85

Social SP&L 1. 28 1.16 1. 12

SPTC 1. 31 1.18 1. 15

PCP 1. 36 1.22 1. 19
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COMBINED WEIGHTING FACTORS - 30 FT (9.1m) DEPTH

Method of
Phy sical Dimension

Value Ratio St.. Width \:o Structure
Base Constru<^tion R = 1: 1 R = 1.5 :1 R = 2:1

Business SP&L

SPTC

PCP

0.82

0.80

0.78

0.90

0.88

0.86

0.94

0.92

0.89

Social SP&L

SPTC

PCP

1.23

1.26

1.30

1.11

1.13

1.17

1.08

1.11

1.13

5.4 WEIGHTING FACTOR - SAFETY

The factors used in quantifying the safety value base are

based on historical data relating third party claims or damages

to the dollar amount of construction involved.

Records of 14 BART cut-and-cover projects totaling some

$139,000,000 in cost show third party claims and losses

amounting to about $2,400,000 or approximately 1.7 percent of

the construction cost. Percentage amount of claims for 12

soldier pile and lagging projects varied from 0.3 percent to 3

percent with an overall average of 1.4 percent. Corresponding

percentages for two SPTC projects were 1.0 percent and 4.5

percent with an average of 2.6 percent. No data pertaining to

precast diaphragm wall methods were available.

Although the safety experience of any job depends on the

individual contractor and the effectiveness of his safety

program and method of operation, historical data considered for

this study indicates that a reasonable quantification factor

would be in the order of 2 percent for soldier pile and lagging

method and 2% percent for the other two methods. These per-

centages could be adjusted to reflect more detailed information

as it becomes available. They could also vary significantly

depending on trends of future court decisions with respect to

awards for damages.

137



5.5 COST OF DISRUPTION AND DISTURBANCES

Costs of disruptions are quantified with respect to the

three determined value bases - Business, Social and Safety.

Each is affected differently by various weighting factors and

job conditions. The impact on "business" is more dependent on

the magnitude of disruption than on duration. Conversely,

duration has a greater impact on "social" than does the

magnitude. Data from historical records used to quantify

"safety" reflect all factors and job conditions.

Considering the above and previous discussions, the cost

of disruption with respect to the business and social value

bases would be determined by use of the following equations:

C
B = B - [B x (0.40d + 0.60m)] (1)

C
s

= S x [(0.70d + 0.30m) - l] (2)

Where:

Cg = Cost of disruption - business

Cg = Cost of disruption - social

B = Business value base

S = Social value base

d = Adjustment factor for Duration (page 130)

m = Combined weighting factor for Magnitude

(pages 136 and 137)

The factor "d" relates to actual project duration and does not

vary with respect to other construction conditions. Factor "m"

varies with depth, dimension ratios and method of construction;

therefore different factors would be used for each situation.

In both cases, factors must relate to the "value base" being

considered. The decimals; 0.40, 0.60, etc., show the propor-

tion of cost attributed to duration (d) or magnitude (m).

The cost of disruption associated with safety is taken as

a percentage of total construction cost and is designated as

^SA* Tne sum °f CB + C
S

+ CSA ec3ua ^ s tne quantified

cost of disruption. The general relation of factors and

equations is shown on Figure 21. The factors for 'magnitude'

(m) are those for a construction depth of 70 feet (21.3m).
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If 30-foot or 50-foot (9.1m or 15.2m) depths were considered,

applicable factors from pages 136 or 137 would be substituted

in the tabulations and used to extend the equations. The

following situation illustrates the rationale.

A highway tunnel structure is to be built at an urban site

where the street width is one and one-half times the structure

width. The depth of construction is 30 feet (9.1m). The

business value base has been determined to be $27,200,000; the

social value base, $825,000. The estimated cost and time

required to complete the structure by three different methods

of construction is shown as follows:

Method Cost Time

Soldier Pile and Lagging

Cast- in-Place Concrete

Precast Concrete

The cost of disruption would be calculated as shown on

Table 23. Summaries are given below:

Cost of Disruption ($1,000)

$19,200,000 28 mo

$20,600,000 30 mo

$20,700,000 31 mo

Construction Method
Soldier Pile Pour in Place
and Lagging Concrete

Precast
Concrete

$2,938
403
384

$3,318
451
515

$3,672
483
518

Criteria

Business
Social
Safety

Total $3,725 $4,284 $4,673

Based on conditions of the example and in accordance with

the rationale proposed herein, the cost of disruption would be

quantified as about $4,227,000 (average value). Soldier pile

and lagging method would cause the least disruption. Disrup-

tion caused by using the cast-in-place or precast method would

be 15 to 25 percent greater.

It is apparent that the major portion of cost (78% +)

relates to business conditions assumed for the site. Using

average calculations, the affected businesses would experience
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Table 23. DETERMINATION OF COST OF DISRUPTION ($1,000)

EXAMPLE FOR RATIONALE

Soldier Pile and Lagging

C
B = 27,200 - [27,200 (0.40 x 0.88 + 0.60 x 0.90)] = 2,938

C"
s

= 825 x [(0.70 x 1.65 + 0.30 x 1.11) - l] = 403

C
SA

= 19,200 x 0.02 = 384

3,725

SPTC

C
B = 27,200 - [27,200 (0.40 x 0.875 + 0.60 x 0.88)]= 3,318

Cg = 825 x [(0.70 x 1.725 + 0.30 x 1.13) - l] = 451

CSA = 20,600 x 0.025 = 515

4,284

Precast Panels

C
B = 27,200 - [27,200 (0.40 x 0.873 + 0.60 x 0.86)]= 3,672

C
s

= 825 x [(0.70 x 1.763 + 0.30 x 1.17) - l] = 483

CgA = 20,700 x 0.025 = 518

4,673
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a decline in sales (revenue) of about $110,000 per month during

the 30 month construction period. Depending on type and size

of individual enterprises, their prorated loss may or may not

be critical to continued operation.

5. 6 SUMMARY

Even though many qualitative aspects of disruption caused

by cut-and-cover construction can be readily seen and described,

any rationale used to quantify the disruption must at best, be

considered only as a pragmatic approach to the problem. The

magnitude and relative costs depend upon the particular

situation and individuals making the analysis. To fully

evaluate the cost of disruption for a specific project would

require a study effort which would overlap the actual construc-

tion period by several years. Even then the results might not

be directly applicable to any other situation.

The proposed rationale relates the cost of disruption to

three value bases which to a large extent can be defined in the

pre-construction period. For the example used, the affect of

disruption on "business" - dollars - was most significant in

overall evaluations. However, with the present concern in the

United States for improving the environment, it may be that a

greater emphasis should be placed on elements of social dis-

ruptions such as inconvience or noise or air pollution. It is

also apparent that a seemingly minor loss of revenue experi-

enced by a small business or enterprise might be critical to

their continuance in business. These physiological aspects

will have to be evaluated by different environmental disci-

plines.

Most disruptions are due more to inherent character-

istics of cut-and-cover construction than to any particular

method being used and are probably more sensitive to duration

than magnitude. Although the various elements considered and

the adjustment and weighting factors assigned reflect reason-

able evaluations of cut-and-cover operations, considerably more

study and factual data will be required before specific values
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can be developed. The proposed rationale presents a method by

which different factors can be assimilated and evaluated so as

to give a relative indication of the disruptive impacts

involved.

As noted, certain elements of disruption have been ex-

cluded on the premise that existing environmental, safety and

contractural regulations are such that additional cost of

complying would be included in initial bid price of the work.

As more regulations are imposed to reduce disruptive impacts,

it is reasonable to assume that the cost of construction will

increase accordingly. At some point in time it will be neces-

sary to determine the "break-even" point between the cost of

the "cure" and the cost of "disruption."

The urban site characteristics, which essentially estab-

lish and control the degree and cost of disruption, also

materially affect the initial construction cost. A rapid

transit station built at a congested downtown site would

obviously cost more than one constructed in a vacant tract of

land where construction activities would not be hindered by

outside influences. The potential combined savings in both

construction and disruption with respect to site selection

should be considered in initial transit planning.

When considering open-trench construction the very purpose

of a transportation system (providing maximum service to

largest number of people) is in direct conflict with the exist-

ing environment. Facilities must be situated at high density

locations which, in turn, are most sensitive to disruptive

impacts of construction. Within the limitations of existing

technology and as long as the need for mass transit exists, it

must be accepted that construction disruption is an inherent

characteristic of the transportation system. Fortunately,

these disruptions are relatively short term compared to the

overall benefit. Within options normally available, the

planner can only hope to achieve that type of construction

having the least impact on the environment. The rationale

presented herein may help in that respect.
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The rationale was developed for three open-trench con-

struction methods. Section 8 of the report considers the use

of inverted, or "under-the-roof " method of construction. The

rationale used to quantify its disruptive impact is similar to

the procedure discussed in this section.
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SECTION 6

EFFECTIVE COST OF CONSTRUCTION

6.1 GENERAL

Determination of the most efficient construction for a

particular cut-and-cover tunneling situation should consider

both the cost of construction and cost of disruption associated

with feasible alternatives.

Some possibilities may be eliminated by decisions relating

to socio-economic or physical requirements of the overall

transportation system. A predetermined location of a transit

station at a site which can not be dewatered would eliminate

the potential use of soldier-piles-and-lagging method of con-

struction. Tieback bracing would not be used if adequate

underground easements were not available. It is likely, how-

ever, that at least two different construction methods could be

considered for each project.

This section of the report shows how the most cost-

effective solution can be determined for specific site and

design requirements. It considers the total construction

rather than individual activities as previously discussed and

evaluates each alternative with respect to three parameters.

A. Cost of Construction: To enable the planner to

determine that method of construction which would

afford least cost of completing a specific structure

at a given site.

B. Updating Construction Costs: To enable the planner to

make realistic adjustments of costs so as to

accommodate variations in prices due to changes in

time (year of construction) or location.

C. Cost of Disruption: To enable the planner to quantify

in dollars the relative environmental impacts

associated with different methods of construction.

The diagram of Figure 22 shows the general procedure of

determining effective cost for cut-and-cover tunneling projects,
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DEFINED CONSTRUCTION SITUATION

Type of Structure
Site Conditions

Socio-Economic Conditions

GROUND SUPPORT
OPTION

BRACING
OPTION

Soldier Piles & Lagging
Cast-in-Slurry Wall
Precast Panel Wall
Other

Internal Bracing
Tieback Bracing
Other

w ^

COST OF CONSTRUCTION

UPDATING

Escalation
Location

ANTICIPATED
COST OF DISRUPTION

Social
Business
Safety

W ^

EFFECTIVE COST

Figure 22. LOGIC DIAGRAM - EFFECTIVE COSTS
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6.2 COST OF CONSTRUCTION

Construction cost data, based upon Washington, D.C. prices

in 1974, have been used to develop estimated bid prices for 176

different cut-and-cover situations (see Table 19, page 107).

An example is given to illustrate how cost estimates can be

made for situations with conditions differing from those

assumed for the study such as lengths of structures or urban

site configurations.

Using the cost data, information, and general procedures

given in this report, a planner can make reasonable estimates

of cost (parameter A) for most cut-and-cover tunneling projects

likely to be considered for future transit construction. Vari-

ations in cost due to known differences can be approximated by

factoring given bid prices. Adjustments for length of struc-

ture can be made as shown in Table 17, page 103. Allowances

can also be made for various appendage structures which may be

required (Table 21, page 115)

.

All costs have been developed on the basis of mid 1974

prices applicable to the Washington, D.C. area. In comparing

alternatives, it will be necessary to adjust or update costs

with respect to prices applicable to the year of construction

and location. This is done by factoring basic components of

cost as discussed in the following paragraphs.

6.3 UPDATING CONTRUCTION COSTS

The total cost of construction (direct and indirect costs)

can be considered with respect to three basic components as

shown below:

Components of Cost

Labor Equipment Material

Direct Depreciation Fuel-Lube

Repair Parts and tires Job Materials

Indirect Perm. Materials
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Subcontract work is included with respective components.

Contractor's markup is added as a percentage of the total cost.

Each component reflects the summation of many unit prices

established for included resources. Table 24 shows typical

prices used in the estimates. Since determination of component

cost for all situations was based on the same cost data, any

variation in prices would be reflected proportionately in all

estimates.

Adjustments of cost due to changes in time or location -

parameter B - are dependent on: 1) relative percent of total

cost represented by each component and 2) variation in basic

prices considered for each component.

The percentage of total project cost represented by each

component can be determined from analyses of basic estimates as

discussed in paragraph 3.4. Average percentages for the three

methods of cut-and-cover construction are shown below:

Percent of Total Cost

Method of
Construction

Labor
L

Equi pment
E

Materials
M

Soldier Piles & Lagging 44 5 51

SPTC 40 6 54

Precast Panels 45 5 50

These percentages will vary for each situation. For

structures built at a 30-foot (9.1m) depth, the labor component

will be a larger proportion of total costs than shown and the

material component somewhat less. The opposite would be true

when considering construction at a 70-foot (21.3m) depth.

There would also be slight variations due to type of

structure. The percent of labor for a transit station being

higher than for either the highway or line structures. When

using tiebacks, labor and equipment will increase with a

corresponding decrease in material component. Although these

variations might be in the order of plus or minus 3 percent,

the given percentages are representative of cut-and-cover

construction and can be used to update given costs to evaluate

future work.
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Table 24, TYPICAL PRICES ($) FOR BASIC COMPONENTS

WASHINGTON, D.C. AREA, MID- 19 74

LABOR WAGES

|

CLASSIFICATION BASE

P.R.

TAXES INS FRINGES TOTAL

CARPENTER (FOREMAN)

IRON WORKER (STRUCTURAL)

LABORER (CONCRETE)

OPER. ENG. (CLASS 2)

TEAMSTER (FLATBED)

9.00

9.50

7.48

9.67

6.35

0.86

0.90

0.71

0.92

0.60

0.90

0.95

0.75

0.97

0.64

0.81

1.05

0.73

0.12

0.45

11.57

12.40

9.67

11.68

8.04

MATERIAL PRICES

ITEM UNIT COST

CONCRETE (4000 psi)(27,600 kPa)

RE STEEL - CUT & BENT

STRUCTURAL STEEL - WALES & BRACING

TIMBER - DECKING & LAGGING

FUEL - DIESEL

CY

TON

TON

MBF

GAL

29.30

420.00

500.00

240.00

0.40

EQUIPMENT PURCHASES

UNIT F.O.B. COST

2 CY FRONT END LOADER

12 TON HYDRAULIC CRANE

10 CY DUMP TRUCK

38,000

44,000

34,000

Note: 1 CY = 0.765m
3

, 1 Ton = 907 kg, 1 MBF =2. 36m
3

, 1 GAL = 3.79 liters
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The change in total project cost due to variations in

component prices is determined by comparing prices used in the

basic estimates (rate deck) with comparable prices pertaining

to the new or planned construction situation. Although each

component includes many individual items, reasonable evalua-

tions can be made by considering the major items in each. For

instance, the material component may include items of concrete,

structural steel, wood forms, reinforcing steel, waterproofing

material, gravel, form ties, small tools, fuel, etc. If the

concrete and steel items represent 60 percent of the total

component cost, adjustments could be made by considering only

those two items.

By adjusting each component (expressed as percent of total

cost) by factors showing differences in price data, it is

possible to project costs given herein to some future time or

place of construction. The procedure is illustrated by the

following equation:

E
B

X rr=-

E.

E~

M
:

(3)

Where:

E
B

X, Y, & Z

= Estimated cost of future work - year F

= Construction cost as per this study - 1974

= Percentages (decimal, for labor, equip-
ment and material components respectively)

M-

'2'

= Basic price data (Table 24)

E2' M2
= ProJ ecte(3 price data

Adjustments in component costs are determined as follows:

6.3.1 Labor : Basic hourly wages for various labor classi-

fications are shown on Table 24. The actual number and mix of

labor such as carpenters and operating engineers varies

depending on method and depth of construction and type of

structure. By using detailed resource analyses illustrated by

Table 11, it is possible to establish typical composite crews

for each method of construction. Using these crews and
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applicable hourly wages, the average hourly labor cost can be

determined for each situation. This is shown by the upper part

of Table 25. The average costs reflect L, values used in

equation (3) . A corresponding L
2

value would be obtained in

the same manner except that hourly labor cost for the proposed

construction would be substituted in the Basic Cost column.

The ratio of L
2

4. L-^ being the labor component adjustment

factor

.

6.3.2 Equipment ; Variation in basic cost for equipment is

difficult to specify as it is unlikely that any two individuals

would use the same evaluation procedure. One may consider all

new equipment, another good used equipment. Costs or charges

to a job would be made accordingly. Since this component;

which essentially defines the capital investment in equipment,

parts and tires, represents only a small percent of total cost,

relative evaluations would be adequate. Consequently the

following procedure is used.

Basic cost, or E
1

value, is the sum of F.O.B. prices

($1,000) paid for typical units of equipment used in cut-and-

cover construction as shown at the bottom of Table 24. An E
2

value is obtained by substituting F.O.B. costs ($1,000) for the

same units of equipment that would be applicable to the new

construction. The same adjustment factor (E~ 4- E-, ) is

used to evaluate all three methods of construction.

6.3.3 Materials ; The adjustment for materials is determined

essentially the same as for labor. Using resource analyses,

representative types and quantities of materials have been

determined for each method of construction. Extending these

quantities against basic material prices shown on Table 24,

gives the basic material component M, . This is illustrated

on the lower portion of Table 25. M
2
values would be

obtained by substituting material prices determined for the

proposed construction and extending them against the indicated

quantities.

6.3.4 Summary ; By substituting appropriate values for the

different factors in equation (3), page 150, it is possible to
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project given construction costs to some future date or place

of construction. E^ and M2 values would have to be

calculated for each situation. Costs relating to the three

methods of cut-and-cover construction would be updated in

accordance with the following equations:

SP&L

E, = *B
0.44

10.52
+ 0.05

E
2

ITS
+ 0.51

M

Till (4)

SPTC

=B
0.40 2

10.51
+ 0.06

E
2

116
+ 0.54

Mm
2

T36T (5)

PCP

= E
E

0.45
10.62

+ 0.05 f2_
116

0.50
M
2

1084 (6)

If specific data required to determine L~ , e~ , and

M2 values are not available, it would be necessary to use

"best judgment" values. This could be the case when existing

labor agreements expire before the proposed start date. It can

be seen by the above equations that the relation of projected

costs for each method would remain essentially the same if all

were adjusted to the same start date. This of course would

change if new techniques were developed which materially

altered the component percentages of any of the methods.

The above process could be approximated by using various

indexes such as the U. S. Construction Cost Component Indexes

shown on Table 26. In this instance, the individual component

percentages would be factored by using the ratios of respective

indexes (projected or actual) to obtain estimated cost of

future work.

Adjustments to a future start date do not include poten-

tial escalation costs that may occur through period of actual

construction, say, from 1980 to 1984. An approximation of

those costs would be made by prorating total projected costs

(1980) through the construction period in accordance with
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anticipated annual expenditures. These yearly costs would then

be factored with respect to applicable indexes. The difference

between the 1980 cost and the sum of factored yearly expendi-

tures being the cost of escalation.

If new technologies or other conditions which would affect

the construction were anticipated for future work, it would be

necessary to make appropriate adjustments of component percent-

ages shown on page 148. The new percentages would then be

substituted in respective equations for purposes of updating

costs.

6.4 UPDATING RATE DECK

The described procedure is a convenient method of updating

total costs given in this report as would be needed in compar-

ing future construction alternatives.

A more exacting procedure would be to change all prices

contained in the initial rate deck to agree with those appli-

cable to the actual year of construction. To show a relative

comparison of results, cost data of the rate deck were updated

to 1977 and computer estimates made for situations 1-3GY, 1-3JY

and 1-3KY. Table 27 shows comparable activity and total costs

for the years 1974 (basic estimates) and 1977 and the percent-

age variation of each.

Following the procedure discussed in paragraph 6.3 and

using equations 4, 5 and 6, estimated 1977 costs for the three

estimates showed increases of 21.9% for soldier piles and

lagging (SP&L) , 21.8% for cast-in-slurry (SPTC) and 20.6% for

precast panels (PCP) . These are in substantial agreement with

results shown on Table 27.

It is noted that percentage increases for individual

activities vary by as much as + 7% from the total project

increase. This, of course, is due to variations in actual mix

of resources for the activities as compared to the overall

averages used in the updating process.
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6.5 COST OF DISRUPTION

Parameter C relates to the cost of disruption. A ration-

ale for quantifying this cost is presented in Section 5. It

entails the establishment of several value bases - business,

social and safety - which are then factored to reflect the

impacts of construction. Any dollar amount assigned to this

element of cost would depend primarily on pre-construction

social-economic and physical characteristics of the urban site

being investigated. Disruptions are due more to the cut-and-

cover process itself than to any method of construction. In

evaluating future work it might be desirable to update amounts

of determined value bases to start of construction. However,

this refinement is not considered in this study.

The cost of disruption with respect to business and social

value bases requires an approximation of actual construction

time for the situation being considered. Project duration in

months shown on tables in Appendix B, page 223, can be used for

this appraisal. Once the business and social value bases are

established and construction costs and times determined, the

cost of disruption can be calculated by following the procedure

illustrated on Figure 21 and Table 23.

6.6 DETERMINATION OF EFFECTIVE COST

Initial planning of a transit system would probably

include general evaluations of construction and disruption

costs associated with different urban site locations so as to

determine most feasible alignment. Table 19 and other informa-

tion contained in this report can be used for this purpose.

Ideally, the system would be routed to take maximum

advantage of construction economies afforded by shallow depths

and ground conditions similar to site 2. Since this choice

would be highly unlikely for the entire system, the planner

must determine most effective cost for individual structures

along the route.

The procedure is illustrated by considering two cut-and-

cover situations. Pertinent data affecting the construction
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and which are definable in the pre-construction stage are shown

as follows:

Construction Situation Example 1 Example 2

Location San Francisco Washington, D.C.

Urban Site Commercial Commercial

Width of Street 120' (36.6m) 90' (27.4m)

Soil Condition site 3 site 1

Business Value Base $7,000,000 $15,000,000

Social Value Base $ 400,000 $ 800,000

Off-Site Easements for
tieback None None

Structure Highway Tunnel Transit Station

Depth (Grade) 30' (9.1m) 50' (15.2m)

Length 2,000' (610m) 700' (213m)

Width 67' (20.4m) 65' (19.8m)

Start of Construction 1978 1976

Two methods of construction could be used for example 1

and three for example 2. The estimated cost (mid-1974) for

each method is obtained from Table 19, page 107, by identify-

ing the conditions of the example with those of that table.

Since no easements are available for tiebacks, internal bracing

will be required in all cases. Time to complete each construc-

tion is taken from tables in Appendix B. These costs and times

are shown as follows:

Construction Cost of Construction '74 Time of Construction
Method Example 1 Example 2 Example 1 Example 2

SP&L N.A. $14,370,000

SPTC $20,780,000 14,370,000

PCP 20,990,000 13,800,000

To project costs to proposed start dates, it is necessary

to determine the prevailing labor, material and equipment

prices for the items listed on Table 24, page 149. Prices

would be obtained from local unions, suppliers and equipment

dealers. For purposes of this illustration it is assumed that
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the following hourly and unit prices have been obtained:

Item
Example 1

1978
Example 2

1976

Labor

:

Carpenter $ 16.20 $ 13.90

Ironworker 17.50 14.90

Laborers 13.50 11.60

Operating Eng 16.40 14.00

Teamster 12.20 10.10

Materials:

Cone. $ 39.00 $ 33.70

Re. Steel 520.00 460.00

Struct. Steel 640.00 550.00

Timber 310.00 275.00

Fuel 0.52 0.45

Equipment

F.E. Loader $54,000 $46,000

Hydraulic Crane 60,000 54,000

Dump Truck 41,000 39,000

Using the above prices and procedure shown on Table 25 and

discussed in paragraph 6.4, the following equations are devel-

oped which show adjustments necessary to update 1974 estimates

to respective start dates.

SP&L

E
78

= E
74

[o.44 ii^H + 0.05 iff + 0.51 ±f§§] (7)

E
76 * E

74 [°- 44 lH§ + °- 05
III

+ °' 51 Til!] (8)

SPTC

E
78

= E?4
[

.40 Jfc§| + 0.06 iff + 0.54 g||]

E
76 = E

74 [°- 40 fHr + °- 06 nl + °- 54 ifi]

(9)

(10)

159



PCP

e
78 = E

74
[o.45 ifcH + °- 05 Til + °- 50 ToU] (11)

E
76

E
74 [°- 45

T§fi§
+ °- 05 Til

+ °- 50 TTb!]' 12 '

Extending the equations provides an estimation of cost for

each construction at anticipated start dates. These costs are

shown below:

Construction Cost of Construction
Method Example 1-1978 Example 2-1976

Soldier Pile & Lag N.A. $16,640,000

SPTC $27,845,000 16,626,000

Precast 28,148,000 15,967,000

The next step is to make an appraisal of the cost of

disruption associated with each construction (see Section 5)

.

The dollar amounts for business and social value bases are

given for the examples. The projected cost of construction and

project durations are shown above. The ratio of street width

to structure width is approximately 2:1 for Example 1 and 1.5:1

for Example 2. Using appropriate factors and extending the

equations of Section 5, the cost of disruption for Example 2 is

determined as shown on Table 28. Similar calculations were made

for Example 1. Totals are given as follows:

Construction Cost of Disruption
Method Example 1 Example 2

Soldier Pile & Lag N.A. $ 2,962,000

SPTC $1,598,000 3,331,000

Precast 1,752,000 3,291,000

Adding the costs of construction and disruption shows that

the SPTC method would be most effective for the San Francisco

site (Example 1) and the precast panel method for the

Washington, D.C. site (Example 2)

.
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Table 28. DETERMINATION OF EFFECTIVE COST

COST OF DISRUPTION ($1,000) - EXAMPLE 2

Soldier Pile and Lagging

C
B = 15,000 - [15,000 (0.40 x 0.86 + 0.60 x 0.86)] = 2,100

C
g

= 800 x [(0.70 x 1.875 + 0.30 x 1.16) - l] = 529

CgA = 16,640 x 0.02 = 333

2,962

SPTC

C
B = 15,000 - [15,000 (0.40 x 0.85 + 0.60 x 0.84)] = 2,340

Cg = 800 x [(0.70 x 1.95 + 0.30 x 1.18) - l] = 575

Cg
A = 16,626 x 0.025 = 416

3,331

Precast Panels

C
B = 15,000 - [15,000 (0.40 x 0.875 + 0.60 x 0.82)]= 2,370

Cg = 800 x [(0.70 x 1.837 + 0.30 x 1.22) - l] = 522

CgA = 15,967 x 0.025 = 399

3,291
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6 . 7 Summary

In appraising the effective cost (1974 cost plus updating

plus disruption) of future cut-and-cover construction, it will

be necessary to evaluate each situation independently. In most

cases, the relation of determined effective costs will be

approximately the same as indicated by the 1974 estimates.

Although the largest variation would be in the evaluation of

the cost of disruption, updating costs to a future start date

could alter results.

The 1974 estimated costs should be adjusted for possible

variations in site and construction conditions and allowances

made for appendage structures that may be required. A check-

list of all adjustments required for producing an estimate of

effective cost of a proposed project based on the results of

this study is given in the conclusions and recommendations

section in paragraph 10.2.7, page 210.
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SECTION 7

INVERTED CONSTRUCTION METHODS

7.1 GENERAL

To this point the report has dealt with cut-and-cover

construction methods that are more or less standard for

transportation tunnels within the United States. Although

precast panels have not previously been used for ground

support, they would not pose a radical departure from accepted

methods, techniques and equipment usage. Cast-in-slurry con-

crete walls, and the casting and handling of precast panels are

techniques practiced by U.S. contractors, though neither is as

common here as in Europe.

There is a constantly growing awareness and concern of the

surface disruption caused by cut-and-cover construction. Recent

experiences of BART in San Francisco and WMATA in Washington,

have tended to emphasize the problem. While the needs and

benefits of such systems are generally acknowledged, the impact

on local business and residents during the normal two to four

year construction period for individual project segments is of

great concern to all.

One solution is to construct as much of the system as

possible by tunneling. On Market Street in San Francisco, and

in downtown Washington, most line sections were shield driven

tunnels while the stations were constructed by cut-and-cover

techniques. Tunneling is often more expensive than cut-and-

cover, especially when tunnels are shallow, or when soil and

groundwater conditions require the use of compressed air.

Large spans are difficult and expensive to support in tunnels

unless they are in competent rock. Tunneling, on the other

hand, has potentially the least disruptive effect on surface

environment.

A new approach to cut-and-cover tunneling has been used

successfully in Europe and Canada, based on a significant

change in construction procedures and operation sequences.

Known as "inverted" or "under-the-roof " construction, its main
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advantage is minimizing surface disruption.

7.2 ADVANTAGES AND LIMITATIONS OF INVERTED CONSTRUCTION

Figure 23 shows the general construction sequence for

inverted construction. The ground support walls are placed

first. These walls must carry the permanent street deck (roof

slab) and all live and dead loads plus horizontal ground loads,

which virtually eliminates the possibility of using soldier

piles unless they can be driven to sound rock. Concrete

diaphragm walls, either cast-in-slurry or precast, are

indicated. If the structure is wide, a center wall may also be

required. The street is excavated to a depth sufficient to

place the permanent roof slab. This can be reinforced concrete

cast-in-place or continuous precast slabs. While cast-in-place

concrete is cheaper, the additional time to form, place rebar,

pour and cure for two to four weeks reduces the advantages of

minimizing disruption. Precast roof slabs can be placed

concurrent with excavation and are capable of supporting street

loads on the same day. The street is then restored and

excavation proceeds below the roof, with access provided by

side ramps or shafts. Upon completion of excavation, the base

slab is placed and the walls and other inside work completed.

Several factors limit the applicability of this method.

For economy, the structure should be close to the surface and

the permanent roof slab should coincide with the street grade.

If the roof slab is several feet below the street level it is

necessary to excavate deeper, place the roof slab and then

place backfill before restoring the street. This additional

step delays restoration and increases the load on the roof and

subsequently the diaphragm walls. Without a base slab, there

is a limit to the depth of backfill the walls can carry to the

soil beneath them. A possible alternative is to keep the

street slab close to the surface leaving a void between it and

the roof of the structure.
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INVERTED CONSTRUCTION SEQUENCE
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]. EXCAVATE WALL PANEL SLOT.

2. PLACE PRECAST CONCRETE PANELS.

3. GRADE BEAMS CAST IN PLACE.

4. EXCAVATE FOR ROOF PANELS.

5. PLACE ROOF PANELS.

6. RESTORE STREET SURFACE.

7. RAMP TO BRACING LEVEL.

8. EXCAVATE FOR TEMPORARY BRACING.

9. SET TEMPORARY BRACING.

10. COMPLETE RAMP.

11. EXCAVATE TO INVERT.

12. PLACE CONCRETE INVERT SLAB.

13. REMOVE TEMPORARY BRACING.

14. COMPLETE STRUCTURE INTERIOR.

15. BACKFILL RAMP AREA.

16. RESTORE SIDE STREET SURFACE.
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Figure 23. INVERTED CONSTRUCTION SEQUENCE
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Excavating and concreting below a restored street with

only side ramps or shafts for access limits construction

procedures and increases direct costs for those work operations

involved. The type and size of equipment that can be used is

also limited. If a center wall is required the difficulties of

excavation and access are increased.

Probably the most difficult problem in using this method

of construction in an urban area is the relocation and main-

tenance of utilities. It is apparent that if the roof of

structure also forms the permanent street surface all existing

utilities must be removed. If the roof is below the utilities,

precast beams spanning from wall to wall cannot be placed until

the utilities are removed. Support and maintenance of utili-

ties while excavating, placing concrete and backfilling, not

only increases surface disruption exposure time but presents

difficult construction problems if the utilities are large, or

old and brittle.

If the structure is narrow compared to the street width,

it may be possible to relocate all utilities to the sides.

However, the disruption that this would create offsets the one

being eliminated, as all utilities must be moved and in service

before excavation and removal of old services can begin. In

the case of large main utilities passing through the area, it

may be possible to relocate them to a parallel street prior to

construction. Any city that considers building cut-and-cover

transportation tunnels should plan and build future utility

mains in streets or right-of-ways other than those streets that

might be used for the tunnels. In any event, smaller local

utility lines of all types will be needed to provide continuous

service to buildings on both sides of the street during and

after the construction period.

7.3 UTILITY TUNNELS - UTILIDORS

One way to provide for these services and still keep

surface disruption to a minimum is to drive small utility

tunnels, or "utilidors" on both sides of the street, outside
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the structure. These tunnels would have to be excavated, lined

and have new utilities placed in them before the old lines

could be abandoned to start open-cut work.

While utility tunnels have been constructed in other

countries, there has been little use of them in the United

States. This could be due to the general reluctance of private

and public utility owners to share cost and maintenance of such

structures. The tunnels should be placed near the surface to

facilitate connection to existing and future buildings.

Although these tunnels could probably be constructed for less

money by cut-and-cover methods, such a procedure would defeat

the main purpose of reducing surface disruption. To reduce

tunnel size and cost, only local utilities should be placed in

the tunnels with large mains relocated to parallel streets.

Tunnels would be required on both sides of the street to avoid

cross laterals passing through the structure. This can become

a major problem at intersections where normally many utilities

cross. Water and electric lines can be connected to longi-

tudinal lines with cross ties at the ends of the structure. If

the structure is long, sleeves for small cross utilities can be

provided in the roof of the structure. Where large utilities

are involved, it would be necessary to drive a cross tunnel

below the bottom of the structure from shafts in side streets.

7.4 EXAMPLES OF INVERTED CONSTRUCTION

Inverted construction has been used in Europe for both

highway tunnels and rapid transit line sections as described by

D'Appolonina, et al, (Reference 8) . In the cases described,

cast-in-place roof slabs were supported on precast concrete

panel walls.

In Edmonton, Alberta, Canada, the Jasper Avenue Station,

part of a light rail transit system below the busiest street in

downtown Edmonton, is being built by the inverted construction

method. It is a two level structure, similar to the study

station, with a mezzanine level above and two tracks and

station platform below. Reinforced, cast-in-place concrete
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tangent piles form the structural diaphragm walls. Precast,

prestressed beams, four foot wide (1.2m) and sixty-six feet

(20.1m) long form the roof of the structure and street support.

A low permanent water table and hard glacial till with a

long stand-up time make the tangent pile wall economically com-

petitive. The 42" (1.07m) diameter holes were drilled and

concreted in leap-frog sequence, allowing several days cure

before drilling the intermediate pile holes. Four of every

five piles support the mezzanine level while the fifth extends

down to bedrock and is belled to enlarge the bearing area. The

fifth pile supports the longitudinal grade beams that carry the

precast roof and permanent street. An 18" (0.46m) thick track

slab was placed on grade. The use of this relatively thin slab

was possible because of the absence of groundwater uplift.

The excavation and placing of the roof was done in the

summer of 1975 causing only four months of disruption while

traffic was diverted to other streets. All utilities except

gas had been placed in two 8-foot (2.4m) diameter hand mined

tunnels located below the sidewalks prior to station

construction. Excavation below the roof was carried on through

the long severe Canadian winter using a ramp from a side

street. Dump trucks drove down the ramp and were loaded by

front-end loaders. The ramp was covered to protect the workers

from the cold air which dropped to as low as -35° f (-37°C).

The success of this under-the-roof construction can be

seen in Figure 24. The upper photograph was taken on Jasper

Avenue immediately above the station while excavation was being

carried on with no apparent effect on surface transportation,

pedestrians or business. The casual visitor is unaware that

construction work is being performed below unless he is told,

or notices dump trucks emerging from the side street ramp. The

lower photograph shows typical conjestion when using

cut-and-cover methods.
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Jasper Avenue,
Edmonton, Alberta
during station
excavation
Winter 1975

Market Street,
San Francisco
during station
excavation
Spring 1969

Figure 24. COMPARISON OF SURFACE DISRUPTION - INVERTED
AND OPEN-TRENCH CONSTRUCTION
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7.5 COMBINED CUT-AND-COVER AND INVERTED CONSTRUCTION

Although the inverted construction method is a departure

from the normal procedures followed by U. S. contractors, a

combination of cut-and-cover and inverted construction more

consistent with current practice can be used to reduce surface

disruption and overall construction time. With this method,

the contractor follows normal procedures of handling utilities,

installing ground support (preferably a diaphragm wall), plac-

ing temporary decking, bracing and excavating from the deck.

Upon completion of excavation, he places the base slab and then

the roof slab. He can then proceed with backfill and utility

and pavement restoration simultaneous with completion of

interior walls, slabs and finish work in the structure below.

The combined method is not as dramatic or complete as the

inverted construction method in reducing surface disruption.

At best, it can save only a few months over the traditional

cut-and-cover sequence. Limiting access for completion of the

structure increases some direct costs. All the disruption and

expense of constructing and removing a temporary street deck is

still present.

7.6. EXAMPLES OF COMBINATION CONSTRUCTION METHOD

The only example known to the study team of the use of the

combination method in the United States is the Civic Center

Station on Market Street in San Francisco, (Reference 7). The

station shell was completed in 1971 and contains three levels,

a mezzanine level, a track and platform level for Muni light

rail trolleys, and a track and platform level for BART trains.

The roof is about 10 feet (3.0m) below the surface and the

excavated invert about 70 feet (23.1m) below the street. The

ground support system consisted of 3-foot (0.9m) thick SPTC

walls for the major portion of the station with 2-foot (0.6m)

thick SPTC walls at the widened mezzanine level and station

entrances.

The SPTC walls were designed to be incorporated as

structural walls for the station with a 1-foot (0.3m) thick
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cast- in-place finish wall, where exposed to the public. The

slabs are a composite steel and concrete construction similar

to the study station. The permanent steel of roof and slab

levels served as internal bracing during construction. They

were supplemented by two levels of temporary bracing.

During the course of construction, it was decided to place

the roof concrete prior to completing walls and slabs below.

This measure was instituted to reduce the overall construction

time. Since this procedure had not been anticipated prior to

start of construction, it was necessary to redesign portions of

the structure to permit pouring and loading the roof before

completing the structure below. The problems of redesign were

simplified because the SPTC wall could support the structural

roof steel. With the base slab more than 50 feet (15.2m) below

the roof, forms and platforms were hung from the roof steel,

except at the side entrances where mezzanine slabs, already in

place, supported scaffolding. The composite roof was supported

on top of the SPTC wall with the soldier piles extending

through the roof to support the temporary street deck. If a

soldier pile and lagging ground support system had been used

initially, the problem of redesign would have been extremely

difficult, if not impossible.

7.7 STUDY SITUATIONS - INVERTED AND COMBINATION METHODS

The above paragraphs have discussed various aspects of

inverted and combination methods of constructing facilities for

mass transportation systems. Different cut-and-cover methods

have been discussed in previous sections. To compare or eval-

uate the advantages and disadvantages of each, it is necessary

to consider them for the same construction. Of the different

situations studied, it was decided that the most applicable for

either inverted, combination or cut-and-cover methods would be

a highway tunnel section constructed at a 30-foot (9.1m)

depth. Since the inverted method requires a diaphragm type

wall, situation 1-1LT (site 1, highway structure, 30-foot

(9.1m) depth, wet soil, internal bracing, precast panels) was

chosen.
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Assuming the same site configuration (utilities, etc.) as

discussed in Section 1, a typical cross section of the highway

tunnel using the inverted method of construction is shown on

Figure 25. Utility tunnels for local service lines flank the

structure under both sidewalk areas. It is not desirable to

have either large water or gas mains in the tunnels. They are

shown under the left side walk to avoid conflict with the

access ramp area, but they could also be diverted to another

street. The access ramps are constructed in side streets. They

should not be more than 1,000 feet apart to avoid excessively

long runs for the excavating equipment.

Though not shown in the cross section, following cost

estimates consider 20-foot x 20-foot (6m x 6m) shafts

constructed on either side of each intersection for driving

utility tunnels, making connections to cross utilities, and

housing utility chambers. The utilidors, shown in larger scale

on Figure 26, are 10 feet (3.0m) in diameter, large enough for

future inspection, maintenance and improvement of utilities.

The gas line is shown encased in concrete with capped

connections outside the tunnel for building services. It could

also be in a separate trench, but for safety purposes should

not be exposed in the tunnel with electrical services. With

utility tunnels on either side of the street, some duplication

of lines (such as two gas lines) is necessary to avoid service

lines crossing through the highway tunnel. Others, such as

multiple electric and telephone ducts can be divided between

the two.

The roof of the highway tunnel is shown as precast, pre-

stressed members spanning the full width between outer walls.

The center dividing wall is placed later. This is to facili-

tate excavation and bracing under the roof, both of which would

be greatly hampered by a center wall. Although the roof of

precast sections is more expensive than a roof cast-in-place,

the surface disruption exposure will be reduced as previously

mentioned. In subsequent discussions, the situation using the

inverted method is arbitrarily designated as estimate 1-4LT.
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42' TO g OF STREET
(12' TO CURB)

8' TO BUILDING LINE

6" GAS LINE
(ENCASED IN CONCRETE)

FLOURESCENT LIGHTING

PLUGGED SLEEVES
FOR FUTURE BUILDING

CONNECTIONS

ELECTRIC,
TELEPH0NE.LI6HTIN6

ETC.

8" SEWER PIPE

NOTE; f = J
in =25.4 mm

|' = I fi = 0.305 m

Figure 26. 10 FOOT (3.05m) DIAMETER UTILIDOR
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The cross section of the combined construction method

would be the same as the standard cut-and-cover construction

shown on Figure 1, page 2. However, portions of the work

sequence would be different. The estimate for the combined

method is designated as 1-7LT.

Various sections of precast diaphragm wall panels could be

used for either the cut-and-cover, combination or inverted

methods. Figure 27 shows typical panel section and design data

applicable to the construction situations considered in this

study. For the example comparison discussed in Section 8, the

panel section for the highway tunnel, 30-foot (9.1m) depth and

site 1 condition is used.

7.8 SUMMARY

Although recent successful projects in other countries can

be cited as examples, the use of inverted or combination

methods of constructing transportation structures within the

United States has been very limited. Part of the problem may

rest with the more or less accepted practice that the con-

tractor should not be directed which method of construction he

should use. This practice supposedly places all responsibility

of construction on the contractor. For efficient use of

inverted or combination construction, such decisions must be

made in the pre-design stage, so the structure can be designed

accordingly. Based on previous experience within the United

States, it is apparent that if site conditions permit, most

contractors would select the soldier pile and lagging,

cut-and-cover method as generally being the least expensive

construction.

Another part of the problem is that no dollar values have

been placed on disruptions of adjacent urban areas caused by

the construction. A suggested rationale for evaluating this

factor is discussed in Section 5.

Initial construction cost using inverted construction

methods would be greater than traditional methods in most urban

areas. This is due primarily to the high cost of utility
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relocation which must be completed prior to start of the

transit structure, and to a lesser extent, to the increased

difficulty of working under-the-roof

.

Section 8 presents a comparison of both construction and

disruption costs associated with cut-and-cover , inverted (or

under-the-roof) and combination construction methods. For this

study, cut-and-cover construction is considered the "standard"

or "regular" method to which the newer methods are compared.
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SECTION 8

COMPARING EFFECTIVE COSTS

CUT-AND-COVER, INVERTED AND COMBINATION METHODS

8.1 GENERAL

The general procedure discussed in Section 6 is used to

compare the effective cost of cut-and-cover, inverted and com-

bination methods. The cut-and-cover situation chosen for the

comparison is designated as 1-1LT (site 1, highway structure,

PCP, internal bracing, and 30-foot (9.1m) depth). Designations

of 1-4LT and 1-7LT are used for the inverted and combination

methods of constructing the same structure under similar site

conditions.

8.2 COST OF CONSTRUCTION AND SCHEDULES

Since operation requirements and sequencing of work for

inverted and combination methods are different than

cut-and-cover construction it was necessary to make new cost

estimates for situations 1-4LT and 1-7LT. These computer

estimates were prepared in the same manner as the base

estimates discussed in Section 4 with new operations added as

required. Although estimate 1-1LT had already been developed

by hand extensions from base estimate 1-1LY, (paragraph 4.3,

page 92), a new computer estimate was made to permit a more

detailed comparison of construction methods. The three

estimates are summarized in Table 29. Summary cost analyses of

operations and activities are given in Volume 3. These costs,

as for the other estimates, reflect mid-1974 prices in the

Washington, D.C. area. Construction schedules showing activity

and job durations are shown on Figure 28.

In the summary for 1-4LT, the direct cost ($3,407,000) of

building the utility tunnels has been separated from utility

installation, relocation and maintenance. Adding indirect and

markup costs attributable to this item raises the cost of

utility tunnels to over four million dollars. This is the main

factor for the overall cost of inverted construction being some
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Table 29. SUMMARY OF CONSTRUCTION COSTS - REGULAR,
INVERTED AND COMBINATION METHODS ($)

FOUR LANE HIGHWAY TUNNEL

30' DEPTH - HIGH GROUNDWATER TABLE
PRECAST PANEL GROUND SUPPORT

WITH INTERNAL BRACING

TYPE OF CONSTRUCTION REGULAR INVERTED COMBINED

ESTIMATE DESIGNATION 1-1LT 1-4LT 1-7LT

A TRAFFIC CONTROL 158,000 126,000 153,000
B UTILITY TUNNELS - 3,407,000 -

UTILITIES 2,144,000 1,989,000 2,144,000
C PROTECT ADJ STRUCT 193,000 193,000 193,000
D GROUNDWATER CONTROL 539,000 639,000 513,000
E DECKING 2,745,000 - 2,745,000
F GROUND WALL SUPPORT 2,198,000 2,105,000 2,198,000
G BRACING 479,000 578,000 479,000
H EXCAVATION 901,000 1,221,000 1,078,000
I CONST PERM STRUCT 5,166,000 6,285,000 5,215,000
J BACKFILL 112,000 54,000 134,000
K RESTORATION 373,000 389,000 377,000

SUB TOTAL - DIRECT 15,008,000 16,986,000 15,229,000

N OVERHEAD (FIXED) 263,000 321,000 263,000
OVERHEAD (TIME REL) 2,347,000 2,738,000 2,098,000

P PLANT (FIXED) 206,000 388,000 206,000
Q PLANT (TIME REL) 160,000 296,000 143,000

SUB TOTAL - INDIRECT 2,976,000 3,743,000 2,710,000

TOTAL COST 17,984,000 20,729,000 17,939,000
MARKUP 2,698,000 3,109,000 2,691,000

BID PRICE 20,682,000 23,838,000 20,630,000

PROJECT DURATION 31 MO 35 MO 28 MO
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three million dollars more than the other two methods. Other

major differences include additional cost ($1,100,000) of

permanent structure due to higher cost for the precast roof and

difficulty of working with limited access. An increase in job

duration adds to the time-related overhead costs. Although

there is a saving of $2,745,000 for decking, this only partly

compensates for the other higher costs.

The construction time of 35 months for 1-4LT can be seen on

the schedule as resulting from not being able to start the main

structure until utility work is complete. There might be some

reduction in time by letting this work as a separate contract.

However, this would result in duplicating certain fixed over-

head costs negating some of the advantage, and possibly create

a problem of interface coordination of the two contracts.

While the total time for inverted construction is four months

longer than cut-and-cover , the actual period of major surface

disruption (excluding construction of shafts, utilidors, etc.)

is only twelve months compared to about thirty months.

The costs of the combined construction method (1-7LT) are

essentially the same as for cut-and-cover (1-1LT) ; Savings in

indirect cost due to shorter construction period are offset by

higher direct cost resulting from some work done under limited

access conditions. Surface disruption time is reduced by three

months due to simultaneous restoration and structure completion.

For purposes of comparing total effective costs of the

three methods, it is assumed that the construction will be

performed in San Francisco, starting in 1978. Value bases for

"business" and "social" criteria used in determining cost of

disruption are taken as $30,000,000 and $825,000 respectively.

The width of street is one and one-half times the structure

width.
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Labor
L

Equipment
E

Materials
M

45 5 50

47 7 46

44 5 51

8.3 UPDATING COSTS

To determine costs for future work, it is necessary to

make adjustments which reflect the differences between cost

data used for the base estimates and data applicable to the

planned construction. Adjustments depend on the percent of

total cost represented by components of labor, equipment and

material and their respective variations from basic prices.

The procedure is discussed in paragraph 6.4. Separate analyses

were made to determine percentage of total cost represented by

each component for the inverted and combination methods.

Results are shown below. Those for the cut-and-cover PCP

method 1-1LT are taken from page 83.

Percent of Total Cost

Labor
Method

Cut-and-Cover (1-1LT)

Inverted (1-4LT)

Combination (1-7LT)

Using resource analyses provided in the computer estimates,

typical crew and material requirements were determined for

1-4LT and 1-7LT. These requirements were extended against

basic prices to obtain average labor and material costs.

Calculations were made in the same manner as discussed in

paragraphs 6.4.1 and 6.4.3. Results are shown on Table 30.

Crew and material quantities shown for the cut-and-cover method

are taken from Table 25 - Precast Panels, page 152. Since that

table was based on average requirements for several structures

and depths, they do not reflect exactly the requirements for

1-1LT. However, the relative values (L
2

4. L, etc.) used

to determine variations in component costs would be essentially

the same. Also, slight variations between average component

percentages and those determined for a specific situation would

not materially affect the answers (see paragraph 6.3, page 147)

The indicated average hourly wages and material prices repre-

sent L^ and M^ values used in equation (3) . The equipment
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component adjustment factor - E, - is determined as discussed

in paragraph 6.4.2. The same E, value is used for all three

methods. Cost information needed to determine L
2 , E

2 , and

M
2 values would be the same as given for Example 1, page 159

(San Francisco - 1978). Making necessary calculations and sub-

stituting appropriate factors in equation (3, page 150), the

projected construction costs for the three methods would be

determined by the following equations:

Cut-and-Cover

E
78 " E

74
0.45

14.95
10.62

+ 0.05
155
116

+ 0.50
1387
1084

Combination

E
78

= E
74

0.44
14.69
10.44

+ 0.05
155
116

+ 0.51
1647
1283

Inverted

E
78

= E
74

0.47
14.82
10.52

+ 0.07
155
116

+ 0.46
860
672

]

]

(13)

(14)

(15)

The 1978 cost for the cut-and-cover method is $27,735,000;

$27,665,000 for the combination method and $32,062,000 for the

inverted method.

8.4 COST OF DISRUPTION

A rationale for quantifying the cost of disruption for

various cut-and-cover methods is presented in Section 5. Since

the relative disruptions (as compared to total disruption)

caused by the eleven basic activities are different for the

inverted and combination methods of construction, it was

necessary to establish new weighting factors to quantify the

business and social value bases. A matrix, similar to

Table 22, page 132, was prepared showing relative magnitude of

disruptions for the three methods all at a 30-foot (9.1m)

depth. This matrix and determined adjustment factors are shown

on Table 31. The indicated "scoring factors" are based on

activity times shown for respective schedules on Figure 28,

page 181.

185



C/3

O
X O

<
> c

3
S O
O M
H H
H <
5=> H
Pi PQ
00 gM C

O Pi
w

K >
O O
5=> U
H i

H Q
3 S3O <£.

D

T>
® n>

o r~ CO

o
4-> 0)

o> °
--H U

lo

LO

o
o

ID

CM

o
CM

LO

CO o
(£>

O cn

r-.

CM

LO

r-t

O
to

CD

LD

CD

O
o
f-H

>—

i

0) CO CM i-l CM t—

l

CD
H
D £
53
«H
CO D> u
2 S3

o 2

•«• oo CO o t-H CD CO CO CD CO LO

O
u

f-« o i—

l

f-H f—

l

O o o O o f—

t

Q CO

a: o>

a 3 o

5 "* LO CM CM LO CO CM CM co CM o
CM «-H CM r-t f-H

<D U,

£

g r O LO LO

g
4-> V
oi o
•rH U

CD

co CM

LO

CM

CD

O
CO

co

O
CO

CO

o
CO

CO

O
CM CM

00

CD

CO

LO

O
f-H

CD

O
o 0) CO ^^ CO r-t ,—1 o

a:
H

£
w—t

CO

&
c °O CO r^ CO ai CO a> «* •—

I

CM r-» ^O u U •

2
O 10

U (u
1—1 O i—

1

o f—t o o I—

t

•—

l

o f-H

O CO

#
1-1

w
H
<
2

3£ f-H

CO
52

H
2 0) ° co CO CM •—

i

lO o CM CO O CO r>-

O
o

#—

1

CM CM f-H

I
s 55

a
<1)

u o £ Q) o 00 CO
1

—

t -C £ cd o LO o f-H o 00 LO CM CM r—

1

LO o CD
£ H 3 8

0) COo
p

CO
f-H

CM 1—

t

CO
CM
<—

l

o CD CO •—

1

CD r-.o
f—

1

f-H o

H
CO

52

O Oi uO c o co 1^ CO o CO CO "d" CM TT LO CO

w s S •—

i

© #—

1

f-H 1—

1

o o —I i—

»

o f-H

u
52

CO

H Ol

52 3 o
w

21
<o

CO o CM #-H t^ LO CM 00 co CM r-.
a, CM CM t—

1

—

*

O Q) pM

H
o
OiH
CO

J
O
oiH
52

oi

O
a-

o
oi

§H
o
o

g

O
O CO

H
CO

c
<

>

c

Oi

O

»—

*

H

1—

.

Q
<

H
o
13

o
Oi

oi

<

1

o
Oi

o

<

Q
52

O
Oi

s
o

52

O
H<><
u

Oiw
Ou

H
CO

52

O

Cm

<
DQ

52

g

oH
CO
w

Oi

o
o
co

Q
w
H
a
u

Oi

O
H
o<

f-H

oi

OH
o
<
Cm

CO
CO
w

N P Ol O Q U 03 O Oi ^ go
o
CO

co
53
CQ< CQ O Q w Ci- O X - - t^:

o

P
CU

^2

I

a
•H
O
cti

?-<

co

i-i

rH
cd

4-»

CQ

cd

o
CD

U
CU

I

+J

cu

+>
o
o
4-1

Io
ro

CD

+J

f

186



Evaluations for combination and inverted methods should

take into account disruptions along the construction street

(same as for cut-and-cover methods) plus disruptions on cross

streets or other areas used for access shafts or ramps. If

those areas are normally conjested with traffic, movement of

trucks and other equipment could cause significant disrup-

tions. Weighting and scoring factors used on Table 31 for the

combination and inverted methods take into account a general

appraisal of what these conditions might be for a typical site

and how they would affect total disruption. The decking

activity for the inverted method reflects disruption during

placement of precast roof panels.

With a street width to structure ratio of 1.5:1, the

adjustment factor for dimensions is 1.08 (see page 135).

Combined weighting factors used to adjust the business and

social value bases, with respect to magnitude of disruption,

are determined as discussed in paragraph 5.3.3, page 135, and

are shown below:

COMBINED WEIGHTING FACTORS

MAGNITUDE & DIMENSIONS

Value
Base

Construction
Type

Ratio Street Width
to Structure
R = 1.5:1

Business Cut-and-Cover 0.86

Combination 0.88

Inverted 0.95

Social Cut-and-Cover 1.17

Combination 1.13

Inverted 1.05

Adjustment factors for duration were established for

cut-and-cover techniques on the basis of total construction
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time regardless of method or type of construction. This

generally applies also to the combination method wherein

reduction of surface disruption is essentially reflected in

reduced construction time. Consequently the durations to be

considered in quantifying disruptions for the cut-and-cover and

combination methods would be the respective construction times

shown on Table 29; 31 months for the regular method and 28

months for the combination method.

There are certain portions of the overall construction

period required for the inverted method in which disruptions

would be considerably less than normally considered for

cut-and-cover work. Approximately 12 months are required to

build the utilidors. If they were constructed as tunnels;

surface disruptions would be light. If built by open-trench

methods, there would still be a fairly large, unobstructed

portion of the street available for traffic. Completion of the

transit structure ( under-the-roof ) after the street has been

restored accounts for another 12 months of total construction

time. Disruptions during this period should be minimal (see

paragraph 7.4) except for possible interference on certain side

streets or areas used for access ramps. Assuming disruptions

caused by these two phases of the work to be about 1/3 of

normal, the equivalent duration to be used for the inverted

method would be 19 months (35 months - 2/3 of 24 months).

Adjustment factors for duration (see page 130) are

determined with respect to times noted above. Cost of

disruption associated with the safety criterion is taken as a

percent of total cost.

Calculation of the cost of disruption for the three

methods of construction is shown on Table 32. The effective

costs are shown on page 191 and graphically on Figure 29.
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Table 32. CUT-AND-COVER , COMBINATION AND INVERTED METHODS

COST OF DISRUPTION ($1,000)

Cut-and-Cover

C
B = 30,000 - 30,000 (0.40 x 0.873 + 0.60 x 0.86) = 4,050

Cg = 825 x (0.70 x 1.763 + 0.30 x 1.17) - 1 =483
CSA

= 27,735 x 0.025 = 693

5,226

Combination

C
B = 30,000 - 30,000 (0.40 x 0.88 + 0.60 x 0.88) = 3,600

Cg = 825 x (0.70 x 1.65 + 0.30 x 1.13) - 1 =408
CSA

= 27,665 x 0.025 = 692

4,700

Inverted

C
B = 30,000 - 30,000 (0.40 x 0.915 + 0.60 x 0.95) = 1,920

C
g

= 825 x (0.70 x 1.313 + 0.30 x 1.05) - 1 =193
Cg

A = 32,062 x 0.025 = 802

2,915
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40

38

36

34

WORK ACTIVITIFS
A. Traffic Control
B. Utilities
C. Prot. Adj . Struct.
D. Groundwater Control
E

.

Decking

Ground Wall Support
Bracing
Excavation
Perm. Structure
Backfill
Restoration

Figure COSTS FOR REGULAR, INVERTED AND
COMBINATION METHODS - HIGHWAY STRUCTURE

190



Cut-and-Cover Combination Inverted

Estimated Cost 1974 $20,682,000 $20,630,000 $23,838,000

Estimated Cost 1978 27,735,000 27,665,000 32,062,000

Cost of Disruption 5,226,000 4,700,000 2,915,000

Effective Cost $32,961,000 $32,365,000 $34,977,000

8.5 SUMMARY

Based on the example, the combination method offers the

most effective solution. Although surface disruption (quan-

tified in dollars) is considerably less when using the inverted

method, its higher construction cost more than offsets this

advantage.

Different site conditions could, of course, alter the

results. For instance, if existing utilities were such that

utilidors would not be required, the inverted method would

offer the most cost effective construction. The same would be

true if the business and social value bases had been higher. On

the other hand, lower value bases would tend to show a greater

advantage for the cut-and-cover and combination methods of

construction.

The example also illustrates the type of problem facing

the planner - that is, the "hard dollar" cost of construction

must be evaluated with respect to a more-or-less intangible -

the cost of disruption.

The decision that the combination or inverted method of

construction would be preferable to standard cut-and-cover for

a particular situation must be made during the planning phase

and the project designed accordingly. This poses a problem in

the normal procedure of contracting where the general method of

construction is usually left to the discretion of the contrac-

tor. Leaving construction methods to the contractor assures

that each contractor will base his competitive bid on methods

that are most efficient and inexpensive for his organization to

perform. This will usually result in minimum construction
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cost. However, other factors such as reduced disruption and

impact on the community must be considered and these consider-

ations may offset the apparent economy of low construction cost.

It is the aim of this section to appraise the planner of

the trade-off values involved so that he is in a better posi-

tion to make such a decision. Increased public involvement in

the planning of transit systems; especially in areas affecting

the environment, may or may not help in the solution. Decis-

ions based primarily on emotions are sometimes hard to justify

in terms of dollars.
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SECTION 9

CAST-IN-SLURRY GROUND SUPPORT WALLS

9.1 GENERAL

Several methods of ground support are described in

Volume 1 including three types of cast-in-slurry walls. Al-

though these three support walls are similar in performance,

there are differences in installation techniques, structural

properties, and compatibility to bracing.

One method developed and used extensively in Europe

consists of a series of cast-in-place reinforced concrete

panels. The panels act as continuous vertical beams or slabs,

spanning from bracing level to bracing level and transmitting

soil and water loads to the bracing system, balanced by similar

loads from the wall opposite.

Another system known as SPTC (soldier piles and tremie

concrete) was developed by an American contractor. It has been

used for transportation tunnels in the United States and expe-

rience records of its use were available to the study team. In

this system, unreinforced concrete transmits the earth loads to

closely spaced soldier piles similar to the behavior of soldier

piles and lagging, except the concrete is watertight and

rigid. The vertical soldier piles, in turn, transmit the load

to the bracing system. The concrete and steel are not

considered as a composite member. The SPTC wall was used for

all study estimates involving a cast-in-slurry ground wall.

A third variation of slurry wall, which has also been used

in the United States, is a combination of the two systems. The

soldier piles are placed further apart than the SPTC wall with

reinforced, cast-in-place concrete panels between. In this

system the major reinforcing is horizontal acting as a simple

span between soldier piles which, as in the case of the SPTC

wall, transmit the ground loads to the bracing system.

All three methods provide a similar semi-rigid, relatively

watertight wall that reduces the need for protection or under-

pinning of adjacent structures normally required by flexible

193



wall systems. They also act as the permanent structural wall

of the transportation tunnel or station. This section

describes the advantages of each and compares construction

costs.

9.2 REINFORCED/ CAST-IN-PLACE PANELS

Typically, this type of wall is constructed by first

excavating a shallow guide wall trench at the surface. Low

concrete walls on either side of the trench act as guides for

the slot excavating equipment and prevent the top of the earth

from sloughing off. The shallow trench also aids in locating

existing utilities.

The wall slot is excavated in panels about 20 feet (6.1m)

long in a leapfrog pattern. The excavation is usally done by a

special hydraulic grab bucket mounted on a vertical shaft from

a crane. If the ground is hard or contains rock in the invert

it may require the use of a drill mounted on a crane or a rail

carriage straddling the slot. Occasional boulders may be

broken by a "chisel," a heavy steel beam with hardened end

edges. The slot is kept from caving by keeping it filled with

a slurry mixutre of bentonite clay and water. The consistency

of the mixture keeps most soil particles in suspension and

coats the sides of the slot so it is relatively impervious.

The excavation process constantly changes the volume of the

slot and adds fresh soil to the mixture. To maintain the

required specific gravity of the slurry, it is constantly

recirculated to a surface plant where it is filtered, monitored

and fresh materials added and returned to the slot.

Upon completion of panel excavation, a cage of reinforcing

is assembled above the slot and lowered into position. Spacers,

bearing plates, blockouts and keys may be wired to the rein-

forcing as required. The slot is then filled with tremie

concrete with the concrete displacing the slurry, most of which

is recovered for use in the next slot excavation.

Skipping one panel length, another panel is excavated and

concreted in the same manner. When the alternate panels have
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acquired sufficient strength, the in-between panels are

excavated and concreted. Various methods have been devised by

contractors to improve the water tightness of the joints

between panels including special end forms, keys and grout

tubes. When exposed by structure excavation, the wall presents

a relatively rough finish. Since the concrete is poured

against the excavated slot, the concrete face will vary by

several inches locally from a true plan and skewed bucket

markes may result in abrupt differences. One disadvantage of a

continuous rough concrete face is the placing and blocking of

steel bracing. Bearing plates may be attached to the rein-

forcing cage for this purpose.

9.3 SPTC, CAST-IN-PLACE WALL

This type of wall has been used on several stations and

sections of subway in San Francisco and Washington, D.C.

Although guide walls are not necessary for excavating the wall

slot, it is desireable to excavate a shallow trench along the

wall to locate utilities. Soldier piles are usually placed on

about 5 ft to 8 ft (1.5m to 2.4m) centers if the concrete is

not reinforced. The thickness of the wall is equal to the

section depth of the soldier piles.

In situations where soldier piles are 36" beams (0.91m)

and are to be placed on 6 ft. (1.8m) centers; as in the case of

highway structures at Site 1 for the 70-foot (23.1m) depths, it

is usual to first drill auger holes at 12 ft. (3.7m) centers.

These holes are filled with bentonite. When the hole has

reached the required depth of embedment below the invert the

soldier pile is lowered into it, splicing on sections; if

required by the length, as it is lowered. Concrete is placed

in the hole from the bottom to the level of the invert. Above

the invert the hole is filled with sand or a very lean mix

concrete.

A special bucket is used to excavate the wall slot between

the soldier piles. These slots are also kept filled with

bentonite slurry in the manner described for the reinforced
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panels. Each excavated slot is actually a double slot since

the final wall will have piles on 6 ft (1.8m) centers. The

bucket, attached to a vertical shaft mounted on a crane, is the

same width as the soldier piles and when open fits between the

flanges of the two piles. The piles thus act as guides for the

bucket. The accuracy of wall alignement is determined by the

placing of the soldier piles. When the slot excavation is

complete, the inside of the flanges are given a final pass with

special cleaning tools or brushes. This is very important as;

except for occasional rock pockets in the concrete, leakage

around the flanges is the most likely cause of problems with

this type of wall.

After the slot is excavated and cleaned, a soldier pile is

placed and fixed in the slot midway between the ends. Twin

tremie pipes are installed in the double slot, and the concrete

is placed, displacing the slurry. The level of concrete on

both sides of the center pile is maintained at the same depth

during the pour. The appearance of this wall; when exposed, is

quite rough as in the case of the cast- in-place panels. Both

require extraordinary methods of cleaning such as steam or

water jet to remove the remaining slurry from the rough con-

crete. Due to the difficulty of controlling tremie concrete

pours in deep slots under slurry, it is usual to find defects

which require patching or repair work after structure exca-

vation and cleaning off the slurry.

The placing of bracing is facilitated by the presence of

soldier piles which permits steel to steel welding. For this

reason, this type of wall is more consistent with American

contractors' methods developed with soldier piles and lagging.

The rough concrete wall, however, may project several inches

beyond the pile requiring deep blocking in some areas.

9.4 COMBINATION, CAST-IN-SLURRY WALL

This type of wall has been used on several sections of

subway in Washington, D.C. and New York City. The construction

methods described for the reinforced panel and SPTC walls are
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also applicable to this type of wall. The soldier piles are

heavier and placed further apart than in the case of the SPTC

wall. Prepared cages of reinforcing steel placed in the slots

enables the concrete to span between piles. Pile hole drill-

ing, slot excavation and concreting are similar to those

described. Reinforcing is lighter than in the case of the

reinforced panel wall. Blocking and bracing are welded to the

piles as with the SPTC wall. The same cleaning, patching and

finishing methods are employed.

9.5 CONSTRUCTION COST COMPARISON

In comparing the cost of construcing the three types of

cast-in-slurry support walls, estimate 1-3JY was used as the

base. This estimate is for a rapid transit line section at

70-foot (23.1m) depth at Site 1. It has SPTC ground support

walls and internal bracing. Soldier piles are W30 x 108 at 6

ft (1.83m) spacing. There are four levels of bracing below the

deck level. Comparable estimates for the reinforced panels and

combination walls were arbitrarily designated as 1-3JYA and

1-3JYB respectively. For purposes of comparison a modular

panel length of 12 feet (3.66m), a double slot for SPTC wall

and single slot for the other two, was adopted. While this is

shorter than usual for a reinforced panel, the rate of excava-

tion per cu. yd. is considered the same as for the other

methods so the effect on overall cost is negligable.

A section through each wall, Figure 30, shows the soldier

pile and reinforcing steel for each method. In designing these

walls, American construction practices have been taken into

consideration. The reinforced panel wall is heavier than it

would likely be if used in Europe. European contractors have a

tendency to conserve materials by making the wall lighter and

using more levels of bracing. The bracing would also be

lighter and probably knee braces and other fabrication aids

would be used to conserve steel. The American contractor faced

with considerably higher field labor and overhead costs uses

heavier but fewer bracing members, keeping field fabrication to
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a minimum. This does not imply that one method is better than

the other, but acknowledges a difference in economies that are

reflected in construction practices. The three walls, there-

fore, are the same thickness. Piles and reinforcing steel have

been designed for the same loads and spacing of bracing levels.

After running estimate 1-3JY (SPTC) by computer, the input

was altered to produce 1-3JYA and 1-3JYB. The same 1974 rate

deck of basic resource costs and typical labor crews was used

for each. Rates of progress were similar to comparable opera-

tions in the other estimates produced for the study. For

instance, the guide walls were taken from a precast panel esti-

mate and the reinforcing fabrication crew from the permanent

structure activity.

These estimates are summarized on Table 33. It shows the

cost of the reinforced panel wall to be $850,000 higher than

the SPTC wall and the combination method $420,000 higher. The

major differences are in the cost of ground wall construction,

with bracing and applicable indirect costs contributing minor

amounts.

Since the cost of reinforcing steel which is a major cost

factor for the reinforced panel method was unusually high in

1974 and slightly lower in 1977 (a negative trend compared to

prices of other materials which increased by 20% to 30% in the

same time) it was decided to rerun the estimates using an

updated 1977 rate library. The results of these estimates and

the percentage increase for each major work item are also shown

on Table 33. The overall job costs for the SPTC project rose

23.0% while the reinforced panel rose 21.1% and the combination

method 22.4%. The difference is more dramatic in the wall

installation item F where the increase was 25.4%, 16.5% and

22.2% respectively. Total costs for 1977 show the reinforced

panel project $630,000 higher than SPTC, and the combination

method $390,000 higher.

These figures demonstrate quite clearly that ecomomies in

construction costs are not static. The most economical system

at this period may well change in five years. The example
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illustrates the effect of only one major cost item out of step

with others within a relatively short period of three years.

Improvements in construction methods, design of new support

systems, or development of new or composite materials could

have similar effects. Results of this and similar type studies

could be used to show trends of costs indicating areas where

improvements could be most productive in reducing overall

project costs.

9.6 REDUCING COSTS OF CAST- IN-SLURRY WALL PROJECTS

One method for reducing costs would be to eliminate where

possible, the facia or finish wall in the permanent structure.

There are three reasons for using a finish wall:

1) Aesthetics - The rough finish of the slurry wall is

not uniform or pleasant to the eye; exposed steel

surfaces will rust unless covered or treated.

2) Maintenance - A smooth concrete wall is easier to

clean and less likely to spall.

3) Support - The finish wall may provide the main support

for a slab above it, if there is difficulty in keying

a load bearing slab into a cast-in-place slurry wall.

There may be occasions where these considerations are not

important and it may be possible to eliminate the finish

walls. This could occur in a highway or line section tunnel

where the finish is less critical, or even in a station where a

furred panel, or other type of architectural wall is contem-

plated. To determine the magnitude of savings due to elimi-

nation of the finish wall, details of the computer estimates

with slurry walls were reviewed.

Several operations contribute to the added costs of

providing a finish wall: forming, reinforcing, concreting and

finishing. Each SPTC estimate includes 12-inch (0.31m) thick

finish walls. Since these are not structural walls they are

not affected by the depth of structure or site conditions so

consequently cost the same in each estimate of a particular

structure. The direct cost of the finish wall and resulting
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bid price savings rounded to the nearest $1000 due to elim-

inating these walls are:

Structure Direct Cost Bid Price Saving

Highway Tunnel $269,000 $309,000

Rapid Transit Station
Track Level $245,000 $282,000
Mezzanine Level 182,000 209,000

Total $427,000 $491,000

Rapid Transit Tunnel $217,000 $250,000

In Section 4 of the report, the results for all study

estimates are summarized and compared in Table 19, page 107.

There are forty site and structure combinations where two to

six applicable construction methods are compared on the basis

of total cost. Of the forty situations, there are nine where

one of the cast-in-slurry wall options (SPTC) would provide the

lowest construction cost if the cost of the finish wall could

be eliminated.

Eliminating the facia wall on the highway tunnel at

site 1, 50-foot (15.2m) depth, makes the SPTC estimate cheaper

than the soldier pile and lagging alternative which is shown as

least expensive in Table 19. Elimination of the facia wall

would not alter the comparative results of the highway tunnel

for the other situations.

For eight of the ten site-depth situations shown for the

rapid transit station, elimination of the facia wall would make

the SPTC estimates less expensive than the precast panel wall

estimates.

None of the construction economies would be altered by

eliminating the facia walls for the rapid transit line sec-

tion. In nine situations it is already least expensive and in

the other six it is too much higher than the soldier piles and

lagging method to become competitive by elimination of the

finish walls.
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SECTION 10

CONCLUSIONS & RECOMMENDATIONS

10.1 OBJECTIVE

The aim of the study was to develop data and procedures

which can be used to evaluate and optimize the cut-and-cover

tunnel design-construct process as it pertains to transpor-

tation structures in urban areas. This process requires a

general understanding of the applicability and variatons in

designs, construction methods and costs related to site and

construction conditions. Optimization also requires that

surface disruptions caused by cut-and-cover construction be

considered.

The guidelines, cost data, equations, general procedures

and examples given in the report can be used to determine the

most efficient technique for a broad range of cut-and-cover

situations.

10.2 CONCLUSIONS

Most conclusions derived from the study are based on

systematic evaluations of 176 cut-and-cover constructions

representing up to six alternatives for each of 40 trans-

portation tunnel situations - three structures, five sites and

*-hree depths (transit station at only two depths) plus specific

examples of inverted, combination and cast-in-slurry construc-

tion methods. Results presented in Table 19 (page 107)

,

Appendix C, and other summaries show variations and trends in

activity and total costs determined for the different condi-

tions.

The estimate summaries in Appendix C, page 245, indicate

that although there are general trends in total job costs,

there is no general consistency in relative variations of

activity costs with reference to either methods or depth and

width of construction. Cost of some activities remain nearly

constant for many situations while others vary considerably

depending on site and construction conditions.
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Because of the many variables involved, no construction

method can be considered optimum for all situations of cut-

and-cover tunneling. Each combination of site, structure and

construction conditions must be evaluated individually to

determine the most cost-effective solution. In some cases

there will be only small differences in total costs between

several construction alternatives. Any conclusions, therefore,

must be qualified on the basis of each particular situation

being investigated.

Some of the site and construction factors, and their

effect on optimal costs of cut-and-cover construction are

discussed briefly in the following paragraphs. Comments

regarding combination and inverted methods and variations of

the cast-in-slurry concrete diaphragm method are also included.

10.2.1 Site Conditions : The total cost of cut-and-cover

tunneling is affected more by site conditions than the con-

struction method being used. Of the five sites considered,

conditions at site 2 are most favorable for cut-and-cover

construction and provide least cost for all situations. With

but one exception, costs are less at site 1 than at sites 3, 4,

or 5. Construction at all 30-foot (9.1m) depths and about half

of the 50-foot and 70-foot (15.2m and 21.3m) depths at site 3

is less expensive than at site 4. Construction at site 5 is

from 3% to 24% more expensive than comparable work at site 4.

If alternate routes are available for a proposed transit

system, initial planning should consider potential savings in

construction costs due to maximum utilization of sites with

most favorable conditions. Magnitude of savings can be asses-

sed by using data provided on Table 19.

10.2.2 Ground Wall Support and Bracing : The ground wall

support and bracing method (activities F and G) has the

greatest potential variation in cost when considering different

situations. It also affects the requirements and performance

of other activities needed for completion.

The most cost effective construction method for the 40

transit situations are shown on Table 34. Where the soldier
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Table 34. MOST COST EFFECTIVE CONSTRUCTION

FORTY STUDY SITUATIONS

CONSTRUCTION
SITUATION

DEPTH

30' 50' 70'

HIGHWAY TUNNEL:

SITE 1 SP&L/TB SP&L/TB SPTC/TB

SITE 2 SP&L/TB SP&L/TB SPTC/TB

SITE 3 SPTC/IB SPTC/IB SPTC/IB

SITE 4 SPTC/IB SPTC/IB SPTC/IB

SITE 5 SPTC/IB SPTC/IB SPTC/IB

RAPID TRANSIT STATION:

SITE 1 - PCP/IB PCP/IB

SITE 2 - PCP/IB PCP/IB

SITE 3 - PCP/IB PCP/IB

SITE 4 - PCP/IB PCP/IB

SITE 5 - PCP/IB PCP/IB

RAPID TRANSIT TUNNEL:

SITE 1 SP&L/IB SP&L/IB SP&L/IB

SITE 2 SP&L/IB SP&L/IB SP&L/IB

SITE 3 SPTC/IB SPTC/IB SPTC/IB

SITE 4 SPTC/IB SPTC/IB SPTC/IB

SITE 5 SPTC/IB SPTC/IB SPTC/IB

SP&L - Soldier Piles & Lagging TB
SPTC - Soldier Piles & Tremie Concrete IB
PCP - Precast Panels
1' = 1ft. = 0.305m

Tieback Bracing
Internal Bracing
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piles and lagging (SP&L) method was considered applicable as an

alternative, it proved least expensive for 10 of 16 situations

(63%). This is in general accordance with present industry

practice, where the SP&L method is usually used (where fea-

sible) if the option is left to the contractor. The SPTC

method was most effective for 20 of 40 possibilities (50%) and

the PCP method for 10 of 40 (25%).

In nearly all instances (34 out of 40) internal bracing

affords lower costs than tieback bracing under comparable

conditions. Exceptions are for wide structures where ground

conditions are adaptable to tieback installations (non-

compressible soils).

10.2.3 Width and Depth of Structure : A major factor in the

choice of construction method (ground wall support system -

activity F) is the need to provide protection or underpinning

for adjacent structure foundations that fall within the zone of

influence of the construction. This zone depends on the width

and depth of the structure in relation to site configuration.

Increased costs of a semi-rigid wall system (SPTC or PCP)

should be evaluated with reference to increased costs of under-

pinning (activity C) associated with use of a less expensive,

flexible wall system - SP&L.

Figure 31 shows comparison of costs for flexible and

semi-rigid wall systems related to depth and width of con-

struction. Costs of flexible walls are affected by under-

pinning requirements established for the study at 50-foot

(15.2m) and 70-foot (21.3m) depths. If underpinning

requirements were greater than assumed, the semi-rigid systems

would probably provide more cost-effective solutions for the

wide deep structures than shown on Table 34.

Width also affects the competitive nature of bracing

systems. Tiebacks are most effective in wide excavations;

internal bracing for the narrower structures. The relatively

high initial cost of tieback installations does not vary sig-

nificantly with increase in width. Cost of internal bracing,

however, increases substantially for the wider structures.
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In most cases, there is nearly a straight line relation

between total costs and depth of construction. Additional

costs due to increased depth are generally greater (percentage

wise) when using tieback bracing than with internal bracing.

This is due to the increased length and number of anchors

required as depth increases. Based on averages of all study

situations, the following shows percentage increase in costs

for the three construction depths.

PERCENTAGE INCREASE IN COST

DEPTH OF CONSTRUCTION

Internal Bracing Tie-back Br acing

Depth 30' 50' 70' 30' 50' 70'

Highway Structure

SP&L 100% 130% 170% 100% 131% 173%

SPTC 100% 124% 154% 100% 124% 158%

PCP 100% 124% 156% 100%
,

125% 162%

Station

SP&L 100% 118% 100% 119%

SPTC 100% 117% 100% 119%

PCP 100% 119% 100% 123%

Line Section

SP&L 100% 124% 153% 100% 128% 159%

SPTC 100% 123% 147% 100% 130% 164%

PCP 100% 124% 151% 100% 132% 170%

The above may be helpful in initial planning of route

locations and could be used to approximate depths at which

open-cut and underground tunneling techniques would be com-

petitive.

10.2.4 Updating Costs ; Transit planning usually requires the

projection of costs to some future date. This is best accom-

plished by considering potential increases for individual

resource components included in each method of construction

(see paragraph 6.3). For all intents and purposes, however,

the relationship of total costs determined for different
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methods will remain essentially the same if each is projected

to the same date. This might not be true if new technologies

were such as to alter relative mix of components for a par-

ticular method. In this case, adjustments should be made in

the appropriate up-dating equation to determine differences in

projected costs.

10.2.5 Cost of Disruption ; The relatively intangible cost of

disruption associated with cut-and-cover construction is becom-

ing a critical factor to be considered in initial planning.

The proposed rationale for quantifying disruption provides a

means for at least relative evaluations. Based on the examples

of cut-and-cover construction considered in the study, the

surface disruption caused by using the soldier piles and

lagging method is about 15% to 25% less than when using the

SPTC and precast panel methods respectively. Disruption of the

SPTC method is generally less than the precast panel method by

about 6%. The most efficient construction with respect to

disruption is the inverted method; where disruptions are 70%

and 52% less than cut-and-cover and combination methods

respectively.

Dollar amounts representing these relative percentages

are dependent on various physical, social and economic elements

associated with the particular site and construction. The

rationale presents one means by which these elements can be

evaluated.

10.2.6 Comparison of Different Cut-and-Cover Methods : The

major cost advantage of inverted construction (elimination of

decking activity - E) would, in most cases, be more than offset

by additional or increased costs of handling utilities and

completing excavation and permanent structure "under-the-

roof". Surface disruptions caused by inverted construction are

significantly less than for other methods. Under the right

circumstances (minimal utility work and an urban site highly

sensitive to disruption) the inverted method could be the most

effective technique.
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The combination method is competitive cost-wise with

regular cut-and-cover construction and causes less surface

disruption.

Of the three cast-in-slurry concrete diaphram wall

alternatives, the soldier piles and tremie concrete (SPTC)

method is most cost effective. Surface disruptions would be

approximately the same for all three.

10.2.7 Producing New Cost Estimates ; Using the results of

this study to determine the effective cost of a future project,

the following sequence is suggested as a guide and checklist

for the planner:

1. Choose the most cost-effective estimate from

Appendix C, page 245, whose physical characteristics:

structure, soil, groundwater, depth, etc. most closely match

those of the new project.

2. List major features of the new project that differ

from those of the estimate from Appendix C that is to be used

as a base estimate. Such features should include: a) length,

depth and cross sectional area of structure, b) types and sizes

of utilities, c) types of building requiring underpinning or

other protection, d) areas where full decking would not be

required and e) institutional restraints distinctive of the new

project area that could affect the cost of traffic control,

utilities, excavation, backfill or restoration.

3. Using the quantity tables in Appendix B, page 223,

make adjustments to the base estimate activities and operations

to product the new estimate (using prices of Washington, D.C.

in 1974) . This extrapolation procedure is described in para-

graph 4.3, page 92, and illustrated in Table 16, page 93.

4. If the length of structure was not included in the

adjustments in step 3, make this adjustment as described in

paragraph 4.3.5, page 101, and illustrated in Table 17, page

103.

5. The cost estimates in Appendix C are for typical

structure sections. Add in costs of appendage structures,

bulkheads, etc. as required for the new structure. These costs
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(using 1974 prices) are described in paragraph 4.6, page 114,

and given in Table 21, page 115. This adjustment should be

made after the length adjustment in step 4 as these costs are

not proportional to the length of structure. They do include

additional overhead and profit.

6. Adjust the estimate to the year and location of the

project. This procedure is described in paragraph 6.3, page

147. It utilizes equation (3) on page 150 and an example of

this calculation, is given on page 153. An alternative method

of making this adjustment is to use published cost indexes;

however, care must be taken to insure that the index used is

reasonable for the geographical area of the project.

7. If cost of disruption is to be considered, appro-

priate business and social bases and adjustment factors must be

determined for the project location. These costs can then be

calculated based on the suggested rationale described in

paragraph 5.5, page 138, and using equations summarized in

Figure 21, page 139. Use of these equations is illustrated in

Table 23, page 141. Future research into the problems of

quantifying construction disruption could conceivably modify or

supersede this suggested method.

10.2.8 General Comments ; The interdependency of all construc-

tion activities in cut-and-cover tunneling is such that no

single activity, method or procedure can be considered optimal

for all situations. The construction must be considered in

total, taking into account the affect on activity cost and

requirements due to variations in site and structure conditions

All considerations have been based on United States con-

struction practices which reflect most efficient use of labor,

material and equipment under present economic conditions. A

significant change in the relative cost of resources could

alter the results presented herein.

10.3 RECOMMENDATIONS

The study has explored the efficiencies of methods and

procedures involved in cut-and-cover tunneling and has
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indicated areas of related interest which might be considered

for future investigations.

1. In some instances, a planner may be faced with the

choice of using either open-cut or underground tunneling

methods for a particular transit structure. At what depth, or

under what conditions would costs of one or the other of these

alternatives be most competitive? A study showing comparative

evaluations of open-cut vs tunneling at selected sites would be

helpful in this respect.

2. Surface disruptions caused by tunneling are obviously

less than open-cut. Would this more-or-less intangible cost

factor be sufficient to justify the use of the normally more

expensive tunneling method? Some means should be provided by

which this decision can be made; either by expanding the

quantification rational proposed herein or in developing a new

method.

3. Initial planning and design of a transit structure

should consider different construction methods that could be

used at the particular site. The design should be as

compatible as possible with the most efficient method of

construction. If internal bracing is indicated, will typical

bracing levels interfer with construction of the permanent

structure? Is maximum utilization of semi-rigid wall systems

incorporated in the design?

Potential savings in these and other areas are sometimes

offered by the contractor through value engineering procedures

after the award. It is desirable, however, that the original

bid documents be based on most optimal solution for both

temporary and permanent construction. This report will help

planners be more aware of possible savings through construction

oriented design.
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APPENDIX A

STRUCTURAL REQUIREMENTS

FOR

TEMPORARY STRUCTURES

The design of temporary structures - ground wall support

system, bracing, and decking - is usually the responsibility of

the contractor on the basis of criteria and data provided by

the owner.

Design guidelines covering a wide range of site and con-

struction conditions were developed and discussed in various

sections of the report. Using this criteria, structural

requirements for temporary structures were determined for 108

cut-and-cover tunneling support and bracing combinations.

Results are presented as Tables 35 through 43 in this Appen-

dix A. Tables 35 through 37 lists temporary support and

decking requirements for sites 1 and 2 (loading conditions are

the same for temporary support at these sites). Tables 38

through 43 list comparable requirements for sites 3, 4 and 5.

The size and spacing of structural members shown for

different structures, depths and ground conditions were used to

determine quantities of work for the 176 study cost estimates

(see Appendix B). The tables can also be used to approximate

temporary structure requirements for other cut-and-cover

tunneling operations.

METRIC CONVERSION FACTORS

(for Tables 35 through 43)

1" = 1 in. = 25.4 mm

1' = 1 ft. = 0.305 m

1 lb. = 0.454 kg.

Steel shape sizes are given in standard English Units

i.e. W30 x 116 is a 30 in. (0.76m) deep beam, weighing

116 lbs. /ft. (173 kg/m).
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Table 35. GROUND SUPPORT AND BRACING SYSTEMS - SITES 1 & 2

SOLDIER PILES AND LAGGING

GROUND SUPPORT AND BRACING SYSTEMS
SOLD/SR P/LES AND LAGG/NG W/TH /NTZRNAL 3RAC/NG OR T/E3ACKS

SITE £ / 4 2

4 LANE HIGHWA Y TLINNEL
RAPID TRANSIT STA T/ONQ) double box Line structure

H*3o' H*5o' H- 7o' H'3o' H-SO H-- 70'

GROUND
SUPPORT
S YS TEM

PILES W74*S4 W24*130® VmnliOiV-50)© W24*#4 W24*I30® W24*IC0
(
§>

P/LE SPACING s-cfcc. £-0"£.C. s-oc.c. <$-o"c. C £-o"cc. S-0"C.C.

LAGGING D.P. S*.MATER1AL TO-20SLEV., 4'MATERIAL -ZOELEV. To SU3GRADE

Da CM.

FRAMING

DECK SEAMS © W3^^130 W3&«230 W36* 230 W36<230 IVJ£*Z30 W36*230

CA P BEAMS, INTERIOR WJO*/ld W30*ll& W30*//& — — —
CAP BEAMS, EXTERIOR W!4*GS W/4<G0 WI4*C0 W14* 119 W/4* 119 'IN14*//1

INTERIOR PILES® HP14*7

3

HP14*73 HP14* 73 — — —
CAP WALES W30*99 W30«99 W30*99 W30*99 MO* 99 W30* 99

LATERAL BRACING WTS* 10-

S

W7&* 13.

5

WT5* 10.5
IVT£* 1-3.9

W7S*JO.S
wra* /3.s>

WT5 * JO. S
iMTa * 13. 5

WT5 x/0.5
WTd*/3S

U/TS*-/0.S
WTZ*/3.S

DECK/NO D.P. /z* 12 /2*rz 12* rt 12* 12 12*/2 12*12

LEVEL
NUMBER. 2

WALES W14*74 W30*lli W36*/36 Wli* 00 W30X//6 W33* ISO

STRUTS © HP14*7

3

WI4*/H Hi74* 142 HP/4* 73 IM14* 103 W14*M

LEVEL
NUMBER 3

WALES — IN30 * 99 H/36*/<SO — W30*99 W30 * 1O0

STRUTS © — W14*07 W14 x/SO W/4*07 WI4 * III

LEVEL
NUMBER 4

WALES — — YJ30* 99 — — W30*ll<i

W/4*//lSTRUTS © — — W14* 103 — —
LEV£L

NUMBER. 5

WALES — — IV24*. 7C — — W24*76

STRUTS © — — W14*S7 — — HP'14m 73

s
-J

LEVEL
NUMBER, 2

WALES JC 12 * 25 3C10*50 1C 13*42.7 3CI2 * 25 1L!S*S0 2C 10*42.7

TIEBACKS <2> 4**"%,® i'4*
,ss/w & '*%*> '%'*%o

® & ,$S
//9o lp >*>/JSO

LEVEL
NUMBER 3

WALES — JC10* 42.7 3£10*42.

7

— 3C/0<42.7 JC/0*42.7

T/ESACKS ® — l'4+ 'Wso 4* '%* — 4* "V* 'fr "%<,

LEVEL
NUMBER 4

WALES — — DC10* 51.9 — — JCI0 *S/.<f

TIEBACKS ® — — ifr "?,» — — i'& <*>4*>

LEVEL
NUMBER S

WALES — — J£l$*40 — — JCI5*40

T/EBACKS ® — — & "%*> — — /# '%0

LEVEL
NUMBER C

WALES — — JL 12*30 — — J£I2*30

TIEBACKS ® — — l'4* "Vsc ® — — 4* 'Vm ©
penetration
Below

5UBGRAD£

Internal brac/ng
7fLTERf/ATE T II' 12' 7' II' ir
T/S8ACK

ALTERNATE 10' IT 27' 10' 17' 27'

(7) DECK SEAMS AND ST/iurS ARE AT 12-o" c.C. SPAC/N3 ANDMSAME l/ERT/CAL PLANE

(2) /nter/or p/les are at/2-oc.c. spac/ng and offset 'Z-o'from 4. of deck seam

(3) rap/d trans/t stat/onnot considered at h-so '3scause of structural n£l<sht.

% all t/esacks are dyin1dag o/z equal . 120//so refers to grade op stee.l .

(d use w24* 14£ p/le pox. t/e&ack alternate.

g) l/se w24*//0(4-3c) p/le por t/ssack alternate - sapid transit station,
use ws4«lg.o(a-3£) p>/le fop. t/e3ack alternate— n1g liway tunnel.

(j) T/EBACKS NOTED AT 8-O'C.C, ALL OTHERS AT 4'-0"C.C.

©USE W?4"/IO(A-3C) POR TIEBACK ALTERNATE..

ALL STEEL MEME&ER.S ARE A3TM A-3C UNLESS NOTED.
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Table 36. GROUND SUPPORT AND BRACING SYSTEMS
S.P.T.C. WALL

SITES 1 & 2

GROUND SUPPORT AND BRACING SYSTEMS
S.P.T.C. WALL WITHINTERNAL 3XAC/A/G OR TI33ACKS

SI T£S / £ 2

4 LANE HIGHWAY TUNNEL.
RAPID TRANS/7 STATION© dou&le Sox Line structure

H*30 H=50 H- 70 H=3o' H'BO' /A 70

GROUND
SUPPORT
SYSTEM

P/LBS W24* 94 W30*124 W3&x/70® W24* lOO W30 «124 YJ30*/08 ®
P/LE SPAC/NG 3-0"c.c. G-c"C.C. &-o"c.c. S-o"c.C. G-o"CC. <zLo"c.C.

LAGGING P.P. 3*MA TER14 L TO -20 SLEV. , 4<MA TER/A L -20SLEV. TO S.P.T.C. WALL

D£CK
FRAMING

DECK SEAMS © W3ti*230 V/3&* *230 W3G*'Z30 WSGtlSO WSGxVSO WSGt'ZSO

CAP REAMS. 1MTBRIOR W30* 116 \W30*1IG W30*I1G — — —
CAP 3BAMS, EXTBR IOR WI4*G<2 W14* G8 W/4*GS W14^119 W/4 < 7S W/4 * 73

INTERIOR P/LES ® HP14* 73 HPI4*73 HP74*73 — — —
CAP WALES W30* 99 W24«£4 W24*84 W30* 99 W24* 7G W24*7G

LATBRAL5RACIA/6 WT5*io.s
WTG* /3-S

WTS* IO.S
WT&x /3.S

WTS*lo.S
WT&* 13.5

wrs* /o.s
W7&*I3-S

wts tie.s
WT&X/3.2

WTS * 10. s
wr& * /3. s

DECKING D. P. 12*/2 12* 12 12*12 12*1-2 12* 12 12*12

LEVEL
WUM3BR 2

WALES W21* £2 W30* 124 W3&*13S IV 27 * 62 \N30*!24 W33*130

STRUTS © HP14*73 WI4</42 WI4*1G7 HP14k 73 W/4<U9 W/4* 14Z

V) ill

LEVEL
numebr 3

WALES — W30 « 99 W3<M50 — W30«99 W30x/tG
V*- ^ STRUTS © — W14*103 W14*/34 — WI4<87 WI4<1I9

5^ LEVEL
NUM&E/t 4

WALES — — W30«99 — — W33*/J3

STRUTS © —
!

— W14* 127 — — W14*127

LEVEL
NUM3BR 5

WALES 1 W30*99 _ _ W30*I06

r STRUTS © 1

WI4*I27 W/4* III

Level
NUM6ER -2

WALES 3CIZ*35 \jc/s*s/.q J£18* 51.9 J£12*3S
\
1E/S-'S1.9 3C18* 51.9

TIESACKS @ l'4*
/S5/f0

® +& *°%» 4? "'//SO 'it''' Si^o w * ^ S230 tf* /2
Vso

LEVEL
NUMBER B

WALES — J£1S x SO 3£13x51.9 — 1C!S*50 7C1£*S1.1

s
^

T/ESACKS @ — /& /2vso & "%o — ifr "tfso 4fr
/ZVso

5

LEVEL
NUM3BR 4.

WALES — — II*/0x7O — — JC 18*51.1

TIESACKS ® — — *'W%0 — — /%'+ M//se
vl

LEVEL
NUM35R 5

WALES — — J£IS*5l. 9 — — IT'S18*54.7

TIESACKS @ — — Ifr '*%,<> — — 4-M SO
%bo

LEVEL
NUMBER C

WALES — — JC/St4S.8 — — IE/8*4S.8

TIEBACKS @ — — If* 'sVso — — l'4V m/IS0
LEVEL

NUMBER 7

INA LBS — — JC/3 "31.3 — '

—

7C 13* 31.3

T/ESACKS @ — —
Iff*

/S%e® — — Hi'4>% <3)

PENETRATION
BELOW

SUBGRADE

internal bracing
alternate to' /o

'

IZ' IO ' /O
'

/Z'
77E&ACK

ALTERNATE /o' 10
'

IZ' IO
'

IO' /?'

{l)DEC/< SEAMSANO STRUTSARE AT 12 lO" C. C. SPAC1N3 AND /NSAME /ERTJCAL PLANE.

/A/TERIOR PICES A/ZE AT l2-o"c.C SPAC/NG AMD OFFSET 'ZLo"/=RoM 4 OF DECK. 3EAM.

(3) RAPID TRANSIT STA TION NOT CONSIDERED AT H' 30 '&ECAUSE OP '3T/ZUC7U1R.A i. HEIGHT

® ALL TIESACKSARE DYWIDAG OR EQUAL . Ho//SoREFERS TO GRADE OFSTEEL .

© USE W3G X 135 PILE FOR r/E6ACK ALTERNATE- fPAP>/0 TffANflT'5'TAr/ON4 L/NE 'sECT/ON

(6) T1ESACK AT 3-0"c.C . , ALL OTHERS AT 4-0"C-C. UNLESSNOTED

(7) TIESA C/< AT <S - O" C. C

.

All steel members arb astm a-3& ua/lbss noted
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Table 37. GROUND SUPPORT AND BRACING SYSTEMS - SITES 1 & 2

PRECAST CONCRETE WALL

GROUND SUPPORT AND BRACING SYSTEMS
PRECAST COA/CRBTE WALL W/TH /A/T£RMAL BRACING OR T/BBACKS

s / re s / e 2.

4, Lane Highway tunnel
rapid tramsit sta tion

(g)

DOUBLE BOX L/NE STRUCTURE

H=30' H ' SO' H* 70' H*30' H'SO' H' 70'

GROUND
SUPPORT
SYSTEM

PRECAST PANELS 24*- 144 3G k /OS 36-72 Z4*/44 30*103 BOX 72

P/LES CABOVE) WM* ?S WZ4 * IOO W27 * /eo W /3x ?6 W30X/72 W74 *120

PILE SPACING g'-o'c.c. g'-o"c.c. &'-o "c. C. g'-o"c.c c'-o"c.c. g'-o"c.o.

LAGGING (O.P.) 3'MATEK.IAL TO - 20 ELEV. ,4* MATERIAL -20 SLEV. TO P/ZECAST WALL

D&CK
PRAM/NG

DECK BEAMS W3C*. 230 W3G*230 W30x230 W36*230 W3G*230 W30 * 230

CAP SEAMS, INTERIOR. W3o* IIS, W3C tilA \N30 x 116 — — —
CAP BEAMS, EXTEZ/0X. W/4 * OS W/4 * GS W/4* OS IM'14* 73 VI14* 73 W/4' 76

/NTE/ZIO/Z PILES ® HP/4*73 HP'14, 73 HPI4*73 — — —
CAP WALES W24*34 WU*S4 W24*S4 W74*,76 W74*7G WU*7C

LA TERAL BRACING WTS*IO.S
irtr<z*is.s

WTS * /o.s
WTG* I3.b^

WTS* IO.S
wtg* is.s

WT5 * lO. S
VJTd * 13. b

H/Tsx/O.S VIT5*I0.£>
(VT(ix 13.

b

PECKING (D.A) 17" IS /?* 12 n*i7 17* /Z XZX/2 12*12

LEVEL WALES WZI* OS W3C-/24 W30*I35 W2!*&3 W3D*/74 W33* /30

1

NUM6ER. 7 STRUTS © HP/4* 73 W/4*/47 WI4*IC7 HP/4* 73 WI4X//9 W/4 * 142

LEVEL
A/UMSEK. 3

WALES — W30*99 W30 'ISO — W30X94 W30*/I0

STRUTS © — W/4*/03 W'4*/S4 — W/4 * 37 WI4*II1

LEVEL
NUM&ER 4

WALES — — W30*9<7 — W33*IIS

STRUTS © — — W/4* 127 — — WI4*-/27

LEVEL
NUMEEP. S>

WALES — — W30*<?9 — — W3O</03

STRUTS © — — W/4 * /27 — — W14^ III

k.

g

LEVEL
NUM6ER 2

WALES JC12*33 JC/3*S/.9 JC/S*51.9 2C/2*33 J£/Sx3/.9 7C/3*S/.9

TIEBACKS © 'ft
/S
%?o +$* *osAso Mf> <™//so ik'

1* JSS/ <& *°%so M /Z%SO

LEVEL
Ni/M&ER. 3

WALES — J£/5x SO J£/Sx5/.<7 — JC/Sx SO ]c/s*5/.<r

TIEBACKS © —
'V* //SO /'4* '**/*> —

i'4*» '™450 It* "°/ito

LEVEL
NUM&ER. 4

WALES — — 71/3*5J. 9 — — HIS* 51.1

TIEBACKS ® — — M"' /zo
//so

— — /%* /2C>
//SO

LEVEL
NUM&ER 5

WALES — IL/SxSI.I — — 3C/SX5/.9

TIEBACKS © — /%'+ >*%* — — /%"* lz°/l9o

LEVEL
NUM5ER

WALES — — JC/3*45.S — — 3C/S*4S.S

TIEBACKS @ — l£tw/,sc — — It* "Vs*

LEVEL
WIVM&ER. 7

WALES — — 3C/6*se — — JC/3*S3

T/EBA CKS @ — '* ,5S/w — — '&'%o
PENETRATION

BELOW
SUBGRADE

INTERNAL BRACING
" ALr£RMAr£~ 10' yo' 12' /o' JO' /Z'
T/ETBAC Si.

/o' 10' fZ' /O' /o' /2'

(7) DECK BEAMSAND STRUTSARE AT I2-0°C.C. SPAC/NG AND /N SAME VERTICAL PLANE. .

@ /NTER/OR PILES ARE AT/Z'O"C.C. SPACING AND OFFSET Z-o'PRONI 4 OF DECK BEAM.

(5) RAP/O TRANS/T STA TION NOT CONS/DERED ATH • 3o'5ECAUSE OPSTRUCTURAL HEIGHT.

(4) All t/e&acks Aize dyw/dag ok equal . 'i<y/so refers to grade of steel. .

T/E&ACKS ARB AT 4-O'C.C.

ALL STEEL MEMBERS ARE A3TM A-3& UNLESS NOTED
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Table 38. GROUND SUPPORT AND BRACING SYSTEMS
S.P.T.C. WALL

SITE 3

GROUND SUPPORT AND 3RAC/NG SYSTEMS
S.P.T.C. WALL WITH /NTERWAL 6RAC/NG OR T/S3ACKS

sv r a 3

4 LANS HIGHWAY TUNA/EL
RAP/O TRANSIT STAT/ON

(f)

Double Box Line structure

H'SO H'SO H-70 H'3o H'SO H'7o'

GROUND
SUPPORT
S YS T&M

P/LES WUx/OO W36*J3S ® W36*230® W24*IOO W3&*J35 ® W36</35 ®
p/LE SPACING 8-o"c.c. 6-o"c.c. e : o"c.c. b'~o"c.c. c'-o'c.c. G'-o'c.c.

LAGGING CO.F.) 3*MATER/AL TO -2o'eLEV.

DECK
PRAM/Nts

DECK 3EAMS © W36*230 W36*230 W3& * 230 W36x230 W3& x 230 W36X230

CAPBEAMS,/NTERIOR W30x116 W30x//6 W30X//6 — — —
CAPBEAMS, BYTER/OR W/4* 68 W/4* 68 W/4" 08 W/4* //? W/4* 78 W'4*7B

/NTER/OR P/LES® HP/4x73 HP/4* 73 HP/4*73 — — —
CAP WAi.es W30x91 W24* 84 W24«84 W30x^1 W24«76 W24x 7<S

LATERAL BRAC/NG IVTS x 10.5
WTC x 13.5

WTS* IO.S
WTti* 13.9

WTSx/O.5
WT6X 13.S

wrs* io.s
WT&X 13.S

WTS x lo.S
WTH * /3. 5

WTS * /O. S
H>ro. y /3.S

DECK/NG CO. P.) /z*/z /2x/Z 17, IZ IZ*IZ /*>/? /Zx/2

1

LEVEL
NUMBER 2

WALES W?/x 68 W33*I30 W36*I35 WZ/x&S WJ3 x 130 W33XI30

STRUTS © HP/4* 72 W/4*I42 W14x167 HP74*73 W14* 127 W14x142

LEVEL
NUMBER. 3

WALES — W30xll6 W36xl94 — W30*I1& W33* 116

STRUTS © — Wl4*/36 W/4* 223 — W/4* //I W14*127

LEVEL
NUMBER 4

WALES — — W33*/30 — — W3Hx/HO

STRUTS © — — W/4*1S8 — — W14*1C7

LBVEL
NUMBER S

WALES — — W36</SO — — W3dxlBO
STRUTS © — — W/4* 176 — — W/4 xISO

-J

Level
NUMBER 2

WALES J£/2x3S 3CI8* 38 3C/8* SI. f HI?* 35 3LIS* S3 1L/S *£/.•?

T/£BACKS @ ti*
/s%c® H"t ™%so l& J*%so 'i&"9f»® A.tt'u 205/

I'4'*
,20/so

LEVEL
NUMBER 3

WALES — jas*4s.8 3L/8*5/.1 — JLIS*45.6 31 18*51.1

T/EBACKS ® — l& /ss
/,9o tf+ "%*> —

I'it
js%o llfr "Vso

LEvec
A/UMBER 4

WALES — — JLIS* S3 — — JC 18x58

T/EBACKS ® — — tit '*%*, — — l& l26//so

LEVEL
NUMBER &

WALES — — II(S/8*54.7) — — IKS20x75)

T/&&ACKS ® — — /*> "9fo — — Z-%* 2°%30

Level
NUMBER. C

WALES — — II(S/8'S4.7) — — IICS18-54.7)

T/EBACKS ® — — 4* /SS
//90

— —
/'4+ /S5

/l10

LEVEL
NUMBER 7

WALES -— — JL18*S3 — — 1C/8*£B

T/EBACKS ® — —
i'4'+ /zVso — — w* mso

PENETRAT/ON
BELOW

SUBGRADE

INTERNAL BRACING
ALTERNATE /a'

. / 7
'

5 2
'

/ o

'

24' 40'
T/£SACM

ALTERNATE / o '

/ 7' 3 2
'

/ o' 2.4' 4 O'

Qj

®
®

©
®

DECK SEAM

INTERIOR P.

RAPID TRAi

ALL T/BBAc

USE W3C*I

USE W36*/

tiebacks

a

All steel n,

AND STRUTSARE AT /Z~o"c C. SPACING AND /NSANIE VERTICAL PLANE

'LBSARE AT/2-OCC. SPACING AND OFFSET 2-0 FROM 4. OF D£CK BEAM .

VS1T STA TION NOT CONSIDERED ATH* SO 'BECA USB OF STRUCTURAL HEIGHT.

KSARE DYIN/DAGS OR. EqUAL. ,io//SO REFERS TO GRADE OF STBBL .

SO P/LB FOR T/BBACK AL TERNA TB.

<ZO P/LB FOR T/EBACK ALTERNATE - /?A/*/0 T/?AN?/T STATION^L/NC 'SECTION

/OTBD AT g-o'c.C, ALL OTHERSAT 4 Lo" C.C.

'EMBERS ARE ASTM A-3& UNLESS A/OTED
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Table 39. GROUND SUPPORT AND BRACING SYSTEMS - SITE 3

PRECAST CONCRETE WALL

GROUND SUPPORT AND &RACINO SYSTEMS
PRECAST CONCRETE WALL W/TM /NTEK.MAL 3JZAC/NG OR TIE3ACKS

5 / T e 3

4 LANE HIGHWAY TUNNEL
RAPID TRANSIT STATION (T)

Double Box Line structure

H'JO' H'50 H' 70' H'3C H^50' H' 7o'

GROUND
SUPPORT
SYSTEM

PRECASTPANELS 24 * 144 36 * 103 36x72 ?4 v 144 36 « 108 36*72
P/LES (ABOVE) W/4 * 73 W?4<ioo W 27x160 W13*<?6 W 30*172 W24* IZO

P/LE SPACING g'-c'c.c. g'-o"c.c. c'-o'ec. &'-o"cc. 6-0"C.C. 6'-o"C.C.

LAGGING (0.P.) 3* MATERIAL TO -Zo'ELEV.,

DECK
FRAMING

DECK SEAMS W36*230 IM36*230 1/136x230 W36*230 W36x 230 HI36*?30

CAPBEAMSJMTEMOR W30*/I6 H/30* I1C W30* 116 — — —
C4P3EAMS.EXTERIOR W14*63 V/I4*68 HIM* 63 Wl4% 73 W14 * 78 W>4* 78

INTERIOR PILES® HP/4* 73 HP14"73 HP14*7

3

— — —
CAP IWALES W24* £4 W24*84 W24*S4 \NZ4* 76 W24- 76 W'24* 76

LATERAL BRACING WTi f 10.

S

WT6 » I3.S
WTi * 10. S
ivrc k 13.

3

WTS * IO.S
WT6* 13.5

WTS* lO.

S

W76* 13.S
WTS » IO.S
WTli * 13.3

wrs* io.s
H1T6 x IS. »

DECKING CD. P.) 17*/2 12*17 12*12 17*12 12 x 12 12x12

\

w

1

LEI/EL
NUMBER 7

Wales W7I*68 W33* 130 W36X/35 W2/* 63 W33*I30 W2I*68

struts ® HP/4* 73 W/4*/4Z W14* J67 HPI4*73 W14* 127 H'14* 142

LEVEL
NUMBER 3

WALES — \N30xll6 W36 * 194 — W30«/I6 \AJ33xll8

STRUTS © — WI4* 13C W/4 * 223 — W14* III VI14* 121

LEVEL
NUMBER 4

WALES — — W33«/30 — — W36 * J60

STRUTS © — — WI4* 153 — — WI4*/67

LEVEL
NUMBER S>

WALES — — W36*130 — — W36*IS0

STRUTS © — — W14* 176 — — W/4*/50

1!}

<<

8!

LEVEL
NUMBER 2

WALES 3C/Z*3S JCISxSS JC13*31.9 JL12< 33 lC13x 33 3C18*31.9

TIEBACKS @ M '%* 4-& *%*> /If*
n%o i'4'+'

5%o 4-& *°%3o Ifr "Vso

LEVEL
NUMBER. 3

WALES — JC/S*4S.B 7C1S*5I.9 — 7C1SX45.8 JC18* 51.1

T/EBACKS ® — M* /SS
/l?c /%'+ "%c — /%'+ /S

%90 fit*
/z

°/is°

LEVEL
NUMBER 4

WALES — — JC/3*S3 — — 3CI8*S8

TIEBACKS @ — — Mt* <*9Jso
— — /£* /2e>

/isc

L£l>EL
NUMBER S

WALES — — IICS/3*S4.7) — — II(SI8<54.T)

TIESACKS ® — — ft*
/S
*I90 — — /%*»%9o

LEI/EL
NUMBER 6

WALES — — IICS/3,34.-" — — 7J(S18*?4.7)

T/ESACKS @ — — Ify /ss
/l*>

— —
I'//*

/so
//9o

LEVEL
NUMBER 7

WALES — — JC/3*3S — — 7C/8* 58

TIESACKS @ — — /$* /20/lS0 — — /& m/iso
PENETRATION
BSLOW @

SUBGRAOET

INTCRNAL BRAC/MS
ALTERNATE /2'P><ZP'

/a' se^s
/o' P><Z/=

24' £<Sly/
/z- /=<zp>

77CBACR
ALreRMATS

/O' 3<£W
/2-p>£p>

$2' sew /o's<zw
/o'/='<:p'

24' SCI*/
/Z' pap»

40'se w
/<*•P>OP

(£) DECK SEAMSANO STRUTS ARE ATI2-0"c.C. SPACING ANO /N SAME. VERTICAL PLANE.

(?) INTERIOR PILES ARE AT /7-o"c.C- SPACING 4ND OPPSET 2-o"PROM <£ OP DECK SEAM

(3) RAP/0 TRANS/r STA T/ON Nor CONSIDE.R.EO AT Hf 30'&£CAUSE OP STR.UC TURAL- HEIGHT.

Q) ALL T/E3ACKS ARE DYWIOAG OR EQUAL . I2O//S0 REPERS TO GRADE OP STEEL.
ALL TIESACKS ARE 4 Lo"c.C.

(5) PENETRATIONS SHOiNN ^OyS" yc,^£<C^£T /=>s9'*S££2> CP»<CP>) ^C^'wf TMCSO1 J?£<gC/S^££> -*"«^

S3 SX7-£AS£>£~£} &>££<? \*S T£> ^Wrf" 3 s<3 s~7£ £>£P=>7y7> />} d ^£"tO £//*<?£<0 ^£?^- 7yy£-

S/=>r<£ fr/s)£.c . r*v/& #^^e/ey an/ra^-p- irvsftt. ^nvj /& £/£*.£& i~//rst s>

/*)£*. &r£~£~L **?£/*/&£A?*5 s9^£ /*}S7~/*7'-/f&^t' £S'>S££-*'i> SV<S> 7-£<Z3 ,
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Table 40. GROUND SUPPORT AND BRACING SYSTEMS - SITE 4

S.P.T.C. WALL

GROUND SUPPORT AND BRAC/NG SYSTEMS
S.P.T.C. WALL WITH /NT6RNAL &RACING OR T/B&A CKS

S/TE No 4-

4- LANE H/GHIYA Y TUNNEL®
A?AP/D TRAAISIT STATION DOUSLE SOX L/A/E STRUCTURE

H = ao' H = SO' H= 70' H= SO' H-€0' H=70'

GR O UAID
SUPPORT
system

RILES tV <Z4x/30 W 36XISO ®W33x/S2 W e4X/20 &W36XHS0 ®W3<SX/&S

PILE SPACING e'-o" c.c. G'-O'C.C G'-O'C.C. <s'-o"c.c <z'-o"cc. G'-0"C.C.

LAGGING- D.F. 3 X MATERIAL TO -/ O' ELEV.

DECK
FRAMING

DECK &EAMS ® W3GX230 W3&X230 W3G-X230 W3&X230 W3&X23C W3&X230
CAP StEAMS^NTSRIOA WZOxl/G W30X//6 W30X//6

CAP &6AMS, £XT£RIOK WI4x <2<S w /4-x <ze W/4-X <za W 14- xll 9 WI4-K 7S W/4X7S
INTER/OR PILSS& HPI4-X 73 HPI4 X 73 HPI4X73 —

—

CAP WALES WSOx.99 W24X84- W24x<54 W30X99 W24X7& W 2.4-X 7£>

lateral spacing WTSx IO-S
HIT 6 X /1,-S

WTS xiO-Swr&x /&.s
WTSxIO-S
nr 6xi3.

s

wts x io.e
WTGX'3-S

wrs~x /o.s
>VT &X/J.S-

HIT SXIO.S
WTGXI3.S

DECKING — D.F- 12x12. 12 X 12 12x12. 12.x /2 12 x 12 I2X 12

L£V£L
NUM&ER 2

WALE S W24XG8 W33XI30 WZ&xr3 5 W24x 7<Z W53X/30 W33XIIS

STRUTS ® HPI4x 73 WI4-XIS& wi4xtea HPI4X 73 W14x142. WI4-X/3&

LEVEL.
NUAf&SR 3

WALE S W33XI30 W3&X I3S W 32X//6 W3GXI3S
STRUTS ® WI4XI5S WI4X I7G Wl<t-Xl3& W14XK&7

LEVEL
NUMSSk] 4

WALES 21ISX42-7 2C 18x42.7

ROCK ANCHOR® *•%+ *Jt*0

©

ft:

U)

v:

LEVEL
NUMSER

2

WALES 2CI£x33.9 21/5x33.9 2115x3 2.9 2CI2X30.9 2C 12x30.9 2Z ISX3 3-9

TIE&ACKS ® l'+ '*-%o 1 VVko rt'V&o t"*'12so /«*'!%» rt'V&o
LEVEL
NUM&ER 6

WALES 11/5x33.? 21 I8X4-2.7 20 15x33-9 2t 12.x 30.9 2C 12X30.9 21 15x3 3.9

TI& SACKS ® .'4 120^ iWSfro l"P 'V%0 /v 'Vteo

LEVEL
NUM&SR 4

WALES DC /Sx 33.9 2CI 2x20.7 2112x30.9 2112x20.7

ROCK ANCHOR ® '*V 'S%f r* 'Vfeg WVffi I't'V&o®

LE VEL
NUMSE* 5

WA LE S 1C 16x4.2.7 2CI2X 3 0.f 1C 12x20.7 2C 12X25

ROCK ANCHOR © ifr '*%$ 14. f ^7so
— <%'4>'*%& l4."4> '*& ©

LEVEL
NUM&ER <o

WALE S 2115x33-9 — 2CI2X20.7 2C 15x33-9

ROCK ANCHOR® i**"M9 — li't'^M #+'*%$
LEVEL
NUM&ER 7

WA LE S 2115x32.9 2C 15x33.9

ROCK ANCHOR ® i>4"<p'
6
Jr9$ — W5%?

ROOK
E>OL TS

//vre.RiVAL &f*A<ziA/a
AL7-e<NAr£

— '•+ '*%SO
— r+'Vfco

TIS&ACK.
ALTERNATE — '"* 'Vtso —

PENETRATION
&ELOW
SUAGRADS

INTERNAL &RACIN<£
AcreKNATS

key picas
ZS'JNTO ROCK

KEY PILES
g °'/nto ROCK

KEY P/LES
Z°'INTO HOCK

KEY PICES
23 'INTO ROCK.

KEY PILES
2 21 INTOROCK

KEY PILES
2 S'lNTOROCK

TIE&AC.K,
AL.TER.NAT&

KEY PILES
SO 1INTO ROCK

KEY PILES
Z °'INTO ROCK.

KEY pn.es
2 S'lNTO HOCK

KEY PILES
ZS'INTOKOCK

KEY PILES
2 °'INTO ROCK

KEY Plt-ES
ZS'/NTCiROCK

Q) USE W 3(2X13 5 FOR TIESACK ALTERNATE .

(2) ALL. TlE&ACKS ARE DYWIDAG Ofi> ESiUAL. '^hso REFERS TO GRADE OF STEEL .

(3) DECK &SAI»S ANO STRUTS AR£ AT 12'- O" C.C. SPACING ANO IN SAAie VERTICAL. PLANS.

© INTERIOR. PILES AR£ AT l2'-0" C.C . SPACING AND OFFSET Z'-0"FROM <£ OF 0£CK SEAM.

(s) TWO ROCK ANCHORS AT SACK PILE:

® Tl£&ACKS AT 4'-0" C.C UNLESS NOTED
(?) RAPID TRANSIT STATION NOT CONSIDERED AT H =30' SECAUSE OF STRUCTURAL HEIGHT.

ALL STEEL MEMBER ARE ASTM A-2& UNLESS NOTED .
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Table 41. GROUND SUPPORT AND BRACING SYSTEMS - SITE 4

PRECAST CONCRETE WALL

G&OC/A/O S UPPORT AND &/RAC/MG SVS~T£MS
PRECAST CO/VCR£T£ WALL W/T/i /A/T£RA/A) L. &A2AC//VG OR T/S&ACKS

S/TB A/o 4-

4- LANE HIGHWAY TUNNEL©
RAPIO TRANSIT STATION DOU&C£ SOX L/NS STRUCTURE

H = BO' H = £0' H=70' H= 30' H = SO' H = 70'

GROUNO
SUPF>ORT
SYSTEM

PRECAST PANELS 24, x!44 3&K **& 36* 72 24X144 3 6 x <?e 36 X 72

/=>/LESCASOV£J WIS xG4 wzi xaz WZ4-XIOO Wie-x 64- wz/xaz. W 'Z4K/O0

PILE SPACING &' - O" 4. ' O" <S ' - O " G ' - O" 4 '- O" <S '- O"

LAGGING- O.p 3 x MATERIAL TO -IO' £LEU.

0£CK
PR.AM/NG

OE<=K SEAMS W3&XZ30 W3£eX'Z30 W 3iZ>x220 W 3&X2.30 W3&X230 W3&XZ.30

capseams, wre&oz. W30XII& yioox. Hi) W 30X1 /&,

CAPSEAMS.EXTSR/OE wi4. k&s wi4. x <s a WI4-X<k& WI4-X 73 WI4-X 7& W/4X 7

A

INTER/OP. PILES® HP>/4-X 73 HP14 x. 75 HPI4-X 75

<ZAP HALES WZ4X &4- WZ4XS4- WZ4-XS4- WZ4x 7d> W Z.4-X7& WZ4X 76

LATSPAL SKA CIA/G wts~x'o.s
WT<^x./3-5

tVTS-K IO.S WT 6~X IO. S WTSx/aS
WT&xias

WTA-X.IO.6~
WTCX/3.S

y/TSK/O.S
tVT&>K/t.£

OEcKlNG CO.P) /ZX IZ
j

Z2//2 /ZX/'Z. /•2X/2 /ZX/'Z /-zx/^z.

Si

is

LEVEL
WUMAEH 2.

WALE S W Z4X&& W33X/30 WZ&XI3S W24x7& W33XI30 W33XII&

STRUTS © HPI4X 73 WI4 XIS6 W/4 x ISS HPI4X 73 W 14- x I4"Z W/4XI3C

LEVEL
NUMBER 3

WALE £ W33XISO W3&XI3S W33 XH3 W36XI3S
STRUTS © W/4-XI6S W/4 X/ 76 WI4-K/36* WI4-XI67

LEVEL.
NUMS£ie 4-

WALES JC/3X42.7 1L 14*42.7

ROCK ANCHOR® ££> <ZOf C-&-2&0

s

?

R

T

LEVEL
NUMSEJZ. 2

WALES 2tlSx33P DC/S~x3 3.9 DCI£X3 3.<? JCIZx 30.9 DC 12X3 OP 3CISX33P

TIESACKS ® >•<> 'Vteo I't-'Vfcq 'V&ko rt'V&o I't'V&O >'<t>'
z%*o

LEVEL
NUAiAER 3

WALE S HIS* 33.9 1C 13*4.2.7 3ZISX33.9 3LI2X30.q JC/ZX30.9 3LlSX33ff

Ti£SACKS ® >"<P '*J?fSo '4*yho iVVko r+'lteo 1 L'SIZO.

LEVEL
NUMBER 4-

WALES zt isxm JCISx SO.7 ll/-ZX3o.<f lt/ZxZO.7

POCK ANCHOR ® —

-

W*feo r*'*Jho '&'Vfeo <"4> '*%*o

LEVEL.
NUMBER £

WALE S 2L/3X4Z.7 jcizx 3o.q IZIZxZO.7 1CIZX2S

ROCK ANCHOR® W*Abo I4V s<fro WVko i"4P ^7iro

LEVeL
NUM&ER. e

WALES — 3CISX33P 31/ZX 20.7 ic /exup
ROCK ANCHOR® — I^S 'SZ- 'ZV'Vho ih'<t>

/€U.'4f ^?9o

LEVEL
NUM&ER. 7

WALE S - - 3CISX33-9 3C/£x3 3.9

POCK ANCHOR® — WAlo m's
Jr9

ROC K
SO LT

S

INTEP.NAL. EPACING
A L TEK.AIATE

-

—

r* 'Vfco
-

—

l'*'V&o
TIESAC K
ALTERNATE

— —
''*'**so

PEA/ETRATION
&£LCtV
SI/AGRADE

INTERNAL &PACINCS
ALTERNATB

KEY PANELS
INTO POCK

KEY PANELS
INTO POCK

KEY PANELS
INTO ROCK.

KEY PANELS
INTO POCK

KEY PANELS
INTO ROCK

KEY PANELS
INTO POCK

T/£E>ACK.
AL.TER.NATB

KEY PANELS
INTO POCK

KEY PANELS
/UTO POCK

K£Y PANSLS
IATTO POCK

KEY PANeLS
/NTO ROCK

KAY PANELS
/NTO KOCK.

KEY PANELS
INTO POCK.

@ D£CK ASAMS AND STRUTS ARE AT /Z'-O'C.C. SPACING ANO IN SAMS VERTICAL PLANE.

(2) INTERIOR PIL&S ARE AT IZ'-O' CC. SPACING AND OFFSET 'Z'-O' PROM &. OF OBC< &SAM.

(3) RAPID TRANSIT STATION MOT CONSIOERED AT H* 30' SSCAUSE OF STRUCTURAL H£I<SH7.

<^ALXZT}£&ACKS^AR£ OYW/OAG OR EQUAL. /'^ REPERS TO GRADE OF STEEL .

ALL. Tl£SACKS AR£ 4-'-0"CC. SPACING .

(S^ROCK ANCHORS AT S'-O'C.C SPACING .

ACL STEEL MEM&ERS AR£ ASTWI A- 5G UNLESS NOTSO .
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Table 42. GROUND SUPPORT AND BRACING SYSTEMS - SITE 5

S.P.T.C. WALL

GROUAtD SUPPORT AND £iQAC//V<5 SYSTSMS
S.&.T.C WACC W/TH /NT£/ZNAl\. 3/ZAC/A/G O/R T/<=&A<ZK>S

S/TB /Vo 5"

4 LAS/E M/GHWAY TUNNEL.
RAP/O TRAMSIT STAT/ON OOU3LE &OX L/ASS STRUCTURS

H = 30' H = SO' H - 70' H - SO' H = SO' H = 70'

GROUND
SUPPORT
SYSTEM

/=>/L£S
W3&X200W/7M W3&X50O WITH
£ 'xis "x 2a "C /6s 1"xis"x 3£ 'c /Gs

ivi&x 300mm waaxsooiv/rH
i%"x/s*36'ciks %k<?"x'Z4'Cf6.s

Wi&XbOOIV/TH W3&X300 WITfl

l'x/£'x30'CI&s lit'x/S'x30'C/is

P/L£ SPACING <s ' - o" <z ' O "
<S ' - O" G ' - O" G ' - O " G ' O

"

LAGGING - O.p. 3 X MATERIAL, TO -/O' £L.£i/.

DE C/<
FRAM/A/G

DECK &EAMS W3GX24-S' W36X2ZO W5&X2ZO W3&X Z4S Wi&X 230 W3&X230

CAP bSAMS, IAITERICR W30 x/l<Z W^OXl IG iVbO X I Id,

CAP &eAMS,£XT£R/OR. WI4 KG a W'4-x <&& W/4.X <s a WI4- x 7& PY/4 x 7<S yv /4-X7&

INTERIOR P/L£S HP/4-X. 73 MP/4-X7 5 HP/4-X 72

CAP WALES WZ4x<^4 WZ4X G4. h/"24-x 34- WZ4-X94- WZ4-K7G WZ4-X7G

LATERAL IbRAClNd wts x io. s NTSXIO-S
WTGx li,S

yvrs'x /o.s
tvrcx/i.s

WT£~X /OS
WT <2 x/S.S

wtSxio-S
IVT & KI3.S

H/rsx/o-s

D£CK/NG - O. P. /2 x /"£ IZx lZ~ /2-x /2 /2 x /Z /tx z-2. /Zx 12

IS L£ V£C
A/UM&eR t

WAL.SS WS<2>x/ZS~ W3GXISO WZ&X/60 W?>G> X/3S Wi&KliS' W3&XISO

STRUTS W/4.X /d>7 W/4-XZOZ W/xUx-ZCZ. W/4X ISO WI4XI2& W/4.X /7<2>

LEVEL.
NUM&ER 3

WALE 5 W 3GXI&0 W5GX/14- W2>&xia2 iviGK/<sz

STRUTS W/4-x'Z4G WI4-K2.46 W/4-X£/<? W/4-K ziq

L.E VEL.
NUMBER 4

WALES W3<Z<I50 wa&x/ae W^&.K /<S2 W36KIV4.

STRUTS w/4-xzza WI4-KZ4-& tVI4-xZ2S W/4-XZ64.

LSVEL.
NL/M&ERS

WAL.ES WZ&X/50 W3&X/70
STRUTS w/4-x/q *> tV/4-X Z/l

s

I
Hi
k

^o^

•T

°-V,"*

*>

S^

PENETRATION
&ELOH
SU&GR.AOE

INTERNAL. &RAC/NO
Ai.T£RAIATS

S2'-P/L£ ONLY
lO-SPTC WALL

S4'-PlL£ ONLY
2Z-SPTC WALL

/S'-P/LS OA/LY
S'-SFTC WALL.

52.-P/L£ ONLY
IC/-SPTCWALL

33 -PIL£ OfVLY
ZZ'-SPTC WALL

IG>'-P'L& O/VLY
S'-SP>T<ZiVALL

(7) DECK &EAA1S AAIO STRUTS ARE AT IZ'-O'C.C SPAC/A/tZ AAJO IN SAM& VERT/CAL. PLANS.

@ /AlTER/OR P/LES ARE AT /C'-O'C.C SPACING AA/O OFFSET 2-O" PROM & OR OECA. E,EAM

.

© RAPIO TKANSJT STATION A/OT GOA/S'OERSO AT Ai*io' fbSCAUSE OF STRUCTURAL. HEIGHT.

ALL STEEL M£M/b£R ARE ASTM A-2G UNLESS NOTED-
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Table 43. GROUND SUPPORT AND BRACING SYSTEMS - SITE 5

PRECAST CONCRETE WALL

GROUND SUPPORT AA/€> SPAC/A/G SYSTEMS
PRECAST CONCRETE WALL WITH INTERNAL &RAC/NG OR T/E&ACKS

S/T£ No S
4 LANE HIGHWAY TUNNEL.
RAPID TRANSIT STATION DOUBLE BOX LINE STRUCTURE

H=60' H = SO' H = 70' H= BO' H = £0' H = 70'

GPOUA/O
SUPPORT
S YS TEM

PRECAST PANELS 43X 7-2. 4-3 x 7-2 4&x 7S 4EX T2 4&x 72. 4-a* 72
PILES CABOVE} W24X ISO W24XI30 W24x 130 N24XIBO w24xiiO A/24XHO

RILE SPACING <s '
- o" <S ' • O" <Z' - O" <z' - O" <3< -o" <z ' - O"

LAGGING - OP. 3 X MATERIAL. TO -to' £LEV.

DECK SEAMS W36X24S W36X230 W3GX230 W36X-Z4S W36X2 30 W36X230

DECK
PRAMIA/G

CAP BEAMS.INTEXIOR W30x 116 W30X 1 16 W30X 1 16

CAP BEAMS, £XT£RIOR WI4X SS WI4-X&3 WI4X 6 & WI4X 73 \NI4X 7a WI4 X 7<S

INTERIOR PILES HP'14X7'3 HP 14X73 HPI4X 73

CAP WALES W2.4-X.94 W24XS 4. W24X 34 W2.4x94 W24x76 W24X7G
LATERAL BRACING WTSXIO.S,

wrex 13-S
WTSX IO.S
WT<£ X 13.

S

WTS x IO.S"
WT&x 12,.

S

WTS X IO.S
WT&KI3.S

WTSX IO.S
WTG>XI3.S

WTSx IO.S
YVT&XI3.5

DECKING - O. p. 14X12. I2x 12. 12.x 12. 12.x 12 12X12 I2x it.

UJ

LEVEL
NUMBER 2.

WALSS W36XI35 W3GXI50 W36x 160 JN2&XIZS W36XJ3S W3&X/SO

STRUTS W14x1 67 WI4X202 W/4 X'ZO'Z W/4XI60 h/l4*l ZG WI4XI76

LEVEL
NUWIE>ER 3

WALSS W56XI60 W36X P=}4 W36XI32. W36XI32
S TR. U TS WI4 x 246 WI4x246 WI4-x2.l1 WI4- X2I°I

LEVEL
NUMBER 4

YVALS S Wh6xlSO W3GX 132 W36XI&2 W36X 114

S TROTS W14x223 W14x24 6 WI4x22& W14x26-4

L.EVEL
NUMBER 5

WALSS WZ&xlSO W3 6XI70

STRUTS wi4x iq$ — WI4-X2II

1!!

t

II)

*<*

'-*.
"*

*?

•sv^
&-

PENETRATION
&ELOW
SU&SRAOE

INTERNAL &RACIMO
ALTeRNATB

S2'-PIL£ ONLY
/O'PaSCAST PANEL

341-PILS ONLY
zi-PKecAsrpanbi

IS'-PlLe ONLY
S'PfiSCAST PANBL

SJ'-P'LSOHLY
lO'-PXeCASTPANB.

ii'-PlCB ONL.Y
ZZ'-PZaCASTPANtt.

l&'-PILBOMLY
S?Pfl£CASTPANEL

PILES BELOW WZ&KZOO WITH
'*'<2.'K'5'c.fS.S.

W3&X300 W3&X300 Wi&XiOOIV/Tti W3&X3O0 N3GX300

@ DECK &EAMS ANO STRUTS ARE AT !2'-0' C.C SPACING ANO IN SAMS VERTICAL. PLANS.

(2) INTERIOR PILES ARE AT I2'-0"C,C. SPACING ANO OFFSET 2'-0" FROM <&. OP DECK E>EAM

.

(S) RAPID TRANSIT STAT/ON NOT CONSIDERED AT H"bO' BECAUSE OF STRUCTURAL. HEIGHT.

ALL STEEL. MEM&ER ARE. ASTM A-36 UNLESS NOTED .
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APPENDIX B

QUANTITIES OF WORK

MAJOR CONSTRUCTION ACTIVITIES

Cost estimates prepared for this study are based on quan-

tities and types of work determined for all operations and

activities needed to complete each of the 176 study con-

struction situations as well as additional special alternate

situations, i.e. inverted construction. Quantities for major

operations are listed in this Appendix B. Tables 44 through 47

show quantities for the soldier piles and lagging (SP&L) method

of construction. Tables 48 through 51 and 52 through 55 give

comparable quantities for the soldier piles and tremie concrete

(SPTC) and the precast panel (PCP) methods respectively.

The codes (see Table 6, page 61) in the left hand columns

identify quantities with respect to each cost estimate.

Quantities of work for situations with conditions differing

from the study criteria can be approximated by extrapolation.

METRIC CONVERSION FACTORS

(for Tables 44 through 55)

1 LF = 1 ft. = 0.305 m

1 SF =1 sq. ft. = 0.0929 m2

.21 SY =1 sq. yd. = 0.836 m'

1 CY =1 cu. yd. = 0.765 m3

1 TON = 907 kg
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Table 44 MAJOR ESTIMATING QUANTITIES
SOLDIER PILE & LAGGING ESTIMATES
GROUND SUPPORT

GROUND SUPPORT
ESTIMATE

NET PILE
CODE AREA HOLES PILES LAGGING

(SY) (LF) (TONS) (MBF)

HIGHWAY TUNNEL:

1-1GT 13,333 18,500 819 400
1-1GV 22,222 30,500 2,048 720
1-1GY 31,111 41,000 3,360 1,040
1-1HT 13,333 20,000 882 400
1-1HV 22,222 33,500 2,501 720
1-1HY 31,111 48,500 3,960 1,040
2-1GU 13,333 18,500 819 400
2-1GW 22,222 30,500 2,048 720
2-1GZ 31,111 41,000 3,360 1,040
2-1HU 13,333 20,000 882 400
2-1HW 22,222 33,500 2,501 720
2-1HZ 31,111 48,500 3,960 1,040

RAPID TRANSIT STAT ION:

1-2GV 8,500 10,736 721 252
1-2GY 11,900 14,432 1,183 364
1-2HV 8,500 11,792 880 252
1-2HY 11,900 17,072 871 364
2-2GW 8,500 10,736 721 252
2-2GZ 11,900 14,432 1,183 364
2-2HW 8,500 11,792 880 252
2-2HZ

. __ „
11,900 17,072 871 364

RAPID TRANSIT TUNNEL:

1-3GT 13,333 18,500 819 400
1-3GV 22,222 30,500 2,048 720
1-3GY 31,111 41,000 2,100 1,040
1-3HT 13,333 20,000 882 400
1-3HV 22,222 33,500 2,501 720
1-3HY 31,111 48,500 2,723 1,040
2-3GU 13,333 18,500 819 400
2-3GW 22,222 30,500 2,048 720
2-3GZ 31,111 41,000 2,100 1,040
2-3HU 13,333 20,000 882 400
2-3HW 22,222 33,500 2,501 720
2-3HZ 31,111 48,500 2,723 1,040
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Table 45. MAJOR ESTIMATING QUANTITIES
SOLDIER PILE & LAGGING ESTIMATES
DECKING AND BRACING

ESTIMATE
DECKING BRACING

DECK STEEL
CODE AREA PILES FRAME STEEL TIEBACKS

(SF) (TONS) (TONS) (TONS) (LF)

HIGHWAY TUNNEL:

1-1GT 16,222 362 2,129 555 _

1-1GV 16,444 485 2,150 1,496 -

1-1GY 16,667 607 2,170 3,589 -

1-1HT 16,222 362 2,129 83 25,000
1-1HV 16,444 485 2,150 443 112,000
1-1HY 16,667 607 2,170 913 255,500
2-1GU 16,000 362 2,109 555 -

2-1GW 16,222 485 2,129 1,496 -

2-1GZ 16,444 607 2,150 3,589 -

2-1HU 16,000 362 2,109 83 25,000
2-1HW 16,222 485 2,129 443 112,000
2-1HZ 16,444 607 2,150 913 255,500

RAPID TRANSIT STAT

I

ON:

1-2GV 5,522 173 728 1,211 _

1-2GY 5,522 217 728 1,887 -

1-2HV 5,522 173 728 169 40,110
1-2HY 5,522 217 728 349 95,073
2-2GW 5,289 173 706 1,211 -

2-2GZ 5,367 217 713 1,887 -

2-2HW 5,367 173 706 169 40,110
2-2HZ 5,367 217 713 349 95,073

RAPID TRANSIT TUNNEL:

1-3GT 8,889 _ 1,387 359 _

1-3GV 9,111 - 1,408 892 -

1-3GY 9,333 - 1,428 1,890 -

1-3HT 8,889 - 1,387 83 22,500
1-3HV 9,111 - 1,408 443 105,000
1-3HY 9,333 - 1,428 913 247,500
2-3GU 8,667 - 1,367 359 -

2-3GW 8,889 - 1,387 892 -

2-3GZ 9,111 - 1,408 1,890 -

2-3HU 8,667 - 1,367 83 22,500
2-3HW 8,889 - 1,387 443 105,000
2-3HZ 9,111 — 1,408 913 247,500
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Table 46. MAJOR ESTIMATING QUANTITIES

SOLDIER PILE & LAGGING ESTIMATES
STRUCTURE AND EARTHWORK

ESTIMATE
PERMANENT STRUCTURE EXCAV BACKFILL TIME

REINF GEN'L GEN'L PROJECT
CODE CONCRETE STEEL EXCAV BACKFILL DURATION

(CY) (TONS) (CY) (CY) (MOS)

HIGHWAY TUNNEL

:

1-1GT 48,760 3,534 148,900 9,900 28

1-1GV 56,200 4,091 251,800 105,800 31
1-1GY 74,300 5,447 357,800 194,200 34
1-1HT 48,760 3,534 148,900 9,900 28

1-1HV 56,200 4,091 251,800 105,800 31
1-1HY 74,300 5,447 357,800 194,200 34
2-1GU 36,880 2,646 148,900 19,800 28
2-1GW 46,580 3,372 251,800 105,800 31
2-1GZ 66,900 4,895 357,800 194,200 34
2-1HU 36,880 2,646 148,900 19,800 28
2-1HW 46,580 3,372 251,800 105,800 31
2-1HZ 66,900 4,895 357,800 194,200 34

RAPID TEANSIT STAT ION:

1-2GV 24,569 1,748 84,200 13,500 34
1-2GY 27,096 1,938 117,900 45,500 37

1-2HV 24,569 1,748 84,200 13,500 34
1-2HY 27,096 1,938 117,900 45,500 37
2-2GW 18,892 1,325 84,200 13,500 34
2-2GZ 21,542 1,523 117,900 45,500 37

2-2HW 18,892 1,325 84,200 13,500 34
2-2HZ 21,542 1,523 117,900 45,500 37

RAPID TBANSIT TUNN EL:

1-3GT 22,760 1,497 75,500 25,200 24

1-3GV 29,420 1,995 129,700 72,700 26

1-3GY 35,040 2,415 186,500 122,600 28

1-3HT 22,760 1,497 75,500 25,200 24
1-3HV 29,420 1,995 129,700 72,700 26

1-3HY 35,040 2,415 186,500 122,600 28

2-3GU 17,660 1,116 75,500 25,200 24

2-3GW 24,240 1,593 129,700 72,700 26

2-3GZ 29,420 1,995 186,500 122,600 28

2-3HU 17,660 1,116 75,500 25,200 24

2-3HW 24,240 1,593 129,700 72,700 26

2-3HZ 29,420 1,995 186,500 122,600 28
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Table 47. MAJOR ESTIMATING OUANTITIES
SOLDIER PILE AND LAGGING ESTIMATES
INTERNAL BRACING DETAILS

ESTIMATE
INTERNAL BRACING BY LEVELS *1

LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5 TOTAL
CODE (TONS) (TONS) (TONS) (TONS) (TONS)

HIGHWAY TUNNEL:

1-1GT 555 _ — 555
1-1GV 831 665 - - 1,496
1-1GY 1,051 1,142 764 632 3,589
2-1GU 555 - - - 555
2-1GW 831 665 - - 1,496
2-1GZ 1,051 1,142 764 632 3,589

RAPID TRANSIT STATION: *2, *3

1-2GV 525 336 225 _ 1,211
1-2GY 351 819 336 400 1,887
2-2GW 525 336 225 - 1,211
2-2GZ 351 819 336 400 1,887

RAPID TRANSIT TUNNEL:

1-3GT 359 _ — _ 359
1-3GV 483 409 - - 892
1-3GY 539 500 514 337 1,890
2-3GU 359 - - - 359
2-3GW 483 409 - - 892
2-3GZ 539 500 514 337 1,890

Notes: *1.

*2.

*3

.

The decking (Item E) constitutes bracing level
No. 1 for all estimates.
Total steel bracing quantities of the station
include an allowance for additional steel in the
end bulkheads: 125 tons for 50' depth and 170 tons
for 70' depths.
The permanent steel framing of the station roof and
mezzanine levels form: bracing levels 2 and 3 for
the 50 ' depths, and bracing levels 3 and 4 for the
70' depths.
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Table 48. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
GROUND SUPPORT

ESTIMATE
GROUND SUPPORT

NET PILE SLOT TREMIE
CODE AREA HOLES PILES EXCAV CONCRETE

(SY) (LF) (TONS) (CY) (CY)

HIGHWAY TUNNEL

:

1-1JT 13,333 10,000 987 11,852 10,519
1-1JV 22,222 20,040 2,568 22,222 18,519
1-1JY 31,111 27,388 4,770 36,444 32,000
1-1KT 13,333 10,000 987 11,852 10,519
1-1KV 22,222 20,040 2,568 22,222 18,519
1-1KY 31,111 27,388 4,770 36,444 32,000
2-1JU 13,333 10,000 987 11,852 10,519
2-1JW 22,222 20,040 2,568 22,222 18,519
2-1JZ 31,111 27,388 4,770 36,444 32,000
2-1KU 13,333 10,000 987 11,852 10,519
2-1KW 22,222 20,040 2,568 22,222 18,519
2-1KZ 31,111 27,388 3,788 36,444 32,000
3-1JT 13,333 10,000 1,050 11,852 10,519
3-1JV 22,222 22,378 3,111 29,778 25,334
3-1JY 31,111 34,068 7,989 45,333 40,889
3-1KT 13,333 10,000 1,050 11,852 10,519
3-1KV 22,222 22,378 3,457 29,778 25,334
3- IKY 31,111 34,068 5,558 45,333 40,889
4-1JT 13,333 16,000 2,080 17,778 16,445
4-1JV 22,222 21,376 3,206 26,667 22,223
4-1JY 26,667 21,376 3,890 26,667 22,223
4-1KT 13,333 16,000 2,080 17,778 16,445
4-1KV 22,222 21,376 3,206 26,667 22,223
4- IKY 26,667 21,376 2,886 26,667 22,223
5-1JT 13,333 41,416 8,894 17,778 15,778
5-1JV 22,222 32,064 9,810 32,000 27,556
5-1JY 31,111 31,730 10,659 33,333 28,889

RAPID TPtANSIT stat:[ON (PART)

:

1-2JV 8,500 7,020 899 7,778 6,481
1-2JY 11,900 9,594 1,671 12,756 11,200
1-2KV 8,500 7,020 899 7,778 6,481
1-2KY 11,900 9,594 1,327 12,756 11,200
2-2JW 8,500 7,020 899 7,778 6,481
2-2JZ 11,900 9,594 1,671 12,756 11,200
2-2KW 8,500 7,020 899 7,778 6,481
2-2KZ 11,900 9,594 1,327 12,756 11,200
3-2JV 8,500 7,839 1,090 10,422 8,866
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Table 48. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
GROUND SUPPORT (Continued^

GROUND SUPPORT
ESTIMATEUk>/ -I» •&. L ii 1 J. J—l

NET PILE SLOT TREMIE
CODE AREA HOLES PILES EXCAV CONCRETE

(SY) (LF) (TONS) (CY) (CY)

RAPID TRANSIT STATION (CONT'D) •

3-2JY 11,900 11,934 2,799 15,867 14,311
3-2KV 8,500 7,839 1,211 10,422 8,866
3-2KY 11,900 11,934 1,947 15,867 14,311
4-2JV 7,778 7,488 1,123 9,333 7,777
4-2JY 9,333 7,488 1,363 9,333 7,777
4-2KV 7,778 7,488 1,123 9,333 7,777
4-2KY 9,333 7,488 1,011 9,333 7,777
5-2JV 7,778 11,232 3,436 11,200 9,644
5-2JY 10,889 11,115 3,733 11,667 10,111

RAPID TRANSIT TUNNI]L:

1-3JT 13,333 10,000 1,050 11,852 8,889
1-3JV 22,222 20,040 2,568 22,222 18,519
1-3JY 31,111 27,388 3,030 36,444 32,000
1-3KT 13,333 10,000 1,050 11,852 8,889
1-3KV 22,222 20,040 2,568 22,222 18,519
1-3KY 31,111 27,388 3,788 36,444 32,000
2-3JU 13,333 10,000 1,050 11,852 8,889
2-3JW 22,222 20,040 2,568 22,222 18,519
2-3JZ 31,111 27,388 3,030 36,444 32,000
2-3KU 13,333 10,000 1,050 11,852 8,889
2-3KW 22,222 20,040 2,568 22,222 18,519
2-3KZ 31,111 27,388 3,788 36,444 32,000
3-3JT 13,333 10,000 1,050 11,852 8,889
3-3JV 22,222 24,716 3,427 32,889 28,445
3-3JY 31,111 36,740 5,050 48,889 44,445
3-3KT 13,333 10,000 1,050 11,852 8,889
3-3KV 22,222 24,716 3,808 32,889 28,445
3-3KY 31,111 36,740 5,985 48,889 44,445
4-3JT 13,333 16,000 1,920 17,778 14,815
4-3JV 22,222 21,376 3,420 26,667 22,223
4-3JY 26,667 21,376 3,890 26,667 22,223
4-3KT 13,333 16,000 1,920 17,778 14,815
4-3KV 22,222 21,376 2,886 26,667 22,223
4-3KY 26,667 21,376 2,886 26,667 22,223
5-3JT 13,333 40,748 8,562 17,778 13,334
5-3JV 22,222 31,396 9,539 32,000 27,556
5-3JY 31,111 32,398 10,096 33,333 28,889
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Table 49. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S/P.T.C.) WALL ESTIMATES
DECKING AND BRACING

ESTIMATE
DECKING BRACING

DECK STEEL
CODE AREA PILES FRAME STEEL TIEBACKS

(SY) (TONS) (TONS) (TONS) (LF)

HIGHWAY TUNNEL

:

1-1JT 15,778 362 2,088 514 _

1-1JV 16,222 485 2,097 1,750 -

1-1JY 16,222 607 2,097 4,187 -

1-1KT 15,778 362 2,088 116 26,000
1-1KV 16,222 485 2,097 448 117,000
1-1KY 16,222 607 2,097 1,231 337,384
2-1JU 15,778 362 2,088 514 -

2-1JW 16,222 485 2,097 1,750 -

2-1JZ 16,222 607 2,097 4,187 -

2-1KU 15,778 362 2,088 116 26,000
2-1KW 16,222 485 2,097 448 117,000
2-1KZ 16,222 607 2,097 1,231 337,384
3-1JT 15,778 362 2,088 525 -

3-1JV 16,222 485 2,097 1,972 -

3-1JY 16,222 607 2,097 5,033 -

3-1KT 15,778 362 2,088 116 47,500
3-1KV 16,222 485 2,097 457 197,000
3- IKY 16,222 607 2,097 1,448 456,000
4-1JT 15,778 362 2,088 518 -

4-1JV 16,222 485 2,097 2,200 -

4-1JY 18,000 607 2,261 2,650 -

4-1KT 15,778 362 2,088 298 125,000
4-1KV 16,222 485 2,097 562 413,000
4- IKY 18,000 607 2,261 650 547,920
5-1JT 15,778 362 2,088 1,143 -

5-1JV 16,222 485 2,097 4,459 -

5-1JY 16,222 607 2,097 6,013 —

RAPID TRANSIT STATIC>N (PART) :

1-2JV 5,289 173 695 1,231 —

1-2JY 5,289 217 695 1,991 -

1-2KV 5,289 173 695 181 44,694
1-2KY 5,289 217 695 470 122,418
2-2JW 5,289 173 695 1,231 -

2-2JZ 5,289 217 695 1,991 -

2-2KW 5,289 173 695 181 44,694
2-2KZ 5,289 217 695 470 122,418
3-2JV 5,289 173 695 1,299 —
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Table 49 . MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
DECKING AND BRACING (Continued)

DECKING BRACING
ESTIMATE

DECK STEEL
CODE AREA PILES FRAME STEEL TIEBACKS

(SY) (TONS) (TONS) (TONS) (LF)

RAPID TRANSIT STATION (CONT'D):

3-2JY 5,289 217 695 2,100 —

.

3-2KV 5,289 173 695 174 75,254
3-2KY 5,289 217 695 586 174,192
4-2JV 5,289 173 695 1,346 -

4-2JY 5,911 217 753 1,823 —

4-2KV 5,289 173 695 197 144,600
4-2KY 5,911 217 753 227 191,860
5-2JV 5,289 173 695 1,473 -

5-2JY 5,289 217 695 2,203 -

RAPID TRMJSIT TUNNE]J i

1-3JT 8,444 — 1,346 299 _

1-3JV 8,889 - 1,250 935 —

1-3JY 8,889 - 1,250 2,131 —

1-3KT 8,444 - 1,346 116 26,000
1-3KV 8,889 ~ 1,250 448 117,000
1-3KY 8,889 - 1,250 1,243 326,384
2-3JU 8,444 - 1,346 299 —

2-3JW 8,889 - 1,250 935 -

2-3JZ 8,889 - 1,250 2,131 —

2-3KU 8,444 - 1,346 116 26,000
2-3KW 8,889 - 1,250 448 117,000
2-3KZ 8,889 - 1,250 1,243 326,384
3-3JT 8,444 - 1,346 310 —

3-3JV 8,889 - 1,250 1,058 -

3-3JY 8,889 - 1,250 2,457 —

3-3KT 8,444 - 1,346 116 47,500
3-3KV 8,889 - 1,250 457 197,000
3-3KY 8,889 - 1,250 1,537 484,000
4-3JT 8,444 - 1,346 318 —

4-3JV 8,889 - 1,250 1,156 —

4-3JY 10,667 - 1,414 1,540 —

4-3KT 8,444 - 1,346 272 113,000
4-3KV 8,889 - 1,250 485 461,150
4-3KY 10,667 - 1,414 632 543,900
5-3JT 8,444 - 1,346 613 —
5-3JV 8,889 - 1,250 2,331 —

5-3JY 8,889 — 1,250 3,383 -
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Table 50. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
STRUCTURE AND EARTHWORK

PERMANENT STRUCT EXCAV BACKFILL TIME
ESTIMATE-1—itJ* 1 JL1, i£» J- J—

1

REINF GEN'L GEN'L PROJECT
CODE CONCRETE STEEL EXCAV BACKFILL DURATION

(CY) (TONS) (CY) (CY) (MOS)

HIGHWAY TUNNEL:

1-1JT 44,640 3,230 144,500 9,600 30
1-1JV 49,800 3,617 240,800 101,100 33
1-1JY 64,900 4,749 337,100 183,000 36
1-1KT 44,640 3,230 144,500 9,600 30
1-1KV 49,800 3,617 240,800 101,100 33
1-1KY 64,900 4,749 337,100 183,000 36
2-1JU 34,980 2,505 144,500 19,200 30
2-1JW 42,580 3,075 240,800 101,100 33
2-1JZ 60,120 4,391 337,100 183,000 36
2-1KU 34,980 2,505 144,500 19,200 30
2-1KW 42,580 3,075 240,800 101,100 33
2-1KZ 60,120 4,391 337,100 183,000 36
3-1JT 44,640 3,230 144,500 9,600 30
3-1JV 49,800 3,617 240,800 101,100 34
3-1JY 64,900 4,749 337,100 183,000 37
3-1KT 44,640 3,230 144,500 9,600 30
3-1KV 49,800 3,617 240,800 101,100 34
3- IKY 64,900 4,749 337,100 183,000 37
4-1JT 44,640 3,230 144,500 9,600 30
4-UV 49,800 3,617 240,800 101,100 34
4-1JY 72,020 5,276 375,500 205,400 38
4-1KT 44,640 3,230 144,500 9,600 30
4-1KV 49,800 3,617 240,800 101,100 34
4- IKY 72,020 5,276 375,500 205,400 38
5-1JT 44,640 3,230 144,500 9,600 31
5-1JV 49,800 3,617 240,800 101,100 35
5-1JY 64,900 4,749 337,100 183,000 39

RAPID TRANSIT STATION (PART) •
•

1-2JV 19,146 1,345 77,700 12,500 36
1-2JY 21,481 1,520 108,800 42,000 39
1-2KV 19,146 1,345 77,700 12,500 36
1-2KY 21,481 1,520 108,800 42,000 39
2-2JW 16,815 1,170 77,700 12,500 36
2-2JZ 18,368 1,287 108,800 42,000 39
2-2KW 16,815 1,170 77,700 12,500 36
2-2KZ 18,368 1,287 108,800 42,000 39
3-2JV 19,146 1,345 77,700 12,500 37
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Table 50. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
STRUCTURE AND EARTHWORK (Continued)

PERMANENT STRUCT EXCAV BACKFILL TIME
F.ST TMATEj-jkj -L x rin a j_j

REINF GEN'L GEN ' L PROJECT
CODE CONCRETE STEEL EXCAV BACKFILL DURATION

(CY) (TONS) (CY) (CY) (MOS)

RAPID TRANSIT STATION (CONT 1 D):

3-2JY 21,481 1,520 108,800 42,000 40
3-2KV 19,146 1,345 77,700 12,500 37
3-2KY 21,481 1,520 108,800 42,000 40
4-2JV 19,146 1,345 77,700 12,500 37
4-2JY 23,976 1,705 122,400 47,600 41
4-2KV 19,146 1,345 77,700 12,500 37
4-2KY 23,976 1,705 122,400 47,600 41
5-2JV 19,146 1,345 77,700 12,500 38
5-2JY 21,481 1,520 108,800 42,000 42

RAPID TRANSIT TUNN]EL:

1-3JT 19,860 1,283 71,200 23,700 27
1-3JV 24,580 1,637 118,600 66,400 29
1-3JY 28,140 1,904 166,000 109,000 31
1-3KT 19,860 1,283 71,200 23,700 27
1-3KV 24,580 1,637 118,600 66,400 29
1-3KY 28,140 1,904 166,000 109,000 31
2-3JU 16,280 1,014 71,200 23,700 27
2-3JW 20,980 1,367 118,600 66,400 29
2-3JZ 24,540 1,634 166,000 109,000 31
2-3KU 16,280 1,014 71,200 23,700 27
2-3KW 20,980 1,367 118,600 66,400 29
2-3KZ 24,540 1,634 166,000 109,000 31
3-3JT 19,860 1,283 71,200 23,700 27
3-3JV 24,580 1,637 118,600 66,400 30
3-3JY 28,140 1,904 166,000 109,000 32
3-3KT 19,860 1,283 71,200 23,700 27
3-3KV 24,580 1,637 118,600 66,400 30
3-3KY 28,140 1,904 166,000 109,000 32
4-3JT 19,860 1,283 71,200 23,700 27
4-3JV 24,580 1,637 118,600 66,400 30
4-3JY 35,260 2,430 204,500 136,300 33
4-3KT 19,860 1,283 71,200 23,700 27
4-3KV 24,580 1,637 118,600 66,400 30
4-3KY 35,260 2,430 204,500 136,300 33
5-3JT 19,860 1,283 71,200 23,700 28
5-3JV 24,580 1,637 118,600 66,400 31
5-3JY 28,140 1,904 166,000 109,000 34
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Table 51. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
INTERNAL BRACING DETAILS

INTERNAL BRACING BY LEVELS *1
ESTTMATFi_l kJ X JL Llfl X lit

LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5 TOTAL
CODE (TONS) (TONS) (TONS) (TONS) (TONS)

HIGHWAY TUNNEL

:

1-1JT 514 — — — 514
1-1JV 1,004 746 - - 1,750
1-1JY 1,159 1,280 874 874 4,187
2-1JU 514 - - - 514
2-1JW 1,004 746 - - 1,750
2-1JZ 1,159 1,280 874 874 4,187
3-1JT 525 - - - 525
3-1JV 1,016 956 - - 1,972
3-1JY 1,144 1,581 1,087 1,221 5,033
4-1JT 518 - - - 518
4-1JV 1,100 1,100 - - 2,200
4-1JY 1,209 1,316 - 125 2,650
5-1JT 1,143 - - - 1,143
5-1JV 1,357 1,608 1,494 - 4,459
5-1JY 1,377 1,675 1,651 1,310 6,013

RAPID TF.ANSIT STATION (PART) •
• *2, *3

1-2JV 525 336 245 — 1,231
1-2JY 380 819 336 286 1,991
2-2JW 525 336 245 - 1,231
2-2JZ 380 819 336 286 1,991
3-2JV 525 336 313 — 1,299

Notes: *1. The decking (Item E) constitutes bracing level
No. 1 for all estimates.

*2. Total steel bracing quantities of the station
include an allowance for additional steel in the
end bulkheads: 125 tons for 50' depth and 170 tons
for 70' depths.

*3. The permanent steel framing of the station roof and
mezzanine levels form: bracing levels 2 and 3 for
the 50' depths, and bracing levels 3 and 4 for the
70' depths.
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Table 51. MAJOR ESTIMATING QUANTITIES
CAST- IN- SLURRY (S.P.T.C.) WALL ESTIMATES
INTERNAL BRACING DETAILS (Continued)

ESTIMATE
INTERNAL BRACING BY LEVELS *1

LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5 TOTAL
CODE (TONS) (TONS) (TONS) (TONS) (TONS)

RAPID TRANSIT STATION (CONT'D): *2, *3

3-2JY 375 819 336 400 2,100
4-2JV 525 336 360 — 1,346
4-2JY 398 889 362 44 1,823
5-2JV 525 336 487 — 1,473
5-2JY 450 819 336 428 2,203

RAPID TRANSIT TUNNEL:

1-3JT 299 _ _ _ 299
1-3JV 531 404 - — 935
1-3JY 598 515 538 480 2,131
2-3JU 299 - - — 299
2-3JW 531 404 - — 935
2-3JZ 598 515 538 480 2,131
3-3JT 310 - — — 310
3-3JV 562 496 - — 1,058
3-3JY 585 527 702 643 2,457
4-3JT 318 - - — 318
4-3JV 597 559 - — 1,156
4-3JY 644 771 - 125 1,540
5-3JT 613 - - — 613
5-3JV 580 865 886 — 2,331
5-3JY 702 865 993 823 3,383

Notes:*l. The decking (Item E) constitutes bracing level No. 1
for all estimates.

*2. Total steel bracing quantities of the station
include an allowance for additional steel in the end
bulkheads: 125 tons for 50' depth and 170 tons for
70' depths.

*3. The permanent steel framing of the station roof and
mezzanine levels form: bracing levels 2 and 3 for
the 50' depths, and bracing levels 3 and 4 for the
70' depths.
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Table 52. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
GROUND SUPPORT

GROUND SUPPORT
ESTIMATE

CODE
NET
AREA

SLOT
EXCAV

PRECAST PANELS
NO. /SIZE ' VOLUME REINF

(SY) (CY) (CY) (TONS)

HIGHWAY TUNNEL

:

1-1LT 13,333 11,852 334/2x12 4,753 765
1-1LV 22,222 26,667 446/3x9 10,887 1,361
1-1LY 31,111 36,444 668/3x6 18,136 3,201
1-1MT 13,333 11,852 334/2x12 4,753 765
1-1MV 22,222 26,667 446/3x9 10,887 1,361
1-1MY 31,111 36,444 668/3x6 18,136 3,201
2-1LU 13,333 11,852 334/2x12 4,753 765
2-1LW 22,222 26,667 446/3x9 10,887 1,361
2-1LZ 31,111 36,444 668/3x6 18,136 3,201
2-1MU 13,333 11,852 334/2x12 4,753 765
2-1MW 22,222 26,667 446/3x9 10,887 1,361
2-1MZ 31,111 36,444 668/3x6 18,136 3,201
3-1LT 13,333 12,741 334/2x12 5,408 1,057
3-1LV 22,222 35,556 446/3x9 12,488 2,310
3-1LY 31,111 55,100 668/3x6 21,416 4,358
3-1MT 13,333 12,741 334/2x12 5,408 1,057
3-1MV 22,222 35,556 446/3x9 12,488 2,310
3-1MY 31,111 55,100 668/3x6 21,416 4,358
4-1LT 13,333 17,778 334/2x12 8,497 1,661
4-1LV 22,222 27,556 500/3x8 11,278 1,940
4-1LY 26,667 27,556 668/3x6 12,592 1,605
4-1MT 13,333 17,778 334/2x12 8,497 1,661
4-1MV 22,222 27,556 500/3x8 11,278 1,940
4-1MY 26,667 27,556 668/3x6 12,592 1,605
5-1LT 13,333 48,593 668/4x6 12,362 1,360
5-1LV 22,222 49,778 668/4x6 21,898 3,033
5-1LY 31,111 50,370 668/4x6 22,958 3,857

RAPID TI*ANSIT STA rDION (PART) :

1-2LV 8,500 9,333 156/3x9 3,808 476
1-2LY 11,900 12,756 234/3x6 6,352 1,121
1-2MV 8,500 9,333 156/3x9 3,808 476
1-2MY 11,900 12,756 234/3x6 6,352 1,121
2-2LW 8,500 9,333 156/3x9 3,808 476
2-2LZ 11,900 12,756 234/3x6 6,352 1,121
2-2MW 8,500 9,333 156/3x9 3,808 476
2-2MZ 11,900 12,756 234/3x6 6,352 1,121
3-2LV 8,500 12,444 156/3x9 4,452 824
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Table 52. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
GROUND SUPPORT (Continued)

GROUND SUPPORT
ESTIMATE

CODE
NET
AREA

SLOT
EXCAV

PRECAST PANELS
NO. /SIZE VOLUME REINF

(SY) (CY) (CY) (TONS)

RAPID TRANSIT STATION (CONT'D):

3-2LY 11,900 11,852 234/3x6 4,319 695
3-2MV 8,500 26,667 156/3x9 10,887 1,361
3-2MY 11,900 36,444 234/3x6 18,136 2,167
4-2LV 8,500 11,852 176/3x8 4,319 695
4-2LY 10,200 26,667 234/3x6 10,887 1,361
4-2MV 8,500 36,444 176/3x8 18,136 2,167
4-2MY 10,200 9,644 234/3x6 4,111 524
5-2LV 8,500 17,422 234/4x6 7,671 1,062
5-2LY 11,900 17,630 234/4x6 8,042 1,351

RAPID TRANSIT TUN*IEL:

1-3LT 13,333 13,333 334/2x12 4,636 906
1-3LV 22,222 40,000 446/3x9 12,448 2,310
1-3LY 31,111 60,444 668/3x6 21,416 3,052
1-3MT 13,333 13,333 334/2x12 4,636 906
1-3MV 22,222 40,000 446/3x9 12,488 2,310
1-3MY 31,111 60,444 668/3x6 21,416 3,052
2-3LU 13,333 11,852 334/2x12 4,319 695
2-3LW 22,222 26,667 446/3x9 10,887 1,361
2-3LZ 31,111 36,444 668/3x6 18,136 2,167
2-3MU 13,333 11,852 334/2x12 4,319 695
2-3MW 22,222 26,667 446/3x9 10,887 1,361
2-3MZ 31,111 36,444 668/3x6 18,136 2,167
3-3LT 13,333 13,333 334/2x12 4,636 906
3-3LV 22,222 40,000 446/3x9 12,448 2,310
3-3LY 31,111 60,444 668/3x6 21,416 3,052
3-3MT 13,333 13,333 334/2x12 4,636 906
3-3MV 22,222 40,000 446/3x9 12,488 2,310
3-3MY 31,111 60,444 668/3x6 21,416 3,052
4-3LT 13,333 17,778 334/2x12 7,725 1,510
4-3LV 22,222 27,556 500/3x8 11,278 2,148
4-3LY 26,667 27,556 668/3x6 12,592 1,605
4-3MT 13,333 17,778 334/2x12 7,725 1,510
4-3MV 22,222 27,556 500/3x8 11,278 2,148
4-3MY 26,667 27,556 668/3x6 12,592 1,605
5-3LT 13,333 48,000 668/4x6 10,596 1,166
5-3LV 22,222 49,185 668/4x6 21,898 3,602
5-3LY 31,111 50,963 668/4x6 22,958 3,272
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Table 53. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
DECKING AND BRACING

DECKING BRACING
ESTIMATE

DECK STEEL
CODE AREA PILES FRAME STEEL TIEBACKS

(SY) (TONS) (TONS) (TONS) (LF)

HIGHWAY TUNNEL

:

1-1LT 15,333 362 2,015 524 _

1-1LV 15,778 485 2,036 1,707 -

1-1LY 15,778 607 2,056 4,080 -

1-1MT 15,333 362 2,015 116 26,000
1-1MV 15,778 485 2,036 448 117,000
1-1MY 15,778 607 2,056 1,369 333,000
2-1LU 15,333 362 2,015 524 -

2-1LW 15,778 485 2,036 1,707 -

2-1LZ 15,778 607 2,056 4,080 -

2-1MU 15,333 362 2,015 116 26,000
2-1MW 15,778 485 2,036 448 117,000
2-1MZ 15,778 607 2,056 1,369 333,000
3-1LT 15,333 362 2,015 524 -

3-1LV 15,778 485 2,036 1,922 -

3-1LY 15,778 607 2,056 4,905 -

3-1MT 15,333 362 2,015 116 47,500
3-1MV 15,778 485 2,036 457 197,000
3-1MY 15,778 607 2,056 1,448 456,000
4-1LT 15,333 362 2,015 505 -

4-1LV 15,778 485 2,036 2,144 -

4-1LY 18,000 607 2,261 2,650 -

4-1MT 15,333 362 2,015 298 125,000
4-1MV 15,778 485 2,036 562 413,000
4-1MY 18,000 607 2,261 650 547,920
5-1LT 15,333 362 2,015 1,114 -

5-1LV 15,778 485 2,036 4,338 -

5-1LY 15,778 607 2,056 5,854 —

RAPID TIIANSIT stat:EON (PART)

:

1-2LV 5,289 173 695 1,231 -

1-2LY 5,289 217 695 1,991 -

1-2MV 5,289 173 695 171 44,694
1-2MY 5,289 217 695 522 127,206
2-2LW 5,289 173 695 1,231 -

2-2LZ 5,289 217 695 1,991 -

2-2MW 5,289 173 695 171 44,694
2-2MZ 5,289 217 695 522 127,206
3-2LV 5,289 173 695 1,299 —
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Table 53. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
DECKING AND BRACING (Continued)

ESTIMATE
DECKING BRACING

DECK STEEL
CODE AREA PILES FRAME STEEL TIEBACKS

(SY) (TONS) (TONS) (TONS) (LF)

RAPID TRANSIT STATION (CONT'D):

3-2LY 5,289 217 695 2,100 _

3-2MV 5,289 173 695 174 75,254
3-2MY 5,289 217 695 586 174,192
4-2LV 5,289 173 695 1,337 -

4-2LY 5,911 217 753 1,823 -

4-2MV 5,289 173 695 197 144,600
4-2MY 5,911 217 753 227 191,860
5-2LV 5,289 173 695 1,451 -

5-2LY 5,289 217 695 2,179 -

RAPID TP>ANSIT TUNNEL:

1-3LT 8,000 — 1,168 310 _

1-3LV 8 r
444 - 1,209 898 -

1-3LY 8 r
444 - 1,209 2,041 -

1-3MT 8 ,000 - 1,168 116 26,000
1-3MV 8 ,444 - 1,209 448 117,000
1-3MY 8 r 444 - 1,209 1,369 333,000
2-3LU 8 r 000 - 1,168 310 —

2-3LW 8 ,444 - 1,209 898 -

2-3LZ 8 ,444 - 1,209 2,041 -

2-3MU 8,r 000 - 1,168 116 26,000
2-3MW 8 ,444 - 1,209 448 117,000
2-3MZ 8,,444 - 1,209 1,369 333,000
3-3LT 8;,000 - 1,168 309 —

3-3LV 8,,444 - 1,209 1,015 -

3-3LY 8 ,444 - 1,209 2,282 -

3-3MT 8,,000 - 1,168 116 47,500
3-3MV 8 ,444 - 1,209 457 197,000
3-3MY 8,,444 - 1,209 1,448 456,000
4-3LT 8,,000 - 1,168 305 —

4-3LV 8,,444 - 1,209 1,106 -

4-3LY 10,,667 - 1,414 1,540 —

4-3MT 8, 000 - 1,168 272 113,000
4-3MV 8,,444 - 1,209 485 461,150
4-3MY 10 i 667 - 1,414 632 543,900
5-3LT 8, 000 - 1,168 586 —

5-3LV 8, 444 - 1,209 2,227 —

5-3LY 8, 444 — 1,209 3,228 -
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Table 54. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
STRUCTURE AND EARTHWORK

PERMANENT' STRUCT EXCAV BACKFILL TIME
ESTIMATE

RE INF GEN'L GEN'L PROJECT
CODE CONCRETE STEEL EXCAV BACKFILL DURATION

(CY) (TONS) (CY) (CY) (MOS)

HIGHWAY TUNNEL

:

1-lLT 41,740 3,015 139,900 9,300 31
1-1LV 46,900 3,402 233,200 97,900 34
1-1LY 62,000 4,534 326,500 177,200 37
1-1MT 41,740 3,015 139,900 9,300 31
1-1MV 46,900 3,402 233,200 97,900 34
1-1MY 62,000 4,534 326,500 177,200 37
2-1LU 32,080 2,290 139,900 18,600 31
2-1LW 39,680 2,860 233,200 97,900 34
2-1LZ 57,220 4,176 326,500 177,200 37
2-1MU 32,080 2,290 139,900 18,600 31
2-1MW 39,680 2,860 233,200 97,900 34
2-1MZ 57,220 4,176 326,500 177,200 37
3-1LT 41,740 3,015 139,900 9,300 31
3-1LV 46,900 3,402 233,200 97,900 35
3-1LY 62,000 4,534 326,500 177,200 38
3-1MT 41,740 3,015 139,900 9,300 31
3-1MV 46,900 3,402 233,200 97,900 35
3-1MY 62,000 4,534 326,500 177,200 38
4-1LT 41,740 3,015 139,900 9,300 31
4-1LV 46,900 3,402 233,200 97,900 35*

4-1LY 69,800 5,112 375,500 205,400 39
4-1MT 41,740 3,015 139,900 9,300 31
4-1MV 46,900 3,402 375,500 97,900 35
4-1MY 69,800 5,112 324,400 205,400 39
5-1LT 41,740 3,015 139,900 9,300 32
5-1LV 46,900 3,402 233,200 97,900 36
5-1LY 62,000 4,534 326,500 177,200 40

RAPID TF.ANSIT STATION (PART) :

1-2LV 17,640 1,233 75,200 12,000 33
1-2LY 19,975 1,408 105,300 40,600 36
1-2MV 17,640 1,233 75,200 12,000 33
1-2MY 19,975 1,408 105,300 40,600 36
2-2LW 15,309 1,058 75,200 12,000 33
2-2LZ 16,863 1,175 105,300 40,600 36
2-2MW 15,309 1,058 75,200 12,000 33
2-2MZ 16,863 1,175 105,300 40,600 36
3-2LV 17,640 1,233 75,200 12,000 34
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Table 54. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
STRUCTURE AND EARTHWORK (Continued)

ESTIMATE
PERMANENT' STRUCT EXCAV BACKFILL TIME

REINF GEN'L GEN'L PROJECT
CODE CONCRETE STEEL EXCAV BACKFILL DURATION

!

(CY) (TONS) (CY) (CY) (MOS)

RAPID TRANSIT STATION (CONT 1 D) :

3-2LY 19,975 1,408 105,300 40,600 37
3-2MV 17,640 1,233 75,200 12,000 34
3-2MY 19,975 1,408 105,300 40,600 37
4-2LV 17,640 1,233 75,200 12,000 34
4-2LY 22,789 1,617 122,400 47,600 38
4-2MV 17,640 1,233 75,200 12,000 34
4-2MY 22,789 1,617 122,400 47,600 38
5-2LV 17,640 1,233 75,200 12,000 35
5-2LY 19,975 1,408 105,300 40,600 39

RAPID TFANSIT TUNN EL:

1-3LT 17,820 1,133 66,700 22,200 28
1-3LV 22,540 1,487 111,100 62,100 30
1-3LY 26,100 1,754 155,500 102,100 32
1-3MT 17,820 1,133 66,700 22,200 28
1-3MV 22,540 1,487 111,100 62,100 30
1-3MY 26,100 1,754 155,500 102,100 32
2-3LU 14,240 864 66,700 22,200 28
2-3LW 18,940 1,217 111,100 62,100 30
2-3LZ 22,500 1,484 155,500 102,100 32
2-3MU 14,240 864 66,700 22,200 28
2-3MW 18,940 1,217 111,100 62,100 30
2-3MZ 22,500 1,484 155,500 102,100 32
3-3LT 17,820 1,133 66,700 22,200 28
3-3LV 22/540 1,487 111,100 62,100 31
3-3LY 26,100 1,754 155,500 102,100 33
3-3MT 17,820 1,133 66,700 22,200 28
3-3MV 22,540 1,487 111,100 62,100 31
3-3MY 26,100 1,754 155,500 102,100 33
4-3LT 17,820 1,133 66,700 22,200 28
4-3LV 22,540 1,487 111,100 62,100 31
4-3LY 34,340 2,364 204,500 136,300 34
4-3MT 17,820 1,133 66,700 22,200 28
4-3MV 22,540 1,487 111,100 62,100 31
4-3MY 34,340 2,364 204,500 136,300 34
5-3LT 17,820 1,133 66,700 22,200 29
5-3LV 22,540 1,487 111,100 62,100 32
5-3LY 26,100 1,754 155,500 102,100 35
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Table 55. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND ESTIMATES
INTERNAL BRACING DETAILS

INTERNAL BRACING BY LEVELS *1

ESTIMATE
LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5 TOTAL

CODE (TONS) (TONS) (TONS) (TONS) (TONS)

HIGHWAY TUNNEL

:

1-1LT 524 _ _ _ 524
1-1LV 979 728 - - 1,707
1-1LY 1,129 1,247 852 852 4,080
2-1LU 524 - - - 524
2-1LW 979 728 - - 1,707
2-1LZ 1,129 1,247 852 852 4,080
3-1LT 524 - - - 524
3-1LV 990 932 - - 1,922
3-1LY 1,115 1,541 1,059 1,190 4,905
4-1LT 505 - - - 505
4-1LV 1,072 1,072 - - 2,144
4-1LY 1,209 1,316 125 - 2,650
5-1LT 1,114 - - - 1,114
5-1LV 1,321 1,564 1,453 - 4,338
5-1LY 1,341 1,631 1,607 1,275 5,854

RAPID TRi\NSIT STAT ION (PART)

:

*2, *3

1-2LV 525 336 245 _ 1,231
1-2LY 380 819 336 286 1,991
2-2LW 525 336 245 - 1,231
2-2LZ 380 819 336 286 1,991
3-2LV 525 336 313 — 1,299

Notes: *1.

*2

.

*3

The decking (Item E) constitutes bracing level
No. 1 for all estimates.

Total steel bracing quantities of the station
include an allowance for additional steel in the
end bulkheads: 125 tons for 50' depth and 170 tons
for 70' depths.

The permanent steel framing of the station roof
and mezzanine levels form: bracing levels 2 and 3

for the 50' depths, and bracing levels 3 and 4
for the 70' depths.
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Table 55. MAJOR ESTIMATING QUANTITIES
PRECAST CONCRETE GROUND SUPPORT ESTIMATES
INTERNAL BRACING DETAILS (Continued)

INTERNAL BRACING BY LEVELS *1

ESTIMATE
LEVEL 2 LEVEL 3 LEVEL 4 LEVEL 5 TOTAL

CODE (TONS) (TONS) (TONS) (TONS) (TONS)

RAPID TRANSIT STATION (CONT'D)

:

*2, *3

3-2LY 375 819 336 440 2,100
4-2LV 525 336 351 - 1,337
4-2LY 398 889 362 44 1,823
5-2LV 525 336 473 - 1,459
5-2LY 438 819 336 416 2,179

RAPID TRANSIT TUNNEL:

1-3LT 310 _ _ _ 310
1-3LV 509 389 - - 898
1-3LY 572 494 515 460 2,041
2-3LU 310 - - - 310
2-3LW 509 389 - - 898

! 2-3LZ 572 494 515 460 2,041
3-3LT 309 - - - 309
3-3LV 539 476 - - 1,015
3-3LY 450 515 687 630 2,282
4-3LT 305 - - - 305
4-3LV 571 535 - - 1,106
4-3LY 644 771 - 125 1,540
1-3LT 586 - - - 586
1-3LV 556 826 845 - 2,227
1-3LY 671 826 946 785 3,228

Notes:*l. The decking (Item E) constitutes bracing level No. 1
for all estimates.

*2. Total steel bracing quantities of the station
include an allowance for additional steel in the end
bulkheads: 125 tons for 50' depth and 170 tons for
70 * depths.

*3. The permanent steel framing of the station roof and
mezzanine levels form: bracing levels 2 and 3 for
the 50' depths, and bracing levels 3 and 4 for the
70' depths. Notes for Precast Panels:
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COMMENTS ON PRECASTING OPERATION

(To be used with preparing estimate variations as

illustrated in Table 16, page 94, I tern F)

Assumed casting yard progress:

Sites 1, 2 and 3

2 x 12 panels for 30' depth @ 8 per day

3x9 panels for 50' depths @ 5 per day

3x6 panels for 70' depths @ 4 per day

Site 4

All sizes for all depths @ 5 per day

(All lengths approximately equal)

Site 5

4x6 panels for 30' depths @ 6 per day

4x6 panels for 50' & 70' depths @ 5 per day

Note: For details of panels, see Figure 27, page 176

Structural steel required for top soldier beams:

1.3 Tons per panel (3x6 and 4x6)
1.6 Tons per panel (3x9 and 2 x 12)
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APPENDIX C

SUMMARIES OF COST ESTIMATES

176 CUT-AND-COVER TUNNEL SITUATIONS

A summary tabulation of 176 estimates prepared for the

study is presented in this appendix. Each gives the total cost

of eleven direct cost activities, four indirect cost activities

and appropriate contractors markup to cover contingencies and

profit. The tables are arranged in order to compare different

construction methods with varying site conditions for a par-

ticular transit structure. The estimates were prepared as

discussed in Sections 3 and 4 of this volume of the report.

Tables 56 through 58 (15 pages) summarize estimates for the

four lane highway tunnel. Each sheet presents comparative

estimates for a particular site conditions of soil,

groundwater, and depth of structure. The five pages of

Table 56 are for 30-foot (9.1m) depths at sites 1 through 5

respectively. Likewise, the five pages of Table 57 are for

50-foot (15.2m) depths and the five pages of Table 58 for

70-foot (21.3m) depths. Where applicable, (sites 1 and 2) six

estimates on each sheet show variations using internal or

tieback bracing for each of the three types of ground support

systems: soldier piles and lagging, cast-in-slurry , and precast

concrete panel ground support. At sites 3 and 4 only four

combinations of ground support and bracing systems are compared

as applicable. Since tiebacks are not practical at site 5 only

two candidate systems are compared on those sheets. Tables 59

through 60 and 61 through 63 present similar comparison tables

for the rapid transit station and rapid transit line section

respectively.

All estimates are identified by code as given on Table 6,

page 61, in a similar order of presentation. This same order

of presentation is followed in Table 19, page 107, which

summarizes total project costs of the 176 estimates presented

here in Tables 56 through 63.
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A more detailed breakdown of costs is given in Volume 3 of

this report. These computer estimate summaries include 12

representative cut-and-cover situations and 3 estimates

comparing under-the-roof construction techniques. They

summarize all component work operations of the eleven direct

and four indirect cost activities. The operations and

activities are further detailed by component costs (i.e. labor,

equipment, materials) and unit costs of each.

Printouts of the four basic computer estimates described in

paragraph 3.3.3, page 64, are presented in a supplemental

volume. For these estimates, all details generated in prepar-

ation and execution are shown. Each work operation shows a

breakdown of labor, equipment and materials used and rates of

progress for those interested in such details. Samples of

these details are given in Tables 8 through 11, pages 67-74.

Estimates for situations differing from those assumed for

the study can be made by adjusting individual activity costs as

discussed in paragraph 4.3, page 92.
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY
RESEARCH AND DEVELOPMENT (TCP)

The Offices of Research and Development of the

Federal Highway Administration are responsible

for a broad program of research with resources

including its own staff, contract programs, and a

Federal-Aid program which is conducted by or

through the State highway departments and which

also finances the National Cooperative Highway

Research Program managed by the Transportation

Research Board. The Federally Coordinated Pro-

gram of Highway Research and Development

(FCP) is a carefully selected group of projects

aimed at urgent, national problems, which concen-

trates these resources on these problems to obtain

timely solutions. Virtually all of the available

funds and staff resources are a part of the FCP,

together with as much of the Federal-aid research

funds of the States and the NCHRP resources as

the States agree to devote to these projects.*

FCP Category Descriptions

1. Improved Highway Design and Opera-

tion for Safety

Safety R&D addresses problems connected with

the responsibilities of the Federal Highway

iway Safety Act

propriate design

signing, and

he formulation

gestion and
ency

increasing the

highways by

ing designs for

, and by keep-

lship in better

lent techniques

ntial treatment,

ing of traffic.

nt of the FCP is

nformation Service

ler No. PB 24205T,
' the introductory

je from Program
and Development,

ington, D.C. 20590.

3. Environmental Considerations in High-

way Design, Location, Construction, and
Operation

Environmental R&D is directed toward identify-

ing and evaluating highway elements which

affect the quality* of the human environment.

The ultimate goals are reduction of adverse high-

way and traffic impacts, and protection and

enhancement of the environment.

4. Improved Materials Utilization and Dura^

bility

Materials R&D is concerned with expanding the

knowledge of materials properties and technology

to fully utilize available naturally occurring

materials, to develop extender or substitute ma-

terials for materials in short supply, and to

devise procedures for converting industrial and

other wastes into useful highway products.

These activities are all directed toward. the com-

mon goals of lowering the cost of highway

construction and extending the period of main-

tenance-free operation.

5. Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural

Safety

Structural R&D is concerned with furthering the

latest technological advances in structural de-

signs, fabrication processes, and construction

techniques, to provide safe, efficient highways

at reasonable cost.

6. Prototype Development and Implementa-
tion of Research

This category is concerned with developing and

transferring research and technology into prac-

tice, or, as it has been commonly identified,

"technology transfer."

7. Improved Technology for Highway Main-
tenance

Maintenance R^D objectives include the develop-

ment and app cation of new technology to im-

prove manag- ment, to augment the utilization

of resources, f.nd '.o increase operational efficiency

and safety in the maintenance of highway

facilities.
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