


FOREWORD

The report summarizes the results of a study by The
Consulting Engineers Group, Inc., to determine the
applicability of prefabricated structural members to
cut-and-cover tunnel construction. Volume 1 (FHWA-RD-76-113)
presents concepts for the design and use of prefabricated
members. This volume tests the concepts at three sites
where transportation tunnels are proposed or under
construction. In each case the comparisons were favorable

to the designs with prefabricated members.

Sufficient copies of the report are being distributed
to provide two copies to each regional office, one copy
to each division office, and two copies to each State
highway agency. Direct distribution is being made to
the division offices.

NOTICE

This document is disseminated under the sponsorship of
the U. S. Department of Transportatlon in the interest
of information exchange. The United States Government
assumes no liability for its contents or use.

The contents of this report reflect the views of the
authors who are responsible for the facts and 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.
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This report is the second volume of a study of the use of prefabricated
structural members for cut-and-cover tunnels. The study was conducted by
The Consulting Engineers Group, Inc., with the. assistance of consultants
Ben C. Gerwick, Jr. and Soil Testing Services, Inc. |t was performed under
Contract No. DOT-FH-11-8594 with the Department of Transportation. Contract
Administrator was Ms. Ann Pomerantz and the Contract Manager was
Mr. J. R. Sallberg.

This volume, designated Task B of the contract, tests the concepts pro-
posed in Volume | on three sites where transportation tunnels are being pro-
posed. The cooperation of the following organizations and individuals,
who furnished the site data and preliminary designs for the case studies is
gratefully acknowledged:

Case Study 1: Chicago Urban Transportation District; Harold E. Nelson,
Executive Direétor. Deleuw-Novick, Supervising Consult-
ing Engineers.

Case Study 2: State of Minnesota. Department of Highways;

Keith V. Benthin, Bridge Engineer. Van Doren-Hazard-
Stallings, Engineers and Architects.

Case Study 3: Commonwealth of Virginia, Department of Highways and

Transportation; Fred C. Suthertand, Bridge Engineer.
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S| CONVERSION FACTORS

The units of measurement used in this report are English. They are
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[. OVERVIEW AND SUMMARY
A. INTRODUCTION

This report is Volume 2 of a two volume report entitled "Prefabricated
Structural Members for Cut-and-Cover Tunnels." Volume | explored the
possibility of improving cut-and-cover tunnel construction in urban areas
by the use of prefabricated structural members. Various shapes and materials
were examined and methods of incorporating these shapes into cuft-and-cover
transportation funnels were described.

Volume | concluded that the use of prefabricated members, particularly
precast concrete members is feasible and offers opportunities for signifi-
cantly reducing surface disruption- time.

In this volume, the concepts and methods proposed in Volume | are tested
on three sites in urban areas where fransportation tunnels are being consider-
ed. One site is a subway station, the other two are highway tfunnels.

Actual proposed tunnel sites, as opposed to hypothetical ones, are used
as test cases in an attempt to avoid the criticism of selecting site condi-
tions to fit the proposed soiution. Also, since in each of the cases, some
preliminary work has been done using "conventional" construction methods, a
base for comparison has been established that limits the opportunity to
"stack the deck" in favor of the proposed method.

In each of the case studies,.a structural system using prefabricated
components is selected, and detailed designs of the components, connections,
etc., are made. Drawings showing typical sections and details are presented
(see Appendlix) and cost estimates of the proposed solution using prefabricated
members are compared with estimates of methods using more conventional construc-

tion. The length of time required for construction is compared using an ideal-



ized Critical Path Method (CPM) construction scheduling technique. Onliy the
structural portions of each project that are different are compared. Items

such as architectural treatment, ventilation and other functional equipment

are not included.

I+ should be emphasized that the only purpose of these case studies is to
test the feasibility of using prefabricated structural members in real situa-
tions. There is no intention to second guess or "value engineer" a proposed
design prepared by others.

B. OVERVIEW OF CASE STUDY 1

Case Study 1 is a subway station for a metropolitan area urban mass transit
system. The sife selected is a part of the Chicage, lilinois, Central Area
Transit Project being planned by the Chicage Urban Transportation District.

A schematic drawing of the typical tunnel structure using prefabricated
components is shown in Fig. 1. Details of the site conditions, components,
connections, cost and ftime comparisons, etc. are in Section Il of this report.
The proposed construction uses load-bearing precast, prestressed concrete wall
panels ptaced in a slurry trench, with precast, prestressed members used for
the tunnel roof and at street level. Underground utilities are placed in a
permanent|y accessible space between the tunnel roof and the street--the
"utilidor" concept recommended in Volume |. A major part of fthe construction
is "under the roof", thereby minimizing the time of surface disruption.

The comparison with conventional! construction shows the following:

1. Costs: The estimated cost of the structural porfion of this project

is $7,803 per foot* of length using precast concrete components and

$8,932 per foot using conventional construction, a savings of about

¥Cost per metre * 3.28 times the cost per foot.
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13%, or approximately $1 million on the complefe station. [+t is
estimated that the parts of construction compared are about 65%
of the fotal cest, so the net savings on the project would be-
about 9%.

2. Construction time: There is virtualty no difference in fotal

construction fTime between the precast and conventional method--each
would take about 2 years. However, the CPM study shows that the
construction method proposed using prefabricated components would
allow the street above to be permanently re-opened to traffic only
9 months after the start with virtually no visible evidence of
construction after that. The conventional method would require
considerable surface disruption for the full 2Z year period.

C. OVERVIEW OF CASE STUDY 2

Case Study 2 investigates the use of prefabricated structural elements
for a shallow highway tunnel through a public park in the suburbs of a metro-
politan area. The project is part of Minnesota Trunk Highway No. 55=116
through Minnehaha Park in Minneapolis.

The proposed tunnel design is shown schematically in Fig. 2 and the
detailed description is in Section |l of this report.

In this study, surface disruption is not of primary concern, so open
excavation is proposed for both the prefabricated and conventionai solutions.
Part of the excavation is in rock.

For the proposed tunne!l construction using prefabricated components,
precast, prestressed load-bearing wall units support precast, prestressed
box beams.

Two related studies are undertaken in connection with Case Study 2. One

is a cost comparison between anchored and gravity fTunnel floor slabs. The

4
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other, includes a design and discussion of the use of prefabricated compon-
ents in recessed approach construction. The cost comparison discusses the
use of ground anchors and establishes some guidelines for choosing an
anchored or unanchored design in a series of charfs. The recessed approach
study presents two alternates for the system using prefabricated components
and one for the "conventional™ construction method and discusses all three.

Comparisons of costs and constructicon times showed the following:

1. CLosfts:

a. Tunnel construction: The system using prefabricated components

is estimated at 39,183 per foot of tength compared with $9,828
per foot for the conventional cast-in-place system, The difference
in cost, about 7%, is about $600,000 for the total project.

b. Approach retaining walls: For retaining walls up to about 20 f+

(6 m), a cast-in-place cantilever design is the least expensive. For
heights above this, a retaining wall, either precast or cast-in-
place, supported near the top with horizontal ground anchors,
becomes cost effective.

c. Anchored vs. gravity tunnel floor slabs: The relative cost is

dependent on the amount of overburden, height of water table
above the slab, span between vertical elements and whether the
anchors are in rock or soil. In Tthis case, because of the long
span and high water table, the use of anchors would probably save
about 7%.

2. Construction time: The CPM study shows that the construction time

using prefabricated members would be approximately fThree months
less than the conventional cast-in-place system—--11 months vs.

14 months.



D. OVERVIEW OF CASE STUDY 3

Case Study 3 illustrates prefabricated structura! components and con-
struction methods which might be applicable for a deep tunne! in poor soil
with a high ground water level. The structure investigated is the east
approach to the proposed Second Downtown Eljzabeth River Tunnel between
Portsmouth and Norfolk, Virginia.

Fig. 3 shows a schematic drawing of the proposed construction methed,
and details of the study are given in Section IV of this report. In this
study, cast-in-place slurry walls were chosen over precast because of the
extreme depth, up to 90 f+ (27 m). For the roof structure, precast concrete
2-hinged arches proved to be economical at the deeper end of the approach,
while prestressed box beams were used near the shallower end. Because of
the slurry wall folerance requirements, connection of the precast roof units
to the cast-in-place slurry walls does not seem feasible, so a separate
framing system is used.

The cast-in-place system in this case study employs three different
construction methods: open excavation, soldier piles and lagging, and
slurry wall. Therefore, separate cost comparisons are made for each of the
three segments, as follows:

1. Cost comparisons: For the segment of the project fthat used cast-in-

place construction with sturry walls, the precast concrete scheme
showed a cost savings of nearly 32%. The part that used soldier
piles and lagging with the cast-in-place section, the costs are about
equal, and for the shallow end where open excavation is feasible,

the conventional system saves about 10% compared with the prefabri-
cated method, Overall, the system using precast concrete members

indicates approximately 9% savings in cost.

2
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2, Construction time comparison: The CPM sfudy shows a time saving of

about 7-1/2 months for the design using precast concrete components--

18-1/2 months vs. 26 months, This time savings appears to be inde-

pendent of the construction method used for the cast-in-piace system.
E. SUMMARY OF THE FINDINGS

The primary conclusicn stated in Volume | was confirmed in these case
studies; that is, that prefabricated structural members can have a place in
cut-and-cover transportation tunnel construction.

Several of the precast structural framing schemes outlined in Volume |
proved to be quite efficient. Others were found to be less efficient and
still others were not considered because of inappropriate site conditions.

The bearing wall/box beam combination seemed to be one of the best.
Besides being cost and time efficient, this combination did not encounter
any aesthetic, ventilation, or construction problems that several of the
other schemes did. For instance, the king pile wall system becomes ineffi-
cient at certain depths and where The size of the flange cannot be changed
to improve aesthetics. Another example is the use of stemmed sections for
roofs (single tees, double tees, hulb fees, channels). They are efficient
shapes, but were not found suitable in Case Study 2 because of ventilation
concerns.

The precast arch system was shown To be effective when a large amount of
backfill is required, although that effectiveness was compromised somewhat in
Case Study 3 by the use of support columns made necessary by the construction
tolerances required.

The judicious use of slurry wall construction as a temporary as well as a
permanent structure is the key to the use of prefabricated wall members. Its
many advantages include a water tight excavation, elimination of underpinning

9



of existing structures, and a narrower path of disruption. These advantages
can be had even when slurry walis are combined with conventional construction,
However, it is not until they are used as a portion of the permanent struc~
ture -that cost or time savings can be realized, as evidenced in Case Study 3.
On the other hand, the use of slurry wall construction where it is not
warranted, can result in a more expensive solufion. This was assumed when

the construction method was selected in Case Study 2, and proven in Case
Study 3. Clearly, if the site conditions permit open excavation, it will
usually prove less expensive.

The choice between precast and cast-in-place slurry walls is another
consideration. As stated in Volume |, prefabrication of the walls will not
result in a savings in time or cost, and the opposite may be true. However,
if a finished wall surface is required or perhaps greater attention to con-
struction tolerances demanded, the precast wall might be a good choice pro-
vided the size does not become a problem as it did in Case Study 3.

As suspected, the presence of heavy cross utilities, as frequently
encountered at street intersections may make slurry walls impractical. This
was illustrated in Case Study 1, where after considering several alternatives
a modified system using some convenficnal ideas was selected.

When analyzing the merit of a syéTem using prefabricated components along
with the construction methods outlined in Volume |, two things must always be
kept in mind. One is that in some areas of a project, there may need 1o be
a cost/time trade-off. One of the key aims of this entire study, which is
also a major advantage of the system using prefabricated components, is the
savings in time and disruption. |f these are primary considerations, the

importance of any cost differential may be lessened.
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Second, is that the use of prefabricated components alone will not
guarantee a substantial cost savings. The use of these materials must be
integrated with construction methods discussed in Volume !. Only then, can
é substantial savings be realized in both time and money. This total inte-
gration cannot be stressed too greatly. The permanent structure must also
serve as the temporary retaining and support structure when one is required.
This means the designer of the permanent sfructure must also specify the
construction methods. In addition, he must monitor the time sequence which
is essential in the savings of time and at least a factor in the area of
costs.

Some concerns have been expressed that the concepts proposed in this
study will meet with some opposition from the labor unions, contractors,
designers, owners, and others involved with these types of projects. Accep-
tance of a new idea, even one which merely incorporates already accepted
concepts and practices, often comes slowly. |+ may, therefore, be benefi-
cial to test these ideas in the design and construction industry through
the building of frial portions on selected conventional jobs.

There is no reason to anticipate unusual problems from the labor unions.
Jurisdiction of the construction ftrades invoived in the manufacture and
erection of precast concrete, while it varies geographically, has generatlly
been established for above-grouﬁd structures.,

General contractors who specialize in this type of construction may
have reservations about the concepts illustrated in this study. Such reser-
vations would, of course, be reflected in bid prices on the first jobs.
There also would likely be some resistance To the specifying of construction

methods, if the present procedures of bidding are followed.
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Designers and owners may also resist these concepts because of the risks
involved in any innovation. The schemes proposed in this study require that
the designer or owner assume additional risks by specifying construction
methods,

Many of the objections could be eliminated, or at least significantly
reduced by the letting of design-build contracts. This is probably not
possible in its purest form in public works construction in the United
States ftoday. However, there bave been some cases where alternates have been
bid on a design-build basis. Also, some innovation has been introduced by
the so-called "value engineering" encouraged by many Federal and State
agencies in recent vyears.

The greatest fechnical objection that designers may have is related to
the stability of this type of construction. |In conventional continuous
cast-in-place construction, there is a structural redundancy, meaning that
failure of a single component will not cause ftotal faiiure of The system.
Much of this redundancy has been eliminated with the use of separate pieces
and mostly simple span framing. However, because of the confinement that
exists from the surrounding soil, adequate stability is achieved.

Another concern, which stems from the first, is the response of the
structure to earthquakes. Up until now, very little has been done on the
study of underground structures and their response to earthquakes. It was
merely noted that no severe problems have ever been encountered. While i1
is felt by many that this remains the case with the designs proposed in this
study, it is an area that might warrant future research,

0f the three cases studied, it is apparent that the Ildeas conceived in
Volume | are most applicablie to the conditions encountered in Case Study I,

the subway station in Chicago. This is perhaps fortunate because there is

12



more emphasis on such mass transportation facilities than on highway tunnels.
While it is obviously not possible to anticipate all conditions that might be
encountered, there is enough variety in the conditions studied to illustrate

the versatility of construction using prefabricated members.



I'l. CASE STUDY NO. 1
SUBWAY STATION FOR A METROPOLiTAN

AREA URBAN MASS TRANSIT SYSTEM

A. PROJECT DESCRIPTICN

1.

Furpose of the study: Case Study No. 1 is intended to illustrate

the applicability of prefabricated structural elements for a typical
subway station located in a large metropolitan area.

Location of the project: The subway station studied is a part of the

Chicago, Illinois, Central Area Transit Project being planned by the
Chicago Urban Transportation District. |+ is located on the Franklin
line under the intersection of Chicago Avenue and lLarrabee Street on
the near north side of Chicago, approximately 200 feet (61 m) east of
the North Branch of the Chicago River. The station is Intended to
serve the Montgomery Ward - Marcor Corporation complex as well as a
large public housing area situated nearby. See Fig. 16 (Appendix).
Dimensions: The area considered in this study is limited to the sta-
tion itself, and does not include any of the subway line. The north
end, approximately 900 ft (275 m) long, which houses the loading plat-
forms and two train tracks, is fypicatly 46'-4" (14 m) wide, and varies
in height 23 to 30 f+ (7 to 9 m) within the station. The tunnel floor
varies from 42'-3" to 49'-10" (13 to 15 m) below ground surface. The
southern end, approximately 250 ft (76 m) contains the fare collection
area, access escalators and other ancillary space. This area is

63 f+ (19 m) wide above a mezzanine level, requiring Two~épan struc-
tural framing.

Soil _and groundwater characteristics: A typical soitl boring log from
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the area is shown in Fig. 17. This soi! boring is actually a com-
posite, or average of several borings in the area used for design
purposes.

Most of the excavation will be in stiff clays typical of the
Chicago area. These clays, while appearing quite stiff and hard
initially, become soft and sticky when standard rubber-tired
vehicles drive on them, making it virftually impossible to use such
equipment for excavation without stabilization. This is an Important
consideration in determining the method and cost of excavation.

For design purposes the water table is assumed at eight
feet (2.4 m} below ground surface.

| tems considered in fthe study: The purpose of this study is to com-

pare construction using prefabricated elements with conventional
methods of construction. For this reason, only the structural ele-
ments of the tunnel construction were considered. |t was determined
that items such as the mezzanine, station platform, escalator and
other architectural features as well as all mechanical and electrical
work would be the same for both construction methods. Therefore,
these items were neglected in this study.

Critical areas of concern: The following items required special

consideration in determining the type of structure and the methods

of construction:

a. Traffic maintenance. Chicago Avenue is a primary east-west
thoroughfare crossing the Chicago River. Alternate routes are
available for both crossing the river and access tc the Mont-
gomery Ward building and other industrial buildings in the area.
However, closing of Chicago Avenue would be a considerable incon-
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venience to the public and this study has assumed that at least
one lane would be open except for very short periods of time at
night.

Larrabee Street is of less importance to the general public,
but does have some effect on the industry in the immediate vicin-
ity. This study has allowed the closing of Larrabee Street as
required by the construction method.

Underground utilities: This Is always a major concern in con-

struction facilities in urban areas. Exisfing utilities are shown

in Figs. 18 through 22, |t was determined that most of the

utility lines can be temporarily supported and remain in place
during construction, but some would have to be relocated before
construction is started. Those to be relocated are:

(1) The 50" x 6'-10%" (1.5 x 2.1 m) MSD (sewer) line. This line
interferes with the final structure. RelocaTion is & major
project, and it was assumed that it would be done prior to
the start of construction, regardless of the construction
method. Therefore, this relocation was not considered part
of this project.

(2) The 24" (610 mm) PG (gas) line. Safety regulations will
usually prohibit the mainftenance of gas lines within an open
excavation, so relocation is considered in the construction
Time study.

(3) The 6 DCE (electrical) and ZDIBT (telephone) lines. North
of Chicago Avenue, these lines run roughly parattfel o, and
along the line of excavation. There would appear to be a

great danger of hitting these lines with any construction
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method, so they should be relocated prior to the start of con-
struction.

With these lines relocated, there are no major utility
lines crossing the excavation except at Chiago Avenue. Since
the cross utilities at that point are quite heavy, the slurry
trench and prefabricated wall method s probably not feasible,
so a different method of construction is proposed. (See
Section B following).

Railroad track: The surface railroad that serves the Montgomery

Ward Catalog Sales Warehouse and other warehouses on Kingsbury
will have to be closed during certain phases of construction at
and south of Chicago Avenue. This track Is used infrequently,
but closing will be an inconvenience and probably cause some ex-
pense to those businesses. North of Chicago Avenue at least one
track can be kept open during the tunnel construction, but move-
ment along the track would probably have to be restricted to
periods when fhere is |itfle construction activity on the west
side of Larrabee. This wqguld probably not be an inconvenience as
the track is now used only at night. With the "conventional" con-
struction, it is probable that the excavation would be too close
to the track for any use.

Pedestrian tunnel: The pedestrian tunnel connection Marcor Cor-

poration building and the Montgomery Ward Administration building
would have to be removed and replaced during the construction of

the station south of Chicago Avenue. With the proposed prefabri-
cated method of construction, special construction procedures are

required around the pedestrian tunnel. While there may be other
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alternatives, this study assumes that construction around this
tunnel opening wou!d be handled in a method similar to that used
at Chicago Avenue where the heavy cross utilities present a

simi lar problem,

e, Adjacent structures: Fig. 16 shows the proximity of buildings to

the tunnel project. The major structures, i.e., the Marcor Cata-
log Sales and Parking Garage are founded on elther piles or
caissons which bear we!l below the invert of the tunnel. There-
fore, underpinning of these structures is not necessary. Also,
lowering of the water table is not Ijkely to cause structural
damage except for the possible minor settlements of slabs on
grade. However, lowering of the water table would only be neces-
sary to the dept of the fill material because of the very imper-
vious nature of the clays below that. With slurry wall consfruc-
tion, even this would not be required.

The other buitdings near the north end of the project are
quite old and run-down. With slurry-wall construction, these
would not need to be underpinned, and even with the "conventional"
method, it would probably be less expensive to risk damage than to
underpin. Therefore, underpinning was not considered part of the
project under either method.

B. CONSTRUCTION USING PREFABRICATED COMPONENTS

1. Structural framing method: The various structural framing schemes

outlined in Volume | of this study were considered for this Case Study.

a. Typical section: Approximately 80% of the length of the station

is ideal for precast, prestressed load-bearing wall panels placed
in a slurry trench with precast, prestressed roof units. This
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scheme was chosen for that 80%, and is ilfustrated in Fig. 25 of
the drawings. This scheme seemed parficularly well suited because:
(1) There are few cross utilities.
(2) The rigid diaphragm wall would enable at least partial
operation of the surface railroad during construction.
(3) Larrabee Street can be closed for limited periods of time,
but extended Times would be inconvenient to the businesses
in the area.
(4) The "utilidor" concept would work very well along Larrabee,
and few utilitTies would have to be relocated.

Special framing at infersection: AT Chicago Avenue, relatively

heavy cross utitities are encountered. The fypical framing method
is not feasible because excavation of a slurry trench by conven-
tional methods is virtually impossible, as is placement of pre-
fabricated panels around the utilities.

Volume | of this study suggests different ways to handle this
situation. It is beI}eved That equipment could be developed to
excavate slurry trenches under these heavy cross utilities, in
this type of scil. One such method would use high pressure direc-
tional water jets located vertically along a pipe which is ltowered
into a drilled hole. Given the proper incentive, other methods
could probably be developed by contractors.

However, insertion of precast concrete wall panels, or even
reinforcing cages woufd appear to be impractical. Use of a
variation of the Soldier Pile Tremie Concrete (SPTC) wal!l is sug-
gested as a possibility. However, it would be necessary to develop

sufficient flexural strength in the concrete to span between soldier
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Products and design:

piles unreinforced. |f this cannct be done with conventional con-
crete, fiber reinforced or polymer modified concrete as described
in Section XIli of Volume | could be employed.

Another alternative, and the method selected for use in this
case is to form and pour a reinforced concrete wall between
soldier piles after the tunnel has been excavated. |In this case,
conventional timber lagging is used between the soldier piles.
This lagging remains in place and serves as the outside form for
the concrete wall. The concrete and structural stee! are designed
to act compositely in the final condition,

The precast, prestressed members are still used as strutfs at
both the rocf and street levels. Steel wide flange sections are
connected to the soldier piles to act as supporting members for
the horizontal members and as wales to take the horizontal loads.
A section through this area is shown in Fig. 26.

An eight foct (2.4 m) module was selected because:

(1

(2)

(3)

Architectural drawings show a vaulted ceiling with ribs on 8 foot
centers.
The weight of the eight foot wide units approach the maximum for

handling.

This is a common module for precast, prestressed concrete products,

so existing equipment in a precasting plant could be used.

No continuity between horizontal and vertical members is
assumed.
Wall units: The wall units are shown in Fig. 27. They are de~
signed to be manufactured in an off-site precasting plant. The
tvpical section is prestressed with 32 pretensioning strands and
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24 post-tensioned strands, The pretfensioning is designed to
carry altl handling and temporary loads, with a temporary strut
placed as shown in Fig. 25. The post-tensioning is done af-
ter the bottom slab is in place, and before the temporary struts
are removed,

The weight of each unit is about 55 tons (50,000 kg) This
would require special permits for hauling, but use of units this
size is not unusual.

Horizontal members: The precast, prestressed street level and

tunnel roof members are shown In Fig. 27. The straet lsvel
members are not designed to act compesitely with the cast-in-place
concrete slab because of tThe construction equipment loads which
must be carried before the slab is cast.

The tunnel roof members will also not act compositely with
the cast-in-place concrete because of the waterproofing membrane
placed directly on the precast unit. The single-tee configura-
tion was selected to simulate the vaulted ceiling shown on the pre-
liminary architectural drawings.

Connections: The tunnel roof members bear on a concrete encased
steel wide flange member. The pocket for the wide flange is cast
in the plant, and plugged. After excavation to that level, the
plug is removed, the steel member welded into place, and the con-
crete cast around it. The concrete encasement serves the dual
purpose of protecting the steel member and providing the necessary
elevation folerance. Horizontal lcads from the walls are tfrans-
mitted Through shims to The horizontal members, The shims are
accurately ptaceg so that the load is at the centroid of the
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member. The joint is then grouted for protection.

At the street level, the horizontal members rest on a cap
beam cast over the top of the precast wall units. Horizontal
loads are again transmitted through properly placed shims, Con-
nection details are shown in Fig. 25.

d. Foundations: Cast-in-place concrete or grout is tremied or
pumped to the bottom of the excavation as soon as practical after
the precast units are placed, before the cement-bentonite slurry
has set. This concrete cor grout is of sufficient strength to
transmit the vertical loads to the bearing material. The cement-
bentonite slurry has adequate strength, after setting, to trans-
mit the horlzontal loads.

Construction seqguence: Construction of the station is assumed to

start at fthe north end and progress continuously southward. The

following assumptions and decisions were made regarding the sequence

of operations:

a. Succeeding operations are kept approximately 100 ft (30 m) apart to
avoid interference, e.g., placement of precast, horizontal units
is 100 feet behind excavation. (Note: +this does not apply to
placement of the wal! units in the slurry trench, as the slurry
trench cannot be held open unsupported more than about 20 feet
(6.1 m) ahead of the placement of the wall units.)

b. Slurry trench excavation and placement of wall units is done one
side at a time so that Larrabee Street can be held open to at
least one-way fraffic.

c. Post-fensioning of the wall units is done as the last structural
operation. The post-tensioning ftendons are located for the final
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4,

loading condition. |f the post-tensioning is done earlier,
unfavorable stress conditions would result.

Certain operations at the intersection with Chicago Avenue, such
as placement of the soidier piles, could be done at the same time
as the slurry trench operations.

Access to the excavation, after placement of the street level
horizontal members is at the location of the north entrance

(See Fig. 24). This would necessitate the purchase and

removal of the existing buildings at that location eariier than
might otherwise be required. This property, or another vacant
lot near there could also be used for the slurry handling equip-
ment and other construction storage. |t may also be desirable to
use the parking lot south of the Wards Administration Bullding for
the slurry equipment when operations are at that end of the site.
The structural design of the walls requires a temporary strut to
be placed approximately 12 ft+ (3.7 m) above the bottom of the ex~
cavation. This strut must remain in place unti! the base slab is
cast and the wall units post-tensioned. After the 4 f+ (1.2 m)
thick base slab is cast, there is insufficient clearance for trucks
to operate on the siab. Therefore, with a single access to the
tunnel, all excavation must be completed before casting of the

base slab begins.

A precedence diagram showing the relationship of the various construc-
tion operations is shown in Fig. 29. A detailed description of each
operation is shown in Table |I. These operations are used as the input
to a Critical Path Method (CPM) computer pregram. The output of this

program is shown as Table 2.
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Table |. Case Study 1: Construction sequence using prefabricated

Operation
Number

1-3

4

12-14

16

18

20, 22

21

24

26-28, 32-
34

30

structural elements

(See Flg. 29 for Precedence Diagram)

Description of Operations

Initializing operation necessary for computer input.

Plug abandoned Metropclitan Sanitary District pipe fo avoid loss
of silurry where slurry trench and pipe cross. Abandoned MSD
pipe Is because of necessity To relocate outside of main tunnel,

Construct access to tunnel from off-street site fto be used during
construction phases occurring after permanent restoration of street,

Relocate utilities such as gas lines completely off of the construction
site. Relocate other necessary utilities that are in or near line

of slurry, trench or interfere with placement of scoldier piles across
intersection. See page 3 for explanation.

Construct a temporary railroad spur farther away from excavation

limits to allow continued use and minimize surcharge effect on
excavation.

Erect side walk barricade to separate pedestrians from construction
activities.

Close cne side of street to traffic to allow construction activities
while retaining single-lane traffic on other side.

See Operations 8-10.

Clean-up, remove barricades, and generally restore side of street
currently closed off to accept traffic while other side is closed
down.

Close street completely to all traffic,

See Operation 10,

See Operation 16,

Block off Montgomery Ward pedestrian tunnel during construction
operations. Pedestrian tunnel will be rebuilt later in project.

See Operations 8-10

See Operation 6.
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Table |. Case Study 1: Construction sequence using prefabricated

Operation
Number

36-38

50

51
52
53-561

61-66, 71-
75

100-102

104-106

108-110

120

122

124

126

128

structural elements (continued)

Description of Operations

See Operations 16-18.

Initlalization of precasting operations necessary for computer
input.

Shop drawings for wall units and their approval.
Preliminary work required before casting of precast units,
Casting and shipping of precast wall units.

See Operations 51, 51, 53-56. Similar, but for different precast
units.

Construct a guide trench to be used for accuracy of slurry trench.
construction and alignment and temporary suspension of precast
wall units.

Construct a sturry trench, place and temporarily suspend precast
wall units, and pour continuous wall footing by the tremie method.

Cast a continuous concrete cap beam to be a ledger beam and sup-
port the precast horizontal members at the street level,

Excavate, mostly by hand, to the bottom of the utilities so all
utilities are exposed and can be suspended later from the hori-
zontal precast members at the street level. 1f utility depths
are irregular, some may need to be lowered and others supported
on some kind of femporary chair, |t is anticipated that this
operation will be expedited to minimize the time the street is
closed. Round-the-clock operation If necessary.

Place precast street tees in position and secure flanges together
by welding.

Suspend utilities at infervals regquired by any means suitable ‘o
last until more permanent pipe racks, etc. can be installed
tater in the construction seguence.

Cast concrete topping at appropriate slope for drainage and finish
top surface suitable for permanent fraffic.

Atlow concrete to cure to desired strength.
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Table |. Case Study 1: Construction sequence using prefabricated

Structural elements (continued)

Operation Lo )
Number Description of Operations

130 Excavate to bottom of finatl excavation and set two levels of tem-
porary streets as excavation progresses.

132 Construct haunch in accordance with design at the center web of
each precast wall unit and finish to appropriate height to allow
placement of tunnel roof level precast members.

134 Remove upper level of temporary struts, place precast tunnel roof
tees and secure flanges by welding.

136 Bul Id-up waterproofing and allow tc set.

138 Similar to Operation 126.

140 Restore utilities on permanent racks, color code, inspection and
rep lacement, malintenance, etc.

142 Lay a new gravel base if old base has been embedded in ctay by
trucks and construction equipment. Form, pour and finish 4 ft. deep
base slab.

144 Stress post-tensioning fendons in the precast wall units and remove
second level of temporary struts.

146 Caulk wall joints to retard seepage.

200 Hand dig a trench on line of soldier piles down to utilities to
accurately locate them and altow the drilling operation to proceed
unobstructed.

202 CDrill shaft, place and align soldier pile and secure into position
by backfilling or setting slurry.

204-212 See associated operation from 120-126.

214 Permanently restore al!l rallroad ftracks to original position.

216 See Operation 128.

220-236 Side Z same as side 1.

240 See Operation 130.
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Table |. Case Study 1: Construction sequence using prefabricated

Operation

Number

242

244

246-248

250-252

254-256

258

260

262-268

300-350

301, 303
331
342
344

470-500

structural elements (continued)

Description of Operations

Erect permanent steel beams between soldier piles to support pre-
cast members at the tunnel roof level. Erect wales to ftransfer
the horizontal force between the permanent soldier piles and the
precast members which will permanently brace the walls when the
struts are removed.,

See Operation 134,

Place waterproofing mats against lagging in preparation for cast-
in-place wall which will be poured against lagging.

Flace cast-in-place reinforcement and secure in front of lagging
acting as a back form.

Erect formwork and pour cast-in-place wall and haunch as shown in
drawings.

FPlace gravel base, erect necessary formwork, place reinforcement
and pour a slab on grade for escalators, etc. located in short
span of Z-span area.

Strip cast~in-place wall forms and patch or sandblast as required
To obtain a permanent finish,

See assoclated operations from 136-142.

Except for additional operations listed below, see associated
operations from 100-146.

Similar to Operation 202, but at pedestrian tunnel location.
See Operation 24Z.

Combination of operations similar to those from 246-256.

See Operation 260.

Non-functional operations designating completion.
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Table 2. Case Study 1: Comouter output of CPM program for
construction using prefabricated structural elements

PRA@JECT SCHEDULE
FROM JAN 1, 1977 T2 FEB 27, 1979 - SURTED Br SEQ

CUTD - LARRABEE STREET STATI19N APR 27, 19717
DEPT s EARLIEST LATEST TUTAL
NUMBER DESCRIPTIDN DUR START FINLSH START FINISH FL3AT
1 START NORTH LARRABEE O 1JAN77 JJANTT 3JANTT IJANTT Q
2 START INTERSECTION 0 1JANTT 3JANTT7 18MAYT8 18MAY T8 352
3 START S2UTH LARRABEE O 1JANT77 JJANTT 2JUNT8 2JUNT8 3a2
x 4 PLUG MSD 20 3JANTT 28JANTT 3JANTT 28JANTT 0
S CUON CONSTRUCTIZN ENT 20 3JANTT7 28JANTT 22JUL77 18AUGTT 142
* 6 REL UTILL NOQ OF CHG 40 J3JANTT 25FEB77 JJANTT 25FEBT7 o
* 7 CBN TEMP RR TRK 20 3JANTT 28JANTT JJANTT 2BJANTT 0
8 ER SDWK BARR SD 1 NO 5 3JANT7 TJANTT 24JANTT  28JANTT 15
10 CUT OFF TRAF SD 1| NO®@ O 7TJANTT TJANTT  JVJANTT 2MARTT 37
12 ER SDWK BARR 5D 2 N® 5 3JANT7 TJANTT SMAYT77 11MAYT7 88
14 CUT QFF TRAF SD 2 NO O 1IMAYT7 11MAY77 12MAYT7T7 12MAY T 0
*# |6 REST & @PEN SD 1 NO 4 6MAYTT 1IMAYTT 6MAYTT 1IMAYTT 0
18 CLOSE NOQRTH LARRABEE 0O 18AUGT77 1BAUGTT7 192AUGTT 19AUGT7 o)
20 CUT OFF TRAF SD 1 INn QO 3JANTT 3JANT7 1BMAYTB 18MAY T8 352
21 REST & OPEN SD 1 INT 0 28MART7 28MART7 23JUNT8 23JUNTB 316
22 CUT @FF TRAF SD 2 IN 0 28MART7 28MAR77 23JUN78 23JUNTE 316
24 BLK OFF PED TUNN 10 3JANTT 14JANTT 16JUNT8 29JUNTSB 312
26 ER SDWK BARR SD 1 S8 2 J3JANT7 4JANTT 2B8JUNTE8 29J4UNT78 380
28 CUT @FF TRAF SP 1 3@ 0 4JANTT? AJANTT 30JUNT8 30JUNTSB 380
30 REL UTIL S@ BF CHG 20 3JANTT 28JANTT 2JUNT8  29JUNTS 362
32 ER SDWK BARR SD 2 590 2 JJANTT 4JANTT  24JULT8  25JULT8 3917
34 CUT QFF TRAF SD £ S@ 0O 24JUNTT7 24JUNTT 26JUL78 26JULT8 275
36 REST & OPEN SD 1 S@ 2 23JUNTT 24JUNT7 24JULT78 25JUL78 275
38 CL@SE SOUTH LARRABEE 0 18JUL77 18JUL77 16AUGTB 16AUGTSH 2175
50 PRECAST CROTRACT 0 1JANT7T 3JANTT SJANTT? SJANTT 2
51 SH DRWGS WALLS 20 3JANTT  28JANTT SJANTT IFEB77 2
52 BED SET-UP WALLS 10 3JANTT7  14JANTT 19JANTT IFEB77 12
53 CAST WALLS 5D 1 N@ 42 31JANTT  29MARTT 2FEBT7T 31MART7 2
54 CAST WALLS 3D 2 NGO 42 30MAR77 26MAYT77 16MAYTT  14JULTT 33
55 CAST WALLS SD 1 50 6 2TMAYTT 6JUNTT 27JUNTS sJuL 78 275
56 CAST WALLS SD 2 5@ & TJUNTT 14JUNTT 21JUL78 28JULT8 286
41 SHOP DRWGS STR TEES 30 3JAN7T LIFEB77 8JULT77 1BAUGT7 132
62 BED SET-UP STR TEES 10 J3JANT7T 14JANT7 SAUGT?T 1BAUGTT 152
63 CAST STR TEES N@ 16 14FEBT7 TMARTT7 19AUGT?T7 12SEPTT 132
64 CAST ST TEES SD 1 IN 1 8MART7 8MART7 2JUNTB 2JUNT8 316
65 CAST ST TEES SD 2 IN 1 15MAR77 I5MAR77 10JULT78 10JUL78 336
66 CAST ST TEES S© 2 22MAR77 23MART77 14AUGT8 15AUGT8 356

71 SH@OP DRWGS RBQF TEES 30 3JAN7T 11FEB77 J30SEP77 10ONGVTY 191
72 BED SET-UP RBOF TEES 10 3JANT7T 14JANT77 2840CT77 10NBVTI7 211

73 CAST ROOF TEES NGO 16 14FEBT7 TMART7 1INQVTT SDEC77 191
74 CAST R®OF TEES INT 2 8MART7 IMARTT 12BCT78 138CT78 409
75 CAST ROOF TEES S0 2 ISMARTT7 16MARTT 19BCT78 204CT78 409
* 100 C&N GDE TR SD 1 N@ 30 31JANTT 11MART7 31JANT7 11IMART? 0
* 102 CON GDE TR SD 2 N@ 30 I12MAY 77 23JUNTT7 12MAYT77 23JUNTT 0
* 104 CON WALL SD 1 NO 60 9FEB77 IMAYTT IFEBT7 3MAY 77 0
* 106 CON WALL SD 2 NO 60 23MAYTT 16AUGTT 23MAYTT 16AUGT7 o
* 108 CAST CAP BM SD 1| N@ 20 B8APRT7 SMAY 77 8APRTT SMAYT7? o
* 110 CAST CAP BM SD 2 NO 20 22JUL77 18AUG7T 22JUL77 1BAUGT7 0
* 120 EXCAVATE EL 1 NO 20 19AUGT7 16SEPTT 19AUGTT 16SEP77 0
* 122 SET STR TEES N@ 16 26AUG77 19SEP77T 26AUGTT 19S5EP77 0
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Table 2.

Case Study 1:

Computer output of CPM program for

construction using prefabricated structural elements (continuad)

PROJIECT

SCHEDULE

FR2M JAN 1., 1977 TO FEB 27, 1979 - S@RTED BY SEQ
CUTD =~ LARRABEE STREET STATI1ON APR 27, 1977
EARLIEST LATEST TAaTAL
NJMBER DESCRIPTION DUR START FINISH START FINLISH FL9AT
¥ 124 TEMP SUSP UTIL NO 16 29AUGT7 20SEPTT 29AUGT77 20SEP77 0
126 PAVE STR N@ 10 123EP77 23SEP17 TFEB79 20FEBT79 359
128 CURE PAVING N@ S 268SEP77 30SEP77 21FEB79 27TFEB79 359
* 130 EXC & SET STRTS N@ 225 21AUGTT 13JULTB 31AUG77 19JULTS 0
132 CAST HAUNCH SUP N8 205 6UCT77 26JULTE 15NQVTT 2SEP78 28
134 SET ROOGF TEES N@ 205 110CTT77 31JULT8 1B8NGVTT BSEPTS 28
136 WATERPROOF ROQJF NO 30 1AUGTB 12SEPT78 2SEP78 190CT78 28
138 CAST TOPPING ROOF NO 20 13SEP78 9QCT78 200CT78 16NUVTE 28
140 PERM REST UTIL N2 70 100CT78 18JANT79 17NOVI8 27FEBTY 28
¥ 142 CAST BASE SLAB NG 50 B8DECT8 19FEB79 SDECT73 19FEB7Y o
* 144 PT & REM TEMP STRTS 30 12JANT9 22FEB79 12JANT2? 22FEB79 0
* 146 SEAL WALL JOBINTS NO 25 24JANT9 27FEBT79 24JANT9 27FEBTY 0
200 UNCOVER UTIL 5D 1 IN 2 3JANT7 4JANTT 18MAY 78 19MAY T8 352
202 SO@LD PILES SD 1 INT 10 SJANTT 18JANTT 22MAY T3 5JUNT8 352
204 EXC EL 1 SD 1 INT 3 19JANTT 21JANTT 6JUNT8 BJUNTS 352
206 CAST CAP BM SD 1 INT 2 19JANTT7 20JANTT TJUNTB 8JUNT8 353
208 SET STR TEES SD 1 IN 2 1SMAR77T 16MAR77 YJUNT8 12JUNT8 316
210 TEM SUS UTIL SO 1 IN 1 1 M™AR77 17MART7 13JUNT8 13JUNTS J1lé
212 PAVE SD 1 INT 2 18MAR77 21MART7T 14JUNT8 15JUNTS 316
214 REST RR TRK SD 1 INT 2 18MARTT 2I1MAR7T 21JUNTS 22JUN78 3z1
216 CURE PAVING SD 1 INT 5 224AR77 2BMAR77 16JUN78 22JUNTS8 316
220 UNCOVER UTIL SD 2 IN 2 29MAR7T 30MAR77 23JUNT8 26JUNTS 316
222 S@ALD PILES SD 2 INT 10 31MAR77 13APR77 27JUN78 11JUL78 316
224 EXC EL 1 S 2 INT 3 14apPR77 18APR77 12JUL 78 14JULTS 316
226 CAST CAP BM SD 2 INT 2 14APR77 15APR77 13JUL78 14JULT8 317
228 SET STR TEES SD 2 IN 2 19APRT77 20APRT7 17JULTS 18JULT8 316
230 TEM SUS UTIL SD 2 IN 1 21APR77 21APRTT7 19JUL78 19JUL 78 316
232 PAVE SD 2 INT 2 22APR77 2S5APR77 19FEB79 20FEB7Y 465
234 REST RR TRK SD 2 INT 2 22APR77 25APR77 26FEBT9 27FEBT79 470
236 CURE PAVING SD 2 INT 5 26APR77 2MAYT77 R21FEB79 2T7FEB79 465
* 240 EXC & SET TEMP STRTS 25 20JUL78 23AUGT8 20JUL78 23AUG73 0
242 ERECT BMS & WALES 2 24AUGT78 25AUGTB  198CT78 200CT78 40
244 SET ROQ@F TEES INT 1 28AUG?8 28AUG78 23QCT78 230CT78 40
246 WATRPRFNG-WALLS SD 1| 2 24AUG7?8 25AUG78 200CT78 230CT78 41
248 WATRPRFNG~WALLS SD 2 2 2BAUGTB 29AUGT8 310CT78 1NQVTB 46
250 PLACE CIP REIN 5D 1 3 29AUGTBE 31AUGTE 240CT78 268CT78 40
252 PLACE C1lP REIN SD 2 4 1SEPT8 TSEPT8 2NaVv T8 INGV T8 44
254 F A P WALLS SD 1 8 1SEP78 135EP78 270CT78 INBVT8 40
256 F A P WALLS SD 2 10 14SEP78 R27SEP78 8NYVT8 21NOVTB 40
* 258 CAST S1DE S5SLAB 2 22NOVTE 24NOVT8 22N0VTB 24NAVTS 0
* 260 STRIP FMS & FIN WALL 4 27NOYT8 J0NBVTE 27NGVTS 30NOVTE 0
* 262 CAST BASE SLAB INT S 1DEC7T8 1DECT8 1DEC 78 TMEC T3 0
264 WTRPRF RE@BF INT 3 29AUG78 31AUGT8 11DEC78 13DELCTB 73
266 CAST TOPPING RO8F 1IN 2 1SEP78 2SEP78 14DEC78 15DEC78 73
268 PERM REST UTI1L INT 50 6SEP78 13NOVTI8 IBDECT78 2TFEBT79 73
300 CON GDE TR 3D 1 S@ 3 31JANTT 2FEB77 30JUNT8 S5JuUL 78 362
301 S@L PIL-PED TUuN SD 1 2 3FEB77 4FEBTT 18JULT8 194UL78 370
302 C@N GDE TR SD 2 Sa@ 3 27JUNTT 29JUNTT 26JULT8 28BJUL T8 275
303 SQL.PIL-PED TUN SD 2 2 30JUNT7T 1JULT77 10AUGT8 11AUGTB 283
304 CON WALL SD 1 59 10 TJUNTT 20JUNTT 6JUL78 19JULT8 275
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Table 2, Case Study 1: Computer output of CPM program for
construction using prefabricated structural elements (continued)

PROJECT SCHEDULE '

FROM JAN 1. 1977 TO FEB 27, 1979 = SORTED BY SEQ
CUTD = LARRABEE STREET STATION APR 27, 1977
EARLIEST LATEST TATAL
NUMBER DESCRIPTION DUR START FINISH START FINISH FLOAT
306 CON WALL SD 2 5@ 10 30JUNT7 14JULT77 31JUL78 11AUGTS8 2175

21JUNT77 22JUNTT7 20JULT8 21JULT78 275
15JUL77 18JUL77 14AUGT8 15AUGTB 275
19JUL 77 21JUL77 16AUGT8 1BAUGTS 275
22JUL77 25JUL7v 21AUGT8 22AUGT78 275
26JUL 77 26JULT7T 23AUG78 23AUG78 275
27JUL7T 28JULT7 19FEB79 20FEB79 399
29JUL 77 4AUGT7 21FEB7? 27FEB79 399

308 CAST CAP BM SD 1 S@
310 CAST CAP BM SD 2 50
320 EXCAVATE EL 1 SO
322 SET STR TEES SO

324 TEMP SUSP UTIL SO
326 PAVE STREET S@

328 CURE PAVING S@

* 330 EXC & SET STRUTS S@ 40 24AUG78 180CT78 24AUGT8 1BACTT8 0
331 ER SUP FRAMING S@ 198CT78 198CT78 250CT78 258CT78 4
¥ 332 CAST HAUNCH SUP 50 198CT78 250CT78 198CT78 25@CT78 0
* 334 SET ROOF TEES S0 268CT78 278CT78 268CT78 270CT78 0
336 WTRPRF ROOF 50 308CT 78 3NBVT8  19JANT9 25JANT9 56
338 CAST TOPPING ROOF S50 6NOVTB BNBVT78 26JANTY 30JANT9 56
340 PERM REST UTIL S@ 2 INDV T8 TDEC78B 31JANTY 27FEB79 56
* 342 CON CLP WALLS 50 3008CT 18 3NBVT8 30@CT78 INBVT8 0
* 344 CURE WALLS-REM FMS &NOVTB INBVTE 6NV T8 INQVTE 0
* 346 CAST BASE SLAB S0 10NBVT8 21NBV78 IONBVT8 2]1n3V78 0
348 PT & REM TEMP STRTS 22N@VT8 29N@VTB 15FEB79 21FEB79 58
350 SEAL WALL JOINTS S0 30NOV T8 SDEC78 22FEB79 27FEB79 58

3J0SEPT77 J30SEP77 2BFEB79 28FEB79 359
2MAY 77 2MAY77 2BFEB79 28FEB79 465
4AUGT7 4AUG7?7? 28FEB79 28FEBT9 399

27FEB79 27FEB79 2BFEB79 28FEBT9 o

470 @QPEN NORTH LARRARBEE
480 OPEN CHG AVE

490 OPEN SOUTH LARRABEE
500 END OF PRBJECT

COO0O0OHVRLUVUOWUNU=0U0N~=NWNIMN
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C. COMPARISON WITH CONVENTIONAL CONSTRUCT |ON

For comparative purposes, the following "conventianal" construction

method was assumed:

1.

A temporary retaining structure is constructed using steel soldier
piles placed in drilled holes. Driven sheet piling was not consider-
ed feasible due to noise and vibration. This tfype of temporary
structure is being used in subway construction in Washington, D. C.
and New York City.

Timber lagging is placed between soldier piles as excavation pro-
ceeds.

While closing of the street will be permitted for limited periods
of time, temporary street decking is required during the construction.
The permanent structure is a cast-in-place reinforced concrete tube as
shown in Fig. 28.

A precedence diagram showing the relationship of the various construc-
tion operations is shown in Fig. 30. In this case the opera-

tions were assumed to start at the north end of the project and contin-
ue sequentially to the south end. It was assumed that materials,
equipment, and men could enter or be removed from the excavation by
removing sections of the ftemporary timber deck, as well as through

the access at the north end.

CPM output for the conventional method is shown as Table 3,



Table 3. Case Study 1: Computer output of Critical Path Method (CPM)
program for construction using conventional methods

PR JECT

FROM JAN 1., 1977 TO FEB 5>
CUTD - LARRABEE STREET STATI1@N

SCHEDULE

1979 - SORTED BY SEQ

1977

P I e . e i R R I R I R I

DEPT:
NUMBER DESCRIPTI®ON DUR
1 START (¢}
4 CONST TEMP RR TRACK 20
6 CON CONSTRUCTION ENT 20
* |00 ER SDWK BARR 10
¥ 102 RELBCATE UTILITIES 40
* 104 SOLDIER PILES 120
* 110 EXCAVATE EL 1 103
* 112 SET DK BMS & DK 103
* 114 TEMP SUSP UTIL 103
* 116 EXC»LAG & SET STRTS 340
* 118 F A P BASE SLAB 185
* 120 F A P WALLS 200
* 122 F A P RAAF 200
124 WATERPRQOF WALLS 185
* 126 WATERPRQQF RAGF 185
128 BACKFILL EL 3 183
* 130 BACKFILL EL 2 185
* 132 BACKFILL EL 1 24
% 134 RESTORE UTILITIES 200
* 136 REMBOVE DECK 12
¥* 138 REMOVE SOLDIER PILES 60
* 140 PAVE STREET 16
* 142 CURE PAVING 20
144 REST RR TRACK 20
500 END OF PROJECT aQ

EARLIEST
START FIN1SH
1JANTT 3JANTT
3JANTT 28JANTT
3JANTT 2BJANTT
3JANTT 14JANTT

17JANTT 11MAR77
14FEB77 2AUGT7
1aMART7 SAUGT7
1TMAR77 10AUG7?7
I8MART77T 11AUG77
21MARTT 19JULTB
3NBVTT 26JULTB
10NBVT77T 23AUG78B
SDEC77 21SEP78
9DECT77 30AUGTS
10JANT78 28SEP78
16DEC77 2SEP78
17JANTB 4dCT78
278CT78 30NBVT8
31JANT8B ENOVT7S
250CT78 INBVTB
319CT78 25JANTY
8JANT9 29JANT?
PJANTY SFEB79
INAV T8 TDEC78
SFEB79 SFEB79

32

APR 275
LATEST

START FIN1SH
3JANTT  3JANT7
17JANT7 11FEB77
21FEB77 18MAR77
3JANTT 14JANTT
17JANT7  11MAR77
14FEB 77 2AUG77
1 4MART7 54UG77
17MAR77 10AUG77
1BMAR77 11AUG77
21MART7?7 19JUL T8
aN@V77 26JULTS
10N@V77 23AUGT8
9DEC77 21SEP78
5JAN78 23SEP78
10JAN78 28SEP78
12JAN78 28BSEP178
17JANT8 49CT78
279CT78 30NAV78
31JANTS  B8NBVTS8
250CT 78 INBY T8
310CT78 25JANTY
8JANT9 29JANT9
9JANT9 SFEB 79
9JANT9 SFEB79
6FEB79 6FEB79

TATAL

FLOAT

—

]
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Table 4.

Case Study 1:

Construction cost estimate of

system using prefabricated components

(Total Cost Per Foot of Tunnel Length)

Performed Ge?%oﬁr. G. C. C°8Inl?~
I +em by (Doltars/ft)| OH & P (%)|(Dollars/ft
1. Guide Trench Sub 50 10 55
2. Slurry trench excavation Sub 2480 10 2728
3. Precast wall panels Sub 1640 10 1804
4. Foundation tremie concrete G. C. 50 25 63
5. Cap beams G. C, 180 25 225
6. Hand excavation G. C 260 25 331
7. Strest level deck members Sub 425 10 468
8. Street paving G. C 70 25 88
9. Machine excavation - under roof G. C 444 25 555
10. Temporary struts G. C. 130 25 163
11. Haunches G. C 25 25 31
12. Roof tees Sub 214 10 235
13. Waterproofing Sub 112 10 123
14, Concrete topping (roof) G. C 90 25 112
15. Floor slab G. C 315 25 394
16. Post-fensioning Sub 375 10 413
17. Joint treatment G. C 12 25 15

$7,803/ft

Cost per metre ® 3.28 x cost per ftf,
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Table 5. Case Study 1: Constfruction cost estimate system
using prefabricated components
(Costs to General Confractor per Foot of Tunnel Length)

Costs to G. C.
[tem No. Item (Dollars/f1)

1. Guide trench - usually subcontracted by slurry
trench contractor:

Excavation - 1.8 c.y./ft x $1.10 1.98
Forming - 8s.f./ft  $1.25 10.00
Reinf - 3% /T $0.25 .75
Concrete  -0.25 c.y./ft x $30.00 = _7.50
20.23 x 2 =
$40. 46
add sub 0.H, & Profit 50
2. Slurry french excavation. Soil information indi-

cates relatively easy digging - few cross ufili-
ties. Cost information from 1C0S:

$20/S.F. x 62 ft x 2 sides (includes sub
0.H. & F) 2480

3, Precast, prestressed concrefe wall panels, Includes

placing post-tensioning ducts, but does not include

P-T strand or labor (see detailed breakdown) 1640
4, Foundation tremie concrete (see drawings)

Approx. 0.35 c.y. per side x 2 x $70 50

5. Cap beams - $100/cu yd includes forming and rein-
forcing (light reinforcing). 0.9 cu yd per side 180

6. Hand excavation to bottom of utilities. Includes
digging arcund utilities. Between slurry walls

46,33 x 8 + 27 = 13 cu yd x $20 260
7. Street level deck members (see detailed breakdown) 425
Approx. 52' x $12.00/sq vyd 70

Cost per metre * 3.28 x cost per ft.
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Table 5. Case Study 1: Construction cost estimate system
using prefabricated components (continued)

{(Costs to General Contractor per foot of Tunnel Length)

Costs to G, C.

I'tem No. Item (Dol lars/ft)
9. Machine excavat under roof. Front end locaders
to trucks
74 cu yd/ft x $6.00 444
10. Temporary struts - 1 level x W14xB87
87#/ft x 46.33/8 x $0.26 130
11. Haunches - includes placing steel, welding, forming

and pouring cover (see drawing) $100 each

100 x 2/8 25
12, Roof tees (see detaiied breakdown) 214
13, Waterproocfing on roof

$2.40/S.F. x 46.33 112
14. Concrete topping at roof level (4" thick)

$2.00/S.F. 0
15. Floor slab, 4 f+ thick, minimum reinforcing

Machine finish (paving methods) 315

16. Post-tensioning - includes material and labor at

$1.10/1b x 1344 (b = $1500/panel

$1500 x 2/8 375
17. Joint treatment - caulking and sealing wall panel
Joints
$1.50/F+ 12

See summary sheet on page 34 for overhead and profit.
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Table 6., Case Study 1: Precast concrete estimate

WALL PANEL

Price per cu yd
Assume Z panels per bed

8' wide - 56' long each panel
29.3 cu yd per pane!
6000 psi concrete

| tem Cost/cu_vyd

Concrete (6000 psi) $33.00
Strand - 32 strands x 62' long x $0.21/ft ¢+ 29.3 14,22
Reinforcing Steel - 1900 Ib x $0.20/1b + 29,3 12.97
Embedded Steel Items - $150/panel + 29.3 5.12
Cardboard Forms $150/panel + 29.3 5.12
Misc, Handling Devises, etc, 2.00

TOTAL MATERIAL 72.43
On Line Labor -~ 10 men x 10 hrs x $8 (Avg.)

+ (2 x 29.3) 13.65
Off-Line Labor (Est) 5.00
Labor Overhead @ 250% 46.63

TOTAL LABCR 65.28

Equipment Write-off

Forms ~ 2-sets, self stressing

240 L.F. @ $125 = $30,000 + (275 x 29.3) = 3.72
Curing & Misc. Equip. = $50,000 # (275 x 29.3) = 6.21
Handling Equip. - $600/Day : (4 x29.3) = 5.12
TOTAL EQUIPMENT 15.05
SUB TOTAL $152.76
+ 35% 0., H. & Profit 53.47
FOB PLANT $206,23
Haul - Truck & Driver @ $30/hr, 1 Panel/Day = 30 x 8
v 29.3 = 8.19

Crane - 1/2 Day = $500

5 Man crew @ $18/hr = $360 Set 3 per 1/2 Day = 860 + (3 x 29.3) 9.78

$224.20/c.y.
224,20 x 29.3 = $6569 Per Panel or $14.66/sq ft
say $820/1.f.

Cost per cu metre ® 1.31 x cost per c.y.
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Table 6. Case Study 1: Precast concrete members {continued)

BULB TEE (STREET LEVEL)

Price per cu yd
Assume 6 units per bed
8' wide, 49'-4" long
12.0 cu yd/unit
6000 psi concrete

I tem Cost/cu yd

Concrete (6000 psi) $33.00
Strand - 20 strands x 55' long x $0.21/ft+ + 12 = 19.25
Reinf. Steel - 1800 Ib x $0.20/1b T 12 = 30.00
Embedded Stee! - $100/unit + 12 = 8.33
Misc, 2.00
TOTAL MATERIAL 92.58
On-Line Labor - 10 men x 10 hrs x $8 (Avg) + (6 x 12)=11.11
Off-Line Labor (est) 6.00
Labor Qverhead @ 250% 42,78
TOTAL LABOR 59.89

Equipment Write-off

Forms - 320 L.F. @ $125 = $40,000 + (155 x 12) 21.51
Curing & Misc. Equip = $25,000 + (155 x 12) 13.44
Handling Equip. = $250/Day (6 x 12) 3.47
38.42

Diaphragms - $100/BM + 12 = 8.50
SUB TOTAL 199. 39

+ 35% 0. H. & Profit 69.78

$269.17

Haul - Truck & Driver at $20/hr, 2 per day =
20 x 8 + (2 x 12) 6.67
Crane - $1,000
5 Man Crew @ $18/hr x 8 x 5 = $720
set 20 per day = 1720 = (20 x 12) 7.17

$283,01/c.y.

283,01 x 12 = $3,396.18 per unit or $8.61/sq ft
say $425/1,f.
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Table 6. Case Study 1: Precast concrete members (continued)

SINGLE TEE (ROOF LEVEL)

Price per cu yd

Assume 6 units per bed
8' wide, 46'-2" long
6.8 cu yd/unit
6000 psi concrete

| tem Cost/cu yd

Concrete (6000 psi) $33.00
Strand - 10 Strands x 50' long x $0.21/ft + 6.8 = 15.44
Reinf. Steel 135 b x $0.23/1b 6.8 = 4.57
W.W.F. - 400 S.F. x .20 + 6.8 = 11.76
Embedded Steel $50/unit + 6.8 = 7.35
Misc. 2.00

TOTAL MATER!AL 74,12
On-Line Labor 10 men x 8 hrs x $7 + (6 x 6.8) = 13.73
Off-Line Labor (es™t) 3.00
Labor overhead @ 250% 41.83

TOTAL LABOR 58.56
Equipment Write-off
Forms - 300 L.F. @ $100 = $30,000 + (150 x 6.8)

29.41 x 50% Write-off 14.71
Curing & Misc. Equip - $15,000 + (150 x 6.8) 14.71
Handling Equip. - $200/Day (6 x 6.8) 4,90

34,32
SUB TOTAL 167.00
+ 35% 0. H. & Profit 58.45
$225.45/c.y.
Haul - Truck & Drive € $20/hr, - 2 per day =
20x 8 = (2 x 6.8) 11.76
2 - Lift Trucks - $500/Day
4 - Man Crew @ $18/hr x 8 x 4 = 576
Set 12 per Day = 1076 * (12 x 6.8) = 13,96
$251.17

251,17 x 6.8 = $1,707.96/unit or $4.62/sq ft
say $214/1.1.
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Table 7. Case Study 1: Construction cost estimate, conventional system

(Total Cost Per Foot of Tunnel Length)

Cost to Cost to

iten B e R i
1. Drill holes for piles (30™) Sub 140 10 154
2. Steel soldier piles (material) Sub 495 10 545
3. Place in lean concrete G. C. 465 25 581
4, Hand excavation G. C. 340 25 425
5. Deck supports (Material & Labor}| G. C 370 25 462
6. Temporary wood decking G. C. 370 25 462
7. Machine excavation (under deck) G. C 600 25 750
8. Timber lagging G. C. 246 25 308
9. Wales G. C 60 25 75
10. Temporary struts G. C. 325 25 406
11, Structure G. C 3059 25 3824
12. Waterproofing Sub 336 10 370
13, Finish walls G. C. 34 25 42
14. Backfill G, C 330 25 412
15, Street paving G. C. 93 25 116

$8,932/ft

Cost per metre = 3.28 x cost per ft.
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Table 8. Case Study 1: Conventional system
Costs to General Contractor

Costs to G. C.
|tem No. | tem (Dollars/ft)

1. Dritt holes for piles - 30" to 36" diameter -
62' deep @ 8" o.c. casing req'd top 15 f7
2 x62 % 8=155I1.f. @ $3/ft = 77.50

(Unit price assume 25% sub OH & P) $140
2. Steel soldier piles - W27x145 - material only

delivered fo site 15,5 x 145 = 2250 |b x $0.22/1b

(not removed) 435
3. Place soldier pile. Concrete below tunnel floor,

lean concrete above. 3$30 per fool estimate based

on Wash., D. C. experience $30 x 15.5 = 465 465
4. Hand excavation to bottom of utilities. Inciudes

digging arocund utilities - 60 ft wide by 8 ft deep =

17 c.y. @ $20 340
5. Deck supports W36x182 °

Length = 46.33 + 16 = 62.33' x 182 + 8 = 1420#/ft
Material & Labor = 36¢/Ib less 10¢/1b salvage

1420 x .26 = 369,20 370

6. Temporary wood deck - 12 - x 12 Timbers

62.33 sq ft/ft = 0.74 MFBM

Material & Labor = $600/MFBM less $100 salvage = 370
7. Machine excavation under the temporary wood deck.

Load buckets with front-end loaders |ift to surface

with drag tine. Haul to disposal site. Includes

remove and replace sections of temp. deck as required

100 c.y./ft @ $6/cu yd 600
8. Timber lagging - 102 s.f. of 4" lagging per ft -

not removed 0.41 MEBM/ft x 600 246
9. Steel wales - 2 levels W30x116

2 x 116 x 0,26 = 60.32 60

10. Temporary struts - 2 levels W'4x87
(46,33 + 11) x 87 x 2 + 8 = 1250#/f+
1250 x .26 325

Cost per metre ¥ 3.28 x cost per fT.
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| tem
No.

11.

12.

14.

15.

Table 8. Case Study 1: Conventional system (continued)

Costs to General Contractor

Item
Structure
Concrete
Walls = 2 (28 + 9)(4) = 296 C.F.
Floor = 46.33 (4) = 185
Roof = 450 _
46.33 Taa - ° 145
626 C.F., = 23.2 c.y. x $45 = 1044
Reinforcing
4700 Ib x 30¢ = 1410
Formwork
Walls =(32 + 28) 2 = 120 S.F. x $3.50 = 420
Roof = 46.33 x 4.00 = 185 = 605
Waterproofing of walls and roof
Subcontracted at $2.80/S.F. x [@&@ x 33) + 54.33]
Finish walls (to provide comparable finish to precast)
Remove & patch ties, rub - 60¢/S.F. x 56
Backfill - includes compaction, but does not include bedding
for utilities or other work in restoring utilities
30 c.y. x $11
Street paving - 8" concrete paving with curbs, sidewalk

repair as required - prepare base

$13.50/s.y. x 62/9

See summary sheet on page 40 for overhead and profit.
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Cost to G. C.
(Dol lars/ft)

3059

336

34

330
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E. SUMMARY COMPARISON
The following compares the Time spans and dates that have a signifi-
cant affect on surface activity in the area:
1, Larrabee Street closed to traffic north of Chicago Avenue:

a. Precast Concrete construction method: 6 weeks near the beginning
of the project during excavation to the bottom of the utilities
setting street members and repaving.

b. Conventional construction method: 4 weeks tota! Time near the
beginning during excavation fo the bottom of utilities and sefting
of ftemporary deck. This would be intermitfent over a perliod of
15 weeks. An additional 4 weeks, intermittent over a period of
13 weeks at the end during backflill, removal of temporary deck
and repaving.

2. Larrabee STreeT; north of Chicago Avenue partially disrupted, i.e.,
some major construction activities in process on the surface:

a. Precast method: 9 months.

b. Convention method: 24 months.

.3. Chicago Avenue partially disrupted, i.e., single lane fraffic or tem-
porary decking:

a. Precast method: 4 months.

b. Conventional method: 11 to 19 months, depending on discretionary
sequencing of operations.

4, Larrabee Street closed fto traffic south of Chicago Avenue:

a. Precast method: 2% weeks,

b. Conventional method: One week at the beginning intermittently over
a six week period} one more week at end Intermittently over a two

week period.
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Larrabee Street, south of Chicago Avenue partially disrupted:

a. Precast method: & months.

b. Conventional method: 10 fo 20 months.

Date the street is permanently re-opened, assuming construction opera-
tions started on January 1, 1977:

a. Precast method: October 3, 1977.

b. Conventional method: February 6, 1979

Project completion date (primary structure as considered in this
study):

a. Precast method: February 21, 1979.

b. Conventional method: February 7, 1979

Costs: The cost estimates on pages 34-42 indicate that the precast
method is approximately 13% less costly for the phases of construction
considered, |T is estimated that the parts of construction compared
represents about €65% of the total cost, so the net savings on the pro-

ject is indicated to be about 9%.
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1. CASE STUDY NO. 2
HIGHWAY TUNNEL THROUGH AN

ENVIRONMENTALLY SENSITIVE AREA

Case Study No. 2 investigates the use of prefabricated structural
elements for a shallow highway tunnel! fThrough a public park in the suburbs of
a metropolitan area. |1+ was chosen because the site conditions are very djf-
ferent from the other Case Studies and represents a growing ftrend toward
building TransportFTion facilities with a minimum of environmental disruption.

This project is part of Minnesota Trunk Highway No. 55=116. |t goes

through Minnehaha Park in Minneapolis. Concept Plans for the project were pre-

pared for the Minnesota Department of Highways in 1974 by Van Doren-Hazard-

Stallings, Engineers and Architects of Topeka, Kansas, Figs. 31 through

35 (Appendix) show the layouts and preliminary structural system as presented i

Those concept plans.

This Case Study is presented in ftwo parts. Part A concerns the tunnel
structure. |T presents designs and details of funnel construction using pre-
fabricated components, and compares this method of construction with the
conventional cast-in-place structure shown on the Concept Plans.,

Part B investigates the use of prefabricated wall members for the re-
taining walls of the tunnel approaches. These designs were then compared
with cast-in-place cantilever walls as shown schematically in the Concept
Plans.

In the comparisons, every atfempt was made to compare equal quality of
construction. It is not the purpose of the study To second-guess or "value’
engineer" an existing design, but merely fo determine the feasibility of using

prefabricated members for this type of project.
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PART A TUNNEL CONSTRUCT ION

1.

DESCRIPTION

de.

Dimensions: The tunnel is approximately 1000 £t (305 m) long, 150
ft (46 m) wide and carries 3 lanes of fraffic in each direction.
Top of structural siab to underside of roof structure is approxi-
mately 19 ft (5.8 m) except at the south portal where it is 27 ft+
(8.2 m). There is between 3-1/2 (1 m} and 8 ft (2.4 m) of fill on
the structure with the average being about 6 ft (1.83 m). (See

Fig. 35)

Soil and groundwater characteristics: Soils d®a for the site is
shown in Fig. 31. Approximately one-half of the excavation is |
in glacial drift and the other half in Plattevitle !imestone.

The water table varies but for purposes of design it is
assumed at elev, 805.0.

|tems considered in the study: As in Case Study No. 1, the study

is limited to the structural elements. Items such as lighting,
barricades, cross-overs, portal entrance facades and al! other
architectural concerns are not considered.

An afternate design for the base slab is presented in Section
A-6 but is not considered in the cost comparison nor in the con-
struction time comparison.

Environmental concerns: Preservation of Minnehaha c¢reek and

Minnehaha park as a public use area is the sole reason for the tun-
nel, in lieu of a surface highway. The creek crosses over the tfun-
nel as well as running alongside a porticn of the north approach.
The creek must be diverted while the cross-over is constructed and
then returned to its original location. The creek must also be
permanent!y contained where 11 runs close to the north approach.
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This area of the park can be closed during construction, but a
minimum length of time of disrupfTion would result in the most
favorable environmental impact., It i{s assumed tThat the structure
will be built first, allowing for the restoration of the park upon
completion of the tunnel portion of the project.

I+ is assumed that for any methed of construction, traffic on
Minnehaha Parkway can be rerouted for a short period of time while
construction operations take place at that location.

2. PROPOSED TUNNEL CONSTRUCTION METHOD USING PREFABRICATED COMPONENTS

a. Structural framing: Two framing schemes described in Volume | of

this study were considered, bﬁf a cost comparison led To early
rejection of a scheme employing king piles.

The tunnel structure has precast, prestressed load-bearing wall
panels supported on cast-in-place footings. These panels span ver-
tically befween a cast-in-place base slab and precast, prestressed
roof units. The roof units are supported by the wall panels and
also act as permanent struts for lateral loads. The framing scheme
is shown in detail in Fig. 37..

b. Products and design: All elements are designed as simple span mem-

bers; no continuity is assumed. An eight foot module was selected
because it is a common module for precast, prestressed concrete
products thereby allowing much of the existing equipment in a plant
Yo be used.
(1) Wall units: The wall units are shown jn Figs. 36 through

38. They are designed to be manufactured in an off-site

precasting plant.
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(2)

(3)

The center wall panels separating the northbound and south-
bound traffic are 20 in. (508 mm) thick and each unit has six-
12 in. (305 mm} round voids. The panels are designed as pre-

stressed concrete columns. The oniy moment they carry is from

dead load eccentricity, which is minimal, and therefore only the

minimum prestressing to qualify as prestressed columns is pro-
vided; 14 prestressing strands.

The outer wall panels are also 20 in., (508 mm) thick, but have
no voids. This is to keep the shear stresses low enough that
shear reinforcement is not required. There are two reinforcing
designs for these wall panels. One has 27 prestressing strands
and is designed for the typical 18 ft (5.5 m) clear tunnel section
as shown in Fig. 37. The other has 37 prestressing strands and is
designed for the 26.5 ft (8.1 m) high scuth portal and sloping tran-
sition to the more typical height. The weight of a typical solid
wall panel is about 22 tons (20,000 kgJ.

Horizontal members: The precast, prestressed box girders are

also shown in Figs. 36 through 38. They are designed to span
between wall panels and also act as a strut for lateral loads.
They are designed to carry the equivalent of eight feet of fill
over their entire length.

Cap beams: To facilitate production and placement, the wall
panels are all the same tength over the typical!l tunnel section.
The footings are stepped to accommodate grade changes, resulting
in steps at the ftop of the wall. A continuous cast-in-place

cap beam of varying depth is placed on top of the wall panels

to affect the transition between the steps and the
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smooth flowing roof line desired. |t will be lightly
reinforced and conform to the width of the wall panel. (See
Fig. 37.

c. Construction sequence: For the purposes of presenting the con-

struction sequence the 1000 ft (305 m) of tunnel has beén divided

info four sub-projects as follows:

SP1 - Sta. 223,25 - Sta. 226-25
SP2 - Sta. 227.25 - Sta. 230.25
SP3 - Sta. 230.25 - Sta. 233.25

SP4 - Sta. 226.25 - Sta. 227.25

Construction of the tunnel is assumed to start with the tem-
porary diversion of Minnehaha creek from an area in sub-project
SP1 to SP4. The construction wil! then proceed through SP1, SP2,
SP3, and SP4 in order, generally working away from the diverted
creek (from North to South in SP1, and from South to North in
SP2 and SP3) - See Fig. 4. After SP1 has been completed, the creek
canh be re-diverted to its final location.

A precedence diagram showing the relationships of the various
operations is shown in Fig. 39. A detailed description of each
operation is shown in Table 9, These operations are used
as input fo a Crivical Patn Method (CPM) computer program. Esti-
mated activity durations and precedences used in establishing the
CPM consider not only the required time fo compiete a given acti-
vity, but also reasonable allocation of rescurces. For example,
with fThe construction sequence shown, it is fechnically possible
to work on subprojects SP1 and SP2 simultaneously. However, this
would result in a much higher requirement of manpower and equipment
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than the remainder of the project, and the economy and efficiency

would probably suffer. Therefore, the similar operations on each

subproject are sequenced.
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Fig. 4:

Plan of tunnel site showing assumed construction seguence

50




Table 9. Case Study 2: Construction seguence using
prefabricated structural elements

(See Fig. 39 for Precedent Diagram)

Last 2 diglts of
Operation Number Description of Operations

0z Excavate to rock using draglines and/or
front end lcaders.

04 Rock excavation to desired depth using
explosives, rock rippers, etc.

06 Form and pour cast-in-place footings to
receive wall panels.

08 Place and temporarily brace precast wall
panels,
09 Construct structural enclosure for

accessory bulldings at north portal.

10 Seal all joints in wall panels and apply
waterproofing fto walls.

12 Prepare base and cast base slab.

14 Drill in rock anchors for base siab.

16 Form and pour cap beam on top of wall
panels.

18 Place precast roof members.

20 Seal all joints in roof members and apply

waterproofing fto roof.

22 Cast profective concrete topping over
waterproofing on roof of tunnel.

23 Construct creek bed across tunnel roof.
24 Backfill to finish grade.
50 Divert Minnehaha creek temporarily while

construction operations take place.
53 Redivert Minnechaha creek to final location.

57 Remove temporary culvert following rediver-
sion of creek.

51



Table 9. Case Study 2: Construction sequence using

prefabricated structural elements (continued)

Last 2 digits of

Operation Number Description of Operations

59 Primary construction completed.

60 Award precast contract.

61 Shop drawings for wall panels,

62 Bed set-up for wal! panels,

63-66 Cast wall panels for SP1 to SP4 respec-
tively.

71 Shop drawings for roof members.

72 Bed set-up for roof members.

73-76 Cast roof members for SP1 to SP4 respec-
tively.

52



Table 10.

Case Study 2Z:

program for construction using prefabricated components

UL E
SURTED BY SE@
OCT 29,
LATEST
START FINLSH
1APR77 26MAYT7
22DEC77 29DEC77
30DEC77 6JANTS
3MART78 3MAR78
12MAYTT  12MAYT7
10JUNT?7 22JuL77
11JUL77 22JUL77
25JuUL77? AUGT7
12SEP77 27SEP71
178CT77 INGVTT
24JANT78 27JANTS
13MAY 77 24JUNT7
13JUNTT  24JUNT7
27JUNTT 1BAUGTT
19AUGT77 128CT177
130CT77 6DEC 77
24JANTS TFEB 78
27TMAYT7 10JUNTT
13JUNT7  25JUL77
27JYL7117 9AUGTT
10AUGT77 23AUG77
210CT 77 IN@VT7T
7SEPT7T 20SEP77
2185EPT1 INOVTT
249AUGTT 12SEPT7
13SEP77 298SEP77
30SEP7T 13BCT77
14@CT77 18ACT77
190CT77 INBVTT
288V 177 TDEC77
12JUL77 25JUL177
26JULT7T 6SEP717
14SEP77 27SEP17
28SEP77 110CT77
28NOVT7 7DECT7
128CTT77 250CT77
26QCT77 TDEC 77
138CT77T 31QCT77
INOVTT 1 TINOBVTT
18NBVTT 2DEC77
S5DEC717 TDEC77
SDEC77 13JANTS
23AUG77 6SEP77
7SEP77 188CT77
190CT77 1NOVTT
2NAVTT  1SNBVTT
SDEC77 3JANTS
4JANTE 13JANTB
16NBVTT 30NBVTT
1DEC77 13JANTS

Computer cutput of Critical Path Method (CPM)

1976

TOTAL
FLOAT

R R R R R et ]

139

-]

w

0

—

PROJECT SCHED
FRGM APR 1, 1977 T@ MAR 3., 1978 -
DAT -MInN=-PRECAST

DEPT: EARLIEST
NUMBER DESCRIPTI1ON DUR START FINLSH
* SO0 DIVERT CREEK TEMP 40 1APRT7 26MAYT7
S3 REDIVERT CREEK S5 T7DEC77 13DEC77
57 REMOGVE TEMP CULVERT 5 14DEC77 20DECT77
* 59 PRIMARY CONST Co2MP 1 3MAR78 3MARTS
60 PRECAST CONTRACT 1 1APR77 1APRT7
61 SH@QP DRWG WALL PANEL 30 4APR77 13MAYT77
62 BED SET-UP W P 10 4APR77 13APR77
63 CAST WALL PANELS SP1 12 16MAY77 1JUNT 7
64 CAST WALL PANELS SP2 12 2JUNT7 17JUNT7
63 CAST WALL PANELS SP3 12 20JUNT7 6JULTT
66 CAST WALL PANELS SP4 4 7JULT7T 12JUL77
71 SHOP DRWG R@OF MEM 30 4APR7T 13MAYT7
72 BED SET-UP R@GOF MEM 10 4APR77 15SAPR77
73 CAST ROGF MEM SPI1 38 16MAYT7 8JULTT
74 CAST ROOF MEM SP2 38 11JULT77 31AUGTT
75 CAST RO@F MEM SP3 38 ISEP7T 250CT77
76 CAST ROOGF MEM SP4 11 260CT77 INOVTT
* 102 EARTH EXC 5P1 10 2TMAYTT 10JUNTT
* 104 ROCK EXC S5P1 30 13JUNTT 25JUL77
106 WALL FO@@TINGS SP] 10 26JUL7T7T 8AUGT T
108 WALL PANELS SP1 10 9AUGTT 22AUG77
110 WATERPROOF WALLS SP1 8 23AUG77 1SEPT7
112 BASE SLAB SPI1 10 23AUG77 6SEP77
114 ROCK ANCHORS SPi 30 7SEP77 18BBCT177
116 CAP BEAM SP1 13 23AUG7T77 9SEP77
118 ROOF MEMBERS SP1 13 12SEP77 28SEP77
120 WATERPROOF R@OF SP1 10 29SEP77 12@CT77
122 PROTECTIVE CONC S5P1 3 130CT77 170CT77
123 CANST CREEK BED 10 18@CT77 310CT71
124 BACKFILL SP1 25 INBV77 6DECT77
202 EARTH EXC SP2 10 1APR77 14APRT17
% 204 ROCK EXC SP2 30 26JUL77 6SEP71
206 WALL F@OTINGS SP2 10 7SEP77 20SEP77
208 WALL PANELS SP2 10 215EP77 40CT77
210 WATERPRQOF WALLS SP2 8 5@8CT77 14@0CT77
212 BASE SLAB SP2 10 SOCT77 1BOCT77
214 RACK ANCHORS SP2 30 190CT77 QJ30NQV77
216 CAP BEAM SP2 13 S50CT77 210CT77
218 R@QF MEMBERS SP2 13 242CT1717 INBVTT
220 WATERPROZF RQ@F SP2 10 10NOV7TT7 23NOVT7
222 PROTECTIVE C®ONC 5P2 3 25NBVTT  29N@VT?
224 BACKFILL SP2 25 T7DEC77 12JANTSB
302 EARTH EXC SP3 10 15APR77 2BAPR77
* 304 RACK EXC SP3 30 7SEP77 18OCT77
* 306 WALL FOOTINGS SP3 10 196CT77 INOVT7
* 308 WALL PANELS SP3 10 2NBVTT 15N@eV77
309 CONST S1IDE BLDGS 20 16NOVTT 14DECTT7
310 WATERPROQF WALLS SP3 8 15DEC77 27DEC77
# 312 BASE SLAB SP3 10 16NOVTT 30NOVTT
*# 314 RACK ANCHBRS SP3 30 1DEC77 13JANTS8
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Table 10. Case Study 2: Computer output of Critical Path Method (CPM)
program for construction using prefabricated components {(continued)

PRGJIECT SCHEDULE
FROM APR 1, 1977 TGO MAR 3, 1978 - SURTED BY SEQ

DOT-MINN-PRECAST UCT 29, 1976
DEPT3 EARLIEST LATEST TA@TAL
NUMBER DESCRI1PTI1ON DUR START FIN1SH START FINISH FLOAT
316 CAP BEAM SP3 13 16NBVTT SDEC77 17INOV?T 6DECT7 1
318 R2@F MEMBERS SPJ3 13 6DEC77 22DEC77 7DEC77 23DEC77 1
320 WATERFPROOF ROOF SP3 10 23DEC77 9JANTE 27DEC77 10JANTS 1
322 PROTECTIVE CONC SP3 3 10JANTE 12JANTE L11JANTB 13JANTS i
* 324 BACKFILL SF3 25 16JANTB8 17FEB78 16JANT8 17FEB78 0
402 EARTH EXC SP4 3 21DEC77 23DEC77 9JANTB 11JANTB 11
404 RPCK EXC SP4 9 27DEC77 9JANTE 12JANT8 24JANTSB 11
406 WALL F@OTINGS SP4 3 10JANT8 12JANT8 25JANT8 27JANTS 11
408 WALL PANELS SP4 3 13JANT8 17JANT8 30JANTS IFEB78 11
410 WATERPROOF WALLS SP4 3 1BJAN78 20JANT8 15FEB78 17FEB78 20
412 BASE SLAB S5P4 3 18JANT8 20JANTS 2FEB78 6FEBT78 11
414 REBCK ANCHORS SP4 9 23JANTE 2FEB78 7FEB78 17FEBTB 11
416 CAP BEAM S5FPA4 4 18JANTE 23JANTE 2FEBT78 7FEB78 11
418 ROGQOF MEMBERS S5FP4 4 24JANT8 27JANTS 8FEB78 13FEB78 11
420 WATERPROOF RQOOF SP4 3 30JANTSB IFEB78 14FEB78 16FEBT78 11
422 PROTECTIVE CONC SP4 1 2FEBT78 2FEB78 17FEB78 17FEBT8 11
* 424 BACKFILL SP4 9 20FEB78 2MART78 20FEBTS8 2MAR T8 0
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3. COMPARISON WITH CAST-1N-FLACE CONSTRUCTION

as

Description: For comparison purposes, the cast-in-place structure

is designed as a Two-span continuous box culvert as shown on

Fig. 35.

Construction sequence: For the purpose of this study, the follow-

ing assumptions have been made regarding the construction

sequence:

m

(2)

(5)

For greater accuracy of concurrent activities, the project has
been divided info eleven subprojects of 90 f+ (27.5 m) each. A
90 ft section was chosen because it is a multiple of the 30 f+
spacing of construction joints shown In the concept plans.

The construction will proceed away from the diverted creek
similar fo the precast methcd, as described in Subsection c

of Section 2,

Following acTivifies'wiII be kept 20 ft (one subproject) apart.
The forming and casting operations associated with the tunnel
structure are the key to the difference between the fwo
methods. The schedule rotation, resource allocation and
intfegration of individual operations and crews were studied in
detail. The total duration of a given operation for a given

90 ff subproject reflects this day by day analysis. Although
this detailed scheddle is not presented, it is felt that a
fair appraisal of the cast-in-place construcTion sequence has
been formulated.

No penalty in Time or cost has been assessed to the cast-in-~
place method for winter construction although fewer problems

would undoubtedly be encountered with the precast method,.
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(6) A precedence diagram showing the refationship of the various
construction cperations is shown in Fig. 40. A CPM output

is shown as Table 11,
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Table 11. Case Study 2: Computer output of Critical Path Method (CPM)
program for cast-Tn-place construction

PROJECT SCHEDULE
FROM APR 1» 1977 T@d JUN 2, 1978 - SORTED BY SE®

DBT-MINN~-CAST IN PLACE @CT 29» 1976
DEPT: EARLI1EST LATEST TATAL
NUMBER DESCRIPTI®N DUR START FINISH START FINISH FLOAT
¥ 50 DIVERT CREEK TEMP 40 1APR77 26MAYTT 1APRTT 26MAYTT 0
53 REDIVERT CREEK 5 1APR77 TAPRTT7 30JANTS 3FEB78 210

57 REMBVE TEMP. CULVERT S BAPR77 14APR77 6FEB78 1QFEB78 210

* 59 PRIMARY CONST COMP 1 2JUNTB 2JUNTSB 2JunN73 2JUNT8 0
* 102 EARTH EXC SP1 3 2TMAYTT 1JUNTT 27MAYT7 1JUNTT 0
* {04 ROCK EXC SP1 9 2JUNT?7 14JUNT7 2JUNTT  14JUNTT 0
* 106 BASE SLAB SPI 18 1SJUNTT7 11JULT7T7 1SJUNTT 11JULTT 0
108 SLAB ANCHORS SP1 9 12JUL77 22JUuL77 17JANTS 27JANTSB 131

* 110 WALLS SP1} 18 12JUL77 4AUGTT  12JULT7T 4AUGT7 0
*x 112 R@OF SPI 18 SAUG77 30AUG77 SAUG77 30AUGT7 0
114 WATERPROOFING 5P} 3 31AUG77 2SEP77 24JANTE 26JANTS 100
116 PROTECTIVE CONC 5P1 1 6SEP77 6SEP77T 27JANT8 27JANTS 100
118 BACKFILL SP1 8 7TSEP77 16SEP77 30JANTEB 8FEB T8 100
202 EARTH EXC SP2 3 2JUNTT 6JUNTT7 23JUNTT 27JUNT7 15
204 ROCK EXC SP2 9 1SJUNTT 2T7JUNTT 28JUNTT 11JULTT 9

* 206 BASE SLAB SP2 18 12JUL77 4AUGTT  12JUL 77 4AAUGT7 0
208 SLAB ANCHB@RS SP2 9 SAUG77 17AUGTT 27JANTB 8FEB78 121

* 210 WALLS SP2 18 SAUG77 30AUG77 SAUGT77 30AUG77 0
* 212 ROOF SP2 18 31AUGT77 26SEPT77 31AUGT7?T 26SEPT7 0
214 WATERPROAQFING SP2 3 27SEP77 29SEP77 3FEB78 TFEBTB 90
216 PROTECTIVE C®BNC SP2 1 30SEP77 30SEP77 S8FEB78 BFEB 78 90
218 BACKFILL SP2 B 30CT77 128CT77 9FEB78 20FEBT78 90
302 EARTH EXC SP3 3 TJUNT? FJUNTT 20JULTT 22JUL7T7 30
304 ROCK EXC SP3 9 28JUNT77 11JULT7T 25JUL77 AAUG?7 18

* 306 BASE SLAB SP3 18 SAUG77 30AUGT7 SAUGTT 30AUGT7 0
308 SLAB ANCH@RS SP3 9 31AUGT7 13SEP77 8FEB78 20FEB78 111

* 310 WALLS SP3 18 31AUG77 26SEP77 31AUG77 26SEP77 0
* 312 R@OF SP3 18 27SEP77T 200CT77 g7SEP77 208CT77 0
314 WATERPROOFING SP3 3 210CT77 250CT77 IFEB78 3FEB78 70
316 PRPTECTIVE C®NC SP3 I 260CT77 26@CT77 6FEBT8 6FEBT7B 70
317 CONST CREEK BED 10 278CT77 INOVTT 7FEB78 20FEB78 70
318 BACKFILL SP3 B8 10NOV77 21NOVT7T 2I1FEB78B 2MART8 70
402 EARTH EXC SP4 3 1APR77 SAPR77 15AUG77T 17AUG77 94
404 ROCK EXC SP4 9 12JULT77 22JUL77 1BAUG77 30AUG77 217

® 406 BASE SLAB SP4 18 31AUG77 26SEP77 31AUGT7 26SEP77 0
408 SLAB ANCHORS SP4 9 27SEPT7 78CT77 20FEB78 2MARTS 101

® 410 WALLS SPAa 18 27SEP77 20@CT77 27SEP77 204CT77 0
* 412 R@OF SP4 18 218CT77 1ISNBV7T 210CT77 15NBV77 0
414 WATERFPROOF1ING SP4 3 16NGVTT 18NAVTT 27FEBT78 IMART8 70
416 PRGTECTIVE CONC SPA4 1 2INBVTT 21NOVT7 2MARTB 2MAR78 70
418 BACKF1LL SP4 8 22NOVT7 2DEC77 IMART8 14MARTS 70
502 EARTH EXC SP5 3 6APRT7 BAPRT7 9SEP77 13SEP77 109
504 ROCK EXC SP5 9 25JUL77 4AUGTT7 14SEP77 26SEP77 36

* 506 BASE SLAB SPS 18 27SEP77 208CT?77 27S5EP77 20@8CT77 0
508 SLAB ANCHBRS S5PS 9 210CT77 2NOVT7 2MARTE 1 4MART8 91

* 510 WALLS SP5 18 218CT77 ISNOVTT 210CT77 15NBVT7 0
® 512 RB@F SP5 18 16NOVTT 12DEC77 16NOV77T 12DEC77 0
S14 WATERPROGFING SP5S 3 13DEC77 1SDEC77 I9MART8 13MARTS 60
516 PROTECTIVE C@NC SP5 1 16DECT77 16DEC77 14MART78 14MARTS &0
518 BACKFILL SP5S 8 19DEC77 29DEC77 15MAR78 24MARTS &0
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Table i1. Case Study 2: Computer output of Critical Path Method (CPM)
program for cast-in-place construction (continued)

PRBJECT SCHEDULE
FROM APR 1, 1977 TO JUN 2, 1978 - SORTED BY SEQ
DAT-MINN-CAST IN PLACE QCT 29, 1976
DEPT3 EARLIEST LATEST TE@TAL
NUMBER DESCRIPTIGN DUR START FINISH START FINISH FLOAT
602 EARTH EXC S3P6 3 11APR77 13APRT7 58CT77 1B8CT77 124
604 ROCK EXC SPé6 9 S5AUG77 17AUGT77 100CT77 2Q@CT77 45
* 606 BASE SLAB SP6 18 21@CT77 15N@VTT 210CT77 15N@vV77 0
608 SLAB ANCH@RS SP6 9 16NAVTT 29NOVTT 14MARTBE 24MARTS 81
* 610 WALLS SPé6 18 16N@V77 12DECT7 16NOVTT 12DECT7 o
* 512 RODF SP6 18 13DEC77 9JANT8 13DEC77 9JANTS 0
614 WATERPREGOFING SPé& 3 10JANTE 12JANTB  21MART8 23MARTS 30
616 PRPTECTIVE CONC SFé 1 13JANT8 13JANT8 24MART8 24MARTS 50
618 BACKFILL SP6 B 16JANT8 253JANT8 27TMARTS SAPR78 50
702 EARTH EXC SP7 3 14APR77 1BAPR77 310CT77 2NOVTT 139
704 RBCK EXC S5P7 9 18AUGTT 30AUGTT 3NAVTT 15NBVTT 54
* 706 BASE SLAB SP7 18 16NOV77 12DECT7T7 16NOVTT? 12D0EC?77 0
708 SLAB ANCHBRS SP7 9 13DEC77 23DEC77 24MARTS SAPRT8 71
* 710 WALLS SP7 18 13DEC77 9JANT8 13DEC77 9JANTS 0
* 712 R@OF SP7 18 10JANTS 2FEB78 10JANT7E 2FEB78 ]
714 WATERPROOGFING SP7 3 J3FEBT78 TJFEB78 31MART78 4APR78 40
716 PRATECTIVE CONC SP7 1 8FEB7B BFEB78 SAPR78B SAPRT78 40
718 BACKFILL SP7 8 9FEB78 20FEB78 6APRT78 1 7APRT8 40
802 EARTH EXC SP8 3 19APR77T 21APR77 2SNGV7TT 29N@VT7 154
804 ROCK EXC SP8 9 31AUG77 13SEP77 30NBVT7T 12DEC77 63
* B06 BASE SLAB SP8 18 13DEC77 9JANT8 13DEC77 9JANTE 0
808 SLAB ANCHB@RS S5SP8 9 10JANT8E 20JANTS S5APR78 17APRT78 61
* B10 WALLS SP8 18 10JANTS 2FEB78 10JANT8 2FEB78 0
* BEl2 ROOF SP8 18 J3FEB78 28FEBT8 3FEB78 28FEBTE 0
8l1a WATERPROBFING SPB 3 1MAR7TSB 3MART8 12APR78 14APRT8 30
816 PRBTECTIVE CB@NC SPB 1 6MARTB 6MART8 1T7APR78 17APR78 30
818 BACKFILL SP8 8 7TMARTBE 16MART8 1BAPR78 27APR78 30
902 EARTH EXC S5F9 3 22APR77 26APR77 21DEC77 23DECT7 169
904 ROCK EXC S5P9 9 14SEP77 26SEP77 27DECT7Y 9 JANTS 72
* 906 BASE SLAB SP9 18 10JANTSB 2FEBTB 10JANTS8 2FEB78 0
908 SLAB ANCH@RS SP9 9 J3FEB78 15FEB78 17APR78 27APRT8 51
* 910 WALLS SP9 18 JFEB78 2BFEB78 3FEB78 28FEBT7B Q
* 912 ROOGF SP9 18 1MAR78 24MARTSB IMARTB 24MARTS8 o)
914 WATERPR@OFING SP9 3 27MART8 29MAR78 24APRT8 26APR78 20
9216 PROTECTIVE CBNC SP9 1 30MAR78 30MARTB 2T7APR78 27APR78 20
918 BACKFILL SP9 B 31MAR78 11APR78 2BAPRT73 IMAY 78 20
1002 EARTH EXC SPI1O 3 27APRT7 29APR77 18JANT8 20JANTE 184
1004 ROCK EXC S5P10 9 275EP77 TACT77 23JANTS 2FEB78 81
*1006 BASE SLAB SP10 18 J3FEB78 2BFEB78 3FEB78 28BFEB78 0
1008 SLAB ANCHGRS SP10 9 IMAR78 13MAR78 27APR78 9MAYTE 41
1009 CONST S1DE BLDGS 20 1MAR78 28MARTS8 6AFPRT8 3MAY T8 26
*#1010 WALLS SP10 18 IMARTB 24MARTE IMART78 24MARTS8 0
*1012 ROOF SP10 18 27MART78 19APR78 27MAR78 19APR78 o
1014 WATERPR@OFING SP10 3 20APR78 24AFRT78 4MAY 78 8MAY 78 10
1016 PROTECTIVE C@NC SP1Q 1 25APR78 25APR7B IMAY 78 IMAY 78 10
1018 BACKFILL SPI10 B8 Z26APRTSB 5MAY78 10MAYT78 19MAY T8 10
1102 EARTH EXC SPI1 3  2MAYT7T AMAYT7 I13FEB78 15FEB78 199
1104 ROCK EXC S5P11 9 10PCTT77 200CT77 15FEB78 2BFEB7B 0
*1106 BASE SLAB S5P11 18 I1MART78 24MARTB IMART8 24MARTS8 0
1108 SLAB ANCH@ORS SP11 9 27MARTS 6APRTB IMAYTB 19MAYTE 31
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Table 1i. Case Study 2: Computer output of Critica! Path Method (CPM)
program for cast-in-place construction (continued)

PROJECT SCHEDULE
FRBM APR 1, 1977 TO JUN 2, 1978 - S@RTED BY SE®
DBT-MINN=CAST IN PLACE OCT 29, 1976
DEPT: EARLIEST LATEST TATAL
NUMBER DESCRIPTION DUR START FINLSH START FINISH FL@AT
*1110 WALLS SP11 18 27MAR78 19APR78 27MART8 19APR78 0
*1112 ROOF SP11i 18 20APR78 15MAY7B 20APR78 15MAY78 0
#1114 WATERPROOBFING SP11 3 16MAYTE IBMAYT73 16MAYT78 18MAYT78 0
*1116 PRZTECTIVE C@NC SP11 1 19MAYT78 19MAY78 19MAYT78 19MAYT8 0
*1118 BACKFILL SP11 8 22MAY T8 1JUNTB 22MAY T8 1JUNTE 0
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COST ESTIMATES

Comparative estimated costs for the two construction methods are
shown on pages 6!-66. These comparative costs are only for the
"typical" part of the tunnel construction which comprises about 90%

of the tunnel.
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Table 12. Case Study 2: Construction cost estimates

(Total cost per foot of tunnel length)

SYSTEM USING PREFABRICATED COMPONENTS

Performed Cost to G. C. Cost to
[ tem by Gen. Contr. OH & P (%) Owner
(Dol lars) (Dotlars)
1. Machine Excavation G. C. 558 25 698
2. Rock Excavation G. C. 2280 25 2850
3, Footings G. C. 50 . 25 63
4. Wall Panels Sub 815 10 897
5. Cap Beams G. C. 15 25 19
6. Box Girders Sub 3125 10 3438
7. Roof & Wall Waterproofing Sub 568 10 625
8. Joint Treatment Sub 64 10 70
9. Backfill G. C. 418 25 523
$9183/f+
CAST-IN-PLACE SYSTEM
Performed Cost to G. C. Cost to
| tem by Gen. Contr. OH & P (%) Owner
(Dol lars) (Dol lars)
1. Machine Excavation G. C. 594 25 743
2. Rock Excavation G, C. 2426 25 3033
3., Structure G. C. 3771 25 4714
4, Waterproofing Sub 568 10 625
5. Joint Treatment Sub 17 10 19
6. Finish Walls G. C. 23 25 29
7. Backfill G. C. 532 25 665
$9828/f+

Cost per metre ® 3,28 x cost per ft.
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Table 13, Case Study 2: Construction cost estimate system

using prefabricated components

(Costs to General Contractor per Foot of Tunnel

Length)

Costs to G. C.

[ tem No, 1 tem

(Dol lars/f1)

1 Machine excavation with front end loaders
to truck

93 cu yd/ft x $6.00

2 Rock excavation using explosives,
rippers, efc.

76 cu yd/ft x $30.00

3 Form and pour footings
Preparation - 1.00
Forming - 4 sg ft/ft x $1.50 6.00
Reinf. - 3#/ft x $0.25 .75
Conc. - .30 c.y./ft x $30.00 _9.00
3 x 16.75
4 Wall panels (see Table 15)
2 x $295 + 1 x $225
5 Cap beams - $100/cu yd includes forming
and rein. (.05 cu yd each x 3)
6 Box girders (see detailed breakdown)

7 Waterproofing
$2.80/s.f. x (2 x 26.5 + 150)
8 Joint treatment @ $1.50/ft =
$1.50 (2 x 20 + 2 x 150}/8 =
9 Backfit! - includes compaction

38 cu yd/ft x $11 =

Cost per metre ¥ 3.28 x cost per ft.
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Table 14. Case Study 2: Construction cost estimate

Cast-in-Place system

(Costs to General Contractor per Foot of Tunnel Length?

Costs to G. C,

item No. ltem LDollers/ft)
1 Machine excavation with front end loaders
to trucks
99 cu vd/ t x $6.00 594
2 Recck excavaTion using explosives,

rippers, etc.

81 cu yd/ft x $30.00 2430
3 Structure (excluding base slab)
concrete - 29.0 cu yd x $45 1305
reinforcing - 5900 plf x $0.25 1475
form work
walls - 72 x 26,5 + 2 x 19 + 2 x 15 =
121 S, F. x $3.50 423
roof - 142 x $4.00 568 3771
4 Waterproofing
%
$2.80 x (2 x 26.5 + 150) 568
5 Joint freatment & $1.50
$1.50 x (2 x 20 + 2 x 150)/2%9.67 i7
6 Finish walls tc provide comparable finish
tc precast)
Remove and patch ties, rub - $0.60/S.F. x
2 x 19 23
7 Backfill
48 cu yd/ft x 311 528
$7931/t+

CosT per metre ® 3.28 x cost per +t.
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Table 15. Case Study 2: Precast concrete estimate
20" SOLID WALL PANEL (TYPICAL)

Assumes 5 panels per bed
8" wide x 21'-0 (avg)
10.37 cu yd/unit

6000 psi concrete

[ tem Cost/cu vd
Concrete (6000 psi) 33.00
Strand - 27 x 130 x $0.21/ft + (5 x 10.37) 14.22
Rein. steel - 150 Ib x $0.20 : 10.37 2.89
Embedded steel $75/unit % 10.37 7.23
Misc. 2.00

TOTAL MATERIAL 59. 34

On line labor - 12 men x 8 hrs x $8/h (avg)/

(5 x 10.37) 14,81

Qff line labor (est) 4,00
Labor overhead @ 250% 47.03
TOTAL LABRCR 65.84

Equipment write-off

Forms - 4 x 120 L.F. @ $125 x 0.4 of job

(approx) + (240 x 10.37) 9.65
Curing and misc. equip. @ $100,000 x 0.33 of job

+ (240 x 10.37) 13.26
H%nd!ing equip - $600/day + (10 x 10.37) 5.78

TOTAL EQUIPMENT  28.69
SUB TOTAL 153.87
+35% O.H. & PROFIT _53.85
F.0.B. PLANT 207.72

Haul - fruck & deliver @ $20/hr
2 paneis/day = $20 x 8 3 (2 x 10.37) 7.71

Crane @ $750/day
5 man crew @ $18/hr = (5 x 8 x 18) = £720
Set 12 per day 1470 + (12 x 10.37) 11.81
$227.24/c.y.

$227.24 x 10.37 = $2356/panel
say  $295/1.f.

Cost per cu metre ¥ 1.31 x cost per c.y.
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Table 15. Case Study 2: Precast concrete estimate (continued)

20" VOIDED WALL PANEL (CENTER)

Assumes 5 panels/bed
8" wide x 20'-0 (avg)
6.39 cu yd/panel

6000 psi concrete

[ tem Cost/cu vyd

Concrete (6000 psi) 33,00
Strand - 14 strand x 130 x $0.21/ft + (5 x 6.3%9) 11.96
Embedded steel - $75/panel # 6, 11.74
Cardboard forms - $150/panel * 6, 23.47
Misc. 2.00

TOTAL MATERIAL 82.17
On line labor - 8 men x 8 hrs x $8 (avg) # (5 x 6.39) 16.03
Off line labor (est) 5.00
Labor overhead @ 250% 52.56

TOTAL LABOR 73.59

Equipment write-off

Forms - 4 x 120 L.F., @ $125 x .12 of job +

(120 x 6.39) 9.39
Curing and misc. equip. @ 100000 x .12 + (120 x 6.39) 15.65
Handling equip. $600/day + (10 x 6.39) 9.39

TOTAL EQUIPMENT 34.43
SUB TOTAL 190.19
+35% 0.H. & PROFIT 66.57
F.0.B. PLANT 256.76

Haul - truck & driver @ $20/hr

4 panels/day = 20 x 8 + (4 x 6.39) 6.26
Crane - $750/day

5 man crew @ $18/hr = (5 x 8 x $18) = $720

Set 12 per day = 1470 = (12 x 6.39) 19,17

$282.19/c.y.

$282.19 x 6.39 = $1803.00/panel
say  $225/1.f.
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Table 15. Case Study 2: Precast concrete estimate (continued)

BOX GIRDER

48" wide x 75'-0
Assume 4 units per bed
22.25 cu yd/unit
6000 psi concrete

| tem Cost/cu yd

Concrete (6000 psi) 33.00
Strand - 54 strand x 80' long x $0.21/%t 3 22.25 40,77
Reinf. steel - 1970 b x $0.20/1b %+ 22.25 17.71
Embedded stee! - $150/unit + 22.25 6.74
Cardboard forms $350/unit + 22.25 15.73
Misc. 2.00
TOTAL MATER}AL 115,95

On line labor - 12 men x 10 hrs x $8 (avg) *
(4 x 22.25) 10.79
Off line tabor (est) 5.00
Labor overhead @ 250% 39,48
TOTAL LABOR 55.27

Equipment write off

Forms 2 x 320 L.F. @ $125 x 50% = $40000 =+
(480 x 22.25) = 3.75
Curing & misc. equip. = $50000 =
(480 x 22.25) = 4.68
Handling equip. $600/day * (4 x 22.25) 6.74
15,17
Diaphragms - $100/BM = 22,25 4,49
SUB TOTAL $190, 88
+35% 0. H. & PROF!IT 66.81
$257.69

Haul - Truck & Driver @ $30/hr, 1 per day

30 (8) + (1 x 22.25) = 10.79
2 cranes @ $750 - $1500

5 man crew @ $18/hr = (5 x 8 x 18) = $720

Set 8 per day

2220 + (8 x 22.29) 12.47
TOTAL $280.95/c.y.
$280.95 x 22,25 = $6251 per unit or $20.84/sq ft
= $3125/1.f.
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5. SUMMARY COMPARISON OF TUNNEL CONSTRUCT ION

a. Construction time: From the CPM outputs, one sees that the total

project time for the precast method is about 11 months versus 14
months for the cast-in-place method. |t should be noted that the
total project ftimes are shorter than the actual times would be.
This is because in this study, only optimum conditions are assumed.
There were no allowances made for severe weather construction,
learning time in the early stages of the project, or construction
of those parts of the project purposely excluded as listed in Sub-
section ¢ of section | of this study. Nevertheless, the precast
method does show a slight savings in time.

b. Costs: The cost estimates on pages 61-66 indicate that the pre-
cast method is slightly less costly for the phases of construction
considered. However, the cost difference is less than 10%, and

may not be within the accuracy of the estimate.
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ALTERNATE DESIGN FOR BASE SLAB
In Vol. | of this study (Sect. VI11-B), several methods of

reducing or resisting hydrostatic up!ift on tunnels were suggested.

This is particularly relevent to this study because with the solu-

tion proposed, there often is less dead weight available 1o resist

The uplift. Some of the reasons for this are:

a. In many of the concepts explored in Vol. |, and in Case Study |,
the backfill was eliminated.

b. Precast concrete components, especially when prestressed, are
usually lighter.

¢. The use of prefabricated vertical members often makes fransfer
of the vertical loads to the base slab difficult and more costly.
Not anticipated in Vol. |, but the situation encountered in this

case study presents additional reasons for considering a method of

resisting fthe uplift other than dead weight of the structure.

a. The tunnel is relatively shallow, therefore, relatively less
backfill is available to resist the uplift.

b. The tunnel is wide, approximtely 75 feet span between supports.
Thus, if the full hydrostatic pressure bears on the floor slab,
it must be designed to carry this load as a one-way slab.

c. The floor of the tunnel is below rock. Therefore, if The
required additional dead lcad is provided by concrete in the
floors, the excavation fo provide this additicnal thickness is a
very significant cost item.

One of the most effective methods to resist fthis uplift would
seem to be with the use of vertical rock or soi! anchors. (Note:

For a more detailed discussion on ground anchers, See Part B-Z.)
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lent to #9 bars at 4 in. (100 cm) cn center). {f the design indicated
more reinforcement required, the slab thickness was increased.

Minimum reinforcement of 0,0018bt = 0.0216% per square foot

(t = slab thickness) was provided in each direction,

d. The anchored slabs are designed as flat plates, using the
"direct design'" method of Section 13.2 of the "Building Code
Requirements for Reinforced Concrete” (ACI 318-71) of the
American Concrete Institute. Minimum reinforcement is 0.0018bt
at the middle strips and 0.0054bt at the column strips. This
gives 75% of the moment resisting capacity to the column strip,
as required by AClI 318-71. Slab thickness is that required tfo
resist the applied loads with this amount of reinforcement.

e, Ground anchors are assumed to have a service load capacity of
50 tons, and are located in a square grid at the spacing re-
quired to resist the uplift.

f. Unit costs used were as follows:

Excavation ~ rock = $30/cu yd
soi | = § 6/cu yd
Concrete in place = $45/cu yd
Reinforcement in place = $0.25/1b
Anchors in rock = $700 each
Anchors in soil = $900 each

It is apparent that different design parameters and unit costs
would result in somewhat different results, but Figs 5 through 10
can be used as a general guide for determining the feasibility of an

anchored base slab.

Cost per cu metre © 1.31 x cost per cu yd.
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Estimated Cost, Dollars per sg ft

N
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jow}

Cost Comparisc;n: Anchored vs. Gravity Tunnel Floor Slabs

in Rock

Rock Excavation; Anchors

Legend:

Anchored Slab
Continuous Gravity Slab
—————— Simple Span Gravity Slab

———

Lower Limit forh
Continuous Gravity

Slab
Lower Limit for
Simple Span
Gravity Slab Span = 45 ft
Min Silab Thfckn{es&: 24 in.
L 1
0 10 20 30 40 50 60 f+
I | | | ! |
3 6 9 12 15 18 m

Height of Water Table Above Bottom of Slab

24 Tn. * 610 mm
45 £+ = 13,7 m
1 psf = 47.9 Pa 5
$10 per sq ft * $108 per m

Fig. 5: Costs of anchored, continuous gravity, and simple

span gravity slabs for a 45-ft span in rock.
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Estimated Cost, Doltars per sq ft
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1 psf 47.

Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs
Rock Excavation; Anchors in Rock
Legend: Anchored Slab
Continuous Gravity Slab
—————— Simple Span Gravity Slab
AN
)
q
o
S
s/
oy,
S
O
—Lower Limit for
Continuous Gravity
Stab
ored Siab
L]
Llower Limit for
/ Simple Span
Gravity Slab Span = 60 ft
Min lSlab Thicknelss = 24 in,
0 10 20 30 40 50 60 f+
I | | | | |
3 6 g 12 15 18 m
Height of Water Table Above Bottom of Slab
24 in, * 610 mm
60 f+ ® 18.3 m

9 Pa

$10 per sq ft * $108 per m2

Fig. 6:

Costs of anchored, continuous gravity, and simple
span gravity slabs for a 60-ft span in rock.

72



Estimated Cost, Dollars per sq ft

30

Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs
Rock Excavation; Anchors in Rock
) e +
Legend: e Anchored Slab
Centinuous Gravity Slab
~— —-—— Simple Span Gravity Slab

Lower Limit for
Continuous’ Gravity

Slji”,———“f

L—Anchored Slab

Ltower Limit for
Simpfe Span
Gravity Slab

Span = 75 ft
Min Stab Thickness = 24 in,
0 10 20 30 40 50 60 £+
I l I | I |
3 6 9 12 15 18 m
Height of Water Table Above Bottom of Slab
24 in. * 610 mm
75 ft * 22.9m
1 psf ¥ 47.9 Pa

$10 per sq ft = $108 per m2

Fig. 7: C(Costs of anchored, continuous gravity and simple
span gravity slabs for a 75-ft span in rock.
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Estimated Cost. Dollars per sa f+

Cost Comparison: Anchored vs. Gravity Tunnel Floor Siabs
Soil Excavation; Anchaors in Soil

Anchored Slab
Continuous Gravity Slab
— —— —— Simple Span Gravity Sla_b

Legend:

20 bf
Lower Limit for

(b(b Anchored Slab

\

Simole Span
Gravitv Slab /
™
—

Lower Limit for

Continuous Span = 45 ft
?ravi#v Slab
Min Slab Thickness = 24 jn, J
0 10 20 30 40 50 o0 f+
[ I I ! | !
3 6 9 12 15 18 m

Height of Water Table Above Bottocm of Slab

24 in. * 610 mm
45 f+ F 13.7 m
1 psf ¥ 47.9 Pa 5
$10 per sq f+ ¥ $108 per m’

Fig. 8: Cos*ts of anchered, continuous gravity and simple
span gravity slabs for a 45-f+ span in soil.
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Estimated Cost, Dollars per sg ft

Cost Comparison: Anchored vs. Graﬁity Tunnel Fioor Slabs
Soil Excavation; Anchors in Soil

Legend: eosmmem— Anchored Slab
Continuous Gravity Slab
————— Simple Span Gravity Slab

|

30

20

Anchored Stab

‘ Lower Limit for

ConTinuous Gravit

Slab
°F s
/ , Lower Limit for
A Simple Span Span = 60 ft
s’ Sravity Siab
0 Min Slab Thickness = 24 jn.
0 10 20 30 40 50 60 f+
{ | I I I I
3 6 9 12 15 18 m
Height of Water Table Above Bottom of Slab
24 in. ® 610 mm
60 f+ ® 18.3 m

1 psf ® 47.2 Pa 2
$10 per sqg ft * $108 per m

Fig. 9:

Costs of anchored, continuous gravity and simple

span gravity slabs for a 60~ft span in scil.
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Estimated Cost, Dollars per sq f+

40

20

20

Soil Excavation; Anchors in Soil

Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs

Legend:

Anchored Slab

Continuous Gravity Slab
————— Simple Span Gravity Slab

o~
QQ
S)
-
Lower Limit for
Continuous Br
. Slap ————-{
Anchored Slab
—+
-l ower Limit for
Simple Span —
Gravity Slab Span 75 ft
|
—Min Siab! Thickness = 24 in. J
L i
0 10 20 20 40 S0 60
| t ! | | |
3 6 g 17 15 18

Height of Water Table Above Bottom of Slab

24 in. 610 mm
75 ft 22.9 m
1 psf 47.9 P
$10 per sg ft

Fig. 10:

a
$108 per m2

Costs of anchored, continuous gravity and simple
span gravity slabs for a 75-ft span in soil.
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Example of use of Figs. 5 ‘through 10:

In this Case Study, the tunnel floor slab is in rock, the span is
about 75 ft and the design water table is approximately 20 ft above
the tunne!l floor. The minimum fill is about 3.5 ft of 120 pcf soil,
and the roof slab weighs 350 |b per sq ff. Therefore, the overburden
is 3.5 x 120 + 350 = 770 psf. Reading from Fig. 7 (reproduced as Fig. 11
below) i1 can be seen that the cost of an anchored slab is about $14
per sq ft, a continuous gravity slab about $15 per sg ft, and a simple
span gravity slab about $19 per sq ft. Note that if the overburden is
only 400 psf, as is the case near the point where the creek crosses the
tunnel, the cost of either a continuous or a simple span gravity slab
would be about $21.50 per sq ff.

In this *tunnel, then, The use of an anchored slab would be

economical ly advantageous.

Legend: sweesewme—  Anchored Slab
Continugus Grevity Slab

— e —  Sinple Span Gravity Slab

vity

Anchored slab

Lower 1imit for
simple span
gravity slab

Estimated Cost, Dollars per sq ft

Span = 75 ft

L““irin. s1ab4jhickness = 24 in.
|

0 0 20 i 0 50 ISRT
! I | ] | |

3 3 9 12 15

|4

Height of Water Table Above Bottom of Slab

Fig. 11: Example of the use of Figs. 5 through 10.
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The previous example shows that anchored slabs are most advan-
tageous when the overburden weight is small, that is, in shal low
tunnels. 1+ is also apparent *hat anchored slabs are most cost

effective in wide tunnels. This is illustrated for a specific tunnel

depth and water table level in Fig. 12.

40 T-
Ground Surface

et e P g Ry

1300 psf

l

30 1t

A RANT RS

| 5pan

™D
(&)

Anchored in Rock

Estimated Cost, Dollars per sq ft

C ss— _ = messsss—
30 40 50 60 70 80 ft
| I I | | | | | |
10 12 14 16 8 20 22 24 26 m
Span

30 f+ ~ 8.8 m
1300 pst = 62000 Pa 5
$10 per sa ft « $108 per m

Fig. 12: Example of relative costs of gravity
ahd anchored slabs.
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PART B CONSTRUCTION OF TUNNEL APPROACHES

When highway tunnels are constructed in essentially leve!l ground,
as is the case in most urban areas, the length and cost of the ap-
proach to the tunnel may often be as much or more than the tunnel
itself. In *his case study, for example, the length of approaches,
involving a highway cut where retaining walls are regquired, is
about ftwice the length of the tunnel.

The purpose of this part of this case study is fto present methods
for using prefabricated @omponents in such refafning walls and to
suggest guides for defermining the feasibility of such use.

1. DESCRIPTION
a. Dimensions: The portions of the approaches investigated were
from abcut Sta. 210 to 223, the South Portal of The tunnel and
from the North Portal, Sta. 233, to about Sta. 240, (See Fig.

31, Within these [imits, the heigh+ of the wall varies

from about 8 fT (24 m) to about 32 ft (9.8 m). In order to gain some

economy of repetition, it was determined that all of the walls

could be grouped into just three different designs.

b. Loading condition: While the depth of the water table below

ground surface varies, it was found that, in general, the designs
could be safely assumed to fall into three conditions. These are
shown in Fig. 35.

c. lfems considered in fthe study: Only the structural design of

the wall was considered. Such things as the base slab, water
proofing and the architectural freatment were assumed to be
independent entities. This is not entirely ftrue, as the archi-
tectural treatment would depend to a great extent on the method
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of construction chosen, but for any construction method, the
architectural treatment can and should be an independent budget
ifem. Also, the thickness of base slab might be different,
depending to some extent on the philosophy of the designer.

2. CONSTRUCTION USING PREFABRICATED COMPONENTS

a. Structural framing method

It is very difficult to provide continuity using precast con-
crete members, particularly when pretensioned steel 1s used as
the primary reinforcing element. ‘T was, therefore, decided
that the most feasible concept was to employ permanent soil or
rock anchors near the top of the wall to provide support. Bottom
support is achieved with the base slab. The precast element is
then essentially a simple span member and lends itself to long-
Iine prefensicning. This is illustrated in Section 7 in Fig.

37.

Two structural framing schemes were considered. The first
was to use precast, prestressed wall panels, much the same as in
The tunnel. The second method was to use precast, mild steel re-
inforced wall panels separated by king piles. The panels have
main reinforcement in both directions and are supported on three
sides; across the bottom by the base slab, and on either side by
the king piles. Only the king piles need to be supported by
ground anchors near the top. This second method is shown in
Fig. 13.

After a complete design and cost estimate of each scheme was

done for a representative design condition, it was determined that
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King Plles

Ground Anchors
. ; N

Ground Anchor
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IS T —d

Slab Supported 3 sides
Approcach slab

Fig. 13: Retaining wall using King~piles.

King pile

the scheme using continucus panels was the most efficient for
the project. For The maximum design condition, fthe one used for
comparison, the two schemes were competitive. However, for a
variety of reasons, some architectural, it could be seen that
Scheme No. 2, using King-piles became inefficlient at less than
maximum height.

b. Products and Design

(1) Wall units:
The wal! units are shown in Fig. 38. They. are simi=-
lar to the wall panels used in the tunnel. All the various
design conditions involving the height of the wafl, the back-
fill and the water table have been consclidated intfo three
separate wall panel designs. The maximum height of each de-
sign is shown in elevation. The designs are based on zero

tension under full load.
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(2) Ground anchors: The use of ground anchors for the perman-
ent support of underground walls is not common in fThis coun-
try. There are two very good reasons for this: first is
the possibility of corrosion of the anchor and consequent
loss of support. In locations where the anchors are in-
accessible, or where the loss of support could result in
catastrophic failures, as is offen the case in such struc-
tures as basements of high-rise buildings or subway stations,
this is a very real concern. 3Second, the use of permanent
ground anchors in urban areas very often would require a per-
manent easement under adjacent private property.

Neither of these objections is of great concern here.
| f an anchor should fail, it would probably only result in
ground settlement behind the wall, and could be easily re-
placed. Given the advancement of corrosion protection
methods in recent years, it would seem that the risk is mini-
mal and should not be a deterrent if the use is economically
advantageous. Also, the anchors would only extend under
public property, so easements are not a problem.

Ground anchors consist of high-tensile strength steel
rods or strands, the same as that used in post-tensioning of
concrete, placed in a pre-drilled hole. The steel is Then
anchored to the soii or rock by pumping or placing grout
into the hole for a portion of the length to anchor it into
the ground by bond. Fre-loading or post-tensioning the anchor
also pre-compresses the soil, thus improving the bonding
characteristics. For permanent anchors the use of bars
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rather than strand is usually recommended because of better

corrosion resistance.

The design of the anchor obviously must consider the
size and strength of the anchor and the bond characteristics
of the soil or rock. There are references avaijlable (
for estimating the bond values, but these are empirical
and should only be used as a guide for determining the size
and location of the anchors. Actual anchorage length should
be determined by at least one performance test at the pro-
Ject. In addition, each anchor should be proof tested to
about 1.5 times the anticipated service load. (This is the
value recommended for permanent anchors. Temporary anchors
are normalty procf tested to about 1.2 times the service
load.} After the anchor is jacked to the proof load, the
load is backed off to about 60% of the service load and
"locked off".(Z)

Installation and testing of ground anchors are usually
performed by specialty contractors. A variety of equipment
and materials is used, so specifications should be feft

(3)
open.

(1) Post-tensioning Manual, Chapter 4, "Tentative Recommenda-
tions for Prestressed Rock and Soil Anchors", Post-
Tensioning Institute, Glenview, |L.

(2) Schnabel, Harry Jr., "Procedures for Testing Earth
Tiebacks". Paper presented at the ASEC National Struc-
tural Engineering Meeting, Cincinnati, OH, April 22-286,
1974.

(3) Chapman, Ronald K., "Svecifications for Earth Tieback
Sheeting and Tieback Testing Procedures". The Construc-
Tion Specifier, June, 1975,
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(3)

Actual capacity of anchors is largely dependent on soil
type. On this project, either the limestone bedrock or the
glacial till overburden, which is largely granular, could
be effectively used. For the capacity required here, anchor-
ing into the overburden would be more economical. The spacing
of the anchors is predetermined by the need to have at least
one anchor in each precast element. Since most of the cost
ts in the drilling and installation, the cost of the anchor

is assumed tc be constant, regardless of the required capacity.

Base slab: For purpose of this study the base slab design is
taken as that shown in the concept plans. [If, therefore, re-
flects no savings in cost or time when comparing construction
methods. A discussion of anchored base slabs vs. gravity

slabs is presented in Section |11-A-6 of this report.

Construction sequence: The construction sequence, presented in

a simp!ified manner, is as follows: Open excavation takes place

to the desired depth as with the tunnel construction. The area

under the wall footings is then prepared and the footings placed.

The wall panels are erected, shimmed and temporarily braced.

Following this, three other operations can now fake place: 1) a

grave! bed is placed, reinforcing laid, the bare slab poured and

if necessary vertical ground anchors installed; 2) the panel

joints are sealed and the entire back surface of the wall is

waterproofed; 3) the ground anchors which support the top of

the walls are placed. Following these operations, the areas
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cutside the walls are backfilled and any finishing operations
that are necessary take place.
The slowesT operation by far will be the excavation. The

speed of construction is only |imited by the speed of excavation.

3., COMPARISON W!TH CONVENTIONAL CONSTRUCT ION

a.

Retaining wall: For comparison purposes, conventional cast-in-

place cantilever retaining walls were designed for the three
conditions shown in Fig. 35. These designs are compared
with the precast, prestressed walls shown in Figs. 37 and
38.

Costs were estimated for the two systems in a manner similar
to that of Part A for the tunnel structure. Only the cost of
the wall was considered, except for reinforcement required in
the conventional design fo provide continuity with the wall
footing. No credit was given to the prefabricated method for
reduced base thickness requirements. The conventional system
would require more excavation behind the wall to aflow room for
forming==this difference in cost is included.

The results of the cost comparison are shown in Fig 14, |t

should be recognized that this comparison is only for this par-

ticular site, and different conditions would require a differ-
ent analysis. |t can probably be generalized, however, that
walls less than about 20 feet in height will nearly always be
more economical with conventiona! cast-in-place cantilever
construction.

Horizontal wall movements were not a consideration at this

site because there were no adjacent structures likely to be
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damaged. |f such conditions do exist, the cost picture could
change, especially if it was necessary fto provide femporary
support, underpinning, etc., during excavation. |In this case,
the designer should investigate construction methods using slurry
walls or steel soldier piles and lagging, as described in Vo! |
of this study, and in Case Study No. 1.

Gravity vs. anchored base slab: The use of vertical rock or soil

anchors offers opportunities for significant savings in the costs
of the pavement slab [f the ground water table is much above the
bottom of the pavement. |t is common practice fto resist the
uplift pressure caused by the ground water head by the dead
weight of the slab. Fig. 15 shows that on this project it is
more economical To use an anchored slab if the water table is
more than about four feet above the bottom of the slab.

The curves in Fig 9 are calculated using the same assumptions

as in Part A-6.
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Estimated Cost, Dollars cer f+ of lenagth

800

500 /////
7
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| 1 H | | i
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$100 per ft = $328 per metre

Fig. 14: Comparison of costs of precast concrete
retaining wall with soil anchors and
ceonventional cantilever retaining wall.
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Cost, Dollars per sq ft
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$1 per sq ft = $11 per e

Fig. 15: Comparison of costs of anchored
and gravity approach slab.



IV. CASE STUDY NO. 3
APFROACH TO A TUNNEL

UNDER A RIVER

A. PROJECT DESCRIPTION

1. Purpose of the study: Case study No. 3 is used to illustrate pre-

fabricated structural components and construction methods which
might be applicable to a deep tunnel in poor scil with a high ground
water level.

2. Location of the project: The structure investigated in this study

is the east approach fto the proposed Second Downtown Elizabeth River
Tunnel between Portsmouth and Norfolk, Virginia. The site is approx-
imately 200 ft (61 m) south of the present Downtown Tunnel, which was con-
structed in the early 1950's. When compfeted, each tunnel wiil carry

two lanes of one-way traffic, and wili be incorporated as part of
Interstate 264. (See location map in Fig. 41 (Appendix)

3., Preliminary plans: The designs in this study are intended fo pro-

vide the same functional requirements, 1.e., roadway width and
clearance, volume of air movement, etc. presented in preliminary
plans prepared for the Commonwealth cf Virginia Department of High-
ways and Transportation by Parsons, Brinckerhoff, Quade and Dougtas
of New York., Construction costs and time of the designs in this
study are compared with those of a construction system as presented
in those preliminary plans. In the comparisons, every attempt was
made to compare equal quality of construction, 1t Is not the pur-
pose of the study to second-~guess ancther design, but merely to
determine the feasibility of using prefabricated members for this
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type of project.

Dimensions: The area considered in this Case Study is limited to
the east end of the tunnel, designated as cut-and-cover in the pre-
liminary plans. This portion of the funnel is 1270 f+ (387 m) long,
as shown in Fig. 41. 820 ft (250 m) are shown on the preliminary
plans as circular in section, and the remaining 450 ft (137 m} are
more or ijess rectangular. The cross-sections proposed in the pre-
Fiminary plans are shown in Fig. 42. The inside width of the tunnel
is 31'-0" (9.8 m). The height from roadway to ceiling is 16'-6"
(5.0 m) with space for ventilating air above and below. The depth
below ground surface to the roadway varies from approximately 23 f+t
(7 m) at the east portal to about 77 ft (23.5 m) at the point where
the cut-and-cover section joins the sunken tube section. This results
in a maximum excavation depth requirement of nearty 90 f+ (27 m).

Soil and groundwater characteristics: The soil profile assumed for

this study is shown graphically in Fig. 41. This is actually
based on soi! studies used for the design of the first funne!, but
is considered adequate for study purposes. For design purposes,
all soils were assumed to have a saturated unit weight of 130 pcf
(208 Kg/m3), with ¢ = 25°, Ground water is assumed at the surface
for design purposes.

Miscellaneous considerations: The site is in an open area with no

underpinning requirements, and groundwater can be safely (if not
easily) towered.

The latest utility plans available were prepared about the fime
of the construction of the first tunnel. These indicated very few
underground |ines that would interfere with construction, so this
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was not an item considered in the study.

A railroad track runs across the tunne! near the east portal.
A temporary by-pass would probably have to be provided, although
there is a possibility that the line could be abandoned, since it
is used infrequently. While this would be a significant cost item
and time delay, it was not considered in the cost or time compari-
sons, under the assumption that the solution would be the same for
either construction method.

The transitions between the "box" section and the "circular”
section and between the cut-and-cover section and the sunken tube
section were not included in the comparisons, as It is assumed
approximately equal time and costs would be required for both

construction methods.

B. CONSTRUCTION USING PREFABRICATED COMPONENTS

1.

Structural framing: The methad of framing was dictated primarily

by the extremely deep section at the west end of this portion of

the project. The use of slurry wall construction is clearly indi-

cated because of the poor soil and high water pressures.
Cast-in-place slurry wa!ls were chosen cver precast concrete
wall units as investigated in Voi. | of this study (and used in

Case Study 1) for the following reasons:

a. The extreme depth (over 90 ft (27 m) would make the wall panels
very difficult to transport and place. A vertical field splice
could be develcped, but this would significantly slow down the
placing operation, and increase the difficulties involved In

alignment.
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The weight of such precast wall units would mean that the units
would be quite narrow, increasing the placing costs, joint
treatment, etc.

One of the primary advantages of precast wall units is the
quality of the intericr finish. In this case, a relatively
short portion of the wall height is within the exposed part of
the tunnel, so the advantage would be minimal.

Near the east end of the project, the tunnel is much
shallower and precast wall panels would be more feasible. How-
ever, use of two different conéfruc*ion methods would reduce
the advantages of both.

The slurry walls are not used to carry the vertical loads
as advocated in Vol. | of this study because of the tolerance
restrictions this would place on the transverse alignment. By
using separate framing, as shown in Fig. 43, normal toler-

ance (1 in 100) can be allowed.

Products and design: Prefabricated elements used in the design

include roof units, roadway deck, roof support wall columns and

finished wall infill units.

Walls: Resistance to lateral earth and water pressure, both
temporary during construction and permanent is provided by

the cast-in-place slurry walls., The walls are 36 in, (914 mm)
thick from Sta. 4C + 80 to Sta. 47 + 80 and 24 in. (610 mm)

from Sta. 47 + B0 to the east portal. Reinforcement varies with

the depth of the tunnel.
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The finished walls of the tunnel and the roof support is
provided by precast, prestressed wali-columns as shown in
Fig. 43. Temporary lateral support for these columns is
achieved by bolting to the slurry wall as shown. Permanent
stability is providéd by the roof structure. These wall column
units are spaced 1'-6" (457 mm) apart because a temporary suppecrt
Is needed within the tunne! until the roof is backfillied. The
temporary struts can then be removed, and the wall completed by

placing the 6 in. (152 mm) infill panel as shown in Fig. 43.

Roof structure: From Sta. 40 + 80 to 49 + 00, the rcof struc-

Ture is composed of precast, reinforced concrete arches,
as detailed in Fig, 44. These sections are designed as two-
hinged parabolic arches, with the lateral thrust resisted by
the passive pressure of the earth. Approximately ftwo-thirds of
the total backfill on the arch is necessary to overcome the
active pressure of the earth and water, so this much must be
provided before the temporary struts can be removed.

Use of these arches is an economical structural solution,
and also provides an adequate space for return ventilation air.

From Sta. 49 + 00 to the east portal, the roof section is
composed of precast, prestressed box beams, of a standard
design as used on highway bridges. The flat roof is necessary
because there is insufficient clearance for the arch at the
shallower end of the tunnel.

Gravity bese slab: Uplift caused by ground water pressure acts

on the 4'-0" (1.2 m) +hick gravity base slab. This uplift load is

then resisted by the weight of the stab, the overburden on the roof
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(transmitted through the wall-columns) and the friction of the
sturry walls against the earth, transmitted through a shear key
as shown in Fig. 43. Assuming a friction coefficient of 0.3,

a factor of safety against floating of more than 1.5 is provided
under the conservative assumption of water at ground surface.

Roadway deck: The roadway deck members are standard 8 ft (2.4 m)

wide precast, prestressed double tees with a 4-in. (102 mm} com-
posite topping. Several other standard members would be feasible,

as described in Vol. | of this study.

Construction sequence: Construction of this segment of the project

is assumed to start at the east portal and proceed westerly toward

the river., The following assumptions and decisions were made re-

garding the sequence of operations:

d.

Excavation would be completed to the bottom of the gravity siab
and the gravel fill, before placing the structura! members,
rather than attempt to excavate "under the roof" as was done on
Case Study I. This is because of the necessity for femporary
struts within the tunnel, and the fact That there are no surface
operations to disrupt.

Succeeding operations are kept approximately 150 feet (46 m)
apart to avoid interference.

Precast concrete roof units and wall columns are placed from
above with a crane, while the rcadway deck units and wall in-
fill panels are placed from within the tunnel with a ITft fruck.

A precedence diagram showing the relationships of the various

operations is shown in Fig. 45. A detailed description of each

operation is shown in Table 16. These operations are used as

94



input to a Critical! Path Method (CPM} computer program. Estimated
activity durations and precedences used in establishing the CPM
consider not only the required time to compiete the activity, but

also a reasonable allocation of resources and use of equipment

compatible with space restraints.
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Table 16. Case Study 3: Construction sequence using
prefabricated structural efements
(See Fig. 45 for Precedence Diagram)

Last 2 digits of
Operation Number Description of QOperations

00 Construct a guide ftrench to be used to align the slurry
trench. Operation includes concreting of ftrench sides.

01 Same as operation 00 for side 2 of the tunnel.

02 Construct a slurry trench and cast-in-place a wall using
the tremie method.

03 Same as operation 02 for side 2 of the tunnel.

04 Excavate to the elevation of the gravel base and place
temporary struts as required. Equipment anticipated
includes one clamshell and several small dozers.

06 Place and grade 2'-0" (610 mm) gravel base.

08 Cast a 6 in. (152 mm) base slab over the gravel base to
provide a surface for waterproofing.

10 Apply a 4-ply membrane waterprocofing over the 6 in. (152 mm)
base siab. Protect with 1/2 in. (13 mm) asphalt plank.

12 Form, reinforce and cast a 4'-0" (1.2 m) thick gravity
slab and key into siurry wall.

14 Allow additicnal curing time for gravity slab before
placing precast roof support columns.

16 Place precast roof support columns, secure in position

and laterally brace to slurry wall as shown in Fig.43.
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Table 16. Case Study 3: Construction sequence using

Last 2 digits of
Operation Number

18

20

22

24

26

28

30

32

34

prefabricated structural elements (continued)

Description of Operations

Form, reinforce and cast the supports for the precast
roadway deck.

Allow additional curing time for roadway deck supports
before placing precast roadway deck.

Place precast roof units and secure in position, Box
beam sections are used from station 49 + 0C to station
53 + 50 and parabelic arch sections are used from
station 40 + 80 to station 49 + (0.

Cadlk all joints between adjacent precast roof units
ahd grout between roof units and slurry wall. This
grouting is to alleviate gap left for tolerances. Then
cover entire roof with a 4-pty membrane waterproofing
and protect with 1/2 in. (13 mm) asphalt plank.
Backfill enough to detiver a thrust equal to or greater
than the reaction received as a strut during construction;
approximately equal to two-thirds of total. Not appli-
cable where box beams are used.

Remove bottom strut and place and secure precast road-
way deck units.

Cast 4 in. (102 mm) composite topping over roadway deck,
curbs, and mechanical enclosures. Operation includes
rough~in for mechanical, electrical, etc.

Place and secure precast wall units.

Backfill to grade any remaining amoun?t necessary.
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Table 17. Case Study 3: Computer output of Critical Path Methad (C2M)
program for construction usina prefabricated s+¥-uctural elements.

PR@®@JECT SCHEDULE
FRBM MAR 1, 1978 TO SEP 18, 1979 = SORTED BY SEQ

VIRGINIA TUNNEL USING PRECAST COUMPONENTS FEB 7» 1977
DEPT: EARLLEST LATEST TOTAL
NUMBER DESCRIPTI1BN DUR START FINISH START FINISH FLOAT
* 100 CON GDE TR-S5D 1 4 1MART8 6MARTS IMAR T8 6MARTB 0
* 101 CBN GDE TR-SD 2 4 1MART78 6MARTB IMAR 78 6MAR78 0
* 102 CON SLRY WALL-SD 1 10 7TMAR7B 20MART7S TMARTB  20MART8B 0o
# 103 CON SLRY WALL-SD 2 10 7MAR78 20MART7S T™MART78 20MART7EB o
* 104 EXC-PLACE TEMP STRTS 30 21MAR78 IMAY78 21MARTS 1MAY 78 o

106 PLACE GRAVEL BASE 3 2MAYT8 4MAYT8 2BMARTY J30MARTY 231

SMAY 78 BMAYTB 2APR79 3APRT9 231
IMAY 78 10MAYTB 4APRT9 5APR 7Y 231
11MAY78 18MAYT7B 6APRT79 13APRT9 231
I9MAY T8 25MAYT78 16APRT79 20APRT9 231
26MAY T8 1JUNT78 23APR79 26APR79 231
118 CAST P/C DECK SUP 2JUNTB SJUNTS 6JUL 79 9JuUuL79 279
120 CURE PsC DECK SUP 6JUNT8 12JUNT8 10JULTY 16JULT9 279

108 CAST 6 IN. BASE SLAB 2
2
[
5
4
2
5

122 PLACE Ps/C BBX GIRD 3 2JUNT8 6JUNTS 2MAY 79 4MAY 79 234
4
1
9
4
a3
4
4

110 APPLY WATERPROOGFING
112 CAST GRAVITY SLAB
114 CURE GRAVITY SLAB
116 PLACE RPA@F SUP COLS

124 WATERPROGF ROOF MEM TJUNTE 12JUNTE 11JULT9 16JULT9 279
128 REM STRT-PL P/C DECK 13JUNT8 13JUNT8 17JULT79 17JULT79 279
130 CAST TOPPING + CURBS 14JUNTE  26JUNTS8  1BJULTY 30JULTY 279
132 PLACE P/C WALL UNITS 27JUNT8 30JUNT8 31JULTY 3AUGT? 2179
134 BACKF1ILL T@ GRADE 13JUNT8  15JUNT8 17JULT79  19JULTY 279

200 CON GDE TR-SD 1 IMART78 6MART8 12APRT78 | TAPRTS 30
201 C@N GPE TR-SD 2 1MAR T8 6MART8 12APR78 17APRT8 30
202 CON SLRY WALL=-SD 1 10 7MARTB 20MAR78 1BAPRTE IMAY 78 30
203 C@N SLRY WALL-SD 2 10 TMART8 20MAR78 1BAPR78 IMAY 78 30
* 204 EXC-PLACE TEMF STRTS 32 2MAY78 15JUNTE 2MAY 78 I15JUNTE 0
206 PLACE GRAVEL BASE 3 16JUNT78 20JUNTSB JAPRT9 SAPR79 203

208 CAST 6 IN. BASE SLAB 2 21JUNTB 22JUNTS8 6APRT9 9APR79 203

210 APPLY WATERPRDOFING 2 23JUN78 26JUNTEB 10APR79 11APRT9 203
212 CAST GRAVITY SLAB 6 27JUNTE 5JUL78 12APR79 19APR79 203
214 CURE GRAVITY SLAB 5 &6JULTB 12JUL78 20APR79 26APR79 203
216 PLACE R@@F SUP CBLS 4 13JUuL78 18JUL78 2T7APR79 2MAY 79 203
218 CAST P/C DECK SUP 2 19JUL78 20JUL78 12JUL79 13JUL79 251
220 CURE P/C DECK SUP S 21JULT78  27JULT8 16JULT® 20JULTY 251
222 PLACE P/C B@X GIRD 3 19JUL78 21JULT8 TMAY 79 IMAY 79 205
224 WATERPRGOF ROOF MEM 4 24JULT8 27JULT8 16JULT9 19JULT9 250
228 REM STRT-PL P/C DECK 1 28JUL78 28JUL78 23JUL79 23JULTY 251
230 CAST TOPPING + CURBS 9 31JUL78 10AUGT8 24JULT79 3AUG79 251
232 PLACE P/C WALL UNITS 4 11AUG78 16AUGTE S6AUGT9 9AUGT9 251
234 BACKFILL T@ GRADE 3 28JUL7T8 1AUGT8 20JULT79 24JULT9 250
300 CAN GDE TR-SD 1 4 1MART78 6MAR78 25MAYT78 31MAYTE 61
301 C@N GDE TR-SD 2 4 1MAR78 &MAR78 25MAYT78 31MAY T8 61
302 CON SLRY WALL-SD 1 11  TMAR78 21MARTE 1JUNT8 15JUNT8 61
303 CON SLRY WALL-SD 2 11 7MART8 21MAR78 IJUNT78 15JUNT8 61
* 304 EXC-PLACE TEMP STRTS 35 16JUNTS8 4AUGT78 16JUNTB 4AUGT8 0
306 PLACE GRAVEL BASE 3 TAUGTS8 9AUGTS FAPRT9 11APR79 172
308 CAST 6 IN. BASE SLAB 2 10AUG78 11AUG78 12APR79 13APRT79 172
310 APPLY WATERPROOFING 2 14AUG78 15AUG78 16APR79 7APR79 1792
312 CAST GRAVITY SLAB 6 16AUGT8 23AUGT78 1BAPRT9 25APRT9 172
314 CURE GRAVITY SLAB S 24AUGTB  30AUGTB 26APR79 2MAY 79 172
316 PLACE Re@F SUP COLS 4 31AUG78 6SEP78 3MAY 79 BMAY 7% 172
318 CAST P/C DECK SsuUp 2 7SEPT8 8SEP78 18JUL79 19JUL7Z 220
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Table 17. Case Study 3: Computer ocutput of Crital Path Melthed (CPM} program
for construction using prefabricated structiral elements {continued).

PROJECT SCHEDULE
FROM MAR 1, 1978 TG SEP 18, 1979 - SORTED BY SEQ
VIRGINIA TUNNEL USING PRECAST COMP@NENTS FEB 75 1977
DEPT: EARLIEST LATEST TATAL
NUMBER DESCRIPTI®@N DUR START FIN1SH START FINISH FLOAT

320 CURE P/C DECK SUP
322 PLACE P/s/C BOX GIRD

S 9SEP78 15SEP78 20JULT79 26JULTY 220

3 T1SEP78 9SEP78 10MAY 79 14MAY 79 173
324 WATERPROGF ROOF MEM 4 125EP78 15SEPT78 19JUL79 24JULT9 218
328 REM STRT-PL P/C DECK 1 16SEP78 16SEP78 27JUL79 274UL79 220
330 CAST TOPPING + CURBS 9 19SEP78 29SEP78 30JUL79 FAUGTY 220
332 PLACE P/C WALL UNITS 4 30SEP78 48CT78 10AUGT79 15AUG79 220
334 BACKFILL T@ GRADE 4 16SEP78 21SEP78 25JUL79 30JuL79 218

4

4

400 CON GDE TR=-SD 1 1MAR78 6MARTE 14JUL78 19JULTS 95
401 CON GDE TR-SD 2 IMART78 6MART8 14JUL78 19JULT8 95
402 CON SLRY WALL-S5D 1 12 TMAR78B 22MARTS 20JULT78 4AUGTB 25
403 CON SLRY WALL-SD 2 12 TMART8 22MAR78 20JUL78 4AUG78 95
* 404 EXC-PLACE TEMP STRTS 38 7AUG78 28SEP78 7AUG7?8 2BSEPTB 0

406 PLACE GRAVEL BASE
408 CAST 6 1IN. BASE SLAB
410 APPLY WATERPROOFING
412 CAST GRAVITY SLAB
414 CURE GRAVITY SLAB
416 PLACE R@OF SUP COLS
418 CAST P/C DECK SUP
420 CURE P/C DECK SUP
422 PLACE P/C ARCHS

424 WATERPROOF R@OF MEM
426 BACKFILL F@R THRUST
428 REM STRT-PL P/C DECK
430 CAST T@PPING + CURBS
432 PLACE P/C WALL UNITS
434 BACKFILL T@ GRADE
500 CON GDE TR=SD 1

501 CON GDE TR=SD 2

29SEFPT8 20CT78 13APR79 17APRT79 138
386CT178 40CT78 18BAPR79 19APR79 138
50CT78 60CT78 20APR79 23APR79 138
98CT78 16@CT78 24APR792 1 MAY 79 138

170CT78 238CT78 2MAY 79 BMAY 79 138

249CT78 270CT78 IMAY 79 14MAY 79 138

30@CT78 318CT78 24JULT79 25JULT9 186
1NBVT8 INOVT8  26JULT9 1AUG79 186

300CT78 INOVT8 1SMAYT79 1 TMAYT9 138
2NoVT8 INBVTB 18MAYT? 23MAYT79 138
BNAVTEB 17NBVTBE 24MAYT9 5JUN79 138

20N@VT78 20NQV78 2AUGTY 2AUG79 178

21NaV78 4ADECT78 3AUGT79 15AUGT9 178
SDEC78 S8DECT78 16AUG7?9 21AUGT9 178

20NBVT8 24NOGVT7B  31JULT9 3JAUGT9 176
IMART8 6MAR78 65SEPT78 9SEP78 132
1MAR78 6MAR78 6SEF 78 9SEPT8 132

—
WWbbbbbOVmNbbLUONNLBUOURONW

502 CON SLRY WALL~-SD | TIMART8 23MARTB 12SEP78 28SEP78 132
503 CON SLRY WALL-SD 2 TMAR78 23MAR78 12SEF78 28SEFT8 132
¥ 504 EXC-PLACE TEMP STRTS 41 29SEP78 24NOVT8 295EP78 24NBVTE 0
506 PLACE GRAVEL BASE 3 27NOVTB 29NOVTEB 25AFR79 27APR79 105

30NBV78 IDEC78 30APRT9 1MAY 79 105
4DECT78 SDEC78 2MAY 79 IMAY 79 105
6DEC78 13DEC78 4MAYT9  11MAYT9 105

14DEC78B 20DEC78 14MAYT9 1BMAYT79 105

21DEC78 27DEC78 21MAYT79 24MAYT9 105

28DEC78 29DEC78 30JUL79 31JULT9 149

520 CURE P/C DECK SUP 2JANT 9 8JANT9 1AUG79 TAUGT9 149

522 PLACE P/C ARCHS 28DECT8 2JANT9 2S5MAYT79 30MAY79 105

508 CAST 6 IN. BASE SLAB 2
2
)
S
4
2
S
3

524 WATERPROQF ROOGF MEM 4 J3JANT9 8JANT79 31MAY 79 SJUNT9 105
0
1
9
a
S
4
4
4

510 APPLY WATERPROOGFING
5t2 CAST GRAVITY SLAB
514 CURE GRAVITY SLAB
516 PLACE R@OO@F SUP COLS
518 CAST P/C DECK SUP

526 BACKFILL F®R THRUST 1 9JANT9 22JANT9 6JUNT9  19JUNT9 105
528 REM STRT-PL P/C DECK 23JANT9  23JANT9 BAUGT79 BAUGTY 139
530 CAST TOPPING + CURBS 24JANT9 SFEB79 9AUGTY 21AUGT9 139
532 PLACE P/C WALL UNITS 6FEB79 9FEBT79? 22AUG79 27AUG79 139
534 BACKFILL T@ GRADE 23JANT9 29JANT9 6AUGT? 10AUGT9 137
600 CON GDE TR=-3SD 1 I1MART78 6MARTE 318CT78 3NOVT8 172
601 CON GDE TR-SD 2 1MARTS8 6MARTE  314CT78 aNav s 172
602 CON SLRY WALL-SD 1 1 TMARTB 24MAR78 6NQVTB  24NOVTS 172
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Table 17. Cass Study 3 Computer output of Critical

. . Path Method (cP
for construction using prefabricated structural el od (CFID proaram

ements (continued),

PRBDJECT SCHEDULE
FRM MAR 1, 1978 TO SEP 18, 1979 - SORTED BY SE@
VIRGINIA TUNNEL USING PRECAST C@MPBNENTS FEB 7., 1977
DEPT: EARLIEST LATEST TBATAL
NUMBER DESCRIPTIBN DUR START FINISH START FINISH FLOAT
603 CON SLRY WALL-SD 2 14 7TMARTE8 24MAR78 6NDBVTE 24NOVT8 172
* 604 EXC-PLACE TEMP STRTS 44 27NOVT8 29JANT9 27NBVT8 29JANT9 v
606 PLACE GRAVEL BASE 3 30JANT9 LFEB79 IMAY TS 11MAYT9 B
608 CAST & INs BASE SLAB 2 2FEB79 SFEB79 14MAYT79 15MAY79 71
610 APPLY WATERPRGOFING 2 6FEB79 TFEB79 16MAYT9 1TMAYT79 71
612 CAST GRAVITY SLAB 6 BFEB79 1SFEB79 1BMAY79 25MAY79 71
614 CURE GRAVITY SLAB 5 16FEB79 22FEB79 29MAYT9 4JUNT9 71
616 PLACE R@BF SUP COLS 4 23FEB79 28FEB79 SJUNT9 B8JUNT79 71
618 CAST P/C DECK SUP 2 1MART79 2MART9 3AUGT9 6AUGTY 109
620 CURE P/C DECK SUP 5 5MART9 IMARTY TAUGT9 13AUGTY 109
622 PLACE PsC ARCHS 3 IMAR79 SMAR79 11JUNT9 13JUN79 71
624 WATERPROGF ROGF MEM 4 6MART9 9MART9 14JUNT9 19JUNT9 71
626 BACKF1LL F@QR THRUST 12 12MAR79 27MART9 20JUNT9 6JUL 79 71
628 REM STRT=-PL P/C DECK 1 28MART79 28MAR7Y 14AUG79 14AUGT9 97
630 CAST TOPPING + CURBS 9 29MAR79 10APR79 15AUG79 27AUGT9 97
632 PLACE P/C WALL UNITS 4 11APR79 16APR79 2BAUGT79 31AUGT9 97
634 BACKFILL T@ GRADE & 28BMART9 4APR79 13AUG79 20AUGT9 96
700 CON GDE TR-SD 1 4 1MAR78B 6MART8 2JANT9 SJANT9 214
701 C2N GDE TR-SD 2 4 1MART8 &MARTE 2JANT9 SJANT9 214
702 CON SLRY WALL-SD 1 16 T7MAR78 2BMAR78 8JANT? 29JANT9 214
703 COGN SLRY WALL-SD 2 16 7TMAR78 28MARTB BJANT9? 29JANTS 214
* 704 EXC~PLACE TEMP STRTS 47 30JAN79 4APRT9 30JANT9 4AAPR 79 Q
706 PLACE GRAVEL BASE 3 SAPR179 9APR79 25MAYT79 J30MAYT79 36
708 CAST 6 IN. BASE SLAB 2 10APR79 11APR79 31MAY79 1JUNTY 36
710 APPLY WATERPRQOFING 2 12APR79 13APR79 4JUNT9 SJUNTS 36
712 CAST GRAVITY SLAB 6 16APR79 23APR79 &6JUNT9 13JUNT9 36
714 CURE GRAVITY SLAB S 24APRT79 30APR79 14JUNT79 20JUNT9 36
716 PLACE RB@F SUP CALS 4  1MAYT9 AMAYT9  21JUNT9  26JUNT9 36
718 CAST Ps/C DECK SUP 2 TMAYT9 8MAYT79 9AUGT79 10AUGT9 66
720 CURE P/C DECK SUFP 5 9MAYT9 ISMAY79 13AUGTZ 17AUG79 66
722 PLACE P/C ARCHS 3 TMAY79 IMAYTY 2TJUNT9 29JUNTY 36
724 WATERPROOF R@QF MEM 4 10MAYT79 15MAYT79 2JUL 79 6JUL 79 36
726 BACKF1LL F@R THRUST 14 16MAYT9 S5JUNT9 JULT9 26JULT9 36
728 REM STRT-PL P/C DECK I 6JUNT9 6JUNT9 20AUG79 20AUGT79 52
730 CAST TOPPING + CURBS 9 7JUN79 19JUNT9 21AUGT79 31AUGT79 52
732 PLACE P/C WALL UNITS 4 20JUN79 25JUN79 45EP79 TSEFP79 52
734 BACKFILL TO GRADE 7 6JUNT? 14JUNT9 21AUGT?79 29AUGT9 53
800 CoON GDE TR-S© 1 4 1MAR78 6MARTE &6MAR 79 IMARTI 259
801 CBN GDE TR-SD 2 4 1MAR7B 6MART8B 6MART9 IMARTY 259

B02 CON SLRY WALL-SD 1 18 7MAR78 J30MAR78 12MART9 4APRT79 259
803 CON SLRY WALL-5D 2 18 7TMAR78 30MAR78 12MAR79 4APR 79 259
¥ B804 EXC-PLACE TEMP STRTS 50 5APR79 14JUNT9 SAPR79 14JUNT9 0
* 806 PLACE GRAVEL BASE 3 1SJUNT? 19JUNT9 15JUNT9 19JUNT9 o
* 808 CAST 6 IN« BASE SLAB 2 20JUN79 21JUNT79 20JUNT79 21JUNT9 0]
* 810 APPLY WATERPROBFING 2 22JUNT9 2S5JUNT9 22JUNT9 25JUNT9 0
* 812 CAST GRAVITY SLAB 6 26JUNTY 3JULT9 26JUNT9 3JuL 79 0
* 814 CURE GRAVITY SLAB 5 5S5JUL79 11JUL79 SJULT9  11JULT9 o
* 816 PLACE ROOQF SUP CBLS 4 12JUL79 17JUL79 12JUL79 17JUL79 0
818 CAST PsC DECK SUP 2 18JUL79 19JULT79 15AUG79 16AUGTY 20
820 CURE P/C DECK SUP S 20JUL79 26JULT9 1T7AUGT79 23AUGT9 20
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Table 17. Case Studv 3: Computer output of Critical Path Methed (CPM) Drogram
for construction using prefabricated structural elements (continued).

PRBJECT SCHEDULE
FROM MAR 1, 1978 T® SEP tB., 1979 - SORTED BY SEQ
VIRGINIA TUNNEL USING PRECAST C@MPONENTS FEB 7, 1977
DEPT: EARLIEST LATEST TATAL
NUMBER DESCRIPTION DUR START FINISH START FINISH FLOAT

* E22 PLACE P/C ARCHS
* 824 WATERPR@OF ROQOOF MEM

3 18JULT79 20JULT79 1BJULT79 20JULTY 0

4 23JULT79 26JULT79 23JULT9 26JULT9 o0

* B26 BACKFILL F@OR THRUST 16 27JUL79 17AUGT79 27JUL79 17AUGT? 0
g28 REM STRT-PL P/C DECK 1 20AUG79 20AUGT? 24AUG79 24AUG79 4
B30 CAST TOPPING + CURBS 9 21AUG79 31AUGTY 27AUGT9 1SEP 719 4
832 PLACE P/C WALL UNITS 4 4SEPT9 7SEP79 10SEP79 13SEP7% 4
834 BACKFILL T® GRADE 8 20AUGT9 29AUGT79 30AUGT? 11SEP79Y 8
900 C@N GDE TR-SD 1 2 1MARTSB 2MARTE TJUNTY BJUNT9 325
901 C@N GDE TR-SD 2 2 1MARTB 2MARTS TJUNTY BJUNT9 325
902 C@N SLRY WALL-SD 1 10 3MARTB 16MAR78 11JUNT? 22JUN79 325
903 C@N SLRY WALL-SD 2 10 3MAR7B 16MAR78 11JUNT79? 22JUNT79 az2s
904 EXC-PLACE TEMP STRTS 20 15JUNT79 13JUL79 25JUNT79 23JUL79
906 PLACE GRAVEL BASE 16JULT79 17JULT9? 24JULT9 25JULT9
908 CAST &6 INs. BASE SLAB 18JULT79 18JULT9 26JULTS 26JULT9
910 APPLY WATERFROAFING 19JULT9  19JULT79 27JUL79 27JULT79
912 CAST GRAVITY SLAB 20JUL79 25JUL79 30JUL79 2AUG79
914 CURE GRAVITY SLAB 26JULT9 1AUG79 3AUGT79 FAUGT?
916 PLACE R@OF SUP COLS 2AUGTY 3JAUGT9 10AUG79 13AUGT9
918 CAST P/C DECK SUP 6AUGTI 6AUGTY 2BAUG79 2BAUGTY
920 CURE P/C DECK SUP TAUGT? 13AUGT79 29AUGT79Y 5SEP79
922 PLACE P/C ARCHS 6AUGTY TAUG79 14AUGT9 15AUGT9
924 WATERPRGOF RDOF MEM 8AUGT9 9AUGT79 16AUGTY 17AUGTY
* 926 BACKFILL FOR THRUST 12 20AUGT9 5SEP79 20AUG79 SSEP79
* 928 REM STRT-PL P/C DECK G6SEPT79 6SEP79 63EPTY 6SEP79
* 930 CAST TOPPING + CURBS 7SEP79 13SEP79 7SEP79 13SEPT79
* 932 PLACE P/C WALL UNITS 14SEP79 17SEP79 14SEP79 17SEPTY
934 BACKFILL T® GRADE 6SEPT79 11SEP79 12SEP79 17SEP79
*1000 STRUC PHASE COMPLETE 18BSEP79 18SEP79 18SEP79 185EP79
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C. COMPARISON WITH CAST-IN-PLACE CONSTRUCTION

1.

Descripfion: The cast-in-place structure with which the comparison

is made is taken from the preliminary plans prepared by Parson,

Brinckerhoff, Quade and Douglas. Cross-sections of the funnel

designs are shown in Fig. 42. The ground support method assumed

is shown in Fig. 41, i.e., open excavation for the first 450 f+t

(137 m) from the portal, soldier beam and lagging for the next 450 f+

(137 m) and slurry wall for the last 370 ft (113 m).

Construction sequence: For the purpose of this study, the following

assumptions have been made regarding the construction sequence:

a,

The open excavation portion is excavated on a 1-1/2 to 1 slope.
For all sections, it was assumed that six ft (1.8 m) of clearance
outside the tunnel structure is required for forming.

Unltike Case Study 1, the steel soldier beams can be driven or
jetted into place, rather than placed in drilled holes.

Where slturry wall construction is used, it does not become a

part of the permanent structure but is used only for excavation
bracing and as a water barrier.

As with the construction using prefabricated components, the
cast-in-place construction will start at the east portal and pro-
ceed westerly toward fhe river. Succeeding operations are also
kept approximately 150 ft (46 m) apart to avoid interference.

A precedence diagram showing the relationships of the various
construction operations is shown in Fig. 46. A detailed
description of each operation is shown in Table 18. A CPM out-

put is shown in Table 19.
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Table 18.

Last 2 digits of
Qperation Number

00

01

02

03

04

05

12

14

Case Study 3: Construction sequence using
cast-in-place construction

(See Fig. 46 for Precedence Diagram)

Description of Operations

Drive or jet in soldier piles at required spacing. Used
between stations 44 + 50 and 49 + 00.

Same as operation 00 for side 2 of the tunnel.

Construct a guide french to be used fo align the slurry
trench. Operation includes concreting of ftrench sides.
Used between stations 40 + 80 and 44 + 50.

Same as operation 02 for side 2 of the tunnel.

Construct a slurry trench and cast-in-place a wall using
the tremie method. Used between staticons 40 + 80 and

44 + 50.

Same as operation 04 for side 2 of the funnel.

Excavate to the elevation of the gravel base.

Sta. 49 + 00 - 53 + 50 -- Open excavation with an
approximate 1-1/2 to 1, horizontal to vertical
slope,

Sta. 44 + 50 - 49 + 00 -- Excavate between soldier
piles and place struts and lagging.

Sta. 40 + BO - 49 + 00 -- Excavate between slurry
walls and place struts.

Place and grade 2'-0" (610 mm) gravel base.
Cast a 6 in. (152 mm) base slab over the gravel base to
provide a surface for waterproofing.
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Table 18. Case Study 3: Construction sequence using

cast-in-place construction (continued]

Last 2 digits of
Operation Number Description of Operations

16 Apply a 4-ply membrane waterproofing over the 6 in.
(152 mm) base slab. Protect with 1/2 in. (13 mm)

asphalt plank,

18 Form, reinforce and cast the base of the tunnel.
20 Form, reinforce and cast the remainder of the tunnel,
22 Apply a 4-ply membrane waterproofing to the entire

exterior of the tunnel excluding the bottom surface
where it has already been done.

24 Backfiil to grade.

26 Form, reinforce and cast all roadway deck supports,
curbs and mechanical enclosures. Operation includes
rough-in for mechanical, electrical, etfc.

28 Place and secure precast roadway deck units or form,
reinforce and cast-in-place the roadway deck.

30 Cast 4 in. (102 mm) wearing surface over roadway deck.

32 Construct finished walls within the tunnel.
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Table 19. Case Study 3: Computer output of Critical Path Method (CPM)
program for construction using cast-in-place method.

PROJECT SCHEUDULE
FRBM MAR 1., 1978 T@ MAY 6, 1980 - SORTED BY SE®
VIRGINLIA TUNNEL USING CAST~IN-PLACE CONS FEB 8, 1977
DEPT EARLIEST LATEST TOTAL
NUMBER DESCRIPTION DUR START FINLSH START FIN1ISH FLOAT
* 110 EXCAVATE 18 IMAR78 24MARTE IMAR78 24MARTS8 0
112 PLACE GRAVEL BASE 3 27TMARTB 29MART8 17AUGT8 21AUGTS 101

114 CAST 6 1IN BASE SLAB 2 30MAR78 31MAR78 22AUGT8 23AUGTS 101
116 APPLY WATERPRE@OFI1ING 2 3APR78B 4APRT8 24AUGT8 25AUGT8 101

118 CAST GRAVITY SLAB 40 SAPR78 31MAY78 28AUG78 200CT78 101
120 CAST WALLS + ROQF 40 1JUN78 27JULT8 230CT78 18DECT8 101
122 WTRPRF WALLS + RDAF 20 28JULTB 24AUGTS8 3APR79 J30APRT% 174
124 BACKFILL T@ GRADE 32 25AUG78 20CT78 IMAY 79 14JUNT9 174
126 CAST DECK SUP/CURBS 14 2BJUL78 16AUG78 13DEC79 3JANEO 352
128 PLACE DECK MEM 1 17AUG78 17AUGTS 4JANS8O 4JANBO 352

130 CAST WEARING SURFACE 1t 1BAUGT7E 18AUG78 TJANGO TJANBQ 352
132 CONST FINISHED WALL 10 21AUGT8 15EP78 BJANBO 21JANBO 352

* 210 EXCAVATE 20 27MARTE8 21APRT8 2TMARTB 21APR78 0
212 PLACE GRAVEL BASE 3 24APRT78 26APR78 120CT78 16UCT78 121
214 CAST 6 IN. BASE SLAB 2 27APR78 28APR78 170CT78 180CT78 121
216 APPLY WATERPROGFING 2 1MAYT8 2MAY78 190CT78 200CT78 121
218 CAST GRAVITY SLAB 40 1JUNT8 27JULTB 230CT78 18DECTS 101
220 CAST WALLS + ROQF 40 28JUL78 22SEP78 19DEC78 14FEB7Y 101
222 WTRPRF WALLS + RBUF 20 235EP78 190CT78 17TMAY79 14JUNT9 166
224 BACKFLILL TO GRADE 36 200CT78 11DPECT8 15JUNT9 6AUGTY 166
226 CAST DECK SUP/CURBS 14 23SEP78 110CT78 28DECT79 17JANSO 322
228 PLACE DECK MEM 1 120CT78 128CT78 18JANBO 1BJANBO 322
230 CAST WEARING SURFACE | 130CT78 138CT78 21JANBO 21JANEO 322
232 CONST FINISHED WALL 10 160CT78 270CT78 22JANESO 4FEBSO Jze

¥ 310 EXCAVATE 24 24APRT8 25MAYTHE  24APRT78  25MAY T8 g
312 PLACE GRAVEL BASE 3 26MAYT78 J3IMAYTB 8DEC78 12DECT78 137
314 CAST 6 IN. BASE SLAB 2 1JUNTS 2JUNTB 13DECT8 14DECTB 137
316 APPLY WATERPROOGFING 2 DLDJUNTSB 6JUNTB 15DEC78 18DECTS8 137
318 CAST GRAVITY SLAB 40 28JUL78 22SEP78 19DECT8 14FEB79 101
320 CAST WALLS + RUOOF 40 23SEP78 16NQVT8 I1SFEB79Y 11APR79 101
322 WTRPRF WALLS + RQO@F 20 17NOVTE 1SDECT78 10JULT9 6AUGT79 162
324 BACKFILL TO GRADE S50 I1BDEC78 Z7FEB179 TAUGT? 160CT79 162
326 CAST DECK SUP/CURBS 14 17NOVTE 7DECT8 14JANB0O 31JANBO 292
328 PLACE DECK MEM 1 B8DECT78 8DECT8 IFEB8O 1FEB8O 292

330 CAST WEARING SURFACE 1| |IDEC78 11DECT8 4FEB8O 4FEB8O 292
332 CONST FINLISHED WALL 10 12DEC78 26DECT8 SFEBBO 18FEBSO 292

400 SALDI!ER PILES-SD 1 10 1MAR78 14MAR78 12MAYT78 25MAYTS 52
401 SOLDIER PILES-SD 2 10 IMAR78 14MAR73 12MAY78 25MAYTB 52
¥ 410 EAC-PL TE#MP STRT/LAG 50 26MAYT8 TAUGTE 26MAYTS8 TAUGTE 0
412 PLACE GRAVEL BASE 3 B8AUGT78 10AUGTS 6FEBT9 BFEB79 127
414 CAST 6 1IN. BASE SLAB 2 11AUGTB 14AUGTY 9FEBT7Y 12FEBT79 127
416 APPLY WATERPRUBDFING 2 15AUG78 16AUGT8 I13FEBT79 14FEBT9 127
418 CAST GRAVITY SLAB 40 23SEP78  16NOVT8 ISFEB79 11APRT79 101
420 CAST WALLS + ROOIF 40 17N@VTB  16JANTY 12APR79Y TJUNT? 101
422 WTRPRF WALLS + R@QF 20 17JANT9 13FEB79 19SEP7Y 160UCT79 172
424 BACKFILL T@ GRADE 16 28FEB79 21MART? 170CT79 TNBVTY 162
426 CAST DECK SUP/CURBS 14 17JANT9 SFEB79 2BJANBO0 14FEB80 262
428 PLACE DECK MEM 1 6FEB79 6FEB7Y I5FEBBO 1SFEBHO 262

430 CAST WEARING SURFACE 1 7FEB79 TFEBT79? |8FEBBO 1BFEBS8O 262
432 CONST FINISHED WALL 10 S8FEB79 21FEB79 19FEBEBO 3MARBO 262
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Table 19. Case Study 3: Computer output of Critical Path Method (CPM)
program for construction using cast-in-place method (continued).

PRBJECT SCHEUDULE
FRBM MAR 1, 1978 TO MAY 6, 19B0 - SORTED BY SEQ@
VIRGINIA TUNNEL USING CAST-IN-PLACE CONS FEB B. 1977
DEPT ¢ EARLIEST LATEST TOTAL
NUMBER DESCRIFTION DUR START FINLSH START FINISH FLBAT

500 SOLDIER PILES-SD 1 10 1MAR78 14MAR78 25JUL78 TAUGTS 102
S01 S@LDIER PILES-SD 2 10 1MAR78 14MAR78 25JUL78 TAUGTS8 102

* 510 EXC-PL TEMP STRT/LAG 65 BAUGTS8 6NAVTSE BAUGT8 6N2VT8 0
512 PLACE GRAVEL BASE 3 7NOVTSB gNGVT8 3APR79 SAPR79 102
S14 CAST & IN. BASE SLAB 2 10N@VT78 13NGVT8 6APRT9 9APR79 102
516 APPLY WATERPROGFING 2 14NOV7B 15N@V78 10APR79 11APR79 102
518 CAST GRAVITY SLAB 40 17N@VT8  16JANT79  12APR79 TJUNT9 101
520 CAST WALLS + RQOF 40 17JANT79 13MART9 BJUN 79 3AUGTY 101
S22 WTRPRF WALLS + ROOF 20 14MAR79 10APR7% 118CT79 TNOVT9 148
524 BACKFI1LL T@ GRADE 20 11APR79 BMAYT9 8N@V 79 6DECT79 148
526 CAST DECK SUP/CURBS 14 14MAR79 2APR79 11FEB80O 28FEB80 232
528 PLACE DECK MEM 1 3APR79 3APR79 29FEB80 29FEB80O 232
530 CAST WEARING SURFACE | 4APR79 4APRT9 3MARBO 3MARBO0 232
532 CANST FINISHED WALL 10 SAPRTY 1BAPR79 4MARB0O 1 TMARBO 232
600 SOLDIER PILES-SD 1 11 IMAR78 1SMART8 230CT78 6NAV T8 166
601 SOLDIER PILES-SD 2 11 1MAR7E 1S5SMART8 230CT78 &NOVTS 166

* 610 EXC~PL TEMP STRT/LAG 70 7NOVTEB I5FEB79 TN@V78 ISFEB79 0
612 PLACE GRAVEL BASE 3 16FEB79 20FEB79 30MAYT9 1JUNTS 72
614 CAST 6 IN. BASE SLAB 2 21FEB79 22FEB79 4JUNTS SJUNT? 72
616 APPLY WATERPRBUFING 2 23FEB79 26FEB79 6JUNTY TJIJUNTD 12
618 CAST GRAVITY SLAB 40 27FEB79 23APR79 8JUNT9 3AUG?9 i2
620 CAST WALLS + RO@F 40 24APR79  19JUNT79 6AUGTY 19CT79 72
622 WTRPRF WALLS + ROUF 20 20JUNT9 1B8JULTY gNOV T 6DECTY 99
624 BACKFILL T@® GRADE 24 19JULT79 21AUGT79 TDEC79 1t1JANBO | 99
626 CAST DECK SUP/CURBS 14 20JUN79 10JUL7Y 25SFEB80 13MARS8O0 173
628 PLACE DECK MEM 1 11JUL79 11JULT79 14MARBC 14MARS8O 173

630 CAST WEARING SURFACE 1 12JUL79 12JUL79 17MARBO 17MARBO 173
632 CBNST FINISHED WALL 10 13JUL79 26JUL79 1BMARSB0O 31MARSO 173

702 C@N GDE TR=-SD 1 . 4 1MART7S8 6MARTB 19JANT9 24JANT9 227
703 CON GDE TR=SD 2 4 1MARTS8 6MARTE  19JANT9 24JANT9 2217
704 CON SLRY WALL-SD t 16 7TMARTB 2BMART8 25JANT79 15FEB79 227
705 CON SLRY WALL-SD 2 16 7MAR7TB 28MART78 25JANT? I5FEB79 227
# 710 EXC-PLACE TEMP STRTS 72 16FEB79 29MAY79 16FEB79 29MAYT9 0
712 PLACE GRAVEL BASE 3 30MAYT9 1JUNT79 26JULT9 30JUL79 40
714 CAST 6 'IN. BASE SLAB 2 4JUNT9 SJUNTS  31JUL79 1AUGT9 40
716 APPLY WATERPROBEFING 2 6JUNT9 TJUNTS 2AUGT9 3AUGTY 40
718 CAST GRAVITY SLAB 40  BJUNTQ 3AUGT9 6AUGT2 19CT 79 40
720 CAST WALLS + ROOF 40 6AUGT9 19CT79 20CT79 27NQVT9 40
722 WTRPRF WALLS + RQ@F 20 20CT79 290CT79 13DEC79 11JANBO 51
724 BACKFILL TO GRADE 29 30BCT79 \ICQDEC79 14JANBO 21FEBBO 51
726 CAST DECK SUP/CURBS 14 2BCT79 190CT79 10MAR8B0C 27MAREBO 111
728 PLACE DECK MEM 1 220CT79 220CT79 28MARSB80 28MARE0 111

730 CAST WEARING SURFACE 1 23@8CT79 230CT7% 31MARBO 31MARBO 111
732 CONST FINISHED WALL 10 2408CT79 6NOVTY 1APR80 14APRBO 111

802 C@N GDE TR-5D 1 4 1MARTE 6MART8 27APR1T9 2MAY 79 297
B03 CBN GDE TR-SD 2 4 1MARTB 6MARTB 27APR79 2MAYTY 297
B804 CON SLRY WALL-SD 1 18 7MAR78 30MARTSB IMAY 79 29MAYTY 297
805 CON SLRY WALL=-SD 2 18 7MARTE 30MAR1TS IMAY 19  29MAY 7Y 2917
* 810 EXC~PLACE TEMP STRTS 80 30MAY79 20SEP79 J30MAYT¥ 20SEPT9 0
* 812 PLACE GRAVEL BASE 3 21SEP79 25SEP79 21SEP79 25SEP79 0

106



Table 13. Case Study 3:

program for construction using cast-in-place method (continued).

Computer output of Critical Path Method (CPM)

PR JECT
FROM MAR 1, 1978 TO MAY
VIRGINIA TUNNEL USING CAST-IN-PLACE CONS

SCHEDULE
SORTED BY SEQ

e e e ey WP D R D 4 P e R M T D D e T P AR R T S e h s e Y P R e SR e ah e BN ED Mh ol am EE NE M U AD SR gy S AL e B S W P W e e e E o

DEPT:

NUMBER DESCRIPTION

928
930
932

*]1000

CAST 6 IN. BASE SLAB 2

APPLY WATERPREOFING
CAST GRAVITY SLAB
CAST WALLS + ROGF
WTRPRF WALLS + ROOF
BACKFILL T@ GRAOE
CAST DECK SUP/CURBS
PLACE DECK MEM

CAST WEARING SURFACE
CONST FINISHED WALL
CON GDE TR-5D 1

CON GDE TR-SD 2

CON SLRY WALL-SD 1
CON SLRY WALL-SD 2
EXC-PLACE TEMP STRTS
PLACE GRAVEL BASE
CAST 6 1IN BASE SLAB
AFPLY WATERPRE@OFING
CAST GRAVITY SLAB
CAST WALLS + RO@@F
WTRPRF WALLS + ROOF
BACKFILL T@ GRADE
CAST DECK SUP/CURBS
PLACE DECK MEM

CAST WEARING SURFACE
CONST FINISHED WALL
STRUC PHASE COMPLETE

2
40
40
20
34
14

1

1
IO

2

2
10
10
40

2

1

1
20
20
10
18

8

— N e

1980 -
EARLIEST

START FINLSH
26SEP79 27SEP79
2BSEPT79 10CT79
28CTT79 27NAV7Y
28BNQVT9 24JANEBO
25JANB0 21FEBSO
22FEBBO 9APRBO
25JANB0O 13FEBSO
14FEBEBO 14FEBSO
15FEBBC 15FEBBO
18FEB80 29FEBBO
1MART8 2MARTEB
IMAR78 2MARTB
3MAR78 16MARTSE
3MAR78 16MARTS
21SEP79 15N2VT9
16NBVTY  19NDVT9
20N@VT9 20NBVT?
21INOVTS  21NBVT?
28NDVT9 26DECT9
25JAN80 21FEBS8O
22FEBBO 6MARSBO0
10APRSO0 5MAYBO
22FEB80 4MARB80
SMARS80 SMAR80
6MARB0O 6MARB0
T™ARBO 13MARSBO
6MAYBO 6MAYBO0

FEB Bs
LATEST
START FINISH
26SEPT9 27SEP79
28SEP79 10CT79
20CT79 27INOVT9
28NBV79 24JANBO
25JANSD 21FEBBO
22FEBS0 9APRBO
24MARB0 10APRBO
11APR80 11APREO
14APR80 14APRSBO
1SAPR80 28APRS80D
9NDVT9 12NOVT9
INGVTY 12NBVTY
13NOVT9 27N@VT9
13NQVTY  27NOVT9
28NOVT9 24JANBO
25JANB0O 28.JANSO
29JANB0 29JANSO
30JANBO 30JANBO
31JANBO 27FEB8O
28FEB80 26MARSO
2 7TMARSO 9APRBO
10APRS80O SMAYEO
15APR80 24APRSO
25APR8B0 25APRBO
28APR80 2BAPRBO
29APREO SMAYS0
6MAY B0 6MAYS0

TOTAL
FLOAT

COO0O00OO0

41
41
41
al
434
434
434
43 4
47
47
47
47
44
24
24

37
37
37
37



COST ESTIMATES

An estimated cost comparison of the "cast-in-place" construction
with the "system using prefabricated components" is shown In Tables
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30. Since the "cast-in-
place" sysfem in this study actually employs three different construc-
tion methods (open excavation, soldier piles and lagging, and slurry
wall) a separate cost comparison was made for each of the three seg-
ments of the total project. A "total project" cost comparison is also

included.
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Table 20,

Case Study 3:

using prefabricated components
Total Cost - Sta. 49 + 00 - 53 + 50

Construction cost estimate of system

Performed Cost to G. C. Cost to
| tem by Gen Contr. | C.H. & P (%) Owner
1. Guide Trench Sub $ 22,500 10 $ 24,750
2. Slurry Wall Sub 1,215,120 10 1,336,632
3. Excavation G. C. 74,217 25 92,771
4, Gravei Base G. C. 9,065 25 11,337
5. 6 inch Base Slab G. C. 18,998 25 23,748
6. Waterproofing Sub 85,680 10 94,248
7. Gravity Slab G. C 193,799 25 242,249
8. Roof Support Columns Sub 121,163 10 133,279
9. Roof Members Sub 199,696 10 219,666
10. Roadway Deck Supports G. C. 11,241 25 14,051l
11. Roadway Deck Sub 54,576 10 60,034
12, Topping, Curbs & Enclo-
sures G. C 47,539 25 59,423
13. Precast Wall Units Sub 40,500 10 44,550
14. Grouting & Caulking Sub 9,312 10 10,243
15, Backfill G. C. 16,527 25 20,659
16, Steel Struts G. C. 56,485 25 70,606
17. Concrete Struts G. C 44,880 25 56,100

$2,514,340 i
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Table 21,

Case Study 3:

Total Cost - Sta. 44 + 50 - 49 + 00

Construction cost estimate of system
using prefabricated components,

Performed Cost to G. C. Cost to
I tem by Gen Contr. | O.H. & P (%) Owner
1. Guide Trench Sub $ 22,500 10 $ 24,750
2. Slurry Wall Sub 1,716,120 10 1,887,732
3. Excavation G. C 110,027 25 137,534
4. Gravel Base G. C. 9,065 25 11,331
5. 6 inch Base Siab G. C. 18,998 25 23,748
6. Waterproofing Sub 106,020 10 116,622
7. Gravity Slab G. C. 193,799 25 247,249
8. Roof Support Columns Sub 121, 163 10 133,279
9. Roof Members Sub 215,550 10 237,105
10, Roadway Deck Supports G. C 11,241 25 14,051
11. Roadway Deck Sub 54,576 10 60,034
12. Topping, Curbs & Enclo-
sures G. C 47,539 25 59,423
13. Precast Wall Units Sub 40,500 10 44,550
14, Grouting & Caulking Sub 10,213 10 11,234
15, Backfill G. C 68,072 25 85,090
16. Steel Struts G. C 139,590 25 174,488
17. Concrete Struts G. C. 53,040 25 66,300

$3,329,520
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Table 22.

Jotal Cost - Sta.

Case Study 3:

using prefabricated components
40 + 80 - 44 + 50

Construction cost estimate system

]
é Performed Cost to G. C. Cost to
| I tem by Gen Contr., |[O.H. & P (%) Owner
iT. Guide Trench Sub $ 18,500 10 $ 20,350
"2, Slurry Wall Sub 1,843,920 10 2,028,312
%3. Excavation G. C 104,916 25 131,145 -
4. Gravel Base G. C 7,454 25 9,318 |
5. 6 inch Base Slab G. C. 15,621 25 19,526
6. MWaterproofing Sub 87,172 10 95,889
7. Gravity Slab G. C. 159, 347 25 199,183
8. Roof Support Columns Sub 99,627 10 109,585
9. Roof Members Sub 177,230 10 194,953
10. Roadway Deck Supports G. C 9,243 25 11,554
11. Réadway Deck Sub 44,874 10 49,361
12. Topping, Curbs & Enclo- |

sures G. C 39,087 25 48, 860
13, Precast Wall Units Sub 33,300 10 36,630
14. Grouting & Caulking Sub 8,398 10 9,238
15. Backfill G. C B5,873 25 107, 341
16. Steel Struts G. C 277,200 25 346,500
17. Concrete Struts G. C 58,480 25 73,100

$3,490,845
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Table 23.

Case Study 3:

Construction cost estimate system
using prefabricated components
Total Cost for Project

Performed Cost to G. C. Cost to
I tem by Gen Contr, H. &P (D) Owner
1. Guide Trench Sub $ 63,500 10 $ 69,850
2. Slurry Wall Sub 4,775,160 10 5,252,676
3. Excavation G. C. 289,160 25 361,450
4. CGravel Base G. C. 25,584 25 31,980
5. 6 Inch Base Slab G. C 53,618 25 67,022
6. Waterproofing Sub 278,872 10 306,759
7. Gravity Slab G. C 546,945 25 683,581
8. Roof Support Columns Sub 341,948 10 576,145
9. Roof Members Sub 592,476 10 651,724
10.  Roadway Deck Supports G. C 31,725 25 35,656
1. Roadway Deck Sub 154,026 10 169,429
2. Topping, Curbs, & Enclo-~
sures G. C 134,165 25 167,706
13. Precast Wall Units Sub 114, 300 10 125,730
14. Grouting & Caulking Sub 27,923 10 30,715
15. Backfill G. C 170,472 25 213,090
16. Steel Struts G. C. 473,275 25 591,594
17. Concrete Struts G. C. 156,400 25 195,500
$9,334,705




Table 24, Case Study 3: Construction cost estimate system
using prefabricated components
Cost to General Contractor

ltem No. Item Cost to G. C.
(Dol lars)
1 Guide Trench - $50 per foot of tunnel (from CSI -
includes Sub O.H. & Profit)
$50 x 1270 = 63,500
2 Slurry Wall - Soil information indicates easy

digging. Cost information from IC0S. (In-
cludes Sub O.H. & Profit)

$30/S.F, x 159,172 S.F. = 4,775,160
3 Excavation - side enclosed
96,386.7 c.y. @ $3.00/c.y. = 289,160
4 Gravel Base
3,198 c.y. @ $8.00/c.y. = 25,584
5 & inch Base Slab
Concrete - 800 c.y. @ $45/c.y. = 36,000
Reinforcing - (Assuming #4 @ 12
each way)
1.36 psf x 1,270 x 34 x $.30/16 = 17,618 53,618
6 4-Ply Membrane Waterproofing
Sta. 49 + 00 - 53 + 50
2 x 43 x 450 @ $2.80 = 85,680
Sta. 40 + 80 - 49 + 00
1 x 34 x 820 € $2.80 = 78,064
1 x 39 x 820 @ $3.60 = 115,128 278,872
7 4'-0 Gravity Slab
Concrete - 6,397 c.y. @ $45/c.y. = 287,865
Reinforcing - 20 Ib/S.F. x
34 x 1,270 x $.30 = 259,080 546,945
8 Roof Support Columns {See Detall-
ed Breakdown)
$538.50/unit x 635 = 341,948
9 Roof Members (See Detailed
Breakdown)
Box Beams - $1,783/unit x 112 = 199,696
Arches - $1,916/unit x 205 = 392,780 592,476
10 Roadway Deck Supports
Concrete - 470 c.y. @ $45/c.y. = 21,150
Reinforcing - 75ib/c.y. x 470
@ $0.30 = 10,575 31,725

Conversion to S| units shown on pg xi
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Table 24, Case Study 3: Construction cost estimate system
using prefabricated components (continued)

Cost to General Contractor

Item

Roadway Deck (See Detailed Breakdown)
$3.79/S.F. x 32 x 1,270

Composite Topping, Curbs & Enclo-
sures {(Does not inciude cost of

rough~in)

Concrete - 1,374 ¢c.y. @ %45

Reinforcing - 100 Ib/c.y. (avg.) x 1,374 x
$.30/1b

Formwork - 7 S.F./ft x 1,270 @ $3.50

Precast Wall Units (See Detailed Break-
down )
$180/unit x 635

Grouting & Caulking

Caulking - $1.50/1.f. x (34 x 112 + 39 x

206)
Grouting - $4.00/1.f. x 1,270 x 2

Backfill - Sta. 40 + 80 - 53 + 50
Hand backfill and compaction
4,337 c.y. @ $8.00/c.vy.

Machine backfill and compaction
38,793 c.y. @ $3.50/c.vy.

Temp. Steel Struts - Sta. 51 + 50 -
53 + 50 (Assume 40% reuse factor)
Labor - 425 |b/ft x 200 x $.16/'b
Mat - .60 x (.20/.16) x $13600
Net Salvage - .5 x $10200

Sta. 49 + 00 - 51 + 50
Labor - 687 1b/ft x 250 ft x $.16/1b
Mat - .60 x (.20/.16) x $27480
Net Salvage - .5 x $20610

Sta. 44 + 50 - 49 + 00
Labor - 1410 1b/+t x 450 f+ x $.16/1b
Mat - .60 x (.20/.16) x $101520
Net Salvage - .5 x $76140

Sta. 40 + 80 - 44 + 50
Labor - 2800 Ib/ft x 450 ft x $.16/1b
Mat. - .60 x (.20/.16) x $201600
Net Salvage - .5 x $151200

Concrete Struts (Not removed)
115 x 34 f+ x $40/1.¢.
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= 61,830

u o

41,220
31,115

17,763

10,160

34,696

135,776

13,600
10,200
- 5,100

27,480
20,610
-10,305

101,520
76,140
-38,070

201,600
151,200

~75,600

Cost To G. C.

{Dollars)

154,026

134,165

114,300

27,925

170,472

473,275

156,400



Table 25. Case Study 3: Precast concrete es+imate

1. ROOF ARCHES
7.17 cu. yd. per arch

Cost/cu. yd.
Concrete (6000 psi) 33.00
Reinforcing Steel 1065 Ib x $0.20/ib = 7.17 = 29.71
Embedded Steel |tems $80/panel = 7,17 = 11.16
Misc. Handling Devices, etc. = 2,00
TOTAL MATERIAL 75.87
On line labor - 4 men x 4 hrs x $8 (Ave)
+ 7.17 = 17.85
Off-line labor = 10.00
Labor overhead @ 250% = 69.63
TOTAL LABOR 97.48
Forms - 2 sets & $6000 each
= $12,000 + (7.17 x 205) = 8.16
Curing and handling equipment = 6.00
14,16
SUB TOTAL 187.51
+35% 0.H. & Profift £5.63
FOB PLANT 253,14

Haul - Truck & Driver @ $20/hr - 4 units
per day = 20 x 8 + (&4 x 7.17) 5.58
Crane - $500/day
5 man crew @ $18/hr x 8 x 5 = $720
Set 20 per day = 1220 ¢ (20'x 7.17) B.5]

267.23 x 7.17 = 1916 per unit or $14.09/S.F. $267.23/cu. yd.

Cost per cu metre ® 1.31 x cost per cu yd.



Table 25. Case Study 3: Precast concrete estimate (continusd)

2. BOX BEAMS
6.58 cu. yd./unit
8 units per bed

Cost/cu, vyd.
Concrete (6000 psi) 33,00
Strands ~ 21 (avg) x 38' long x $0.21/ft
+ 6.58 _ = 25.47
Reinforcing steel - 700 Ib x $0.20/1b
+ 6.58 = 21.28
Embedded Steel {tems - 3$40/beam + 6.58 = 6.08
Cardboard form ~ $100/unit + 6.58 = 15.20
Misc. = 2.00
103.03
On line labor - 10 men x 8 hrs x $8 (avg)
P (8 x 6.58) = 12.16
Off line labor (est) = 5.00
Labor Overhead @ 250% = 42.90
60.06
Equipment write-off
Forms - 300 1.f, & $125 x 10% = $3750 5.09
+ (112 x 6.58)
Curing and handling equipment 6.00
11.09
Diaphragms - $50/beam + 6.58 7.60
SUB TOTAL 189. 38
+ 35% O0.H. & Profit 66.28
$255.66
Hau! - fruck & driver @ $20/hr ~ 4 units/day
= 20 x 8 + (4 x 6.58) 6.08
Set 20 per day = 1220 = (20 x 6.58) = 9.27

$271.01/cu. vyd,
271.01 x 6.58 = $1783,25 per unit or $13.11/S.F.
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Tabte 25. Case Study 3: Precast concrete

ROADWAY DECK (DOUBLE TEES)

3.93 cu. yd. per fee
8 units per bed

Concrete (6000 psi)

Strands 12 x 38' x 30,21/t = 3.93
Reinforcing Steel 200 Ib x $0.20/1b + 3.93
Embedded Steel |tems $40/Tee + 3.93

Misc.

[E I |

TOTAL MATERIAL

On line labor - 8 men x 8 hrs x $%8/hr
= (B x 3.93)

Off line labor (est)

Labor Overhead @ 250%

[l

TOTAL LABOR

Equipment write-off
Forms - 300 1.f. @ $125 x 10% = $3750
+ (159 x 3.93)
Curing & handling equipment

TOTAL EQUIPMENT
SUB TOTAL
+ 35% O.H. & Profit

Haul - truck & driver @ $20/hr - 6 units/day
=20 x 8 5 (6 x 3.93)
Crane - $500/day
5 man crew @ $18/hr x 8 x 5 = $720
Set 20 per day = $1220 # (20 x 3.93)

TOTAL
246.69 x 3,93 = $969.50 per unit or
$ 3.79/S.F.

estimate (continued)

Cost/cu. vyd.

33.00
24,37
10.18
10,18

2.00

79.73
16.28

5.00
53.20

74.48

6.00

6.00

12.00

166,

$224,

$246.

58.

17

38

.79

=y

69/cu. vyd.
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Table 25. Case Study 3: Precast concrete estimate (continued)

ROOF SUPPORT COLUMNS

1.92 cu. yd. per unit
12 units per bed

Concrete (6000 psi)

Strands 4 x 25.33" x $0.21/fF = i.92
Reinforcing Steel 10016 x $0.20/1b + 1.92
Embedded Steel liems $40/Cot. + 1,92
Misc.

TOTAL MATERIAL

On line tabor - 8 men x 8 hrs x $8/hr
+ {12 x 1.92)

Off line labor (est)

Labor Overhead @ 250%

TOTAL LABCR
Equipment write-off
Forms - 300 |.f. @ $125 x 20% - $7500
+ (635 x 1.92)
Curing & handling equipment
TOTAL EQUIPMENT

SUBTOTAL

+ 354 O.H. & Profit

Haul - ftruck & driver @ $20/hr - 12 units/day

=20 x8 * (12 x 1.92)
Crane - $500/day
5 man crew @ $18/hr x 8 x 5 = $720/day
set 20 per day ~ 1220 =+ (20 x 1.92)

TOTAL

280.47 x 1.92 = $538.50 per unit or
$ 8.41/S.F.

118

Cost/c. y.
33.00

5.41
10.42
20.83
2.00

22.22
5.00
68.05

95.27

12.15

$179.08

62.68

$241.7%

€.94

31.77

$280. 47/cu, yd,



Table 25, Case Study 3: Precast concrete estimate {(continued)

INFILL WALL PANELS

13'-0 (avg)
40 cu. vyd. per unit
Cost/cu. vd.
Concrete (5000 psi) 30.00
Reinforcing Steel 151b x $0.20/1b + .4 7.50
Embedded Steel $20 + .4 50.00
6.00
TOTAL MATERIAL 93,50
On {ire labor - 4 men x 4 hrs @ $8/hr
+ (15 x .4) = 21.33
Off line labor (est) 10.00
Labor Overhead @ 250% 78.33
TOTAL LABOR 109.66
Equipment write-off
Forms, curing & handling equipment, etc. 12.00
SUBTOTAL $215.16
+ 35% 0. H. & Profit 75.31
$290.47
Haul - fruck & driver @ $20/hr - 60 units/day
20 x 8 ¥ (60 x .4) - 6.67
Crane & 5 man crew = $500 + $18/hr x 8 hrs x 5
= $1220
Set 20 per day = 1220 = (20 x .4) 152. 50
TOTAL $449.64/cu. vyd.
$449.64 x .4 = $179,86 per unit or

= 31
$ 6.92/S.F.
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Table 26.

Total Cost - Sta.

Case Study 3:
using cast-in-place construction
49 + 00 - 53 + 50

Construction cost estimate system

B Performed Cost te G. C. Cost to

[ tem by Gen Contr, O.H. & P (%) Owner
1. Open Excavation G. C $ 124,293 25 $ 155,366
2. Gravel Base G. C. 11,733 25 14,666
3. € inch Base Slab G. C 22,344 25 27,930
4. Waterproofing Sub 198,720 10 218,592
5, Structure G. C 1,217,925 25 1,522,406
6. Roadway Deck Supports G. C 92,250 25 115,313
7. Roadway Deck Sub 44,343 10 48,777
8. Wearing Surface G. C 11,710 25 14,638
9, Backfill G. C. 88,293 25 110,366
10, Finished Wall Sub 63,000 10 69,300
$2,297,354
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Table 27.

Total Cost - Sta.

Case Study 3:

using cast-in-place construction

44 + 50 - 49 + 00

Construction cost estimate system

Performed | Cost fo G. C. Cost to
[ tem by Gen Contr. | O.H. & P (% Owner

1. Side-Enclosed Excavation G. C. $ 162,657 25 $ 203,321

2. Steel So!d Piles - Material Sub 287,980 10 316,778
3. Steel Sold Piles - Placing Sub 30,800 10 33,880

4. Timber Lagging G, C. 125,000 25 156,250

5. Steel Struts G. C 228,047 25 285,059

6. Steel Wales G. C 95,175 25 118,969

7. Concrete Struts G. C 81,120 25 101,400

8. Gravel Base G. C 11,733 25 14,666

9. 6 inch Base Slab G. C. 22,344 25 27,930

10. Waterproofing Sub 210,060 10 231,066
1. Structure G. C 1,116,225 25 1,395,281
12. Roadway Deck Supports G. C 92,250 25 115,313
13. Roadway Deck Sub 44,343 10 48,777
14, Wearing Surface G. C. 11,710 25 14,638
15. Backfill G. C 142,108 25 177,635
6. Finished Wall Sub 63,000 10 53, 300
$3,310,263




Table 28,

Case Study 3:

Total Cost - Sta,

Construction cost estimate system
using cast-in-place construction
40 + 80 - 44 + 50

Performed | Cost *to G. C. Cost to

[tem by Gen., Contr. | O.H. & P (%) Owner
1. Side-Enclosed Excavation 5. C. L 163,482 25 $ 204,353
2. Steel Struts G. C 372,350 25 465,438
3. Concreta Struts G. C. 89,440 25 111,800
4, Guide Trench Sub 18,500 10 20,350
5. Slurry Wall Sub 1,843,920 10 2,028,312
6. Gravel Base G. C. 9,646 25 12,058
7. 6 inch Base Slab G. C. 18,372 ?5 22,965
8. Waterproofing Sub 172,716 10 189,988
9, Structure G. C 917,785 25 1,147,231
10. Roadway Deck Supports G. C, 75,850 25 94,813
11. Roadway Deck Sub 36,460 10 40,106
12. Wearing Surface G. C 9,628 25 12,035
13, Backfill G. C. 171,354 25 214,193
14. Finished Wall Sub 51,800 10 56,980
$4,620,622

|
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Table 29.

Case Study 3:

Tetal Cost for Project

Construction cost estimate system
using cast-in-place construction

Performed | Cost to G. C. Cost to
I tem by Gen Contr. JO.H. & P (% Owner
1. Open Excavation G. C 5 124,293 25 $ 155,366
2. Side-Enclosed Excavation G. C 326,135 25 407,674
3. Steel Sold. Piles-Material Sub 287,980 10 316,778
4. Steel Sold. Piles-Placing Sub 30,800 10 33,880
5. Timber Lagging G. C. 125,000 25 156,250
6. Steel Struts 44+50-49+00 G. C. 228,047 25 285,059
7. Steel Struts 40+80-44+50 G. C 372,350 25 465,438
8. Steel Wales G. C 95,175 25 118,969
9. Concrete Struts G, C 170,560 25 213,200
10. Guide Trench Sub 18,500 10 20,350
1. Slurry Wall Sub 1,843,920 10 2,028,312
12. Gravel Base G. C 33,12 25 41,390
13. & inch Base Slab G. C 63,060 25 78,825
14. Waterproofing 49+00-53+50 Sub 188,720 10 218,592
15. Waterprocofing 40+80-49+00 Sub 382,776 10 421,054
16.  Structure 49+400-53+50 G. C 1,217,925 25 1,522,406
17. Structure 40+80-49+00 G. C. 2,034,010 25 2,542,512
18. Roadway Deck Supports ’ G. C. 260,350 25 325,439
19. Roadway Deck i Sub 125,148 10 137,660
20. Wearing Surface { G. C. 33,048 25 41,311
21, Backfill 49+00-53+50 G. C. 88,293 25 110,366
22, Backfiil 40+80-49+00 G. C 313,462 25 391,828
23. Finished Wall Sub 177,800 10 195,580

$10,228,239
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Table 30. Case Study 3: Construction Cost estimate
using cast-in-place construction
Costs to Genera! Contractor

system

Item Cost to G. C.
(Dot
Open Excavation - Sta. 49 + 00 - 53 + 50 offars)
82862 ¢. y. @ $1.50/c. v. $124,293
Side-Enclosed Excavation - Sta. 40 + 80 -
49 + 00
108713 c. y. @ $3.00/c. v. 326,139
Steel Soldier Piles - Sta. 44 + 50 -
49 + 00 (Material only)
Cost + $0.22/1b - $0.05/1b Net Salvage Profit
after removal + $0.17/1b
7700 I.f. x 220 plf @ 287,980
Steel Scldier Piles - Sta. 44 + 50 -
49 + 00 (Placing - Driving or Jetting)
7700 1. f. €@ $54.00 ptf (Includes Sub O, H, & 30,800
Profit)
Timber Lagging - Sta. 44 + 50 - 49 + 00
250 MFBM @ $600/MFBM - $100/MFBM Salvage = 125,000
Temp. Steel Struts - Sta. 44 + 50 - 49 + Q0
(Assume 25% Reuse Factor)
Labor (52/34) x 1410 Ib/ft x 450 ft x $0.16/1b= 155,266
Mat. - .75 x (.20/.16) x $155266 = 145,562
Net Salvage - .5 x $145567 = =72,781 228,047

Temp. Steel Struts - Sta. 40 + 80 -~ 44 + 50

Labor (52/34) x 2800 1b/ft x 370 f+ x $0.16/ib= 253,515

Mat, - .75 x (.20/.16) %253515
Net Salvage - .5 x $237670

i

Steel Wales - Sta. 44 + 50 - 49 + 00
(Assume 150 Ib/ft Material & 25% Reuse)
Total - 2700 1. f,

237,670
-118,835 372,350

Labor - 2700 1.f. x 150 !b/1.%. x $0.16/1b = 64,800
Mat. - .75 x (.20/.16) x $64800 = 60,750
Net Salvage - .5 x $60750 = -30,375 95,175

Concrete Struts - Sta. 40 + 80 - 49 + Q0
(Not Removed) - 82 required
82 x 52 ft. x $40/1.f. =

Guide Trench - Sta. 40 + 80 - 44 + 50

$50 per ft of Tunnel (from CS-1 and Includes
Sub Contractor O. H. & Profit)

$50 x 370 ft =

Conversion to SI units shown on pg xi
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Table 30. Cese Study 3: Construction Cost estimate system
using cast-in-place construction {continued)
Costs to General Ceonfractor

| tem Cost to G. C..
(Dcllars)

Slturry Wall - Sta. 40 + 80 - 44 + 5C

Soil information indicates easy digging.

Cost information from [COS.
$£30/5.F. x 61464 S.F. (Includes Sub O.H, & Profit) $1,843,920
Gravel Base - Sta. 40 + 80 - 53 + 50
$8/c.y. x 4139 c.,vy. 33,112
& inch Base Sfab - Sta. 40 + 80 - 53 + 50
Concrete - 1270 x 40 x .5 + 27 = 941 c.y. @

$45/c.y. = 42,334
Reinfeorcing (Assuming #4 @ 12 each way)

1.36 psf x 1270 x 40 x $0.30/1b = 20,726 63,060
4-Ply Membrane Waterproofinag - Sta. 49 + 00 -

53 + 50

2 % 40 ft x 450 ft @ $2.80 = 100,800

2 x 34 1t x 450 ft @ $3.20 = 97,920

(Includes Sub O.H, & Profit) 198,720
4-Ply Membrane Waterproofing - Sta. 40 + B0 -

49 + 00

1 % 40 x 820 € $2.80 = 91,840

2 x 20 x 820 @ $3.20 = 104,560

T % 63 x 820 @ $3.50 = 185,976

(Inciudes Sub 0.H. & Profit) - 382,776
Structure - Sta, 49 + 00 - 53 + 50

Concrete - 26.5 c.y./ft x 450 ft x

$45/c.y. = 536,625
Reinforcing - 3250 Ib/ft x 450 x $0.30//b = 438,750

Formwork — 2 x (34 + 11 + 6 + 12) + 1 x
(28) = 154 S.F./ft x 450 = 69300 S.F.

69300 S.F. @ $3.50/5.F.

Structure -~ Sta. 40 + 80 - 49 + CO

Concrete - 24,5 c.y./ft x 820 ft @ $45 c.vy.

Reinfarcing - 1920 Ib/ft x 820 f+ x $0.30/1b

Formwork - 52 S.F./ft x 820 @ $3.50/S.F.
- 124 S.F./fT x 820 @ $5.00/S.F.

Roadway Deck Supports - Sta. 40 + 80 - 53 +
50 (Does not include cost of rough-in)
Concrete - 2 c.y./ft x 1270 f+ @ $45
Reinforcing - 75 lb/c.y. x 2 x 1270 @ $0.30
Formwork - 20 S.F./ft x 1270 ft € $3.50
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242,550 1,217,925

904,050
472,320
149,240
508,400 2,034,010

114,300
57,150
88,900 260,350
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Table 30. Case Study 3: Construction Cost estimate system

usina cast-in-place construction {centinued)
Costs to General Contractor

[tem No. | Tem
19 Roadway Deck - Sta. 40 + 80 - 53 + 50

(Assume precast)

See detailed breakdown
$3.79/S.F. x 26 x 1270
(Includes Sub O.H. & Profit)

20 4 inch Wearing Surface
Concrets - 408 c.y, @ $45/c.y. = 18,360
Reinforcing - 120 Ib/c.y. x 408 @ $0.30 = 14,688
21 Backfi!l - Sta. 49 + 00 - 53 + 50
48862 c.y. @ 1.50
22 Backfill - Sta. 40 + 80 - 49 + 00
Hand backfill & compaction
24.4 c.oy./ft x 820 Tt @ $8.00/c.vy. = 160,064
Machine backfili & compaction
43828 c.y. @ $3.50/c.y. = 153,398
23 Finished Wal! - Sta. 40 + 80 - 53 + 50

(includes Sub Contractor O.H. & Profit)
Assume 4 inch glazed tile
28 S.F./ft x 1270 ft @ 5.00

See Summary Sheet for Overhead and Profit
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Cost fto G. C.

(Dollars)

125, 146

33,048

88,293

313,462

177,800



E. SUMMARY COMPARISON

1. Construction Time:

From the CPM outputs and the summary tabfes

telow, it can be seen that the total project time for the precast

method is about 18-1/2 months versus about 26 months for the

cast~-in-place system.

Also, that this time savings appears 1o be

independent of the construction method used by the cast-in-place

system.

In each of the three segments and in the total project

time, the precast method shows roughly a 30% - 40% time savings.

Table 31.

a. System using cast-in-place construction

Comparison of construction time for Case Study 3

| Add. Time
Segment of Earliest Start|Earliest Finish|Prior to Exc.|Duration
Total Project of Excavation of Segment (Months) (Months)
Sta. 49 + 00 - 53 + 50 t Mar 78 27 Feb 79 — 12
Sta, 44 + 50 - 49 + 00 | 26 May 78 21 Aug 79 1 16
Sta. 40 + 80 - 44 + 50 | 16 Feb 79 6 May 80 2 16.7
Total Project 1 Mar 78 6 May 80 -—- 26
b. System using prefabricated components
Add. Time
Segment of Earliest StartiEarliest Finish{Pricr o Exc. |Duration
Total Project of Excavation of Segment (Months) (Months)
Sta., 49 + 00 - 53 + 50 [21 Mar 78 4 Oct 78 2/3 7.5
Sta. 44 + 50 - 49 + 00 | 7 Aug 78 16 Apr 79 1-1/2 9.5
Sta. 40 + 80 - 44 + 50 |27 Nov 78 18 Sep 79 2 11.7
Total Project 21 Mar 78 18 Sep 79 2/3 18.5

As in the other case studies, it should be noted that only optimum

condiftions have been assumed, that no allowances have been made for severe

weather or learning time in the early stages, and that only the "structural

phase'" has been considered.




2. Costs: The cest estimates in Tables 20-30 are summarized below.
Notice, that while the precast method shows a savings over the

whole project, it is not the most economical in certain segments.

Table 32, Cost comparisons for Case Study 3

Segment of Cast-in-Place Precast Savings

Total Projec1 System System in Costs
Sta. 49 + 00 - 53 + 50 $ 2,297,354 $2,514,340 $ 216,986 (O)
Sta. 44 + 50 - 49 + 00 3,310,263 3,329,520 19,257 (C)
Sta. 40 + 80 ~ 44 + 50 4,620,622 5,490,845 1,129,777 (P)
Total Project 10,228,239 9,334,705 893,534 (P)'

in the segment where soldier piles and lagging are used by the cast-in-
place system (Sta. 44 + 50 - 49 + 00), the cost difference is only about
one-half of one percent; not within the accuracy of this estimate. Therefore,
while the cost advantage could slightly favor either method, the two must
be considered roughly equal.

In the other two segments, however, the two systems are not equal.
Clearly, when open excavation is possible, the cast-in-place system is more
cost efficient; roughly 9%. However, when slurry walls are required because
of the depth of the excavation or as a water consiraint, they should be
incorporated into the final design. |f they are not, and conventiona! cast-
in-place methods are used, the cost can be substantially higher; 32% in

this case.

128



APPENDI X

DETAILED DESIGN DRAWINGS
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Case Study 3: Site plan - Underground conditions
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