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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 Transportation 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. 

1( / /0/L /, 
/ ,(' l e-,< ( . i·-1/ )r) 
Charles F. Schef ey / '' 
Director, Offic of Research 
Federal Highway Administration 
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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. Gerw ick, Jr. and Soi I Testing Servi ces, Inc. It 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. Sal Ib erg . 

This vo lume, designated Task B of the contract, tests the concepts pro­

posed in Volume I on three sites where transportation tunnels are be ing pro­

posed. The cooperation of the fol lowi ng organizations and in di viduals, 

who furnished the site data and prelim inary designs for the case studies is 

gratefu ll y acknowledged: 

Case Study 1: Ch icago Urban Transportation Distr ict; Harold E. Nelson, 

Executive Director. Deleuw-Novick , Supervising Consult­

ing Engineers. 

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

Keith V. Benthin, Bridge Engineer. Van Doren-Hazard­

Stal lings, Engineers and Architects. 

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

Transportation; Fred C. Sutherland, Bridge Engineer. 

Parsons, Brinkerhoff, Quade and Douglas, Engineers. 
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SI CONVERSION FACTORS 

The units of measurement used in this report are Eng lish. They are 

shown below with their metric or SI equivalents . 

in. = 2 .54 cm = 25.4 mm 

ft = 12 in. = 0 .305 m 

lb ( fo rce) = 4. 448 N 

ki p ( force) = 4448.2 N 

ton ( force) = 8896 .4 N 

lb/ in. 2 psi 6.90 kN/m2 = == 

k ip/in. 2 ksi 6895 kN/m2 6.90 MPa = == == 

lb/ft2 2 
== psf == 47.88 n/m == 47. 88 Pa 

3 ( s ub g. mod.) 3 
ton/ft == 31 . 4 kN/m 

in.-kip (moment) = 0.113N-m 

lb (mass) == 454 g == 0.454 kg 

ton (mass) = 907.2 kg 

I b/ft3 wt) 3 (unit == 1. 60 kg/m 

cu yd 0.765 m 3 
== 

xi 





I . OVERVIEW AND SUMMARY 

A. I NT RO DUCT I ON 

This report is Volume 2 of a two volume report enti"tled "Prefabricated 

Structural Members for Cut-and-Cover Tunnels." Volume I 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 c ut-and-cover 

transportation tunnels were described. 

Volume I concluded that the use of prefabricated members, particularly 

precast concrete merrbers is feasible and offers opportunities for signifi­

cantly reducing surface disruption time. 

In this volume, the concepts and methods proposed in Volume I are tested 

on three sites in urban areas where transportation tunnels are being consider­

ed. One site is a subway station, the other two are highway tunnels. 

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 solution. Also, since in each of the cases , some 

preliminary work has been done using "conventional" construction methods, a 

base for comparison has been established t hat 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 detai Is are presented 

(see Appendix) 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 idea1-



ized Cr iti cal Path Method (CPM ) construction schedu lin g technique . On ly the 

structural port ions of each project that a re differen t are compa red . Items 

such as architectural treatment , ventil ation and other functional equ i pment 

are not included. 

It should be emphasized that the only pu r pose of these case stud ies is to 

test the feasibility of using prefabricated structural members in rea l situa­

tions. Th e re is no intention to secon d guess or " va lue eng i neer" a propose d 

design prepared by othe rs . 

B. OVERV IEW OF CASE STUDY 

Case Study 1 is a subway s tation for a metropolitan area urban mass transit 

system. The site selected is a part of the Chi cago , I I li no is, Central Area 

Transit Project being p lanned by the Ch icago Urban Transportati on District. 

A schematic drawing of the typical tunnel structure using prefabri cated 

components is shown in Fi g. 1. Detai Is of the site conditions, components, 

connecti ons, cost and ti me compari sons , etc. a re in Section I I of th is report. 

The proposed construct i on uses load-bear ing precast, prestressed concrete wal I 

pane ls p laced in a s lurry trench, with precast, pres t ressed members used for 

the tunnel roof and at street leve l. Underground uti I i t ies a re placed in a 

permanently accessib le space between t he tunnel root and the street--the 

"uti Ii dor" concept recommended in Vo I ume I. A major part of the construction 

is "under the roof", thereby minimizing the time of surface di srupt ion . 

The comparison with convent iona l construct ion shows the fol low ing: 

1. Costs: The estimated cost of the structura l port ion of t hi s project 

i s $7, 803 per toot* of length using precas t concret e component s and 

$8,932 pe r toot usi ng conventional constructi on, a sav ings of about 

*Cost per metre~ 3. 28 times the cost per toot. 

2 
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13%, or approx i mate ly $1 mi 11 ion on the complete stat ion . It i s 

est imated that the pa rts of cons t ruction compa red are about 65% 

of the total cost, so the ne t savings on the project wou ld be ·· 

about 9%. 

2 . Construction t i me : There is vi rtually no difference in tota l 

construct ion t i me between the precast and conventiona l method--each 

woul d take about 2 years. However, t he CPM study shows t hat the 

construction met hod proposed us in g pref abr icated components would 

al low the s treet above to be pe r manent ly re- opened to tra ffi c only 

9 months after t he start with virtua l ly no v i s ib le ev i dence of 

construct ion afte r t hat. The convent ional method wou ld requ i re 

cons i de rab le s urface disruption for the ful I 2 year period . 

C. OVERVIEW OF CASE STUDY 2 

Case Study 2 in vest i gates the use of prefab ricated s truct ura l elements 

for a sha ll ow h ighway t unnel th rough a pub I i c pa r k in the s ub ur bs o f a metro­

pol i tan area . The project is part o f Minnesota Tr unk Hi ghway No. 55=1 16 

through Minnehaha Park in Minneapo li s . 

The proposed tunne l design is s hown schematically in Fi g. 2 and t he 

deta il ed descr ipti on i s in Secti on I I I of th is report. 

In t hi s study , surface disrupt ion i s not of pr imary concern , so open 

excavat ion i s proposed for both the pre f ab ri cated and convent iona l so lut ions . 

Pa rt of the excavat ion i s i n rock . 

For the proposed tunne l const ruc ti on using prefabr icated components , 

p recast , p res tressed I oad- bear i ng wa 11 un i ts s upport p recast , p restressed 

box beams . 

Two re lated stud ies a re undertaken in connect i on wi th Case Study 2 . One 

i s a cost compar i son between anchored and grav i t y tunnel f loor s labs . The 

4 
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other, includes a design and discuss ion of the use of prefabricated compon­

ents in recessed approach construction. The cost compar i son discusses the 

use of ground anchors and establishes some guide li nes for choos ing an 

anchored or unanchored des ign i n a series of charts. The recessed approach 

study presents two a lternates for the system usi ng prefabr i cated components 

and one for the "con ven tional" construct ion method and discusses al I three . 

Compari sons of costs and construct ion times showed the fo l low ing : 

1. Costs: 

a. Tunne l construction: The system using prefabricated components 

i s estimated at $9 ,1 83 per foot of le ngth compared with $9 , 828 

per foot for the convent iona l cast-i n- place system. The difference 

in cost, about 7% , i s about $600,000 for the total project. 

b. Approach reta ining wal Is: For retaining wal Is up to about 20 ft 

(6 m), a cast-i n- place cantilever design i s the least expens i ve. For 

heights above this , a retaining wa l I, either precast or cast-i n­

place , supported near the top wi t h horizontal ground anchors, 

becomes cost effective . 

c . Anchored vs . gravity t unnel f loor slabs: The relative cost is 

dependent on the amoun t of overburden, he ight of water table 

above the slab , span between vert i cal elements and whether t he 

anchors are in roc k o r soi I. In this case, because of the long 

span and hi gh water table, the use of anchors would probably save 

about 7% . 

2 . Construct ion time : The CPM study shows that the construction time 

us ing prefabr i cated members would be approximately three months 

less than the convent iona l cast-i n- place system--11 months vs. 

14 months. 

6 



D. OVERVIEW OF CASE STUDY 3 

Case Study 3 i I lustrates prefabricated structural components and con­

struction methods which mi ght be applicable for a deep tunnel in poor soi I 

with a high ground water leve l. The structure in vest igated is the east 

approach to the proposed Second Downtown Elizabeth River Tunnel between 

Portsmouth and Norfolk, Virginia. 

Fig. 3 shows a schematic drawing of t he proposed construct ion method, 

and detai Is of the study are given in Section IV of this report. In this 

study, cast-in-place s lurry wal Is were chosen over precast because of the 

extreme depth, up to 90 ft (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 wal I tolerance requirements, connect ion of the precast roof units 

to the cast-in-place sl urry wal Is 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, so ldier pil es and lagging, and 

slurry wal I. Therefore, separate cost comparisons a re made for each of the 

three segments, as fol lows: 

1. Cost comparisons: For the segmen t of the project that used cast-in­

place construct ion wi th s lurry wal Is, the precast concrete scheme 

showed a cost sav ings of nearly 32%. The part that used soldier 

piles and laggin g with t he cast-in-place section, the costs are about 

equal, and for the shal low end where open excavation is feasible, 

the conventional system saves about 10% compared with the prefabri­

cated method. Overal I, the system using precast concrete members 

indicates approximately 9% savings in cost. 

7 
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2 . Construct ion time compar i son: The CPM study shows a time sav ing of 

about 7-1 /2 months for the des i gn using precast concrete components--

18-1 /2 months vs . 26 months . Th is time savings appears to be inde­

pendent of the construct ion method used for the cast- in-place system. 

E. SUMMARY OF THE FINDINGS 

The pr i mary conc lusion stated in Vo l ume I was conf i rmed in these case 

studies; that is, that prefabr icated structural members can have a place in 

cut- and-cover transportation tunnel constructi on. 

Severa l of the precast structural framing schemes outl ined i n Vo lume I 

proved to be quite efficient . Othe rs were found to be less efficient and 

s ti I I othe rs were not cons idered because of i nappropr iate site cond iti ons. 

The bearing wa l I/box beam combination seemed to be one of the best. 

Besides being cost and time eff i c ient, th i s combinat ion di d not encounter 

any aesthet i c , venti lation, or construction prob lems that several of the 

other schemes di d. For instance, the k in g p i le wal I system becomes ineffi­

cie~t at certa in depths and where the s ize of the f lange cannot be changed 

to i mprove aesthet ics . Another exampl e is the use of stemmed sections for 

roofs (sing le t ees , double tees, ~u l.b tees, channels) . They are effic ient 

shapes, but were not found su i table in Case Study 2 because of vent ilati on 

concerns. 

The precast arch system was shown to be effect i ve when a large amount of 

backf i I I i s required, although that e ffectiveness was compromised somewhat in 

Case Study 3 by the use of support co lumns made necessary by the const ructi on 

toleran ces requ i red . 

The judi c ious use of s lurry wa l I const ruct ion as a t emporary as wel I as a 

permanent structure is the key to the use of prefabricated wal I members. Its 

many advantages include a water tight excavation , e l imination of underp inni ng 
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of existing structures , and a narrowe r pat h of disruption. These advantages 

can be had even when slurry wal Is are comb ined with convention a l construct ion . 

Howeve r, it is not unti I they are used as a portion of the permanent struc­

t ure t hat cost or t i me savings can be realized, as evidenced in Case Study 3. 

On the other hand , t he use of slurry wa l I construct ion where i t i s not 

warranted, can res ult in a more expens i ve solution. Thi s was assumed when 

the const ruct ion method was selected in Case St udy 2 , and proven in Case 

Study 3. Clearly, if the s i te condition s permit open excavation, i t wi I I 

usually prove less expens ive . 

The cho ice be t ween precast and cast-in-place slurry wal Is i s another 

conside rati on. As stat ed in Volume I, prefabr ication o f the wal Is wi 11 not 

resu l t in a savings in time o r cost , and t he oppos ite may be true . However, 

if a finished wal I su rface i s req uired or perhaps greater attent ion to con­

struction to lerances demanded, t he precast wa l I might be a good cho ice pro­

vided the size does not become a problem as i t did in Cas e Study 3 . 

As suspected , the presence of heavy c ross uti I ities , as f requentl y 

encountered at street inte rsect i ons may make s lurry walls impractica l. This 

was i I lus trated in Case Study 1, where after cons ider in g several a lternat ives 

a modified system using some conve nti ona l ideas was se lected. 

When analyz ing the mer it of a system using prefabricated components a long 

with the construction methods out lined in Vo lume I, two things must a lways be 

kept in mind . One is that in some areas o f a project, the re may need to be 

a cost/t ime trade-off . One of the key a ims of this ent ire study , whi c h i s 

a lso a maj or advan t age of the system us in g prefabricated component s , i s t he 

sav ings in t i me and dis rupti on. I f these a re primary cons iderat ions , t he 

importance of any cost differential may be lessened . 

10 



Second, is that the use of prefabricated components alone wi I I not 

guarantee a substantial cost savings. The use of these materials must be 

integrated with construction methods discussed in Volume I. Only then, can 

a substantial savings be realized in both time and money. Th i s tota l 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 structure must also specify the 

construction methods. In add iti on, he must mon ito r the ti me sequence which 

is essent ial in the sav ings of time and at least a factor in the area of 

costs . 

Some concerns have been expressed that the concepts proposed in th is 

study wi I I meet with some oppos iti on from the labor unions, contractors , 

designers, owners, and others invo lved with these types of projects . Accep­

tance of a new i dea, even one which mere ly incorporates already accepted 

concepts and practices , often comes s lowly. It may, therefo re , be benefi ­

cia l to t est these ideas in the design and construction industry through 

the bui I ding of trial por tion s on se lected convent ional jobs. 

There is no reason to ant icipate unusua l problems from t he labor un ions. 

Jurisdiction of the cons truction trades involved in the manufacture an d 

e rect ion of precast concrete , whil e it varies geograph i cally, has general ly 

been estab li s hed fo r above- ground structures . 

General contractors who specia li ze in this type of construct ion may 

have rese rvations about the concepts i I lustrat ed in this study. Such reser­

vati ons would, of cou rse , be reflected in bid prices on the first jobs . 

There also would li kely be some res istance to the specifying of construction 

methods , if the present procedures of b iddin g are fol lowed. 

11 



Des i gners and ow ne rs may a lso res i.st these concepts because of t he r i sks 

i nvolved in any innovat ion . The schemes proposed i n t h is study requ i re t hat 

the des i gne r o r owne r assume add iti ona l ri s ks by spec i fy ing construction 

methods . 

Many of the object ions cou ld be eliminated, o r at least signif i cantly 

reduced by the le t t ing of design- bu i Id contract s . This is probab ly not 

poss ib le i n i ts purest form in pub li c wor ks construction in the Un i ted 

Stat es today. Howeve r, there have been some cases whe re a lte rnates have been 

bi d on a design-bu i Id bas is . Also , some innovati on has been introduced by 

t he so- ca l le d "va lue enginee ri ng" encou raged by many Fede ra l and State 

agenc ies in recen t yea rs . 

The greatest techn ical ob j ection that des i gners may have is related to 

t he stab i I i ty of t h i s type of constructi on. In convent iona l cont inuous 

cast-i n-p lace constr uct ion , there is a s t r uctura l redundancy , mean i ng that 

fa il ure of a s ing le component wi I I not cause total failure of the system. 

Much of th i s redun dancy has been e li minate d wi th t he use of separat e p ieces 

and most ly simp le span f ram ing . However , because of t he conf inement that 

ex ists from the surround i ng soi I, adequat e stab i l ity i s achieved . 

Another concern , which stems from the first, is the response of the 

s t r ucture to ea rt hquakes . Up unti I now , very li t tl e has been done on the 

study of underground s t ructu res and the i r response to eart hquakes . It was 

me re ly not ed t hat no seve re prob lems have ever been e ncount ered . Wh i le i t 

is fe lt by many that th is rema ins t he case with the des i gns proposed in t h is 

study , it is an area that might warrant future research . 

Of the three cases s tud ied , i t is apparent t hat the i deas conceived in 

Vo l ume I are most ap p l i cable to the condit ions encountered in Case Study I, 

t he subway stat ion in Chi cago. Th is i s perhaps fo rt unat e because there is 
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more emphas is on such mass transportation fac i I ities than on hi ghway tunne ls. 

While it is obv ious ly not poss i b le to anticipate al I conditi ons that might be 

encounte red , there is enough var iet y in t he cond itions s tudi ed t o i I lustrate 

the versa ti I i ty of construction us in g prefabricated members . 

13 
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A. PROJECT DESCRIPTION 

I I. CASE STUDY NO. 1 

SUBWAY STATI ON FOR A METROPOLITAN 

AREA URBAN MASS TRANSIT SYSTEM 

1. Purpose of the study: Case Study No. 1 is intended to i I lustrate 

the applicability of prefabricated structural elements for a typical 

subway station locat ed in a large metropo litan area. 

2. Location of the pro ject : The subway station studied is a part of the 

Ch icago , I I I inois, Central Area Transit Project being planned by the 

Chicago Urban Transportation District. It is loca ted on the Franklin 

line under the intersect ion of Chicago Avenue and Larrabee 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 Co rporat ion comp lex as wel I as a 

la rge public housing area situated nearby. See Fig. 16 (Appendix). 

3. Dimens ions: The area considered in this study is limited to the sta­

tion i tself, 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 typical ly 46'-4" ( 14 m) wide, and varies 

in height 23 to 30 ft (7 to 9 m) within the stat ion. The tunnel floor 

var ies from 42 1 -3" to 49 1 -10" ( 13 to 15 m) below ground s urface . The 

southern end, approximately 250 ft (76 m) conta ins the fare collection 

area, access esca lators and other anci I lary space. This area is 

63 ft (19 m) wide above a mezzanine level, requiring two-span struc­

tura I framing. 

4. Soi I and groundwater characteristics: A typi ca l soi I bor i ng log from 
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the a rea is shown i n Fig. 17 . This so i I bor i ng i s actually a com­

posite, or ave rage of severa l bor in gs in the a rea used fo r design 

purposes . 

Most of the excavation wi I I be in st iff clays typi ca l of t he 

Chicago area . These c lays , wh ile appear in g quite st i ff and hard 

initially, become soft and sticky when s tandard rubber-tired 

vehicl es drive on them, making i t virtually impossi bl e t o use such 

equ i pmen t for excavation without s tabi l i zat ion . This is an import ant 

cons ide rati on in de t erminin g the method an d cost of excavat ion . 

For des i gn purposes t he water tabl e is assume d at e i ght 

feet (2 . 4 m) below ground s urface . 

5. Items consi de red in th e s tudy: The purpose of this study i s to com­

pare construct ion us in g pre fabr i cated e lements with con vent iona l 

methods of construction . For this reason, on ly t he st ruct ura l e le­

men ts of the tunne l cons tructi on were consi dered . It was determined 

that i tems s uch as the mezzanine, station p latform , escalator and 

other a rchitectural features as we ! I as a l I mechanical and electrical 

work would be the same for both construct ion met hods . Therefore, 

these items were negl ected i n thi s s t udy . 

6. Critical areas of concern: The fol lowin g items requ ired spec ial 

cons ide rati on in determining th e ty pe of structure and the methods 

of construction: 

a . Tra ff ic maintenance . Chicago .Avenue i s a primary eas t-west 

thoroughfare cross in g the Chi cago River. Alternate routes a re 

ava i !abl e for both cross in g the river and access t o t he Mont­

gomery Ward bui I ding and other industrial bui I dings in the area. 

However, c losing of Chicago Avenue would be a considerable incon-
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venien ce to t he pub li c and th is study has ass umed that a t least 

one lane wou ld be open excep t for very s hort periods of time at 

night. 

Larrabee St reet i s of less import ance to the gene ra l public, 

but does ha ve some effect on the industry i n the immediate vi c in­

i ty . Th is study has a l lowed t he clos ing of Larrabee Street as 

required by the construct i on method . 

b. Un derg round ut ili ties: This i s a lways a major concern in con­

struction fac i I iti es In urban areas . Existin_g ut i I iti es a re shown 

in Fi gs . 18 through 22 . It was determined t hat most of the 

utility li nes can be tempora ril y supported and rema i n i n p lace 

du r ing construction , but some wou l d have to be re located before 

construct ion is started . Those to be relocat ed a re : 

(1) The 5'0" x 6 1 - 10½" (1. 5 x 2 . 1 m) MSD (sewer) l ine . This line 

interferes with the f ina l struct ure . Re location i s a major 

project , and it was ass umed that it wou ld be done pr ior t o 

the s t art of construction, regard less of the construct ion 

method. The refore , thi s re locat i on was not considered pa rt 

of thi s project. 

(2 ) The 24" (610 mm) PG (gas ) I ine. Safet y regulat i ons wi 11 

us ua ll y proh ibi t the ma intenance of gas li nes within an open 

excavati on, so relocat ion i s conside red in the construct ion 

ti me study. 

(3) The 6 DCE (e lect ri ca l ) and 20 18T (te lephone) lines . North 

of Chi cago Avenue, these lines run rough ly pa ra I le i t o , and 

a long the I ine of excavat ion . The re wou ld appear to be a 

great danger of hitting these l ines with any constructi on 
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method , so t hey should be re located prior to the start of con­

s t ructi on . 

Wit h t hese I ines re located, there are no major utl l it y 

lines c ross in g t he excavati on except at Chiago Avenue. Since 

the c ross ut i I iti es at that po in t are quite heavy, the s lurry 

trench and prefabr icated wal I method is probably not feasib le, 

so a d i ffe rent method of construction is proposed. (See 

Section B fo l lowing) . 

c . Ra i I road trac k: The s urface ra i I road that se rves the Montgomery 

Ward Cata log Sales Warehouse and other warehouses on Ki ngsbury 

wi I I have t o be c losed during certain phases of construction at 

and sout h of Chicago Avenue. This track is used in f requently, 

but clos i ng wi I I be an inconvenience and probably cause some ex­

pense to those bus ~nesses. North of Ch i cago Avenue at least one 

track can be kept open during the tunne l construction, but move­

men t a long the track would probably have to be rest ri cted to 

per iods when there i s l itt le const ruction activity on the west 

side of Larrabee. This wQuld probab ly not be an inconvenience as 

the track is now used only at night. With the "conventiona l" con­

struction, it is probable that the excavation would be too close 

to t he track for any use. 

d. Pe destri an tunnel: The pedestrian tunnel connection Marcor Cor­

porat ion bui I ding and the Mon t gomery Ward Adm inist ration bu i I ding 

would have to be removed and rep laced dur i ng the const ruct ion of 

t he station south of Chicago Avenue. With the proposed prefabri­

cat ed method of construction, specia l construction procedu res a re 

require d around the pedestrian tunnel. Whi le there may be other 
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alternatives, this s tu dy assumes that construction around this 

tunnel open in g would be hand led in a method simil ar to that used 

at Chicago Avenue where the hea vy cross utilities present a 

simil a r probl em. 

e. Adjacent structures: Fig. 16 shows t he prox imity o f bu i I dings to 

the tunnel proj ect. The major s tructures , i.e., the Marcor Cata­

log Sa les and Park i ng Garage are founded on e i the r p il es or 

caissons which bea r wel I below the in ve rt of the tunnel . There­

fore, underp inni ng of t hese s truct ures is not necessa ry. Also , 

lowe ri ng of th e water t a bl e is not li ke ly t o ca use structural 

damage except for the poss ib le minor set t lements o f s labs on 

grade. However , lowe rin g of the water t ab le wou ld on ly be neces­

sary to the dept of t he fi I I materi a l because of the ve ry i mpe r­

vious nature of the c lays be low that. With s lurry wa l I const ruc­

tion, even th i s would not be requ ired . 

The other bu i I din gs near the north end of the project are 

quite o ld and run-down. With slurry- wa l I cons truction, these 

wou ld not need to be underpinned , and even with the "conven t iona l" 

method , it would probably be less expens ive t o risk damage than to 

underpin. There fore , underpinni ng was not consi dered part of th e 

project under e i ther method . 

B. CONSTRUCTION USING PREFABRICATE D COMPONENTS 

1. Structura l f ram ing method: The vari ous s tructural fram ing schemes 

outlined in Vo lume of thi s study we re cons i de re d for th is Case Study. 

a . Typical section: Approximat e ly BO% of the length of the stat ion 

is i dea l for precas t, prestressed load- beari ng wal I pane ls placed 

in a s lu rry trench with precas t, prestressed roof units . Th i s 
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scheme was c hosen for that 80% , and is i I lustrated in Fi g. 25 of 

the drawings. This scheme seemed particular ly wel I suited because: 

( 1) The re a re few cross ut i I it i es . 

(2) The ri gid diaphragm wa l I would enable at least partia l 

operation of the surface rai !road duri ng const ruct ion. 

(3) Larrabee Street can be c losed for limite d pe ri ods of time, 

but ext ended times wou ld be inconveni ent t o the busi nesses 

in the area. 

(4) The "ut i l idor" concept would work very wel I along Larrabee, 

and few ut iliti es would have to be re located. 

b. Spec i al framing at intersecti on : At Ch icago Avenue, relatively 

heavy cross uti lities are encountered. The typica l fram ing method 

i s not feas ibl e beca use excava t ion of a s l urry t rench by conven­

tional methods is virtua ll y imposs ible, as is pl acement of pre­

fab ri cated panels a round the utilities. 

Volume I o f th is study suggests di fferent ways t o hand le th is 

situation. It i s be li e ved that equipment cou ld be de ve loped to 

excavate slurry trenches under these heavy cross ut ilities, in 

th is type o f so il. One s uch method would use hi gh pressu re direc­

t i ona l water j ets located vert i ca l ly a long a p ipe whi ch is lowered 

into a dr i I led ho le . Give n the proper in cent ive, other methods 

could probably be deve loped by contractors . 

Howeve r, insertion of precast concrete wa l I pane ls , or even 

re in fo rcin g cages would appear to be impractica l. Use of a 

var iat ion of t he So l dier Pi le Trem ie Concret e (SPTC) wa l I i s sug­

gested as a possib ility. However , i t wou ld be necessary to deve lop 

suff i c ie nt flexural s trength in the conc ret e t o span between so ldi er 
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piles unre inforced. I f th is cannot be done with conventi onal con­

c rete , fiber reinforced or po lyme r modified concrete as described 

in Sect ion XI I I of Volume I could be emp loye d. 

Another a lternative , and the met hod se lected for use i n thi s 

case i s to form and pour a re info rced concrete wa l I between 

so ldie r pi les after the tunne l has been excavated. In thi s case , 

convent iona l timber laggi ng is used bet ween t he so ld ier p il es . 

Th i s lagg i ng rema ins in p lace and serves as the outs i de form for 

the concrete wa l I. The concrete and s tructura l s teel are des igned 

to act compos ite ly i n the f ina l condition. 

The precast, pres tressed membe rs a re s ti I I used as struts at 

both the roof and street leve ls . Stee l wide f lan ge sect ions a re 

connect e d to the so ld ier piles t o act as supporting members fo r 

the ho ri zonta l membe rs and as wales to take the hor izonta l loads . 

A sect ion through th i s area is shown in Fig. 26. 

2 . Products and des ign: An e i ght foot (2 .4 m) modul e was se lected because: 

(1) Arch i tectura l draw in gs show a vaulted ce ili ng wi t h ribs on 8 foot 

cente rs . 

(2 ) The we i ght of t he e i ght foot wide uni ts approach the maxi mum for 

handlin g. 

(3) Thi s i s a common modu le for precast, prest ressed conc ret e products , 

so existin g equipmen t i n a precasting p lan t could be used. 

No continuity between horizonta l and vert i ca l members i s 

assumed . 

a. Wa l I un i ts : The wa l I units a re s hown i n Fi g. 27. They are de­

s i gne d to be manufactured in an off-s ite precast in g p lant. The 

t vp i ca l sect ion i s prestressed with 32 pretensioning s trands and 
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24 post-tensi oned strands, The pretensioning i s designed to 

carry al I handling and temporary loads , with a temporary strut 

placed as shown in Fig. 25 . The post-tensioning is done af-

ter the bottom s lab i s in place, and before the temporary struts 

are removed. 

The weight of each unit is about 55 tons (50,000 kg) This 

would requ ire spec i a l permits for hauling, but use of units this 

size is not unusual. 

b. Horizontal members: The precast, prestressed st reet level and 

tunnel roof members are shown in Fi g. 27 . The street leve l 

members are not designed to act compositely with the cast-in-place 

concrete slab because of the construction equipment loads which 

must be carried before the s lab is cast. 

The tunnel roof members wi I I also not act compositely with· 

the cast-in-place concrete because of t he waterproof in g membrane 

placed directly on the precast unit. The s in g le- tee conf i gura­

tion was selected to s imulate the vaulted ce ilin g shown on the pre­

I i minary architectural drawings. 

c. Connect i ons : The tunnel roof members bear on a concrete encased 

stee l wide flange member. The pocket for the wide flange i s cas t 

in the p lant, and plugged. After excavat ion to that leve l, the 

plug is removed , the stee l member welded into place, and the con­

crete cast around it. The concrete encasement serves the dual 

purpose of protecting th e steel member and provid i ng the necessary 

elevation tol erance . Horizontal loads from the wal Is are trans­

mitted through sh ims to the horizontal members. The shims are 

accurate ly placed so that the load is at the centro id of the . 
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member. The joint is then grouted for protection. 

At the street leve l, the horizontal members rest on a cap 

beam cast over the top of the precast wal I units. Horizontal 

loads are again transmitted through properly placed sh ims. Con­

nect ion detai Is are shown in Fig. 25 . 

d. Foundations: Cast-i n-place concrete or grout is t rem ied or 

pumped to the bottom of the excavation as soon as pract i cal after 

the precast units are placed, before t he cement-benton i te slurry 

has set . Th i s concrete or grout i s of suf f icient strength to 

transmit the vertical loads to the bea ri ng material. The cement­

bentonite s lurry has adequate strength, after setting, to trans­

mit the horizontal loads. 

3. Constructi on sequence: Construct ion of the stat ion is assumed to 

start at t he north end and progress cont i nuously southwa r d. The 

fol lowin g ass umptions and dec isions were made regarding the sequence 

of operations: 

a. Succeed ing operations are kept app rox imately 100 ft (30 m) apart to 

avoid interference, e.g ., placement of precast, horizontal units 

is 100 feet beh ind excavation . (Note: this does not apply to 

placement of the wal I units in the slurry trench, as t he slurry 

trench cannot be held open unsupported more than about 20 feet 

(6. 1 m) ahead of the p lacement of the wal I units .) 

b. Slurry trench excavat ion and placement of wal I un its is done one 

s ide at a t ime so that Lar rabee Street can be held open to at 

least one-way traffic. 

c . Post-tensioning of the wal I units is done as the last structura l 

operation. The post-tens ioning t endons are located fo r the f ina l 
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loading condition. If the post-tensioning is done earlier, 

unfavorable stress cond itions would resu lt. 

d. Certain operations at the intersection with Chicago Avenue, such 

as placement of the soldier piles, could be done at the same time 

as the slurry trench operations. 

e. Access to the excavat ion, after placement of the street level 

horizontal members is at the location of the north entrance 

(See Fig. 24). Thi s would necessitate the purchase and 

removal of the existing bui I di ngs at that location earlier than 

might otherwise be required. This property, or another vacant 

lot near there cou ld also be used for t he slurry handling equ ip­

ment and other construction storage. It may also be desirable to 

use the parking lot south of the Wards Administration Bui I d ing for 

the s lurry equipment when operations are at that end of the s ite. 

f. The structural design of the wal Is requires a temporary strut to 

be placed approximately 12 ft .(3.7 m) above the bottom of the ex­

cavat ion. This strut must rema in in place untl I the base s lab i s 

cast and the wal I units post-tensioned. After the 4 ft (1.2 m) 

thick base slab i s cast , there is insufficient clearance for trucks 

to operate on the slab. Therefore, with a s ingl e access t o the 

tunnel, al I excavation must be completed before cast in g of the 

base s lab begins. 

4. A precedence diagram show ing the re lationsh ip of the various construc­

tion operat ions is shown in Fig. 29. A deta iled description of each 

operation is shown in Table I. These operations are used as the in put 

to a Critical Path Method (CPM ) comp uter program. The output of this 

program is shown as Tab le 2. 
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Tabl e I. Case Study 1: Construction sequence using prefabricated 

structura I e 1.ements 

Operation 
Number 

1-3 

4 

5 

6 

7 

8 

(See Ftg. 29 for Prece dence Diagram) 

Description of Operations 

Initializing operation necessary for computer input. 

Plug abandoned Metropolitan Sanitary District pipe to avoid loss 
of slurry where s lurry 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 to be used during 
construction phases occurring after permanent restoration of street. 

Relocate uti litles such as gas li nes comp lete ly off of the construction 
site. Relocate other necessary utilities that are In or near line 
of slurry. trench or interfere with placement of soldier pl les across 
intersection. See page 3 for explanation. 

Construct a temporary rai I road spur farther away from excavation 
I imits to al low con t inued use and min imi ze surchar:-qe effect on 
excavation. 

Erect s ide walk barricade to separate pedestrians from construction 
activities. 

10 Close one side of street to traffic to al low construction activities 
whil e retaining single-lane t raffic on other side. 

12- 14 See Operations 8-10. 

16 Clean-up, remove barri ca des, and gene rally restore side of street 
currently c losed off to accept traffic while other side is closed 
down. 

18 Close street compl e t e ly to al I traffic. 

20, 22 See Operation 10. 

2 1 See Operation 16. 

24 Block off Montgomery Ward pe destrian tunnel during construction 
operations. Pedestrian tunnel wi I I be rebul It later in project. 

26- 28, 32- See Operat ions 8-10 
34 

30 See Operati on 6. 
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Table I . Case Study 1: Construction sequence using prefabricated 

s t ructural e lements (continued) 

Operati on 
Number 

36-38 

50 

51 

52 

53-561 

61-66, 71-
75 

100-102 

104-106 

108-11 0 

120 

122 

124 

126 

128 

Descripti on of Operat ions 

See Operat ions 16-1 8. 

In itiali zati on of precasting operations necessary fo r computer 
i nput . 

Shop draw ings for wal I units and the ir approva l. 

Pre I imin a ry work required before casting of precast un Its. 

Castin g and sh ipp in g of precast wa l I units. 

See Ope rations 51, 51, 53-56 . 
un i ts. 

Si mil ar , but fo r different precast 

Construct a guide trench to be used for accuracy of slurry trench. 
construct ion and al ignment and temporary suspens ion of precast 
wa I I un i ts . 

Construct .a slu rry t rench, pl ace and temporar ily suspen d precast 
wal I uni t s , and pour continuous wa l I footing by the tremi e method. 

Cast a continuous conc rete cap beam t o be a ledger beam and sup­
port the precast horizontal members at t he street level. 

Excavate , most ly by hand, t o the bottom of the utilities so a l I 
utili t ies are expose d and can be suspended later from the hori­
zonta l precast members it the street leve l. If utility depths 
a re irregu lar , some may need to be lowered and others s upported 
on some kind of temporary cha ir. It is anti c i pated that this 
operat ion wi I I be expedited to minimi ze the ti me the st reet i s 
c losed . Round- t he-c lock ope rat ion i f necessary. 

P lace precast st reet tees in position and secure flanges t ogether 
by we I din g. 

Suspend utilities at interva ls requi red by any means suitable to 
last unti I more permanent pipe racks, etc. can be insta ll ed 
later in the construct ion sequence. 

Cast concrete t opp ing at appropriate s lope for drai nage and fini sh 
top surface s uitabl e for permanent traffi c . 

Al low concret e to cure to desired st rength. 

25 



Table I. Case Study 1: Construction sequence usin g prefabricated 

Structural elements (continued) 

Operati on 
Number Description of Operations 

130 Excavate to bottom of final excavation and set two levels of tem­
porary streets as excavat ion progresses. 

132 

134 

136 

138 

140 

142 

144 

146 

200 

202 

204-212 

214 

2 16 

220-236 

240 

Construct haunch in accordance with design at the center web of 
each precast wal I unit and finish to appropriate height to al low 
placement of t unne l roof level precast members. 

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

Bu i Id-up waterproofi ng and al low t o set . 

Si mi lar to Operation 126. 

Restore utilities on permanent racks , color code , in spection and 
rep lacement , maintenance, etc. 

Lay a new gravel base if old base has been embedded i n clay by 
trucks and construct ion equipment. Form, pour and finish 4 ft. deep 
base slab. 

Stress post-tens ioning tendons in the precast wal I units and remove 
second level of temporary struts. 

Caulk wal I jo ints to retard seepage. 

Hand dig a trench on I ine of soldier piles down to uti I ities to 
accurately locate them and a l low the dri I l ing operation to proceed 
unobstructed. 

Ori 11 shaft, place and ali gn so ldier pi le and secure into posit ion 
by backf i I ling or setting slurry . 

See assoc iated operat ion from 120-1 26 . 

Permanently restore al I rai I road tracks to ori g inal position. 

See Operat ion 128. 

S i de 2 same as s ide 1. 

See Operation 130. 
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Tab le I. Case Stu dy 1: Constructi on sequence us i ng prefab ri cate d 

s tructura l e lements (cont in ued) 

Ope rat ion 
Number 

242 

244 

246- 248 

250-252 

254- 256 

258 

260 

262- 268 

300-350 

30 1, 303 

331 

342 

344 

470-500 

Descr ipti on of Operations 

Erect permanent s t ee l beams between so ld ie r pil es t o support pre­
cast members at t he tunne l roof leve l . Erect wa les t o trans fer 
the horizont a l force between the permanent so ld ier p il es and t he 
precast members wh ich wi I I permanentl y brace t he wal Is when t he 
struts are removed. 

See Operation 134. 

P lace waterp roofi ng mats aga inst lagging i n preparat ion for cast­
i n- p lace wa l I wh i ch wi I I be poured aga inst lagg in g. 

Place cast- in-p lace re inforcemen t and secure in fron t of lagg i ng 
act i ng as a back form . 

Erect formwork and pou r cast- In - p lace wal I and ha unch as s hown in 
drawings. 

Place grave l base, erect necessary formwo r k, p lace re inforcement 
and pou r a s lab on grade for esca lators , etc. located i n short 
span of 2-span area . 

Strip cast-i n-place wal I forms and patch or sandblast as required 
to obta in a permanent fin ish. 

See assoc iated ope rations from 136-142 . 

Except for add i t iona l ope rat ions li s t ed be low, see assoc iat ed 
operations from 100-146 . 

Simi lar to Operat ion 202, but at pedestr i an t unnel location . 

See Operat ion 242. 

Combination of operations s imil ar to those from 246- 256 . 

See Operat ion 260 . 

Non-funct iona l operat ions des i gnat in g comp leti on . 
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Tab le 2 . Case Study 1: Comoute r output of CPM p rogram fo r 
construct ion us ing p refab r icat ed structu ra l e lements 

P R 0 J E C T S C H E O U L E 
FR0M JAN l, 1977 T0 F"EB 27, 1979 - S0RTEO 81' SEQ 

CUTD - LARRABEE STREET STATl0N APR 27, 1977 

DEPT: 
NUMBER DESCR1PT10N 

EARLIEST 
DUR START rlNlSH 

* 
* 
* 

l START N0RTH LARRABEE 
2 START 1NTERSECT10N 
3 START S0UTH LARRABEE 

0 
0 
0 

4 PLUG MSO 20 
5 C0N C0NSTRUCT10N ENT 20 
6 REL UTlL N0 0F CHG 40 

1JAN77 
lJAN77 
1JAN77 
3JAN77 
3JAN77 
3JAN77 

7 C0N TEMP RR TRK 20 3JAN77 
8 ER SOWK BARR SD l N0 5 3JAN77 

10 CUT 0FF TRAF SD l N0 0 7JAN77 
12 ER SDWK BARR SD 2 N0 5 3JAN77 
14 CUT 0FF TRAF SD 2 N0 0 11MAY77 

* 16 REST & 0PEN SO l N0 4 6MAY77 
18 CL0SE N0RTH LARRABEE O 18AUG77 
20 CUT 0FF TRAF SD 1 lN O 3JAN77 
21 REST & 0PEN SD 1 lNT O 28MAR77 
2 2 CUT 0FF TRAF SD 2 lN O 28MAR77 
2 4 BLK 0FF PED TUNN 10 3JAN77 
2 6 ER SDWK BARR SD 1 S0 2 3JAN77 
28 CUT 0FF TRAF SD 1 S0 0 4JAN77 
30 REL UTlL S0 0F CHG 20 3JAN77 
32 ER SDWK BARR SD 2 S0 2 3JAN77 
34 CUT 0FF TRAF SO 2 S0 0 24JUN77 
36 REST & 0PEN SD 1 S0 2 23JUN77 
38 CL0SE S0UTH LARRABEE O 18JUL77 
50 PRECAST C00TRACT O 1JAN77 
51 SH DRWGS WALLS 20 3JAN77 
52 BED SET-UP WALLS 10 3JAN77 
53 CAST WALLS SD 1 N0 42 31JAN77 
54 CAST WALLS SD 2 N0 42 30MAR77 
55 CAST WALLS SD l S0 6 27MAY77 
56 CAST WALLS SD 2 S0 6 7JUN77 
61 SH0P ORWGS STR TEES 30 3JAN77 
62 BED SET-UP STR TEES 10 3JAN77 
63 CAST STR TEES N0 16 l4FE877 
64 CAST ST TEES SD 1 IN 1 8MAR77 
65 CAST ST TEES SD 2 lN 1 l5MAR77 
66 CAST ST TEES S0 2 22MAR77 

71 SH0P DRWGS R00F TEES 30 3JAN77 
72 BED SET-UP R00F TEES 10 3JAN77 
73 CAST R00F TEES N0 16 l4FEB77 
74 CAST R00F TEES INT 2 8MAR77 
75 CAST R00F TEES S0 2 l5MAR77 

• 100 C0N GOE TR SD 1 N0 30 31JAN77 
* 102 C0N GOE TR SD 2 N0 30 12MAY77 
* 104 C0N WALL SD 1 N0 60 9FEB77 
* 106 C0N WALL SD 2 N0 60 23MAY77 
• 108 CAST CAP BM SD l N0 20 8APR77 
* 110 CAST CAP BM SD 2 N0 20 22JUL77 
* 120 EXCAVATE EL 1 N0 20 l9AUG77 
• 122 SET STR TEES N0 16 26AUG77 

28 

3JAN77 
3JAN77 
3JAN77 

28JAN77 
28JAN77 
25FEB77 
28JAN77 

7JAN77 
7JAN77 
7JAN77 

11 MAY77 
l l MAY? 7 
18AUG77 

3JAN77 
28MAR77 
28MAR77 
l4JAN77 
4JAN77 
4JAN77 

28JAN77 
4JAN77 

24JUN77 
24JUN77 
l 8JUL 77 
3JAN77 

28JAN77 
l4JAN77 
29MAR77 
26MAY77 

6JUN77 
l4JUN77 
l lFEB77 
l4JAN77 

7MAR77 
8MAR77 

l5MAR77 
23MAR77 

11FEB77 
14JAN77 

7MAR77 
9MAR77 

16MAR77 
11MAR77 
23JUN77 

3MAY.77 
16AUG77 

5MAY77 
l 8AUG77 
16SEP77 
l9SE:P77 

LATEST T0TAL 
START flNlSH rL0AT 

3JAN77 
18MAY 78 
2JUN78 
3JAN77 

22JUL77 
3JAN77 
3JAN77 

24JAN77 
31JAN77 

SMAY77 
l2MAY77 

6MA'r'77 
19AUG77 
l8MAY78 
23JUN78 
23JUN78 
l6JUN78 
28JUN78 
30JUN78 

2JUN78 
24JUL 78 
26JUL78 
24JUL 78 
I 6AUG 78 

5JAN77 
SJAN 7 7 

l 9JAN 77 
2FEB77 

16MAY77 
27JUN78 
21 JUL 78 

8JUL77 
5AUG77 

l 9AUG77 
2JUN78 

1 OJUL 78 
l 4AUG 78 

30SEP77 
280CT77 
l1N0V77 
l 20CT 78 
l90CT78 
31JAN77 
12MA'r' 77 

9FE877 
23MAY77 

8APR77 
22JUL77 
l9AUG77 
26AUG77 

3JAN77 
18MA'r' 78 

2JUN 78 
28JAN77 
18AUG77 
2 5 rE877 
28JAN77 
28JAN77 

2MAR77 
l l MA 1' 77 
12MAY77 
l lMA Y77 
l9AUG77 
l8MAY78 
23JUN78 
23JUN78 
29JUN78 
29JU1-..I 78 
30JUN78 
29JUN78 
25JUL78 
26JUL78 
25JUL78 
16AUG78 

5JAN7 7 
lrEB77 
lrEB 7 7 

31MAR77 
l4JUL77 
5JUL78 

28JUL78 
l8AUG77 
l 8AUG77 
12SEP77 

2JUN78 
l0JUL78 
l 5AUG78 

lON0V77 
lON0V77 
5DEC77 

130CT 78 
200CT 78 
l lMAR77 
23JUN77 

3MAY77 
l6AUG77 

SMAY77 
lBAUG77 
16SEPJ7 
l9SEP77 

0 
352 
362 

0 
142 

0 
0 

l 5 
37 
88 

0 
0 
0 

352 
316 
316 
3 72 
380 
380 
362 
397 
275 
275 
2 75 

2 
2 

12 
2 

33 
275 
286 
132 
152 
132 
316 
336 
356 

l 91 
21 l 
l 9 l 
409 
409 

0 
0 
0 
0 
0 
0 
0 

0 



Table 2 . Case Study 1: Comp ute r output of CPM p rogram for 
constructi on us in g p refab r ica t ed s t ruc t ura l e lerren t s (cont i nued) 

r R 0 J E C T S C H E D U L E 
FR0M JAN 1, 1977 T0 FEB 27, 1979 - S0RTED BY SEQ 

CUTD • LARRABEE STREET STATI0N APR 27, 1977 

EARLIEST 
l'll.lMBER DESCRIPTI0N DUR START FINISH 

* 124 TEMP SUSP UTIL N0 16 29AUG77 
126 PAVE STR N0 10 12SEP77 
128 CURE PAVING N0 5 26SEP77 

* 130 EXC & SET STRTS N0 225 31AUG77 
132 CAST HAUNCH SUP N0 205 60CT77 
134 SET R00F' TEES N0 205 110CT77 
136 WATERPR00F' R00F' N0 30 1AUG78 
138 CAST T0PPING R00F N0 20 13SEP78 

140 PERM REST UTIL N0 70 100CT78 
* 142 CAST BASE SLAB N0 50 8DEC78 
* 144 PT & REM TEMP STRTS 30 12JAN79 
* 146 SEAL WALL J0INTS N0 25 24JAN79 

200 UNC0VER UTlL SD l IN 2 3JAN77 
202 S0LD PILES SD l lNT 10 5JAN77 

204 EXCEL l SD l INT 3 19JAN77 
206 CAST CAP BM SD l lNT 2 19JAN77 
208 SET STR TEES SD l IN 2 15MAR77 
210 TEM SUS UTIL SD 1 IN 1 17MAR77 
212 PAVE SD 1 INT 2 18MAR77 
214 REST RR TRK SD 1 INT 2 18MAR77 
216 CURE PAVING SD 1 INT 5 22MAR77 

220 UNC0VER UTIL SD 2 IN 2 29MAR77 
222 S0LD PILES SD 2 INT 10 31MAR77 
224 EXCEL l SD 2 INT 3 14APR77 

226 CAST CAP BM SD 2 lNT 2 14APR77 
228 SET STR TEES SD 2 lN 2 19APR77 

230 TEM SUS UTlL SD 2 IN 1 21APR77 
232 PAVE SD 2 lNT 2 22APR77 

234 REST RR TRK SD 2 lNT 2 22APR77 
236 CURE PAVING SD 2 INT 5 26APR77 

* 240 EXC & SET TEMP STRTS 25 20JUL78 
242 ERECT BMS & WALES 2 24AUG78 
244 SET R00F TEES INT 1 28AUG78 
246 WATRPRFNG-WALLS SD 1 2 24AUG7B 
248 WATRPRF'NG-WALLS SD 2 2 28AUG78 

250 PLACE CIP REIN SD 1 3 29AUG78 
252 PLACE CIP REIN SD 2 4 1SEP78 

254 FA P WALLS SD 1 8 1SEP78 
256 FA P WALLS SD 2 10 14SEP78 

* 258 CAST SIDE SLAB 2 22N0V78 
* 260 STRIP F'MS & FIN WALL 4 27N0V78 
* 262 CAST BASE SLAB INT 5 l DEC 78 

264 WTRPRF R00F' INT 3 29AUG78 
266 CAST T0PP1NG R00F lN 2 1SEP78 
268 PERM REST UTIL INT 50 6SEP78 
300 C0N GOE TR SD l S0 3 31JAN77 
301 S0L PlL·PED TUN SD 2 3FEB77 
302 C0N GDE TR SD 2 S0 3 27JUN77 
303 S0L . PlL-PED TUN SD 2 2 30JUN77 

304 C0N WALL SD l S0 10 7JUN7~ 
29 

20SEP77 
23SEP77 
30SEP77 
19JUL 78 
26JUL78 
31JUL78 
12SEP78 
90CT78 

18JAN79 
19F'EB 79 
22F'E879 
27F'E879 

4JAN77 
18JAN77 

21 JAN 77 
20JAN77 
16MAR77 
17MAR77 
21MAR77 
21MAR77 
28MAR77 

30MAR77 
13APR77 
18APR77 

15APR77 
20APR77 

21APR77 
25APR77 

25APR77 
2MA'l'77 

23AUG78 
25AUG78 
28AUG78 
25AUG78 
29AUG78 

31AUG78 
7SEP78 

13SEP78 
2 ?SEP 78 

24N0V78 
30N0V78 

7DEC78 
31AUG78 

2SEP78 
13N0V78 

2FEB77 
4Ji'EB77 

29JUN77 
1JUL77 

20JUN77 

LATEST T0TAL 
START FINISH Ji'L0AT 

29AU G7 7 
7F'EB79 

21fi"EB79 
31AUG77 
15N0V77 
18N0V 77 

9SEP78 
200GT78 

l 7N0V78 
8DEC 78 

12JAi"79 
24JAN79 
18MAY78 
22MAY 78 
6JUN 78 

7JUN78 
9JUN78 

13JUN 78 
14JUN78 
21JUN78 
1 6JUN 78 

23JUN78 
27JUN78 
l 2JUL 78 

t 3JUL 78 
1 ?JUL 78 

19JUL 78 
19fi"EB79 

26fi"E879 
2tF'EB79 
20JUL78 
190CT78 
230CT 78 
200CT78 
310CT78 

240CT 78 
2N0V78 

2 70CT 78 
8NIJV78 
22N0V78 
27N0V78 

t DEC 78 
11 DEC 78 
14DEC78 
18DEC 78 
30JUN 78 
18JUL78 
26JUL 78 
1 OAUG78 
6JUL78 

20SEP77 
20F'EB79 
2 7FEB 79 
19JUL 78 
2SEP78 
8SEP78 

190CT 78 
16N0V78 

27fi"EB79 
19F'EB79 
22F'EB 79 
27fE879 
t 9MA'f78 

5JUN78 
8JUN78 

8JUN78 
12JUN78 
l 3JU,~78 
15JUN78 
22JUN78 
22JUN 78 

26JUN78 
1 lJUL 78 
14JUL78 

l 4JUL 78 
t8JUL78 

19JUL 78 
20Ji'E879 

27FEB79 
2 7F'EB79 
23AUG78 
200CT 78 
230CT78 
230CT 78 

1N0V78 
260CT78 

7N0V78 
7N0V78 

21N0V78 
24N0V78 
30N0V78 

7DEC 78 
13DEG78 
15DEC 78 
2 7F'EB 79 

5JUL 78 
19JUL78 
28JUL78 
11AUG78 

19JUL78 

0 
359 
359 

0 
28 
28 
28 
28 

28 
0 
0 
0 

352 
352 

352 
353 
316 
316 
316 
321 
316 

316 
316 
316 

317 
316 

316 
465 

470 
465 

0 
40 
40 
41 
46 

40 
44 

40 
40 

0 
0 
0 

73 
73 
73 

362 
370 
275 
283 

275 



Table 2 , Case Study 1: Comput e r outp ut o f CPM program for 
construct i on us in g pre f abricate d s t ruct ura l elemen t s (con tin ued) 

P R 0 J E C T S C H E D U L E 
FR0M JAN l• 1977 T0 FEB 27• 1979 - S0RTED BY SEQ 

CUTD ~ LARRABEE STREET STAT10N APR 27• 1977 

lll.lMBER DESCR1PT10N 

306 C0N WALL SD 2 S0 
308 CAST CAP BM SD l S0 
310 CAST CAP BM SD 2 S0 
320 EXCAVATE EL t S0 
322 SET STR TEES S0 
324 TEMP SUSP UTIL S0 
326 PAVE STREET S0 
328 CURE PAVl~G S0 

* 330 EXC & SET STRUTS S0 
331 ER SUP FRAMING S0 

* 332 CAST HAUNCH SUP S0 
* 334 SET R00F TEES S0 

336 WTRPRF R00F S0 
338 CAST T0PP1NG R00F S0 
340 PERM REST UTlL S0 

* 342 C0N ClP WALLS S0 
• 344 CURE WALLS-REM FMS 
• 346 CAST BASE SLAB S0 

348 PT & REM TEMP STRTS 
3S0 SEAL WALL J01NTS S0 
470 0PEN N0RTH LARRABEE 
480 0PEN CHG AVE 
490 0PEN S0UTH LARRABEE 
500 END 0F PR0JECT 

EARLIEST 
DUR START FINISH 

10 30JUN77 
2 2lJUN 77 
2 15JUL77 
3 l9JUL77 
2 22JUL77 
1 26JUL77 
2 27JUL 77 
5 29JUL77 

40 24AUG78 
1 l 90CT78 
5 190CT78 
2 260CT78 
5 300CT78 
3 6N0V78 

20 9N0V78 
5 300CT78 
4 6N0V78 
6 10N0V76 
5 22N0V78 
4 30N0V78 
0 30SEP77 
0 2MAY77 
0 4AUG77 
0 27FEB79 

30 

14JUL77 
22JUN77 
18JUL77 
21JUL77 
25JUL77 
26JUL77 
28JUL77 

4AUG77 
l80CT78 
190CT78 
250CT78 
270CT78 

3N0V78 
8N0V78 
7DEC78 
3N0V78 
9N0V78 

21N0V78 
29N0V78 

5DEC78 
30SEP77 

2MAY77 
4AUG77 

27FEB79 

LATEST T0TAL 
START FINISH FL0AT 

31 JUL 78 
20JUL78 
14AUG78 
l 6AUG78 
21AUG78 
23AUG78 
l9FEB79 
21 FEB 79 
24AUG78 
250CT78 
l 90CT 78 
260CT 78 
l 9JAN 79 
26JAN79 
31JAN79 
300CT78 

6N0V78 
l ON0V 78 
15FEB79 
22FEB79 
28FE879 
2BFEB79 
28FEB79 
28FEB79 

11AUG78 
21JUL78 
15AUG78 
l8AUG78 
22AUG78 
23AUG78 
20FE879 
2 7FEB 79 
180CT78 
250CT78 
250CT78 
270CT78 
25JAN79 
30JAN79 
27FEB79 

3N0V78 
9N0V78 

21N0V78 
21F'EB79 
27FEB 79 
28FEB79 
28F'EB 79 
28F"EB 79 
28F'EB 79 

275 
275 
275 
275 
275 
275 
399 
399 

0 
4 
0 
0 

56 
56 
56 

0 
0 
0 

58 
58 

3 59 
465 
399 

0 



• 

C. COMPARISON WITH CONVENTIONAL CONSTRUCTION 

For comparative purposes, the fol lowing "conventional" construction 

method was assumed: 

1. A temporary retaining structure is constructed using steel soldier 

piles placed in dri I led holes. Driven sheet pi ling was not consider­

ed feasible due to noise and vibration. This type of temporary 

structure is bein g used in s ubway 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 wi 11 be permitted for I imited periods 

of time, temporary street decking is req uired during the construction. 

2. The permanent structure is a cast-in-place reinforced concrete tube as 

shown in Fig. 28. 

3. A precedence diagram showing the re lationship of the var ious construc­

tion operations is shown in Fig. 30. In this case t he 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 ente r or be removed from the excavation by 

removin g sections of the tempo rary timber deck , as wel I as through 

the access at the north end. 

CPM output for the conventional method is s hown as Table 3 . 
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Tab le 3. Case Study 1: Computer 
program fo r constructi on 

output o f Cri tical Path Met hod (CPM) 
us ing convent ional methods 

S C H E D U L E 
51 1979 - S0RTED BY SEQ 

P R 0 J E C T 
FR0M JAN 11 1977 T0 FEB 

CUTD - LARRABEE STREET STATI0N APR 27, 1977 

----------------------------------------------------------------------
DEPT& 
NUMBER DESCR1PTI0N 

EARLIEST 
DUR START rlNlSH 

LATEST T0TAL 
START FlNlSH FL0AT 

----------------------------------------------------------------------
START 0 

4 C0NST TEMP RR TRACK 20 
6 C0N C0NSTRUGTI0N ENT 20 

* 100 ER SDWK BARR 10 
* 102 REL0CATE UTILITIES 40 
• 104 S0LDIER PILES 120 
* 110 EXCAVATE EL 1 103 
* 112 SET OK BMS & OK 103 
* 114 TEMP SUSP UTlL 103 
• 116 EXC1LAG & SET STRTS 340 
* 118 F A P BASE SLAB 185 
• 120 FA P WALLS 200 
• 122 FA P R00r 200 

124 WATERPR00r WALLS 185 
* 126 WATERPR00F R00F 185 

128 BACKFILL E~ 3 183 
* 130 BACKFILL EL 2 185 
* 132 BACKFILL EL 1 24 
• 134 REST0RE UTILITIES 200 
* 136 REM0VE DECK 12 
* 138 REM0VE S0LDIER PILES 60 
• 140 PAVE STREET 16 
* 142 CURE PAVING 20 

144 REST RR TRACK 20 
500 ENO 0F PR0JECT 0 

1JAN77 
3JAN77 
3JAN77 
3JAN77 

17JAN77 
14F'EB77 
l4MAR77 
17MAR77 
18MAR77 
21MAR77 

3N0V77 
10N0V77 
9DEC77 
9DEC77 

10JAN78 
l 6DEC77 
l 7JAN78 
270CT78 
31JAN78 
250CT78 
310CT78 

8JAN79 
9JAN79 
9N0V78 
5FE879 
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3JAN77 
28JAN77 
28JAN77 
l4JAN77 
l 1MAR77 

2AUG77 
SAUG77 

10AUG77 
l 1AUG77 
l 9JUL 78 
26JUL 78 
23AUG78 
21SEP78 
30AUG78 
28SEP78 

2SEP78 
40CT78 

30N0V78 
8N0V78 
9N0V78 

25JAN79 
29J AN79 

5FEB79 
7DEC78 
5FEB79 

3JAN77 
1 7JAN77 
21FEB77 

3JAN77 
17JAN77 
14FEB 77 
14MAR77 
1 7MAR 77 
18MAR77 
21MAR77 

3N0V77 
10N0V77 

9DEC77 
5JAN7B 

1 OJAN 78 
12JAN78 
1 7JAN 78 
270CT78 
31JAN78 
250CT78 
310CT78 

8JAN79 
9JAN79 
9JAN79 
6FEB79 

3JAN77 
111-£877 
18MAR77 
14JAN77 
11MAR77 

2AUG77 
SAUG77 

10AUG77 
11AUG77 
19JUL 78 
26JUL 78 
23AU G78 
21SEP78 
23SEP78 
28SEP78 
28SEP78 

40CT78 
30N0V78 

8N0V78 
9N0V78 

25JAN79 
29JAN79 

SFEB 79 
SFE:879 
6FEB79 

0 
10 
35 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

l 7 
0 

l 7 
0 
0 
o 
0 
0 
0 
0 
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D. COST EST IMATES 

Comparative estimated costs for the two construct jon methods are s hown on 

pages 34-42. These comparative costs are only for t he " typ ica l" part of the 

project, because t his comprises about 80% of the job. The atypi cal parts, 

i.e., the intersect ion, ends , fram ing around pedestrian tunne l, etc., are 

not included, since cons truction methods for these parts would be, or 

co u I d be , ve ry s i m I I a r. 
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1. 

2. 

3. 

4. 

5. 

6 . 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 . 

16. 

17. 

Tabl e 4. Case Study 1: Construct fon cost est i mate of 

system us fng prefabricat e d components 

(Total Cost Per Foot of Tunne l Length) 

Cost to 
Performed Gen . Con tr. G. C. 

Item bv CDo l lars/ft } OH & P 

Gui de Trench Sub 50 10 

SI urry trench excavation Sub 2480 10 

Precast w.al I panels Sub 1640 10 

Foundation tremi e concrete G. c. 50 25 

Cap beams G. c. 180 25 

Hand excavation G. C. 260 25 

Street I eve I deck merooers Sub 425 10 

Street paving G. C. 70 25 

Machine excavation - under roof G. c. 444 25 

Temporary struts G. C. 130 25 

Haunches G. C. 25 25 

Roof tees Sub 214 10 

Waterproofing Sub 112 10 

Concrete topping (roof) G. C. 90 25 

Floor s lab G. C. 315 25 

Post-tens ioning Sub 375 10 

Joint t reatment G. C. 12 25 

Cost pe r metre~ 3.28 x cost per ft . 

34 

Cos t to 
Owner 

(%) (Do 11 ars/f t 
I 

55 

2728 

1804 

63 

225 

331 

468 

88 

555 

163 

31 

235 

123 

112 

394 

413 

15 

$7l803/ft 



Table 5. Case Study 1: Construction cost estimate system 

using prefabricated components 

(Costs to General Contractor per Foot of Tunnel Length) 

Item No . Item 
Costs to G. C. 

( Do I I a rs /ft ) 

1. Guide trench - usua ll y subcontracted by s l urry 
t rench contractor: 

Excavation -
Formin g 
Re i nf 
Concrete 

1. 8 c . y . /ft 
8 s . f. /ft 
3# /ft 

-0.25 c.y./ft 

add sub O.H. & Pro fi t 

X $1.10 
$ 1. 25 
$0 . 25 

X $30.00 = 

1. 98 
10.00 

. 75 
7. 50 

20. 23 X 2 = 

$40 . 46 

2 . S l urry trench excavat ion . So i I i nformat i on indi­
cates relatively easy diggi ng - few cross uti Ii­
t ies . Cost information from ICOS: 

3. 

4. 

5. 

$20/S.F. x 62 ft x 2 s i des ( includes sub 
O.H. & P) 

Precast, prestressed concret e wal I panels. In c l udes 
p lac in g post-tension i ng ducts, but does not include 
P- T strand or labor (see detailed breakdown) 

Foundat ion tremi e concrete (see drawings) 

Approx. 0.35 c.y . per s ide x 2 x $70 

Cap beams - $100/cu yd includes form i ng and rein­
forc i ng (light reinforcing). 0 . 9 cu yd per s i de 

6 . Hand excavat ion t o bottom of utilities . Includes 
d i gg i ng around uti lities. Between slurry wal Is 

7. 

46.33 X 8 ¼ 27 = 13 cu yd X $20 

Street level deck membe rs (see deta i led breakdown) 

Approx. 52 1 x $12 . 00/sq yd 

Cost per metre~ 3 . 28 x cost per ft. 
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2480 

1640 

50 

180 

260 

425 

70 



Tab le 5. Case Study 1: Const r uct ion cost est imate system 

us in g pref abricated componen t s (cont i nued) 

(Cost s to Gene ra l Cont ractor per Foot o f Tunne l Lengt h) 

Item No. Item 
Cost s t o G. C. 

(Oo l lars/ft) 

9. 

10. 

Machine excavat 
to trucks 

un der roof. Front e nd I oaders 

74 cu yd/ft x $6.00 

Temporary struts - leve l x W14x87 

87#/ft X 46 . 33/8 X $0 . 26 

11. Haunches - inc l udes p lac ing stee l , we ldi ng , form i ng 
and pour ing cover (see drawi ng) $100 each 

100 X 2/8 

12. Roof tees (see deta il ed breakdown ) 

13. Waterproofing on roof 

$2 . 40/S . F. x 46 . 33 

14 . Concrete topp i ng at roof leve l (4" t h i ck) 

15 . 

$2 . 00/S . F. 

F loor s lab , 4 ft th ick , m1n 1mum reinforcing 
Machine f in ish (pav i ng methods ) 

16. Post-tens ion ing - includes mate ri a l and labo r at 

$1. 10/ lb x 1344 lb = $ 1500/ pane l 
$ 1500 X 2/8 

17. Jo i nt treatment - cau l'ki ng and sea li ng wa l I pane l 
jo ints 

$ 1. 50/ft 

See summary sheet on page 34 fo r overhead and profi t . 
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130 

25 

2 14 

112 

90 

315 

375 
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Table 6. Case Study 1: Precast concrete estimate 

1. WALL PANEL 

Price per cu yd 
Assume 2 panels per bed 

81 wide - 56 1 long each panel 
29.3 cu yd per panel 
6000 psi conc rete 

Item Cost/cu z'.d 

Concrete (6000 psi) 
Strand - 32 strands x 62 1 long x $0.21/ft 
Reinforcing Steel - 1900 lb x $0.20/lb 
Embedded Stee l Items - $150/panel 
Cardboard Forms $150/pane I 
Misc. Hand I ing Devises, etc. 

TOTAL MATE RI AL 

T 

T 

T 

On Line Labor - 10 men x 10 hrs x $8 (Avg. ) 
+(2x29.3) 

Off-Line Labor (Es t) 
Labo r Overhead @ 250% 

TOTAL LA BOR 

Equipment Write-off 

Forms - 2-sets, se lf stress ing 

29.3 
29.3 
29.3 
29.3 

240 L.F. @ $125 = $30 ,000 . (2 75 x 29.3) = 
Cu ring & Misc. Equip.= $50,000 . (275 x 29.3) = 
Hand I ing Eq ui p. - $600/Day . (4 x 29 .3) 

TOTAL EQUIPMENT 

SUB TOTAL 

+ 35% 0 . H. & Profit 

FOB PLANT 

Ha ul - Truck & Dri ve r @ $30/hr, 1 Panel/Day = 30 x 8 
..- 29 . 3 = 

Crane - 1/2 Day= $500 
5 Man crew @ $ 18/h r = $360 Set 3 per 1/2 Day= 860 

224 . 20 x 29 . 3 = $6569 Pe r Panel o r $14 . 66/sq ft 
say $820/ I. f. 

Cost per c u metre~ 1. 31 x cost per c . y . 
37 

$33.00 
14.22 
12. 97 
5. 12 
5. 12 
2.00 

72. 43 

13. 65 
5.00 

46.63 

65.28 

3. 72 
6.21 
5 . 12 

15.05 

(3 X 29 . 3) 

$152.76 

53 . 47 

$206 . 23 

8 . 19 

9 . 78 

$224 . 20/c . y . 



Table 6. Case Study 1: Precast concrete members (continued) 

2. BULB TEE (STREET LEVEL) 

Pr ice per cu yd 
Assume 6 units per bed 
8 1 w i de , 4 9 1 - 4 n I on g 
12.0 cu yd/unit 
6000 ps i concrete 

I tern 

Concrete (6000 psi) 
Strand - 20 strands x 55 1 long x $0 . 21"/ft + 12 = 
Reinf. Steel - 1800 lb x $0.20/lb • 12 = 
Embedded Steel - $100/un i t • 12 = 
Misc . 

TOTAL MATER! AL 

Cost/cu yd 

$33 . 00 
19.25 
30.00 
8 . 33 
2 .00 

92 . 58 

On-Line Labor - 10 men x 10 hrs x $8 (Avg) 
Off-Line Labor (est) 
Labor Overhead @ 250% 

(6 X 12)=11.11 
6.00 

42 . 78 

TOTAL LABOR 

Equipment Wr ite-off 

Forms - 320 L. F.@ $125 = $40 ,000 
Cur i ng & Misc . Equip = $25,000. 

(155 x 12) 
(155 X 12) 

Handl ing Equip. = $250/Day • (6 X 12) 

Di aphragms - $100/BM 12 = 

SUB TOTAL 

+ 35% 0 . H. & Profit 

Haul - Truck & Driver at $20/hr , 2 oer dav = 
20 X 8 ❖ (2 X 12) 

Crane - $1,000 
5 Man Crew@ $18/hr x 8 x 5 = $720 

set 20 per day= 1720 (20 x 12) 

283. 01 x 12 = $3,396 . 18 per uni t o r $8.61/sq ft 
say $425/1. f . 

38 

59 . 89 

2 1. 51 
13. 44 
3.47 

38 . 42 

8.50 

199. 39 

69 . 78 

$269 . 17 

6 . 67 

7. 17 

$283. 01/c . y. 



Table 6. Case Study 1: Precast concrete members (continued) 

3. S INGLE TEE (ROOF LEVEL) 

Pr i ce per cu yd 
Assume 6 units per bed 

8 ' w i de , 46 ' - 2" I on g 
6.8 cu yd/un it 
6000 ps i concrete 

Item 

Concrete (6000 psi) 
Stran d - 10 Strands x 50 1 long 
Reinf. St ee l 135 lb x $0 . 23/ lb 
W.W.F. - 400 S.F. x . 20 
Errbedded Stee l $50/unit 

X $0 . 21/ft + 6.8 
-. 6. 8 = 
-. 6 . 8 = 

6. 8 = 
Misc. 

TOTAL MATERIAL 

On-Li ne Labor 10 men x 8 hrs x $7-. (6 x 6 . 8) 
Off-Line Labor (est) 
Labor overhead @ 250% 

TOTAL LABOR 

Equipment Wr ite-off 

Forms - 300 L.F. @ $100 = $30,000 -. (150 x 6.8) 
29.41 x 50% Write-off 

Curing & Misc . Equ ip - $15,000 (150 x 6 . 8) 
Handling Equip. - $200/Day -. (6 x 6. 8) 

SUB TOTAL 

+ 35% 0 . H. & Profit 

Haul - Truck & Drive @ $20/hr, - 2 per day= 
20 X 8 + (2 X 6. 8) 

2 - Lift Trucks - $500/Day 
4 - Man Crew@ $18/hr x 8 x 4 = 576 
Set 12 per Day= 1076 + (1 2 x 6. 8) = 

25 1. 17 x 6.8 = $1 ,707.96/un it or $4.62/sq ft 
say $214/ 1. f . 

39 

= 

= 

Cost/cu yd 

$33.00 
15.44 
4.57 

11. 76 
7.35 
2 .00 

74. 12 

13.73 
3.00 

41. 83 

58. 56 

14.71 
14. 71 
4.90 

34. 32 

167 . 00 

58.45 

$225 . 45/c . y. 

11. 76 

13. 96 

$251.17 



Table 7. Case Study 1: Constructi on cost es timate, conventional system 

(Total Cost Per Foot of Tunne l Length ) 
- -· 

Cost t o Cost to 
Item Performed Gen. Con tr. G. C. Ow11e r · 

by ( Do 11 ars) OH & P <% (Doi lars) 

1. Dri 11 holes for piles (30") Sub 140 10 154 

2 . Stee I soldier pi !es (mate ri al) 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 (Mater ial & Labor) G. C. 370 25 462 

6. Temporary wood decking G. c. 370 25 462 

7. Mach i ne 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. Wate rproofing Sub 336 10 370 

13. Fini s h wa l Is G. C. 34 25 42 

14. Backf i 11 G. C. 330 25 412 

15. Street pavl ng G. c. 93 25 11 6 

$8, 932/ft 

Cost pe r metre~ 3. 28 x cost per ft . 
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I tern No. 

1. 

2 . 

3. 

Tab le 8. Case Study 1: Conventiona l system 

Costs to Genera l Contract o r 

Costs to G. C. 
I tern ( Do I I a rs / ft) 

Dr ill holes for piles - 30" to 36" diameter -
62' deep@ 8' o . c. cas ing req'd top 15 ft 
2 x 62 + 8 = 15.5 l.f. @ $9/ft = 77 .50 
(Unit price assume 25% sub OH & P) $140 

Stee l soldier piles - W27x145 - material only 
delivered t o site 15.5 x 145 = 2250 lb x $0 . 22/lb 
(not removed) 495 

Place sold ier p i le . Concrete be low t unne l floor, 
lean concrete above. $30 per foot estimate based 
on Wash. D. C. experience $30 x 15 .5 = 465 465 

4 . Hand excavation to bottom of utilities. Includes 
digging aro un d utiliti es - 60 f t wide by 8 ft deep= 
17 c .y. @ $20 340 

5. Deck sup ports W36x 182 • 
Length= 46.33 + 16 = 62 . 33' x 182 + 8 = 1420#/ft 
Materia l & Labor= 36¢/ lb less 101/lb salvage 

1420 X . 26 = 369 . 20 370 

6. Temporary wood deck - 12 x 12 Timbers 
62 .33 sq ft/ft= 0.74 MFBM 
Mater ia l & Labo r = $600/MFBM less $100 salvage= 370 

7. Machine excavat ion under the temporary wood deck. 
Load buckets with front-end loade rs lift t o s urface 
with drag I ine . Hau l to disposal site. In c ludes 
remove and rep lace sect ions of temp . deck as requ ired 
100 c .y./ft@ $6/cu yd 600 

8. Timber lagg ing - 102 s . f. of 4" lagging per ft -
not rerroved 0 . 41 MF.BM/ft x 600 246 

9 . Stee I wa I es - 2 I eve Is W30x 116 
2 X 11 6 X O. 26 = 60 . 32 60 

10. Temporary st ruts - 2 leve ls W14x87 
(46.33 + 11) X 87 X 2 + 8 = 1250#/ft 
1250 X • 26 325 

Cost per metre~ 3.28 x cos t per ft. 
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Table 8. Case Study 1: Conventional system (continued) 

Costs to General Contractor 

Item 
No. Item 

11. Structu re 

Concrete 
Wal Is= 2 (28 + 9)(4) = 
Floor= 46.33 (4) 

296 C.F. 
= 185 

Roof = 450 
46.33 144 = = 145 

626 C.F. = 23.2 c.y. x $45 = 1044 

Reinforcing 
4700 I b x 30rt 

Formwork 
Wal Is =(32 + 28) 2 = 120 S.F. x $3.50 = 420 
Roof = 46.33 x 4.00 = 185 

12 . Waterproofing of wal Is and roof 

Subcontracted at $2.80/S.F. x [-7 x 33) + 54.33) 

= 1410 

= 605 

13. Finish wal Is (to provide comparable finish to precast) 

Remove & patch ties, rub - 60rt/S.F. x 56 

14. Backfi II - i nc ludes compaction, but does not include be dding 
for uti I ities or othe r work in restoring utl I ities 

30 C. y. X $11 

15. Street paving - 8" concrete paving with curbs , s idewalk 
repair as required - prepare base 

$13.50/s.y. X 62/9 

See s ummary sheet on page 40 for overhead and profit. 
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Cost to G. C. 
(Doi lars/ft) 

3059 

336 

34 

330 

93 



E. SUMMARY COMPARISON 

The fol lowing compares the time spans and dates that have a s ignifi­

can t affect on surface activity in the area: 

1. Larrabee Street closed to traffi c north of Chicago Avenue: 

a. Precas t Concrete cons truct ion method: 6 weeks near the beginning 

of the project during excavat ion to the bottom of the utilities 

setting st reet membe rs an d repaving . 

b. Convent ional construct ion method : 4 weeks tota l t i me near the 

beg inning dur ing excavat ion to the bottom of ut iliti es and setting 

of temporary deck . This would be inte rmi ttent ove r a per iod of 

15 weeks. An additional 4 weeks, intermittent over a period of 

13 weeks at the end during backfl I I, remova l of temporary deck 

and repavi ng . 

2. Larrabee Street, north of Ch icago Avenue part ia ll y disrupted, i. e. , 

some major construction activities in process on the su rface: 

a. Precast method: 9 months. 

b. Convention method: 24 months . 

. 3. Chicago Avenue pa rti a ll y disrupted, i. e ., single lane traffic or tem­

porary decking: 

a . Precast method: 4 months. 

b. Convent ional method : 11 to 19 months, dependin g on discretionary 

sequenc ing of operat ions. 

4. Larrabee Street c losed to traffi c south of Chicago Avenue: 

a. Precast method: 2½ weeks . 

b. Conventi ona l method: One week at the beginning intermittentl y over 

a· s ix week peri od ; one more week at en d Intermittently ove r a t wo 

week pe riod. 
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5. Larrabee Street, so uth o f Ch i cago Avenue partial ly disrupte d: 

a. Precast method : 6 months . 

b. Conventional method: 10 t o 20 mon ths. 

6 . Date the s treet i s permanently re-opened, assumi ng construction opera­

ti ons started on January 1, 1977 : 

a . Precast method: Octobe r 3, 1977. 

b. Convent iona l method: February 6, 1979 

7. Project complet ion date (pr imary structure as conside re d in this 

study): 

a. Precast method: Fe brua ry 21 , 1979 . 

b. Convent ional method: February 7, 1979 

8. Cos t s : The cos t estimates on pages 34-42 indi cate t hat the precast 

method i s approx imate ly 13% less cos tl y fo r the phases o f construction 

cons i de red. It i s est imated that t he parts of construct ion compa red 

rep resents about 65% of the tota l cost , so the net savings on t he pro­

ject is indicated to be about 9% . 

44 



I I I. CASE STUDY NO. 2 

HIGHWAY TUNNEL THROUGH AN 

ENV IRONMENTALLY SENS ITIVE AREA 

Case Study No. 2 investigates the use of prefabricated structura l 

elements for a sha ll ow h i ghway tunnel through a pub I ic park in t he subu rbs of 

a metropo l itan area. It was chosen because the s ite conditions are ve ry dif­

ferent from the othe r Case Studi es and represents a growin g trend toward 

bui I din g t ranspor~t ion faci Ii ti es with a minimum of environment a l disrupt ion. 

This project is part of Minnesota Trunk Hi ghway No . 55= 11 6. It goes 

through Minnehaha Pa r k in Minneapol i s . Concept P lans fo r the project were pre­

pared for t he Mi nnesota Department of Hi ghways i n 1974 by Van Do ren- Hazard­

Sta l lin gs , Eng i nee rs and Architects of Topeka , Kansas . Figs . 31 t hrough 

35 (Append i x) show th e layouts and prel iminary structura l syst em as presented in 

those concept plans . 

Thi s Case Study is presented in two parts . Part A conce rn s t he tun nel 

st ructu re . It presen t s des i gns and detai Is of tunne l constructi on usin g pre­

fabr i cated components, and compares this method of const ruct ion with the 

convent iona l cast-i n-place s tructure s hown on t he Concept P lans . 

Part B investi gates the use of prefabr i cat ed wal I membe rs fo r the re ­

taining wal Is of the tunne l approaches . These des i gns were th en compared 

with cas t-in-place cant il eve r wa l Is as shown schemat i ca ll y i n the Concept 

P lans . 

In the compar i sons , eve ry attempt was made to compare equa l qua ! ity of 

constructi on. It i s not the purpose of the s t udy t o second-guess or ''va lue 

eng inee ~' an existing des i gn, but me re ly t o dete rmine the feas ibi li ty of us ing 

prefabr icat ed members for thi s t ype of project . 

45 



PART A TUNNEL CONSTRUCT ION 

1. DESCR IPT ION 

a. Dimensions: The tun ne l is approx i mately 1000 ft (305 m) long , 150 

ft (46 m) wide and carr ies 3 lan es of traf f ic in each direction. 

Top of structural s lab to unders ide of roof structure i s approx i­

mately 19 ft (5.8 m) except at the south portal where i t is 27 ft 

(8 . 2 m). There is between 3-1/2 (1 m) and 8 f t (2.4 m) of fi I I on 

the structure with the average be in g about 6 ft (1.83 m). (See 

Fig . 35) 

b. So i I and groundwat er characteristics: So i Is d~a for the site is 

shown in Fig. 31. Approx imately one-ha lf of the excavat i on i s 

i n g lac ial drift and the other half in Plattev i I le limestone . 

The water table varies but for purposes of des ign it is 

assumed at e lev . 805 .0. 

c . Items considered in t he s tudy: As in Case Study No. 1, t he s t udy 

is I imited to the structural elements . Items such as I i ght ing, 

barr icades, cross-overs , porta l entrance facades and al I other 

arch itectural concerns are not considered . 

An a lte rnate des i gn for the base slab i s present ed in Section 

A-6 but i s not cons idered in the cost compa~ison nor in t he con­

struction t ime compar i son . 

d. Environmental concerns: Preservation of Mi nnehaha creek and 

Minnehaha park as a public use area is the sole reason for the tun­

nel, in I ieu of a s urface highway. The c reek crosses over the tun­

nel as wel I as runni ng a longside a port ion of the north approach . 

The creek must be diverted wh il e the cross-over is constructed and 

then returned to its origina l locat ion. The creek must also be 

permanently conta i ned where it runs c lose t o the nort h approach . 
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This area of the park can be closed du rin g construct ion, but a 

minimum length of time of disruption would result in t he most 

favorable en vironmenta l impact. It is ass umed t hat the s t ructure 

wi I I be bui It first, al low ing for the restorat ion of the park upon 

comp letion of the tunnel portion of the project . 

It is assumed that for any method of construction , t raffic on 

Minnehaha Parkway can be rerouted for a short period of time while 

construct ion operat ions take place at that location. 

2. PROPOSED TUNNEL CONSTRUCTION METHOD USING PREFABRICATED COMPONENTS 

a. Structural framing: Two framing schemes desc ri bed in Volume I of 

thi s study we re considered, but a cost compar i son led t o early 

rejection of a scheme employing k in g p il es . 

The tunnel structure has precast, prestressed load-bearin g wa l I 

pane ls supported on cast-in-place footings. These panels span ver­

tically be tween a cast-in-p lace base s lab and precast, prestressed 

.roof units. The roof units are s upported by the wal I pane ls and 

also act as permanent s truts for lateral loads. The framing scheme 

is shown in detai I in Fig . 37., 

b- Products an d design: Al I elemen ts are des igned as simple span mem­

bers; no continuity is assumed. An eight foot modu le was se lected 

because it is a common module for precast, prestressed concrete 

products thereby a l low i ng much of t he ex istin g equ ipment in a plant 

to be used. 

( 1) Wal I units: The wal I units a re s hown in Fi gs . 36 through 

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

precasting plant. 
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The cen t e r wa l I panels separating the northbound and south­

bound tra ffic are 20 in. (508 mm) thick and each un it has six-

12 i n. (305 mm) round vo i ds. The panels are desi gned as pre­

stressed conc ret e columns . The only moment they carry is f rom 

dead load eccentr i c i ty , wh ich is minima l, and therefore only the 

minimum prest ressing to qualify as prestressed columns is pro­

vided ; 14 prestressing strands . 

The outer wal I panels are also 20 in. (508 mm) thick , but have 

no voids. This i s to keep the shear stresses low enough that 

shear re inforcement i s not required. There are two reinforcin g 

designs for these wal I panels . One has 27 prestress ing strands 

and is designed for the typ i cal 18 ft (5.5 m) clear tunnel section 

as shown in Fig . 37 . The other has 37 prestress ing strands and i s 

des i gned for the 26 . 5 ft (8 . 1 m) h i gh south porta l and s lop i ng tran­

s iti on t o the more typ i ca l he i ght. The weight of a typical so li d 

wal I panel is about 22 tons (20,000 kg) . 

(2) Horizonta l members: The precast , prestressed box g i rders are 

a lso shown in Figs. 36 th rough 38 . They are designed t o span 

between wal I pane ls and a lso act as a strut for late ral loads . 

They a re designe d to carry the equiva lent of e i ght feet of fi I I 

ove r t he ir entire length . 

(3) Cap beams: To faci I itate production and p lacement, the wal I 

pane ls are al I the same length over the typical tunnel section. 

The footings are stepped to accommodate grade changes, resu lting 

in steps at the t op of the wal I. A continuous cast-i n- p lace 

cap beam of varying depth is p laced on top of the wal I pane ls 

t o affect the t rans iti on between the steps and the 
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smooth flowing roof I ine desi red. It wi 11 be I ightly 

reinforced and conform to the width of the wal I panel. (See 

Fig. 37. 

c, Construction sequence: For the purposes of presenting the con­

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

i nto four sub-projects as fol lows: 

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 

SPl to SP4. The construction wi I I then proceed through SPl, SP2, 

SP3, and SP4 in order, generally working away from the dive rted 

c reek ( from North to South in SP 1, and from South to North in 

SP2 and SP3) - See Fig. 4. After SP1 has been completed, the creek 

can be re-diverted to its final locat ion. 

A precedence diagram showing the relationships of the va rious 

operations is shown i n Fi g. 39 . A detailed descript ion of each 

operat ion i s s hown in Tabl-e 9 . These operations are used 

as input to a Crii"ical Patn Method (CPM) computer program. Esti­

mated activity durations and precedences used in establishing the 

CPM cons ider not only t he raq4ired time to complete a given acti­

vity, but also reasonable al location of resources. For exampl e, 

with the construction seq uence shown, it is technica lly possible 

to work on subproject s SP1 and SP2 s imultaneous ly. Howeve r, th i s 

would result In a much hi gher requi rement of manpower and equ i pment 
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Fig. 4: Plan of tunnel site showing assumed construction sequence 
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Table 9. Case Study 2: Construct ion sequence using 

prefabricated structural elements 

Last 2 digits of 
Operation Number 

02 

04 

06 

08 

09 

10 

12 

14 

16 

18 

20 

22 

23 

24 

50 

53 

57 

(See Fig . 39 for Precedent Diagram) 

Description of Operat ions 

Excavate to rock us in g dragl ines and/or 
front end loaders. 

Rock excavation to desired depth us ing 
explosives, rock rippers, etc . 

Form and pour cast- in-p lace footings to 
rece ive wa 11 pane Is . 

Place and temporar il y brace precast wal I 
pane ls . 

Construct structural enc losure for 
accessory bu i Id in gs at north port a I . 

Sea l a l I jo ints in wal I pane ls and app ly 
waterproofing to wa I Is . 

Prepare base and cast base s lab . 

Or i I I in rock anchors for base s lab . 

Form and pour cap beam on top of wa l I 
panels. 

~lace precast roof members . 

Sea I a 11 joints in roof members and apply 
waterproofing to roof. 

Cast protective concrete topp in g ove r 
waterproofing on roof of tunne l. 

Construct creek bed across tunnel roof. 

Backfi I I to finish grade. 

Divert Minnehaha creek temporarily while 
cons t ructi on operat ions take place . 

Redivert Minnehaha c reek t o final locat i on . 

Remove temporary c ulvert fol lowing rediver­
s ion of creek. 
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Table 9. Case Study 2: Construction sequence using 

prefabricated structural elements (continued) 

Last 2 digits of 
Operati on Number Description of Operations 

Primary construction completed. 

Award precast contract. 

59 

60 

61 

62 

63- 66 

71 

72 

73-76 

Shop drawings for wal I panels. 

Bed set-up for wal I panels. 

Cast wal I panels for SP1 to SP4 respec­
tively. 

Shop drawings for roof members. 

Bed set-up for roof members. 

Cast roof members for SP! t o SP4 respec­
tively. 
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Tab le 10 . Case St udy 2 : Compute r output of Cr itica l Path Method (CPM ) 
program for construction using pre fabr icated component s 

P R 0 J E C T 
FR0M APR 1, 1977 T0 MAR 

D0T-MINN-PRECAST 

S C H E D U L E 
3, 1978 - S0RTED BY SEQ 

0CT 29, 1976 

DEPT1 
NUMBER DESCRIPT10N 

EARLIEST 
DUR START FINISH 

LATEST T0TAL 
START FINISH FL0AT 

* 50 DIVERT CREEK TEMP 
53 REDIVERT CREEK 

* 
57 REM0VE TEMP CULVERT 
59 PRIMARY C0NST C0MP 
60 PRECAST C0NTRACT 

40 IAPR77 
5 7DEC77 
5 14DEC77 
l 3MAR78 
1 1 APR77 

61 SH0P DRWG WALL PANEL 30 
62 BED SET-UP WP 10 
63 CAST WALL PANELS SPl 12 
64 CAST WALL PANELS SP2 12 
65 CAST WALL PANELS SP3 12 

4APR77 
4APR77 

16MAY77 
2JUN77 

20JUN77 
7JUL 77 
4APR77 

66 
71 
72 
73 
74 
75 
76 

* 102 
* 104 

106 
108 
l l 0 
112 
1 14 
l 16 
118 
120 
122 
123 
124 
202 

* 204 
206 
208 
210 
212 
214 
216 
218 
220 
222 
224 
302 

* 304 
* 306 
* 308 

309 
310 

CAST WALL PANELS SP4 
SH0P DRWG R00F MEM 
BED SET-UP R00F MEM 
CAST R00F MEM SPl 
CAST R00F MEM SP2 
CAST R00F MEM SP3 
CAST R00F MEM SP4 
EARTH EXC SPl 
R0CK EXC SPl 
WALL F00TINGS SPl 
WALL PANELS ·sp I 
WATERPR00F WALLS SPl 
BASE SLAB SPl 
R0CK ANCH0RS SPl 
CAP BEAM SPl 
R00F MEMBERS SPl 
WATERPR00F R00F SPl 
PR0TECTIVE C0NC SPl 
C0NST CREEK BED 
BACl<rlLL SP 1 
EARTH EXC SP2 
R0CK EXC SP2 
WALL F00TINGS SP2 
WALL PANELS SP2 
WATERPR00F WALLS SP2 
BASE SLAB SP2 
R0CK ANCH0RS SP2 
CAP BEAM SP2 
R00F MEMBERS SP2 
WATERPR00F R00F SP2 
PR0TECT1VE C0NC SP2 
BACKFILL SP2 
EARTH EXC SP3 
R0CK EXC SP3 
WALL F00TINGS SP3 
WALL PANELS SP3 
C0NST SIDE BLDGS 
WATERPR00F WALLS SP3 

* 312 BASE SLAB SP3 
* 314 R0CK ANCH0RS SP3 

4 
30 
10 4APR77 
38 16MAY77 
38 11JUL77 
36 I SEP77 
11 260CT77 
10 27MA'l'77 
30 13JUN77 
10 26JUL77 
10 9AUG77 

6 23AUG77 
10 23AUG77 
30 7SEP77 
13 23AUG77 
13 12SEP77 
10 29SEP77 
3 130CT77 

10 160CT77 
25 1N0V77 
10 1APR77 
30 26JUL77 
10 7SEP77 
10 21SEP77 

50CT77 
10 50CT77 
30 190CT77 

50CT77 

6 

13 
13 240CT77 
10 10N0V77 
3 25N0V77 

25 7DEC77 
10 15APR77 
30 7SEP77 
10 190CT77 
10 2N0V77 
20 I 6N0V77 

8 J SDEC 77 
10 16N0V77 
30 IDEC77 

53 

26MAY77 
13DEC77 
20DEC77 

3MAR78 
1APR77 

13MAY77 
l5APR77 

IJUN77 
17JUN77 

6JUL77 
12JUL77 
13MAY77 
15APR77 
6JUL77 

31AUG77 
250CT77 

9N0V77 
10JUN77 
25JUL77 

6AUG77 
22AUG77 

1SEP77 
6SEP77 

180CT77 
9SEP77 

28SEP77 
120CT77 
1 70CT77 
310CT77 

6DEC 7 7 
14APR77 

6SEP77 
20SEP77 

40CT77 
l40CT77 
160CT77 
30N0V77 
210CT77 

9N0V77 
23N0V77 
29N0V77 
12JAN78 
26APR77 
180CT77 

JN0V77 
15N0V77 
14DEC77 
27DEC77 
30N0V77 
13JAN78 

1APR77 
22DEC77 
30DEC77 

3MAR78 
12MAY77 
IOJUN77 
I 1JUL77 
25JUL77 
12SEP77 
170CT77 
24JAN76 
13MAY77 
13JUN77 
27JUN77 
19AUG77 
130CT77 
24JAN78 
27MAY77 
13JUN77 
27JUL77 
10AUG77 
210CT77 

7SEP77 
21SEP77 
24AUG77 
13SEP77 
30SEP77 
l 40CT 77 
190CT77 

2N0V77 
12JUL77 
26JUL 77 
14SEP77 
26SEP77 
26N0V77 
120CT77 
260CT77 
130CT77 

1N0V77 
18N0V77 

SDEC 77 
8DEC77 

23AUG77 
7SEP77 

190CT77 
2N0V77 
SDEC77 
4JAN76 

l 6N0V77 
1DEC77 

26MAY77 
29DEC77 

6JAN78 
3MAR78 

12MAY77 
22JUL 77 
22JUL77 

9AUG77 
27SEP77 

1N0V77 
27JAN78 
24JUN77 
24JUN77 
18AUG77 
I 20CT 77 

6DEC 77 
7rEB 78 

10JUN77 
25JUL77 

9AUG77 
23AUG77 

1N0V77 
20SEP77 

1N0V77 
12SEP77 
29SEP77 
130CT77 
180CT77 

1N0V77 
7DEC 77 

25JUL77 
6SEP77 

27SEP77 
I 1 0CT 77 

7DEC 77 
250CT77 

7DEC 77 
310CT77 
1 7N0V77 

2DEC77 
7DEC 77 

13JAN78 
6SEP77 

180CT77 
1N0V77 

1SN0V77 
3JAN78 

13.JAN78 
30N0V77 
13JAN76 

0 
1 1 
I I 

0 
29 
48 
68 
48 
70 
63 

139 
29 
i19 
2 9 
29 
29 
61 

0 
0 
1 
1 

42 
10 
10 

1 
I 
I 

I 
70 

0 
5 
5 

37 
5 
5 
6 
6 
6 
6 

I 
90 

0 
0 
0 

12 
12 

0 
0 



Tab le 10 . Case St udy 2: Computer output of Criti ca l Pa t h Met hod (CPM) 
program for cons t ruct ion using prefabr i cat ed componen t s (cont inued) 

P R 0 J E C T S C H E D U L E 
FR0M APR 1, 1977 T0 MAR 3, 1978 - S0RTED BY SEQ 

00T-MINN-PRECAST 0CT 29, 1976 

----------------------------------------------------------------------
DEPTI 
NUMBER DESCRIPTl0N 

316 CAP BEAM SP3 
318 R00F MEMBERS SP3 
320 WATERPR00F R00F SP3 
322 PR0TECTIVE C0NC SP3 

* 324 BACKFILL SP3 
402 EARTH EXC SP4 
404 R0CK EXC SP4 
406 WALL F00TINGS SP4 
408 WALL PANELS SP4 
410 WATERPR00F WALLS SP4 
412 BASE SLAB SP4 
414 R0CK ANCH0RS SP4 
416 CAP BEAM SP4 
418 R00F MEMBERS SP4 
420 WATERPR00F R00F SP4 
422 PR0TECTIVE C0NC SP4 

* 424 BACKFILL SP4 

EARLIEST 
DUR START FINISH 

13 16N0V77 
13 6DEC77 
10 23DEC77 

3 1 OJAN78 
25 16JAN78 

3 21DEC77 
9 27DEC77 
3 10JAN78 
3 qJAN78 
3 18JAN78 
3 18JAN78 
9 23JAN78 
4 1BJAN78 
4 24JAN78 
3 30JAN78 
1 2FE878 
9 20FEB78 

54 

5DEC77 
22DEC77 

9JAN78 
12JAN78 
17FE878 
23DEC77 

9JAN78 
12JAN78 
17JAN78 
20JAN78 
20JAN78 

2F'E878 
23JAN78 
27JAN78 

1FEB7B 
2F'EB78 
2MAR78 

LATEST T0TAL 
START F'lNlSH F'L0AT 

17N0V77 
7DEC77 

27DEC77 
11 JAN 78 
16JAN 78 

9JAN78 
12JAN78 
25JAN78 
30JAN78 
1 SFEB 78 

2FEB78 
7FEB78 
2FEB 78 
8 FEB78 

14FEB78 
l 7FEB 78 
20FEB78 

6DEC77 
23DEC77 
10JAN78 
13JAN78 
17FE878 
11JAN78 
24JAN78 
27JAN78 

1FEB78 
l 7FEB78 

6FEB78 
1 7FEB78 

7FE878 
13F'EB78 
16F'EB78 
l 7rEB78 

2MA.R78 

1 
0 

l 1 
l 1 
1 1 
l l 
20 
1 l 
1 1 
1 1 
l l 
l 1 
l l 

0 



3. COMPAR ISON WITH CAST-IN-PLACE CONSTRUCT ION 

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

is des igned as a two-span cont inuous box culvert as shown on 

Fig. 35. 

b. Construction sequence: For the purpose o f thi s study, the fol low­

ing assumptions have been made regarding the construction 

sequence : 

(1) For greater accuracy of concurrent act ivit ies, the project has 

been divided into e leven s ubprojects o f 90 ft (27 . 5 m) each . A 

90 ft sect ion was chosen because it is a mult iple o f the 30 ft 

spacing of construction jo i nts shown in the concept plans . 

(2) The construction wi I I proceed away from the diverted creek 

similar to the precast method, as described in Subsection c 

of Section 2. 

(3) Fo l lowi ng activities wi I I be kept 90 f t (one subproj ect) apart . 
• 

(4) The forming and cast ing ope rat ions associated with the tunnel 

structure are the key to the difference between the two 

methods . The schedu le rotation, resource al locat ion and 

integrat ion of in di vidua l operations and crews were stud i ed in 

detai I. The total duration of a g i ven operat ion for a g iven 

90 f t subproject reflects t hi s day by day analysis. Although 

this detailed schedule is not presented, i t i s felt that a 

fa ir appraisa l of the cast-in-place construction seq uence has 

been formu I ated . 

(5) No pena lty in time or cost has been assessed to the cast-in­

place method for winter construction a lthough fewer problems 

wo u ld undoubtedly be encounte red with the precast method . 
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(6) A precedence diagram showing the relationship of the various 

construction operations is shown in Fig. 40 . A CPM output 

is s hown as Table 11. 
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Tab le 11. Case Study 2 : Comput e r output of Cri t i ca l Pat h Method (CPM) 
p rogram for cast-i n- p lace construct i on 

P R 0 J E C T S C H E D U L E 
F'R0M APR l• 1977 T0 JUN 2• 1978 - S0RTE D BY SEQ 

D0T-MINN-CAST IN PLACE 0CT 29• 1976 

DEPTI 
NUMBER DESCRIPT10N 

* 50 DIVERT CREEK TEMP 
53 REDIVERT CREEK 
57 REM0VE TEM~ CULVERT 

* 59 PRIMARY C0NST C0MP 
• 102 EARTH EXC SPl 
* 104 R0CK EXC SP1 
• 106 BASE SLAB SPl 

108 SLAB ANCH0RS SPl 
* 110 WALLS SPl 
* 112 R00F' SPl 

114 WATERPR00F'ING SP1 
116 PR0TECTIVE C0NC SP1 
118 BACKrlLL SPl 
202 EARTH EXC SP2 
204 R0CK EXC SP2 

* 206 BASE SLAB SP2 
208 SLAB ANCH0RS SP2 

* 210 WALLS SP2 
* 212 R00F SP2 

214 WATERPR00FING SP2 
216 PR0TECTIVE C0NC SP2 
218 BACKF"lLL SP2 
302 EARTH EXC SP3 
304 R0CK EXC SP3 

* 306 BASE SLAB SP3 
308 SLAB ANCH0RS SP3 

* 3 10 WALLS S P3 
* 312 R00F SP3 

314 WATERPR00FlNG SP3 
316 PR0TECT1VE C0NC SP3 
317 C0NST CREEK BED 
318 BACKF'lLL SP3 
402 EARTH EXC SP4 
404 R0CK EXC SP4 

* 406 BASE SLAB SP4 
408 SLAB ANCH0RS SP4 

* 410 WALLS SP4 
* 4'12 R00F SP4 

414 WATERPR00F'ING SP4 
416 PR0TECT1VE C0NC SP4 
418 BACKF'lLL SP4 
502 EARTH EXC SP5 
504 R0CK EXC SPS 

* 506 BASE SLAB SP5 
508 SLAB ANCH0RS SP5 

* 510 WALLS SP5 
• 512 R00F SP5 

514 WATERPR00FlNG SP5 
516 PR0TECT1VE C0NC SPS 
518 BACKF'lLL SPS 

EARLIEST 
DUR START F'INlSH 

40 1APR77 
5 1APR77 
5 8APR77 
1 2JUN78 
3 27MAY77 
9 2JUN77 

18 15JUN77 
9 12JUL77 

18 12JUL 77 
18 5AUG77 

3 31AUG77 
1 6SEP77 
8 7SEP77 
3 2JUN77 
9 15JUN77 

18 12JUL77 
9 5AUG77 

18 SAUG77 
18 31AUG77 

3 27SEP77 
1 30SEP77 
8 30CT77 
3 7JUN77 
9 28JUN77 

18 SAUG77 
9 31AUG77 

1B 31AUG77 
1B 27SEP77 

3 210CT77 
1 260CT77 

10 270CT77 
8 10N0V77 
3 1APR77 
9 12JUL 77 

18 31AUG77 
9 27SEP77 

18 27SEP77 
18 210CT77 

3 16N0V77 
1 21N0V77 
8 22N0V77 
3 6APR77 
9 25JUL77 

18 27SEP77 
9 210CT77 

1B 210CT77 
18 l 6N0V77 

3 13DEC77 
1 16DEC77 
8 19DEC77 

57 , 

26MAY77 
7APR77 

14APR77 
2JUN78 
1JUN77 

14JUN77 
11JUL77 
22JUL77 

4AUG77 
30AUG77 

2SEP77 
6SEP77 

16SEP77 
6JUN77 

27JUN77 
4AUG77 

17AUG77 
30AUG77 
26SEP77 
29SEP77 
30SEP77 
120CT77 

9JUN77 
11JUL77 
30AUG77 
13SEP77 
26SEP77 
200CT77 
250CT77 
260CT77 

9N0V77 
21N0V77 

5APR77 
22JUL77 
26SEP77 

70CT77 
200CT77 
15N0V77 
18N0V77 
21N0V77 

2DEC77 
8APR77 
4AUG77 

200CT77 
2N0V77 

15N0V77 
12DEC77 
15DEC77 
16DEC77 
29DEC77 

LATEST T0TAL 
START FlNlSH F'L~AT 

1 APR77 
30JAN 78 

6FEB78 
2JUN78 

27MAY77 
2JUN77 

15JUN 77 
1 7JAN 78 
12JUL77 

5AUG77 
24JAN 78 
27JAN78 
30JAN78 
23JUN 77 
28JUN77 
l 2JUL 77 
27JAN78 

5AUG77 
3 1 AUG77 

3F'E878 
8FEB78 
9FEB78 

20JUL77 
25JUL77 

5AUG77 
8F'EB 78 

31AUG77 
27SEP77 

1 FEB78 
6FEB78 
7FEB78 

21FEB78 
15AUG77 
18AUG77 
31AUG77 
20FEB78 
27SEP77 
210CT77 
27F'E878 

2MAR78 
3MAR78 
9SEP77 

l 4SEP77 
27SEP77 

2MAR78 
210CT77 
l 6N0V77 

9MAR78 
14MAR 78 
15MAR78 

2 6MAY77 
3FEB78 

10FEB78 
2JUN78 
1JUN77 

l 4JUN 77 
11 JUL 77 
27JAN7B 

.IIAUG77 
30AUG77 
26JAN78 
27JAN78 

8FEB78 
27JUN77 
11JUL77 

4AUG77 
BF'EB78 

30AUG77 
2 6SEP77 

7FEB78 
8F'EB78 

20F'EB78 
22JUL77 

4AUG77 
30AUG77 
20F'E878 
26SEP77 
200CT77 

3FEB78 
6F'EB 78 

20FEB78 
2MAR78 

l 7AUG77 
30AUG77 
26SEP77 

2MAR78 
200CT77 
1 SN0V77 

1MAR78 
2MAR78 

l4MAR78 
13SEP77 
26SEP77 
200CT77 
14MAR78 
15N0V77 
12DEC77 
13MAR78 
14MAR78 
24MAR78 

0 
210 
210 

0 
0 
0 
0 

131 
0 
0 

100 
100 
100 

15 
9 
0 

121 
0 
0 

90 
90 
90 
30 
18 

0 
1 1 1 

0 
0 

70 
70 
70 
70 
94 
27 

0 
10 l 

0 
0 

70 
10 
70 

109 
36 

0 
9 1 

0 
0 

60 
60 
60 



Tab le 11. Case Study 2 : Comput e r output of Cr iti ca l Path Method (CPM ) 
program for cast-i n-pl ace construct ion (conti nued) 

PR0JECT 
FR0M APR l• 1977 T0 JUN 

D0T-MINN-CAST IN PLACE 

S C H E D U L E 
2• 1978 - S0RTED BY SEQ 

0CT 291 1976 

DEPTt 
NUMBER DESCRIPT10N 

EARLIEST 
DUR START FINISH 

LATEST T0TAL 
START F lNlSH FL0AT 

602 EARTH EXC SP6 
604 R0CK EXC SP6 

* 606 BASE SLAB SP6 
608 SLAB ANCH0RS SP6 

* 610 WALLS SP6 
* 612 R00F SP6 

614 WATERPR00FlNG SP6 
616 PR0TECT1VE C0NC SP6 
618 BACKFILL SP6 
702 EARTH EXC SP7 
704 R0CK EXC SP7 

* 706 BASE SLAB SP7 
708 SLAB ANCH0RS SP7 

* 710 WALLS SP7 
* 712 R00F SP7 

714 WATERPR00FlNG SP7 
716 PR0TECTIVE C0NC SP7 
718 BACKFILL SP7 
802 EARTH EXC SP8 
804 R0CK EXC SP8 

* 806 BASE SLAB SP8 
808 SLAB ANCH0RS SP8 

* 810 WALLS SP8 
* 812 R00F SP8 

814 WATERPR00FING SP8 
816 PR0TECTIVE C0NC SPB 
818 BACKFILL SPB 
902 EARTH EXC SP9 
904 R0CK EXC SP9 

* 906 BASE SLAB SP9 
908 SLAB ANCH0RS SP9 

* 910 WALLS SP9 
* 912 R00F SP9 

914 WATERPR00FING SP9 
916 PR0TECT1VE C0NC SP9 
918 BACKFILL SP9 

1002 EARTH EXC SP10 
1004 R0CK EXC SPlO 

*1006 BASE SLAB SPlO 
1008 SLAB ANCH0RS SPlO 
1009 C0NST SIDE BLDGS 

*1010 WALLS SPlO 
*1012 R00f SPlO 

1014 WATERPR00FING SPlO 
1016 PR0TECTIVE C0NC SPlO 
1018 BACKFILL SPlO 
1102 EARTH EXC SPll 
1104 R0CK EXC SP ll 

*1106 BASE SLAB SPll 
1108 SLAB ANC H0RS SPll 

3 11APR77 
9 SAUG77 

18 210CT77 
9 l 6N0V77 

18 16N0V77 
l 8 13DEC77 

3 10JAN78 
1 13JAN78 
8 1 6JAN78 
3 l 4APR77 
9 18AUG77 

18 l 6N0V77 
9 13DEC77 

18 13DEC77 
18 10JAN78 

3 3FEB78 
1 8FEB78 
8 9FEB78 
3 19APR77 
9 31AUG77 

18 13DEC77 
9 10JAN78 

18 1 OJAN78 
18 3FEB78 

3 l MAR78 
1 6MAR78 
8 7MAR78 
3 22APR77 
9 14SEP7 7 

18 10JAN78 
9 3FE878 

18 3F"EB78 
18 1MAR78 

3 27MAR78 
1 30MAR78 
B 31MAR78 
3 27APR77 
9 27SEP77 

18 3rEB78 
9 1MAR78 

20 1MAR78 
18 1MAR78 
18 27MAR78 

3 20APR78 
1 2SAPR78 
8 26APR78 
3 
9 

2MAY77 
100CT77 

18 1MAR7B 
9 27MAR78 
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13APR77 
17AUG77 
15N0V77 
29N0V77 
12DEC77 

9JAN78 
12JAN78 
13JAN78 
2SJAN78 
18APR7 7 
30AUG77 
12DEC77 
23DEC77 

9JAN78 
2F"EB78 
7FEB78 
8FEB78 

20FEB78 
21APR77 
13SEP77 

9JAN78 
2 0JAN78 

2F"EB78 
28FEB78 

3MAR78 
6MAR78 

16MAR78 
26APR77 
26SEP77 

2FEB78 
1SF"EB78 
28rEB78 
2 4MAR78 
29 MAR78 
30MAR78 
1 1 APR78 
29 APR77 

70CT?7 
28FEB78 
13MAR78 
28MAR78 
24MAR78 
19APR78 
24APR78 
2SAPR78 

SMAY78 
4MAY77 

200CT77 
24MAR78 

6APR78 

50CT7 7 
100CT7 7 
210CT77 
l4MAR78 
l 6N0V 77 
13 DEC 77 
21MAR78 
24MAR78 
27MAR78 
310CT77 

3N0V77 
l 6N0V 77 
24MAR78 
13DEC 77 
1 OJAN 78 
3 1MAR78 

SAPR78 
6APR78 

2SN0V77 
30N0V77 
l 3DEC 77 

5APR7B 
l OJAN78 

3FEB78 
12APR78 
1 7APR78 
18APR 78 
21 DEC7 7 
27DEC7 7 
10JAN78 
1 7APR78 

3F"EB 78 
1MAR78 

24APR78 
27APR 78 
28APR78 
18JAN 78 
23JAN78 

3FEB78 
27APR78 

6APR78 
1MAR78 

27MAR78 
4MAY 78 
9MAY78 

1 OMAY 78 
l 3FEB 78 
1 6FEB 78 

1MAR78 
9MAY78 

70CT 77 
200CT77 
15N0V77 
24MAR78 
12DEC77 
9JAN78 

23MAR78 
24MAR78 

5APR78 
2N0V77 

15N0V77 
120EC77 

5APR78 
9JAN78 
2FEB78 
4APR78 
5APR78 

17APR78 
29N0V77 
12DEC77 

9JAN78 
17APR78 
2FEB78 

28FEB 78 
14APR 78 
17APR78 
2 7APR78 
23DEC77 

9JAN78 
2F"EB 78 

2 7APR78 
28 FEB78 
24MAR78 
26APR 78 
27APR78 

9MAY78 
20JAN78 

2FEB78 
28FE878 

9MAY78 
3MAY78 

24MAR78 
19APR78 

SMAY 78 
9MAY78 

19MAY 78 
15FEB78 
28FEB78 
24MAR78 
19MAY78 

124 
45 

0 
8 1 

0 
0 

so 
so 
50 

139 
54 

0 
71 

0 
0 

40 
40 
40 

154 
63 

0 
61 

0 
0 

30 
30 
30 

169 
72 

0 
51 

0 
0 

20 
2 0 
20 

18 4 
8 l 

0 
41 
26 

0 
0 

10 
10 
10 

199 
90 

0 
31 



Tab le 11. Case Study 2 : Comput e r output of Criti cal Path Met hod (CPM ) 
prog ram for cast-i n-pl ace construct ion (cont inued) 

P R 0 J E C T 
PR0M APR t, 1977 T0 JUN 

D0T-MINN-CAST IN PLACE 

S C H E D U L E 
2, 1978 - S0RTED BY SEQ 

0CT 29, 1976 

DEPTI EARLIEST LATEST T0TAL 
NUMBER DESCR I PT! 0N DUR START FINISH START FINISH FL0AT 

----------------------------------------------------------------------
•1110 WALLS SPl 1 18 27MAR78 19APR78 27MAR78 19APR78 0 
•1112 R00F' SPll 18 2OAPR78 15MA'1'76 20APR78 l5MAY78 0 
* 1 l 14' WATERPR00F'ING SPll 3 l 6MAY 78 l 8MA'r'78 1 6MAY 78 18MAY78 0 
*1116 PR0TECT1VE C0NC SPll 1 19MAY 78 19MAY7B 19MAY 78 19MAY78 0 
*1118 BACKFILL SPl l 8 22MAY78 1JUN78 22MAY78 1JUN78 0 
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4. COST ESTIMATES 

Comparative estimated costs fo r the two construction methods a re 

shown on pages 6!~66. These comparative costs are only for the 

"typ ical" part of the t unnel construction which comp ri ses about 90% 

of the tunne I. 
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Table 12. Case Study 2 : Constructi on cost estimates 

(Total cost per foot o f tunnel length) 

SYSTEM USING PREFABRICATED COMPONENTS 

1. 

2 . 

3. 

4. 

5. 

6 . 

7. 

8. 

9 . 

I t ern 

Machine Excavat ion 

Rock Excavation 

Footings 

Wa I I Pane Is 

Cap Beams 

Box Girde rs 

Roof & Wa l I Wate rp roofing 

Joint Treatment 

Backfi 11 

CAST-IN-PLACE SYSTEM 

1. 

2. 

3. 

4. 

5. 

6 . 

7. 

Item 

Machine Excavati on 

Rock Excavation 

Structure 

Waterproofing 

Joint Treatment 

Fin is h Wa I Is 

Backf i 11 

Performe d 
by 

G. C. 

G. C. 

G. C. 

Sub 

G. C. 

Sub 

Sub 

Sub 

G. C. 

Performed 
by 

G. C. 

G. C. 

G. C. 

Sub 

Sub 

G. C. 

G. C. 

Cos t per metre~ 3.28 x cost per ft. 
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Cost to 
Gen. Contr. 

( Do I I ars) 
558 

2280 

50 

815 

15 

3125 

568 

64 

418 

Cost to 
Gen. Contr . 

<Do I I ars) 
594 

2426 

3771 

568 

17 

23 

532 

G. C. 
OH & P (%) 

25 

25 

25 

10 

25 

10 

10 

10 

25 

G. C. 
OH & P (%) 

25 

25 

25 

10 

10 

25 

25 

Cost to 
Owner 

<Doi lars) 
698 

2850 

63 

897 

19 

3438 

625 

70 

523 

$9183/ft 

Cost to 
Owner 

(Do I I ars) 
743 

3033 

4714 

625 

19 

29 

665 

$9828/f t 



I tern No, 

2 

3 -

4 

5 

6 

7 

8 

9 

Table 13. Case Study 2 : Constructfon cost estimate system 

using prefabricated components 

(Costs to General Contractor per Foot of Tunnel Length) 

Item 
Costs to G. C. 

{Do I I ars/ ft) 

Machine excavation with front end loaders 
to truck 

93 cu yd/ft x $6.00 

Rock excavation using explosives, 
rippers, etc . 

76 cu yd/ft x $30.00 

Form and pour footings 

Preparation -
Forming - 4 sq ft/ft x $1.50 
Reinf. - 3#/ft x $0.25 
Cone. - . 30 c.y./ft x $30.00 

I 

1.00 
6.00 

. 75 
9.00 

558 

2280 

3 X 16.75 50 

Wal I panels (see Table 15 ) 

2 X $295 + 1 X $225 

Cap beams - $100/cu yd includes forming 
and rein. (.05 cu yd each x 3) 

Box girders (see detailed breakdown) 

Waterproofing 

$2,80/s,f. X (2 X 26,5 + 150) 

Joint treatment@ $1.50/ft = 

$1.50 (2 X 20 + 2 X 150)/8 = 

Backfi I I - includes compact ion 

38 cu yd/ft X $11 = 

815 

15 

3125 

568 

64 

418 

$7893/ft 

Cost per metre~ 3.28 x cost per ft. 
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I t ern No. 

2 

3 

4 

5 

6 

7 

Table 14. Case St udy 2: Construct ion cost est imate 

Cast-in-P I ace system 

(Costs to General Contract o r per Foot of Tunne l Length ) 

Cost s to G. C. 
(Doi la cs/ft) 

Machine excavation with front end loader s 
to trucks 

99 cu yd/ t x $6.00 

Rock excavat ion using explosives , 
rippers, etc . 

81 cu yd/ft x $30.00 

Structure (excluding base s lab ) 

concrete - 29.0 cu yd x $45 
re i n fore i n g - 5900 plf x $0.25 
form work 

wa I Is - 2 X 26 . 5 + 2 X 

12 1 s. F. X $3.50 
roof - 142 X $4 . 00 

Waterproofing 

$2.80 X (2 X 26.5 + 150) 

Joint treatment@ $1 . 50 

19 + 2 

$1.50 X (2 X 20 + 2 X 150)/29 . 67 

X 15 

Fi nish wal Is to prov i de compa rab le f i n ish 
to precast) 

1305 
1475 

= 
423 
568 

Remove and patch t ies, r ub - $0 . 60/S.F . x 

594 

2430 

3771 

568 

17 

2 X 19 23 

Backfill 

48 cu yd/ft x $11 528 

$793 1/ft 

• 

Cos t per metre~ 3.28 x cost per ft. 
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Table 15. Case Study 2 : Precast concrete es timate 

1. 20" SOLID WALL PANE L (TYP ICAL) 

Assumes 5 panels pe r bed 
8 ' wide x 2 1 '-0 (avg) 
10.37 cu yd/unit 
6000 ps i concrete 

Con crete (6000 ps i ) 
Strand - 27 x 130 x $0. 21 /ft + (5 x 10.37) 
Rein. s t ee l - 150 lb x $0. 20 + 10.37 
Embedded stee l $75/unit + 10.37 
Misc. 

TOTAL MATERIAL 

On line labor - 12 men x 8 hrs x $8/ h (avg)/ 
(5 X 10 . 37) 

Off line labor (est) 
Labor overhead@ 250% 

Equipment write-off 

TOTAL LABOR 

Forms - 4 x 120 L.F. @ $125 x 0 . 4 of j ob 
(approx) + (240 x 10.37) 

Cost/cu yd 

33 . 00 
14.22 
2.89 
7. 23 
2 .00 

59.34 

14. 81 
4.00 

47 . 03 

65 . 84 

Cur i ng and misc. equ i p. @ $100 , 000 x 0 . 33 of j ob 
+ (240 X 10.37) 

9 . 65 

13. 26 
5. 78 Handling equi p - $600/day + (10 x 10 . 37) • 

TOTAL EQU IPMENT 28 . 69 

SUB TOTA L 153.87 

+35% O. H. & PROFIT 53 . 85 

F. O. B. PLANT 207.72 

Haul - truck & de li ver@ $20/hr 
2 pane ls/day= $20 x 8 + (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/pane l 
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) 

2. 20" VOIDED WALL PANE L (CENTER) 

Assurres 5 panels/bed 
8 1 wide x 20'-0 (avg) 
6.39 cu yd/panel 
6000 psi conc rete 

I tern 

Concrete (6000 psi) 
Strand - 14 strand x 130 x $0.21/ft. (5 x 6.~9) 
Embedded steel - $75/panel + 6. 
Cardboard fo rms - $150/panel + 6 . 
Misc . 

TOTAL MATER I AL 

Cost/cu yd 

33.00 
11 . 96 
11. 74 
23 . 47 
2.00 

82. 17 

On line labor - 8 men x 8 hrs x $8 (avg)+ (5 x 6.39) 16.03 
Off I ine labor (est) 5.00 
Labor overhead@ 250% 52.56 

TOTAL LABOR 73.59 

Equipment write - off 

Fo rms - 4 x 120 L.F. @ $125 x . 12 of job. 
(120 X 6,39) 

Cur ing and misc . equip.@ 100000 x. 12. 
Handling equip. $600/day + (10 x 6. 39 ) 

9. 39 
( 120 X 6. 39) 15. 65 

9. 39 

TOTAL EQUIPMENT 

SUB TOTAL 

+35% O.H . & PROFIT 

F.O.B. PLANT 

Haul - truck & dr iver@ $20/hr 
4 panels/day= 20 x 8 + (4 x 6.39) 

Crane - $750/day 
5 man crew@ $18/hr = (5 x 8 x $18) = $720 
Set 12 per day= 1470 + (1 2 x 6. 39) 

$282 . 19 x 6 . 39 = $1803.00/panel 
say $225/1. f. 

65 

34.43 

190 . 19 

66 . 57 

256 . 76 

6 .26 

19 17 

$282 .1 9/c.y . 



Table 15. Case Study 2 : Precast concrete est i mate (cont inued) 

3. BOX GIRDER 

48" wi de x 75'-0 
Ass ume 4 un its per bed 
22.25 cu yd/unit 
6000 psi concrete 

Item 

Concrete (6000 psi) 
Strand - 54 strand x 80' long x $0.2 1/ft ❖ 22 .25 
Re inf. stee l - 1970 lb x $0.20/lb ❖ 22 . 25 
Embedded stee l - $150/unit ❖ 22.25 
Cardboard forms $350/un i t ❖ 22 . 25 
Mi sc . 

TOTAL MATER I AL 

On line labor - 12 men x 10 hrs x $8 (avg)-. 
(4 X 22.25) 

Off I i ne labor (est) 
Labor overhead@ 250% 

Equ ipment wr i te off 

TOTAL LABOR 

Forms 2 x 320 L.F. @ $125 x 50% = $40000-. 
(480 X 22 .25) = 

Curing & misc. equip. = $50000 
(480 X 22 .25) = 

Hand lin g equ ip . $600/day . (4 x 22 . 25) 

Diaphragms - $100/BM-. 22 . 25 

SUB TOTAL 

+35% 0 . H. & PROFI T 

Haul - Truck & Driver@ $30/hr, 1 per day 
30 ( 8) ❖ ( 1 X 22 . 2 5) = 

2 cranes@ $750 - $1500 
5 man crew @ $18/h r = ( 5 x 8 x 18) = $ 720 
Set 8 per day 

2220 ❖ (8 X 22.25) 

TOTAL 
$280.95 x 22.25 = $625 1 per unit or $20 . 84/sq ft 

= $3 125/1.f . 
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Cost/cu yd 

33. 00 
40. 77 
17. 71 
6. 74 

15.73 
2 . 00 

115.95 

10.79 
5 . 00 

39 . 48 

55 . 27 

3 . 75 

4.68 
6.74 

15. 17 

4. 49 

$190.88 

66 . 81 

$257.69 

10 . 79 

12.47 

$280 . 95/c.y . 



5, SUMMARY COMPARISON OF TUNNEL CONSTRUCTION 

a - Const r ucti on ti me: From the CPM outp uts, one sees t hat the t otal 

project t i me for t he precast method is about 11 months versus 14 

mon ths for the cast-in-p lace method. It should be noted that the 

tota l project t i mes are s ho r ter t han the actua l times wou l d be . 

Thi s is because in this s tudy , only opt imum cond iti ons are assume d. 

There were no allowances made for seve re weathe r construction , 

learn in g t ime in the early stages of the project, or cons t r uct ion 

of those parts o f the project purpose ly excluded as I isted in Sub­

secti on c o f section I of t h i s study. Nevertheless, the precast 

method does show a sl i ght savings in time. 

b. Costs: The cost estimates on pages 6 1-66 ind icate that t he pre­

cast method i s s lightly less costly for the phases of const r uct ion 

cons i dered . However, the cos t diffe rence is less than 10% , and 

may not be wi th in t he accuracy of th e est i mate . 
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6. ALTERNATE DESIGN FOR BASE SLAB 

In Vol. I of this study (Sect. VIII - B), several methods of 

reducing or resisting hydrostat i c uplift on tunnels were suggested. 

This i s particu lar ly relevent to t hi s study because with the solu­

t ion proposed, there oft en is less dead wei gh t ava i I ab le to resist 

the uplift . Some of the reasons for th is are : 

a. In many of the concept s exp I ored in Vo I. I , and in Case Study I , 

the backf i I I was elim inated . 

b. Precast concrete component s , especia ll y when prestressed , are 

usua ll y li ghter . 

c . The use of prefabricated vert ica l members often makes transfer 

of the vert i cal loads to the base slab di fficu lt and more costly . 

Not antic i pated i n Vo l . I, but the s i tuation encountered in th i s 

case study presents additiona l reasons for consider ing a method of 

resisting the uplift other than dead we i ght of the structure . 

a. The tunnel i s re lati ve ly shallow, t herefore , relat i vely less 

backfi I I i s ava i I able to res ist the upl i ft . 

b. The tunnel is wide, approxi,mte ly 75 feet span between supports . 

Thus , if the fu l I hydrostatic pressure bears on the fl oor s lab , 

i t must be designed t o ca rry this load as a one- way s la b. 

c . The floor of the tunnel is below rock . Therefore , if the 

required addit ional dead load is prov i ded by concrete in the 

floors, the excavat ion to prov i de this add iti onal thickness is a 

very signif icant cost i tem . 

One of the most effective methods to resist th is uplift wou ld 

seem to be with the use of vertical rock o r so i I anchors . (Note: 

For a more detailed d i scuss ion on ground anchors , See Part B- 2 . ) 
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Such use is shown in the Concept Plans for the approach slab, but 

i s not shown for t he tunne l floor. In order to help determine if this 

use of ground anchors is feas i b le a computer model was establ i s hed 

wh i ch ca lcu lated the costs of the tunne l floor wi t h an d without ground 

anchors . The results of this analysis is shown graphica ll y in 

Fi gs . 5 th rough 10. 

The compute r model was set up so that the fol low ing items cou ld 

be var ied: 

a. Magnitude of the vertical uplift (s hown as the he i ght of t he 

water t able above the tunnel floor). 

b. 

c . 

d. 

e . 

The amount of ove r burden (structure p I us backf ill ) , expressed 

in poun ds per sq uare foot. 

The span, or distance between s up ports. 

( 1 ) The tunne l f loor and ground ancho rs are in rock . 

( 2) The tunne l floor and ground anchors are in so i I. 

( 1) The f I oor s I ab is continuous with the wa l Is, as i n cast-in-

place construction . 

(2) The floor s lab i s s upported by, but not con ti nuous wi th t he 

wa l Is , as in const r uction us in g pre fabri cat ed members. 

It was necessa ry t o estab li sh seve ra l fixe d ass umpt ions in o rder 

t o make a meaningfu l compar ison. These assumpt ions fo l low : 

a . The uplift pressure i s the f ul I va lue of t he water head. 

b, The minimum s lab thi ckness of the grav ity s lab i s that which is 

requ ired t o res ist t he total uplift , in combinati on with t he 

overb urden, and with a load factor of 1.4. 

c . An arbitrary uppe r li mi t of re i nforcement i n the grav i ty s lab 

was assumed at 3. 0 sq uare i nches per s qua re ft (th i s i s equ iva-
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lent to #9 bars at 4 in. (100 cm) on center) . I f the des i gn indicated 

more reinforcement required, the slab thickness was increased . 

Minimum reinforcement of 0.0018bt = 0 . 0216t per sq ua re foot 

Ct= slab thickness) was prov ide d in each direction . 

d. The anchored slabs are des i gned as flat plates, using the 

"direct design" method of Sect ion 13.2 of the "Building Code 

Requirements for Reinforced Concrete" CACI 318- 71) of t he 

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 resist i ng capacity to the col umn strip, 

as required by ACI 318-71. Slab thickness is that required t o 

resist the applied loads with t hi s amount of reinforcement. 

e. Ground anchors are assumed to have a service load capacity o f 

50 ton s , and are located in a sq uare grid at the spac i ng re­

quired t o resist the up lift. 

f. Unit costs used were as fo l lows: 

Excavation rock = $30/cu yd 

so i I = $ 6/cu yd 

Concrete in place = $45/cu yd 

Re in fo rcement in place= $0. 25/lb 

Anchors in rock 

Anchors in so i I 

= $700 each 

= $900 each 

It i s apparent that different design parameters and un i t cost s 

would res ult in somewhat different results , but Figs 5 through 10 

can be used as a general guide for det ermining the feasibility of an 

anchored base s lab. 

Cost per cu me tre ~ 1. 31 x cost per cu yd. 
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Cost Comparis~n: Anchored vs. Gravity Tunnel Floor Slabs 
Rock Excavation: Anchors in Rock 

Legend: ----- Anchored Slab 
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20 
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I 
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30 
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12 

40 

Cont in uous Grav ity 
Slab 

Span 45 ft 

50 60 f t 

15 18 m 
He i ght of Water Table Above Bottom of Slab 

24 in. ~ 6 10 mm 
45 ft ., 13. 7 m 
1 psf ~ 47 . 9 Pa 
$10 per sq ft~ $108 2 per m 

Fi g . 5: Cos t s of anchored, continuous gr avi ty, and simple 
span gravity s l abs for a 45-ft span in rock . 
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18 

Fig. 6: Costs of anchored, continuous gravity, and simple 
span gravity slabs for a 60-ft span in rock. 
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50 

15 18 
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Fi g . 7: Costs of anchored, continuous gravity and simple 
span gravi t y slabs for a 75-ft span in rock. 
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Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs 
Soil Excavation; Anchors in Soil 

Legend : ----- Anchored Slab 
----- Continuous Gravity Slab 
--- Simple Span Gravity Slab 

Lower Lim Lt for 
5-imo le Soan 
Gravitv s il h 

----Lower Limit for 
Cont ; nuous Span = 45 ft 
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Height of Water Tab le Above Bottom of Slab 
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$10 per sq ft "' $108 2 per m. 

18 

Fi g. 8: Costs of anchored , continuous grav i ty and s i mp le 
span gravity s labs for a 45- ft span in so i I . 
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Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs 
Soil.Excavation; Anchors in Soil 

Anchored S ! ab 

Legend : ----- Anchored Slab 
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--- Simple Span Gravity Slab 
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Fig. 9: Costs of anchored, continuous gravi t y and simple 
span gravity slabs for a 60-ft span in soil . 
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Cost Comparison: Anchored vs. Gravity Tunnel Floor Slabs 
Soil Excavation; Anchors in Soil 

Legend: Anchored Slab 
Continuous Gravity Slab 
Simple Span Gravity Slab 
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Con t inuous Gravity 

t------+----~l---~[._-"'11116'14-h..,q--- --Sl ab ------ti 

0 

-~- ---+- Lower Limit for 
Si mp I e Spa_n 
Grav i ty S lab 

I 
~ - ~ Mi n S lab I Thickness= 24 in. 

10 20 30 
I I 

3 6 9 

Ancho red Slab 

Span= 75 ft 

40 50 

12 15 18 
He ight of Water Tab le Above Bottom of Slab 

24 in . 610 mm 
75 ft 22.9 m 
1 psf 47.9 Pa 
$10 per sq ft $108 

2 perm 

60 

Fig . 10: Cost s of anchored , con t inuous gravity and simple 
span gravity slabs for a 75-ft span in soil. 
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Examp le of use of Figs . 5 t hrough 10 : 

In th i s Case Study, t he t unnel floor s lab ts in rock , the span i s 

about 75 f t and the des fgn wate r t able is approxi mate ly 20 ft above 

t he t unne l f loor. The mini mum fl I I i s about 3. 5 ft of 120 pcf soi I, 

and t he roof sl ab we i ghs 350 lb pe r sq ft . Therefore , the ove rburden 

is 3. 5 x 120 + 350 = 770 psf . Read i ng from Fi g. 7 (reproduced as Fi g. 11 

below ) i t can be seen t ha t the cost of an anchored s lab is about $14 

pe r sq ft, a cont in uous grav ity s lab about $15 per sq ft , and a simp le 

span grav i ty slab about $19 per sq ft . Note that if the overburden is 

on ly 400 ps f, as i s t he case near the po i nt whe re t he creek crosses t he 

t unne l , the cos t o f e ithe r a cont in uous or a simp le span gravity s lab 

wou l d be about $2 1. 50 per sq ft. 

In this tunnel , then , the use of an anchored s lab would be 

econom ica ll y advantageous . 
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Legend: --- Anchored Slab 
--- c,:mtinuous Gravity Slab 

Sim ple Sn,m GrJviry Slab 

Lower 1 i mi t for 
.._- +--,,/J,"=-,,c...__-~ - simpl e spanr:---+-- --~-- ---t 

gravilty s 1 a 

') 
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hickness = 24 in. 

20 
I 

6 9 12 

Span = 75 ft 

50 

15 18 

Height of Water Tabl e Above Bottom of Slab 

60 ft 

Fig . 11 : Ex ample of the use of Figs. 5 through 10 -
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The prev ious example shows that anchored s labs are most advan ­

t ageous when the overburden weight i s s mal I , that i s , in sha ll ow 

tunnels. It is also appa rent that anchored slabs are most cost 

effect i ve in wide tunnels. This is i I lus trated for a specific tunne l 

depth and water table level in Fi g. 12. 

40 .----------,.----..---------­
Ground Surface 

30 

20 

10 

0 

1300 ps f 

, <.-:-· ...... ,~ .... l , ;\: ....... ,.. 

~ Span .. 
1 

30 40 50 

I I 
10 12 14 1 6 

30 ft"' 9 . 8 m 

1300 ps f z 62000 Pa 2 
$ 10 oe r so f t .. $ 108 per m 

18 

Span 

60 

I 
20 

in Rock 

70 

I 
22 24 

Fiq . 12: Example of relative costs of gravity 
and anchored slabs . 
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PART B CONSTRUCTI ON OF TUNNEL APPROACHES 

When highway tunnel s are constructed in essent ia l ly level gro un d, 

as is the case in most urban areas, the length and cost of th e ap­

proach to the tunne l may often be as much or more than the tunnel 

i tse lf. In t his case s tu dy , for examp le , the length of approaches , 

in vo lvin g a highway cut where retainin g wa l Is are requ i red , i s 

about twice the length of the t unnel. 

The purpose of th is part of th i s case study is to present methods 

for us ing prefabricated.omponents in such retaining wal Is and to 

suggest gu ides for determin in g the feasibi li ty of such use. 

1. DESCRI PT ION 

a . Dimensions: The port ions of the approaches i nvest i gated were 

from about Sta . 210 to 223, the South Porta l of the tunnel and 

from t he North Portal, Sta . 233, to about Sta . 240. (See Fi g. 

31). With in these limits, t he height of t he wal I vari es 

f rom about 8 ft (24 m) t o about 32 ft (9 . 8 m) . In order t o ga i n some 

economy of repetition, i t was determi ned t hat a l I of the wa l Is 

cou ld be grouped into just three di fferent designs . 

b. Load i ng con dition: While the depth of the water table below 

ground s urface vari es , it was found t hat, in gene ral , t he des i gns 

could be safe ly assumed to fa l I i nto t hree condi t ions . These are 

shown in Fi g. 35 . 

c . Items cons idered i n the study: On ly the structural des i gn of 

the wa l I was cons idered. Such things as the base s lab, water 

proofing and the a rchitectu ra l treatment were ass umed to be 

i ndependent entit ies . Thi s i s not ent ire ly true , as the arch i­

tectu ra l treatment would depend t o a great extent on the method 
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of cons truct ion chosen, but for any construct ion method , t he 

a rchitectura l treat ment can an d shou l d be an indepen dent budget 

item. Also , the thi ckness of base s lab migh t be dif fere nt , 

dependin g to some extent on the phi losophy of t he des i gne r. 

2. CONSTRUCTION US ING PRE FABR ICATED COMPONENTS 

a . Structura l framing met hod 

It is ve ry dif f i cu lt t o prov i de conti nu ity us in g precast con­

c rete members , pa r t i cu larl y whe n p retens ioned stee l i s used as 

the prima ry re inforci ng e lement . tt was , therefore , decided 

t hat the most feas i b le concept was t o emp loy permanent soi I or 

rock an chors nea r the t op of the wa l I t o p rov ide s upport. Bottom 

s upport i s achi e ve d wit h t he base s lab . The precast e lement is 

the n essenti a ll y a s imp le span membe r and lends itse lf to long­

line pret e ns ion i ng . Th is is i I l ustrat e d in Section 7 in Fi g. 

37. 

Two structura l fra min g schemes were cons i dered . The f i r s t 

was t o use p recast , p res t ressed wa l I pane ls , much the same as in 

the tunne l. The second method was to use precast, mi Id stee l re ­

i nf o rce d wa l I pane ls separated by k ing p il es. The pane ls ha ve 

ma in re i nf orcement in both di rect ions and are supported on three 

s ides ; ac ross t he bottom by the base s lab , and on e i the r s ide by 

the ki ng pil es . On ly the k ing p il es need to be s uppo rted by 

ground ancho rs near t he t op . Th is second method is shown in 

Fi g. 13 . 

Afte r a comp le t e des i gn and cost est i mate of each scheme was 

done for a representat i ve des i gn cond it ion, it was de t e rm i ned that 
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Ground Anchors -----

Slab Supported 3 
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II 
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~ --Ground Anchor 

Slab 

~-- Kinq p i le 

Approach slab 

Fig. 13: Retaining wall using King-piles. 

the scheme using continuous panels was the most efficient for 

the project . For the maximum des i gn cond ition, the one used for 

compar i son, the two schemes were compet itive . However , for a 

var iety of reasons , some architectural, it could be seen that 

Scheme No. 2 , us in g King-pi les became ineff i c ient at less t han 

maximum heigh t . 

b. Products and Des i gn 

( 1 ) Wa I I un i ts : 

The wal I units are shown in Fig . 38 . They .are simi -

la r t o the wal I panels used in the tunnel. Al I the various 

design condit ions i nvo lv in g the he i ght o f the wal I, the back­

ti I I and the water tab le have been conso lidated into three 

separate wal I panel designs. The max imum height of each de­

sign is shown i n elevation. The des i gns are based on ze ro 

tension under fu l I load. 
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(2) Ground anchors: The use of ground anchors fo r the perman­

ent support of unde rgroun d wa l Is i s not common in this coun­

try. There a re two very good reasons for t hi s : first i s 

the poss ibil ity o f co rrosion of the ancho r and conseq uent 

loss o f support . In locat ions where the ancho rs are in­

accessibl e , or where the loss o f s upport cou ld resu lt in 

catastroph ic fa ilu res , as i s often the case in such struc­

tures as basements o f h i gh -rise bui I dings or subway stat ions , 

t hi s is a very real concern . Second, the use of permanent 

ground anchors in ur ban areas very often woul d r equ i re a pe r­

manent easement under adjacent private property . 

Ne ither of these object ions i s o f great concern here. 

If an anchor shou ld fai I, it wou ld p robably only resu lt in 

ground settl ement behind the wa l I, and cou ld be eas il y re­

placed. Given t he advancement of cor ros i on protect ion 

me thods in recent years , it wou ld seem that t he ri sk i s min i­

ma l and s hould not be a deterrent i f the use is economi ca lly 

advan t ageous . Al so , t he anchors wou ld on ly extend unde r 

publi c property , so easements are not a problem. 

Groun d anchors cons ist of high - tensile s trength steel 

rods o r s trands , t he same as that used in post-tens ion ing of 

concrete, p laced in a pre-dri I led ho le . The s t ee l i s then 

anchored to t he soi I o r rock by pumpin g o r p lac in g grout 

into the ho le for a portion of the length to anchor i t into 

the gro und by bon d. Pre- load in g or post-tens ion ing the ancho r 

a lso pre-compresses the soi I, thus improv i ng the bond ing 

characteris t ics. For permanent anchors t he use of bars 
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rather than strand i s usua ll y recommended because of bette r 

corrosion res i stance . 

The desi gn of the anchor obv ious ly must consider the 

s i ze and s t rength of the anchor and the bond cha racte r is t ics 

of the so i I or rock. There are references avai lab le ( 1) 

for estimat i ng the bond va l ues, but t hese are empirica l 

and should on ly be used as a gu i de for determin ing the s i ze 

and locat ion of the anchors. Actua l anchorage length should 

be determ ined by at least one performance test at the pro­

ject. In add i t ion, each anchor shou ld be proof tes t ed to 

about 1.5 t i mes the ant i c ipated service load . CThis is the 

va I ue recommended for permanent anchors. Temporary anchors 

are norma ll y proof tested to about 1. 2 t i mes the serv i ce 

load.) After t he anchor is jacked to the proof load, the 

load i s backed off t o about 60% of the se rvice load and 

"locked off" . (2 ) 

I nsta 11 at i on and test ing of ground anchors are usua I ly 

performed by specia lty contractors . A var iety of equipment 

and mater i a ls is used, so specifications shoul d be left 

(3) 
open. 

(1) Post-tension ing Manual , Chapter 4, "Ten t ative Recommenda-
t ions for Pres tressed Rock and So i I Anchors", Post- · 
Tensioning Insti t ute , Glenview, IL. 

(2) Schnabe l , Harry Jr . , "Procedures for Test ing Earth 
Tiebacks" . Paper presented at the ASEC Nat iona l Struc­
tura l Eng ineer ing Meeting , Ci ncinnati, OH, Apr i I 22-26 , 
1974 . 

(3) Chapman, Rona ld K., "Spec if icat ions for Earth Tieback 
Sheet i ng and Tieback Testing Procedu res". The Construc­
t ion Spec i fier, June, 1975. 
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Actual capaci t y of anchors is la rge ly dependent on soi I 

type. On this project, either t he li mestone bedrock or the 

glacia l ti I I overb urden, which is la r ge ly granular , cou ld 

be e ffect ive ly used . For the capaci t y req ui red he re, anchor­

ing into the overburden would be mo re economical . The spacing 

of the anchors is predetermined by the need to have at leas t 

one anchor in each precast e lement. Since most of the cost 

is in the dri I I i ng and installation, the cost of the anchor 

is assumed tc be constan t , regardless of t he req uired capac ity . 

(3) Base s lab: For purpose of th is study the base s lab des i gn is 

taken as that shown in the concept plans . It, therefore , re­

flects no savings in cost or t ime when compar in g const ruction 

methods. A disc uss ion of anchored base s labs vs. gravity 

s labs is presented in Section I I I-A- 6 of thi s . report . 

c. Construction sequence: The construct ion sequence, presented in 

a s implif ied manner, i s as fol lows: Open excavati on takes place 

to the des ire d depth as with the tunne l construction . The area 

under t he wal I footings is t hen prepared and the footings p laced . 

The wal I panels are erected, sh immed and temporarily braced . 

Fo l lowing this , three other ope rat ions can now take place: 1) a 

grave l bed is p laced , reinforcin g laid , the bare slab poured and 

i f necessary verti cal ground anchors in s talled; 2) the panel 

joints are sealed and the ent i re back s urface of the wal I is 

waterproofed; 3) the ground anchors wh i ch support t he top of 

the wal Is are placed. Fol lowing these operat ions , the areas 
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out side the wal Is are backfilled and any fi n isbing operations 

that are necessary take place. 

The slowest operation by far wi I I be the excavation. The 

speed of construction is only I i mited by the speed of excavat ion. 

3. COMPARISON WITH CONVENTIONAL CONSTRUCTION 

a. Retai ning wal I: For comparison purposes, conventional cast-in­

place cantilever retaining walls were designed for the t hree 

condit ions shown in Fig. 35. These designs are compared 

wi th the precast, prestressed wal Is shown in Fi gs. 37 and 

38. 

Costs were estimated for the two systems in a manner s imi Ja r 

to t hat of Part A for the tunne l structure. Onl y t he cost of 

the wal I was considered, except for re i nforcement required in 

the conventional design to provide cont inui ty with the wal I 

foot ing. No cred i t was given to the prefabr i cated method for 

reduced base thickness requirements. The conventi ona I system 

would require more excavation beh ind the wal I to al low room for 

forming--this aifference in cost is inc luded. 

The results of the cost comparison are shown in Fig 14. It 

shou l d be recogn ized that thi s compar i son is on ly for this par­

ticular s ite, and di ffe rent conditions would require a diffe r­

ent ana lysis. It can probab ly be generali zed, howeve r, that 

wal Is less than abo ut 20 feet in he igh t wi I I nearly a lways be 

more econom i ca l with conventional cast-in-place cantil eve r 

construction. 

Hor i zont al wal I move ments were not a consideration at t h is 

s ite because t he re we re no a dj acent s t r uctures like ly t o be 
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damaged. If such cond i tions do ex is t , the cost picture could 

change, especially if it was necessary t o provide t emporary 

support , underp inn ing, etc ., during excavation . In t hi s case, 

the des i gner should investigate construct ion methods using slurry 

wa l Is or steel soldi e r piles and lagging, as described in Vol I 

of this study, and in Case Study No. 1. 

b. Gravity vs . anchored base s lab: The use of vertical rock or so il 

anchors offers opportun i t ies for s i gn i ficant sav ings in the costs 

of the pavement slab if the ground water tab le i s much above the 

bottom of the pavement. It is common pract i ce to resist the 

upl i ft pressure caused by the ground water head by the dead 

weight of the slab . Fig . 15 shows that on this project i t is 

more economical to use an anchored s lab if the water table is 

mo re than about four feet above the bottom of the slab. 

The curves in Fig 9 are ca lculated using the same assumptions 

as in Part A-6. 
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A. PROJECT DESCRIPT ION 

IV. CAS( STUDY NO. 3 

APPROACH TO A TUNNEL 

UNDER A RIVER 

1. Purpose of the st udy: Case study No. 3 is used to i I lustrate pre­

fab ricated structural components and construction methods which 

might be app li cab le to a deep tunnel in poor soi I with a high ground 

water I eve I . 

2. Location of the pro.ject: The structure investigated i n this study 

i s the east approach t o the proposed Second Downtown Elizabeth River 

Tunnel between Portsmouth and Norfol k, Virgi nia. The s ite is approx­

imately 200 f t l 61 m) south of the present Downtown Tunnel, which was con­

structed i n the ear ly 1950 1 s. When comp leted, each tunnel wi I I carry 

two lanes of one-way traffic, and wi I I be incorporate d as part of 

Inters tate 264. (See location map in Fi g. 41 (Appendix) 

3. Pre ! iminary plans: The designs in th is study are intended to pro­

v ide the same fu nctiona l requirements, i.e., roadway width and 

c learan ce, vo lume of air movement, etc. presented in preliminary 

plans prepared for the Commonwealth of Virginia Depa rtment of High­

ways and Transportation by Pa rsons, Brinckerhoff, Quade and Douglas 

of New Yo rk. Const r uction costs and time of the des igns in this 

study are compared with those of a const r uct ion system as presented 

in those pre I imina ry p lans. In the comparisons, every attempt was 

made to compa re equa l qua l ity of construct ion. It i s not t he pur­

pose of the study t o second-guess another design , but merely to 

determine the feasibi I ity of using prefabricated members for this 
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type of project. 

4. Dimensions : The area considered in this Case Study is limi ted to 

the east end of the tunnel, designated as cut-and-cover in t he pre-

I imin a ry p lans. This portion of th e tunnel i s 1270 ft (387 m) long, 

as shown in Fig. 41. 820 ft (250 m) are shown on the preliminary 

plans as circu lar in section, and the rema ini ng 450 ft (137 m) are 

more or less rectangular. The cross-sections proposed i n the pre­

limi nary plans are shown in Fig. 42. The inside width of the t unnel 

is 311 -0" (9.8 m) . The height from roadway to cei I ing i s 16 1 - 6" 

(5.0 m) with space for ventilating air above and below. The depth 

below ground surface t o the roadway varies from approximately 23 ft 

(7 m) at the east portal to about 77 ft (23.5 m) at the point wh e re 

the cut-and-cover sect ion joins the sunken tube section. This results 

in a maximum excavat ion depth req uirement of nearly 90 ft (27 m) . 

5. Soi I and groundwater characteristics: The ·soi I profile assumed for 

this s tu dy i s shown graphically in Fi g. 41. This is actually 

based on soi I s tudies used for the design o f the first tunnel, but 

is considered adequate for study purposes. For design purposes, 

al I soi Is were assumed to have a satu rat ed unit weight of 130 pcf 

(208 Kg/m3), with~ = 25° . Ground water is ass umed at the surface 

for design purposes. 

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

underpinning requirements, and groundwater can be safely (if not 

eas i I y) I owe red. 

The latest uti I ity plans avai !able were prepared about the t ime 

of t he construct i on of the firs t tunnel . These indicated very few 

underground lines that woul d inte r fere with construction, so this 
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was not an item considered in t he study . 

A ra i I road track runs across the t unne I near the east porta I. 

A tempora ry by-pass would probab ly have t o be prov ide d, a l though 

there is a poss ibility that t he I ine coul d be aban doned , since it 

i s used inf requently . While this wou ld be a significant cost item 

and t i me de lay , it was not cons i de red i n the cost or time compa ri­

sons, under the assumpti on that t he so lut ion would be the same for 

e ither cons t r uct ion method. 

The trans iti ons bet ween the "box" section and the "circu la r" 

section and between the cut-and- cove r sect ion and the sunken t ube 

sect ion were not included in the compar i sons, as i t is assumed 

approximately equa l ti me and cos t s wou ld be r eq ui red for both 

construction met hods. 

B. CONSTRUCTION USING PREFABR ICATE D COMPONENTS 

1. St r uctura l fram i ng: The method of fram ing was dictated primaril y 

by the extreme ly deep sect ion a t the west end of this porti on of 

t he project. The use of s lurry wal I constructi on is c lea r ly indi­

cated because of the poor so i I and hi gh wat er pressures . 

Cast-i n-p lace slurry wa l Is were chosen over precast concret e 

wa ll un its as investigated in Vo l. I of t his study (and used in 

Case Study 1) for t he fo l lowin g reasons: 

a. The extreme depth (over 90 ft (27 m) wou ld make t he wa l I pane ls 

ve ry d i ff icu lt t o t ransport and p lace . A vert ica l field sp li ce 

cou ld be deve loped , but thi s wou ld s i gn i f i can t ly s low down th e 

p lac ing opera t ion , an d in crease the d i ff i culties i nvolved in 

a I i gnment. 
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b. The we igh t of such precast wa l I un i ts would mean that the uni ts 

would be quite nar row, increasing the placing costs , jo int 

treatment, e t c . 

c . One of the primary advantages of precast wal I un its is the 

qua I ity of the interior fi n ish. In th i s case , a relatively 

short porti on of the wa l I he ight is within the exposed part of 

the tunnel , so the advantage wou ld be min ima l. 

Near the east end of t he project , the tunne l is much 

sha ll ower an d precast wal I pane ls would be more feas ibl e . How­

eve r, use of two different cons t r uction methods would reduce 

the advantages of both. 

The sl urry wa l Is are not use d to carry the verti ca l loads 

as advocat ed in Vo l. · I of t h i s study because of the to leraoce 

rest r icti ons this wou l d p lace on t he t ransve rse a li gnment . By 

us ing separate fram ing, as shown in Fi g. 43, norma l t ole r­

ance (1 in 100) can be a l lowed . 

2 . Products and design: PrefaDri cated elements used in the design 

include roof units, roadway deck, roof s upport wal I columns and 

finished wal I infi 11 un its . 

a. Wal Is: Resistance t o latera l earth and water pressure, both 

temporary du rin g const ruction an d permanent is provided by 

the cast-in-place slurry wa l Is. The wal Is a re 36 in. (914 mm) 

thick from St a . 40 + 80 to Sta . 47 + 80 and 24 in. (610 mm) 

from Sta . 47 + 80 to the east porta l. Re inforcement var ies wi th 

the dep th of the tun nel. 
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The fin i s hed wa l Is of t he t unnel and the roof suppor t i s 

prov i de d by precast, prestressed wa l I-co l umns as shown in 

Fi g. 43 . Temporary lateral support fo r these co l umns i s 

ach ieved by bol ti ng t o the s lu rry wal I as shown. Pe rmanent 

stab i I ity is provided by the roof structure . These wa l I co lumn 

un i t s are spaced 1 '-6" (457 mm) apart because a temporary support 

i s needed within t he tun ne l un ti I t he roof is backfi I led . The 

t empora ry s t rut s can t hen be removed , and t he wal I completed by 

p lacin g t he 6 in. (152 mm) i nt i 11 panel as shown in Fig. 43. 

b. Roof struct ure: From St a . 40 + 80 t o 49 + 00, t he roof struc­

t ure i s composed of p recast, reinforced concrete arches , 

as detailed i n Fi g. 44 . These sections a re designed as two­

h inged parabo li c a rc hes , with the latera l th rust resi s t ed by 

t he pass i ve prbssu re of the ea rth. App rox imately two-th irds of 

the tota l backf i I I on t he arch is necessary to ove rcome the 

acti ve pressure of the earth and wat er , so this much must be 

prov i ded be fore the temporary st r ut s can be removed . 

Use of these a r ches is an econom ica l structural so lution , 

an d a lso prov i des an adeq uat e space for ret urn vent i lat i on ai r . 

From Sta . 49 + 00 to t he east porta l, the roof sect ion is 

compose d of precast, pres t ressed box beams , o f a s t an da rd 

des i gn as used on hi ghway bridges . The fla t roof is necessa ry 

because t here is ins uff i c ien t c learance for t he arch at the 

sha ll ower end of the tunne l. 

c . Gravity base slab: Up li f t caused by ground water pressure act s 

on t he 4 1- 011 ( 1. 2 m) th i ck gravity base s lab . Th i s up l ift load is 

then res isted by the weight of the s lab , the overburden on the roof 
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(transmitted t hro ugh the wal I-columns) and the friction of the 

slurry wal Is aga inst the earth , transmitted through a shear key 

as shown in Fig. 43. Assum ing a fr iction coeff ic ient of 0.3, 

a factor of safety against f loat ing of more than 1. 5 is prov ided 

under the conservative assumption of water at ground surface . 

d. 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

pos ite toppin g. Several other standard members would be feasible, 

as described in Vo l. I of this study . 

3. Construction sequence : Constructi on of thi s segment of the project 

is assumed to s tart at the east porta l and proceed westerly toward 

the r ive r. The fol lowing assumptions and dec i s ions were made re­

gard i ng the sequence of operat ions: 

a. Excavation woul d be comp leted to the bott om of t he gravity s lab 

and the grave l f i I I, before placin g the s t ructu ral members, 

rathe r than attemp t to excavate nun der the roof" as was done on 

Case Study I. Th is i s because of the necess ity fo r t emporary 

struts within the tunnel, and the fact that there are no surface 

operations to d isrup t. 

b. Succeedin g operations a re kept approxima t ely 150 feet (46 m) 

apart to avo i d i nt erfe rence. 

c. Precast concret e roof un i ts and wal I co lumns are placed from 

a bove with a crane , while the roadway deck units and wal I in-

ti I I panels a re p laced from within the t unne l with a l i ft t ruc k. 

A precedence diagram showing the rel ati onsh i ps of the various 

operations is shown in Fi g. 45 . A detailed desc rip t ion of each 

operation i s s how n i n Tab le 16. These ope rat ion s a re used as 
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input t o a Cr iti cal Path Method (CPM ) computer program. Est i mated 

act i vity durat ions and precedences used in establishing t he CPM 

consider not on ly th e required ti me to comp lete the acti vity, but 

a lso a reasonable al location of resources and use of eq uipment 

compatibl e with space restra i nts. 
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Table 16. Case Study 3: Construction sequence using 

prefabricated structura l elements 

Last 2 digits of 
Operation Number 

00 

0 1 

02 

03 

04 

06 

08 

10 

12 

14 

16 

(See Fig. 45 for Precedence Diagram) 

Descr ip t i on of Operations 

Construct a gu ide trench to be used to a l ign the slurry 

tren ch. Operation includes concreting of trench sides . 

Same as operat ion 00 for s i de 2 of t he tunn e l. 

Construct a s lu rry trench and cast-in- p lace a wal I using 

the tremie method. 

Same as operation 02 for s ide 2 of the tunnel . 

Excavat e to the elevation of the gravel base and place 

temporary st ruts as requ ired . Equipment ant i c ipated 

includes one c lams hel I and severa l sma l I dozers. 

Place and grade 2' - 0" (610 mm) grave l base. 

Cast a 6 in. ( 152 mm) base s lab over the grave l base to 

provide a s urface for waterproofing. 

Apply a 4-ply membrane waterproof ing over the 6 in. (152 mm) 

base slab. Protect with 1/2 i n. (1 3 mm) aspha l t plank. 

Form, reinforce and cast a 4'-0" (1. 2 m) thick gravity 

s lab and key into s lurry wal I . 

Al low add i ti onal cur ing ti me for gravity s lab before 

p lac ing precast roof s upport co lumn s . 

P lace precast roof s upport co lumns , secure in pos i ti on 

and laterally brace to s lu rry wa l I as shown i n Fi ~. 43. 
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Table 16. Case Study 3: Construction sequence using 

prefabricated structural elements (continued) 

Last 2 digits of 
Operation Number 

18 

20 

22 

24 

26 

28 

30 

32 

34 

Description of Operations 

Form, reinforce and cast tbe supports for the precast 

roadway deck. 

Al low 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 + 00 to station 

53 + 50 and parabolic arch sections are used from 

station 40 + 80 to station 49 + 00. 

Caulk al I joints between adjacent precast roof units 

and grout between roof units and slurry wal I. This 

grouting is to alleviate gap left for tolerances. Then 

cover entire roof with a 4-ply membrane waterproofing 

and protect with 1/2 in. (13 mm) asphalt plank. 

Backfi I I enough to delive r 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 pl ace and secure precast road­

way deck uni t s . 

Cast 4 in. (102 mm) compos i te topp in g over roadway deck , 

curbs , and mechanica l enc losures. Operation includes 

rough-in for mechanical, electrical, e tc. 

Place and secure precast wal I units. 

Backfi I I to grade any remaining amount necessary. 
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Tab le 17 . Case Stu dy 3 : Comput e r c uto ut of Cr i t ica l Path Method (CPM) 
p roqram f or const ruct ion us in a prefab r i cated structura l e lemen t s . 

P R 0 J E C T S C H E D U L E 
FR0M MAR 1, 1978 T0 SEP 18, 19 79 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING PRECAST C0MP0NENTS FEB 7, 1977 

DEPT: 
NUMBER DESCRIPT10N 

EARLi EST 
DUR START FINISH 

* 100 
• 101 
* 102 
* 103 
* 104 

106 
108 
1 10 
1 12 
1 14 
1 16 
118 
120 
122 
124 
128 
130 
132 
134 
200 
201 
202 
203 

* 204 
206 
208 
210 
212 
214 
216 
218 
220 
222 
224 
228 
230 
232 
234 
300 
301 
302 
303 

* 304 
306 
308 
310 
312 
314 
316 
318 

C0N GDE TR-SD 1 
C0N GOE TR-SD 2 

4 
4 

1MAR78 
1MAR78 
7MAR78 
7MAR78 

21MAR78 
2MAY78 

C0N SLRY WALL-SD 10 
C0N SLRY WALL-SD 2 10 
EXC-PLACE TEMP STRTS 30 
PLACE GRAVEL BASE 3 
CAST 6 IN• BASE SLAB 
APPLY WATERPR00FING 
CAST GRAVITY SLAB 

2 5MAY78 
2 9MAY78 
6 11MAY78 

CURE GRAVITY SLAB 
PLACE R00F SUP C0LS 
CAST. P/C DECK SUP 
CURE PIC DECK SUP 
PLACE P/C B0X GIRD 
WATERPR00 F R00F MEM 
REM STRT-PL P/C DECK 
CAST T0PPING + CURBS 
PLAC E P/C WALL UNITS 
BACKFILL T0 GRADE 

5 19MAY78 
4 26MAY78 
2 2JUN78 
5 6JUN78 
3 2JUN78 
4 7JUN78 
l l 3JUN78 
9 14JUN 78 
4 2 7JUN78 
3 13JUN78 

C0N GDE TR-SD 1 4 lMAR78 
l MAR78 
7MAR78 
7MAR78 
2MAY78 

C0N GDE TR-SD 2 4 
C0N SLRY WALL-SD 10 
C0N SLRY WALL-SD 2 10 
EXC- PLACE TEMP STRTS 32 
PLACE GRAVEL BASE 3 16JUN78 

2 21JUN78 
2 23JUN78 
6 27JUN78 
5 6JUL78 
4 13JUL78 
2 19JUL78 
5 21JUL78 
3 19JUL78 
4 24JUL78 
1 28JUL78 
9 3lJUL78 
4 llAUG78 
3 28JUL78 

CAST 6 IN • BASE SLAB 
APPLY WATERP~00FING 
CAST GRAVITY SLAB 
CURE GRAVITY SLAB 
PLACE R00F SUP C0LS 
CAST P/C DECK SUP 
CURE P/C DECK SUP 
PLACE P/C B0X GIRD 
WATERPR00F R00F MEM 
REM STRT-PL P/C DECK 
CAST T0PP1NG + CURBS 
PLACE P/C WALL UNITS 
BACKFILL T0 GRADE 
C0N GOE TR-SD l 4 
C0N GDE TR-SD 2 4 
C0N SLRY WALL-SD 1 11 
C0N SLRY WALL-SD 2 11 
EXC-PLACE TEMP STRTS 35 
PLACE GRAVEL BASE 3 
CAST 6 IN• BASE SLAB 2 
APPLY WATERPR00FING 2 
CAST GRAVITY SLAB 6 
CURE GRAVITY SLAB 5 

1MAR78 
lMAR78 
7MAR78 
7MAR7B 

l6JUN7B 
7AUG78 

10AUG78 
14AUG78 
l 6AUG78 
24AUG78 

PLACE R00F SUP C0LS 
CAST PIC DECK SUP 

4 31AUG78 
2 7SEP78 
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6MAR78 
6MAR78 

20MAR78 
20MAR78 

1MAY78 
4MAY78 
8MA'l'78 

1 OMAY 78 
18MAY78 
25MAY78 

1JUN78 
5JUN78 

12JUN78 
6JUN78 

12JUN78 
l3JUN78 
26JUN78 
30JUN78 
15JUN 78 

6MA R78 
6MAR78 

20MAR78 
20MAR78 
ISJUN78 
20JUN78 
22JUN78 
26JUN78 

5JUL78 
12JUL78 
18JUL78 
20JUL78 
27JUL78 
21JUL78 
27JUL78 
28JUL78 
10AUG78 
16AUG78 

1 AUG78 
6MAR78 
6MAR78 

21MAR78 
21MAR78 

4AUG78 
9AUG78 

1 l AU G78 
15AUG78 
23AUG78 
30AUG78 

6SE P78 
8SEP78 

LATEST T0TAL 
START FINISH FL0AT 

l MAR 78 
lMAR 78 
7MAR78 
7MAR78 

21MAR78 
28MAR79 

2APR79 
4APR79 
6APR79 

16APR79 
23APR79 

6JUL 79 
10JUL79 

2MAY79 
1 l JUL 79 
1 7JU L 79 
18JUL 79 
31JUL79 
1 7JU L 79 
12APR78 
l 2APR 78 
l 8APR 78 
l 8APR 78 
2MAY78 
3APR79 
6APR79 

10APR79 
l 2APR 79 
20APR79 
27APR79 
l 2JUL 79 
l 6JUL 79 

7MAY 79 
16JUL79 
23JUL 79 
24JUL 79 

6AUG79 
20JUL79 
25MAY78 
25MAY78 

1JUN78 
1JUN78 

16JUN78 
9APR79 

12APR79 
16APR79 
18APR79 
26APR79 

3MAY79 
l BJUL 79 

6MAR78 
6MAR78 

20MAR78 
20MAR78 

1MAY78 
30MAR79 

3APR79 
5APR79 

13APR79 
20APR79 
2 6A PR79 

9JUL79 
16JUL79 

4MAY79 
16JUL79 
1 7JUL 79 
3 0JUL 79 

3AUG79 
19JUL 79 
l7APR78 
1 7APR78 

1MAY78 
lMA'l'78 

l 5JUN78 
5APR79 
9APR79 

11 APR79 
19APR79 
26APR79 

2MAY79 
13JUL 79 
20JUL79 

9MAY79 
19JUL79 
23JUL 79 

3AUG79 
9AUG79 

24JUL79 
31MAY78 
31MAY78 
l5JUN78 
15JUN78 

4AUG78 
l 1APR79 
13APR 79 
17APR79 
25APR79 

2MAY79 
8MAY79 

19JUL79 

0 
0 
0 
0 
0 

231 
23 1 
231 
231 
231 
231 
279 
279 
234 
279 
279 
279 
279 
2 79 

30 
30 
30 
30 

0 
203 
203 
203 
203 
2 03 
203 
251 
251 
205 
250 
251 
251 
251 
250 

61 
61 
61 
61 

0 
1 72 
l 72 
1 72 
1 72 
1 72 
l 72 
220 



Tab le 17 . Case St udy 3: Computer output of Cr i ta l Path Method (CPM) proqram 
for construct ion us in q prefabr icate d structural e lements (con ti nued) . 

P R 0 J E C T S C H E D U L E 
FR0M MAR 1, 1978 T0 SEP 18, 1979 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING PRECAST C0MP0NENTS FEB 71 1977 

DEPT: 
NUMBER DESCRIPTI0N 

320 CURE P/C DECK SUP 
322 PLACE P/C B0X GIRD 
324 WATERPR00F R00F MEM 
328 REM STRT-PL P/C DECK 
330 CAST T0PPING + CURBS 
332 PLACE P/C WALL UNITS 
334 BACKFILL 10 GRADE 
400 C0N GDE TR-SD 1 
401 C0N GDE TR-SD 2 
402 C0N SLRY WALL-SD 
403 C0N SLRY WALL-SD 2 

* 404 EXC-PLACE TEMP STRTS 
406 PLACE GRAVEL BASE 
408 CAST 6 IN• BASE SLAB 
410 APPLY WATERPR00FING 
412 CAST GRAVITY SLAB 
414 CURE GRAVITY SLAB 
416 PLACE R00F SUP COLS 
418 CAST P/C DECK SUP 
420 CURE P/C DECK SUP 
422 PLACE P/C ARCHS 
424 WATERPR00F R00F MEM 
426 BACKFILL F0R THRUST 
428 REM STRT-PL P/C DECK 
430 CAST T0PPING + CURBS 
432 PLACE P/C WALL UNITS 
434 BACKFILL T0 GRADE 
500 C0N GDE TR-SD 1 
501 C0N GDE TR-SD 2 
502 C0N SLRY WALL-SD 
503 C0N SLRY WALL-SD 2 

* 504 EXC-PLACE TEMP STRTS 
506 PLACE GRAVEL BASE 
508 CAST 6 IN• BASE SLAB 
510 APPLY WATERPR00FING 
512 CAST GRAVITY SLAB 
514 CURE GRAVITY SLAB 
516 PLACE R00F SUP C0LS 
518 CAST P/C DECK SUP 
520 CURE P/C DECK SUP 
522 PLACE P/C ARCHS 
524 WATERPR00F R00F MEM 
526 BACKFILL F0R THRUST 
528 REM STRT-PL P/C DECK 
530 CAST T0PPING + CURBS 
532 PLACE P/C WALL UNITS 
534 BACKFILL T0 GRADE 
600 C0N GOE TR-SD 1 
601 C0N GDE TR-SD 2 
602 C0N SLRY WALL-SD 

EARLIEST 
DUR START FINISH 

5 9SEP78 
3 7SEP78 
4 12SEP78 
1 16SEP78 
9 19SEP78 
4 30SEP78 
4 16SEP78 
4 1MAR78 
4 1MAR78 

12 7MAR78 
12 7MAR78 
38 7AUG78 

3 29SEP78 
2 30CT78 
2 50CT78 
6 90CT78 
5 1 70CT78 
4 240CT 78 
2 300CT78 
5 1N0V78 
3 300CT78 
4 2N0V78 
B BN0V78 
1 20N0V78 
9 21N0V78 
4 5DEC 78 
4 20N0V78 
4 1MAR78 
4 1 MAR78 

13 7MAR78 
13 7MAR78 
41 29SEP78 

3 27N0V78 
2 30N0V78 
2 4DEC78 
6 6DEC78 
5 14DEC78 
4 21DEC78 
2 28DEC78 
5 2JAN79 
3 28DEC78 
4 3JAN79 

10 9JAN79 
1 23JAN79 
9 24JAN79 
4 6FEB79 
5 23JAN79 
4 1MAR78 
4 ll'IIAR78 

14 7MAR78 
99 

15SEP78 
9SEP78 

15SEP78 
16SEP78 
29SEP78 

40CT78 
21SEP78 

6MAR78 
6MAR78 

22MAR78 
22MAR78 
28SEP78 

20CT78 
40CT78 
60CT78 

160CT78 
230CT78 
270CT78 
3 l 0CT78 

7N0V78 
1N0V78 
7N0V78 

17N0V78 
20N0V78 

4DEC78 
BDEC78 

24N0V78 
6MAR78 
6MAR78 

23MAR78 
23MAR78 
24N0V78 
29N0V78 

1DEC78 
5DEC78 

13DEC78 
20DEC78 
27DEC78 
29DEC78 

8JAN79 
2JAN79 
8JAN79 

22JAN79 
23JAN79 

5FEB79 
9FEB79 

29JAN79 
6MAR78 
6MAR78 

24MAR78 

LATEST T0TAL 
START FINISH FL0AT 

20JUL 79 
t OMAY 79 
19JUL79 
27JUL79 
30JUL79 
10AUG79 
25JUL79 
14JUL78 
l 4JUL 78 
20JUL 78 
20JUL78 

7AUG78 
13APR79 
18APR 79 
20APR79 
24APR79 

2MAY79 
9MAY 79 

24JUL79 
26JUL 79 
15MAY79 
18MAY79 
24MAY79 

2AUG79 
3AUG79 

16AUG79 
31 JUL 79 

6SEP78 
6SEP78 

12SEP78 
t 2SEP 78 
29SEP78 
25APR79 
30APR79 

2MAY79 
4MAY79 

l4MAY79 
21MAY79 
30JUL 79 

lAU G79 
25MAY79 
31 MAY 79 

6JUN79 
8AUG79 
9AUG79 

22AUG79 
6AUG79 

310CT78 
310CT 78 

6N0V78 

26JUL79 
l4MAY79 
24JUL79 
27.)UL79 

9AUG79 
15AUG79 
30JUL79 
19JUL78 
t9JUL78 

4AUG78 
4AU G78 

28SEP78 
17APR79 
19APR79 
23APR79 

IMAY79 
8MAY79 

14MAY79 
25JUL79 

1AUG79 
1 7MAY 79 
23MAY79 

5JUN 79 
2AUG79 

l 5AUG79 
21AUG79 

3AUG79 
9SEP78 
9SEP78 

28SEP78 
28SEP78 
24N0V78 
27APR79 

1MAY79 
3MAY79 

11MAY79 
18MAY79 
24MAY79 
31JUL79 

7AUG79 
30MAY79 

5JUN79 
l 9JUN 79 
8AUG79 

21AUG79 
27AUG79 
1 OAUG79 
3N0V78 
3N0V78 

24N0V78 

220 
1 73 
218 
220 
220 
220 
218 

95 
95 
95 
95 

0 
138 
138 
138 
138 
138 
138 
186 
186 
138 
138 
138 
1 78 
1 78 
1 78 
1 76 
132 
132 
132 
132 

0 
105 
105 
105 
105 
105 
105 
149 
149 
105 
105 
105 
139 
139 
139 
137 
172 
1 72 
1 72 



Table 17. Case Study 3: Computer output of Cr i t ica l Pa t h Method (CPM) 
for construct ion us i ng prefabr icated s truct ura l e lements (continued)~roqram 

P R 0 J E C T S C H E D U L E 
FR0M MAR 1, 1978 T0 SEP 18, 1979 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING PRECAST C0MP0NENTS FEB 7, 1977 

DEPT: 
NUMBER DESCR1PTI0N 

EARLIEST 
DUR START FINISH 

603 
* 604 

606 
608 
610 
612 
614 
616 
618 
620 
622 
624 
626 
628 
630 
632 
634 
700 
701 
702 
703 

* 704 
706 
708 
7 10 
712 
714 
716 
7 18 
720 
722 
724 
726 
728 
730 
732 
734 
800 
801 
802 
8 03 

* 804 
* 806 
* 808 
* 8 10 
* 812 
* 81 4 
* 816 

818 
820 

14 C0N SLRY WALL-SD 2 
EXC-PLACE TEMP STRTS 44 
PLACE GRAVEL BASE 3 
CAST 6 IN• BASE SLAB 2 
APPLY WATERPR00FING 2 

7MAR78 
27N0V78 
30JAN79 

2FEB79 
6FEB79 
8FEB79 CAST GRAVITY SLAB 6 

CURE GRAVITY SLAB 5 16FEB79 
4 23FEB79 
2 1MAR79 
5 5MAR79 

PLACE R00F SUP C0LS 
CAST P/C DECK SUP 
CURE P/C DECK SUP 
PLACE P/C ARCHS 
WATERPR 00F R00F MEM 
BACKFILL F0R THRUST 
REM ST RT -PL P/C DECK 
CAST T0PP1NG + CURBS 
PLACE P/C WALL UNITS 
BACKFILL T0 GRADE 
C0N GDE TR-SD 1 
C0N GDE TR-SD 2 
C0N SLRY WALL-SD 
C0N SLRY WALL-SD 2 
EXC-PLACE TEMP STRTS 
PLACE GRAVEL BASE 
CAST 6 lN• BASE SLAB 
APPLY WATERPR00FING 
CAST GRAVITY SLAB 
CURE GRAVITY SLAB 
PLACE R00F SUP C0LS 
CAST P/C DECK SU P 
CURE P/C DECK SUP 
PLACE P/C ARCHS 
WATERPR00F R00F MEM 
BACKFILL F0R THRUST 
REM STRT-PL P/C DECK 
CAST T0PP1NG + CURBS 
PLACE P/C WALL UNITS 
BACKFILL T0 GRADE 
C0N GOE TR-SD 1 
C0N GDE TR•SD 2 
C0N SLRY WALL-SD 
C0N SLRY WALL-SD 2 
EXC - PLACE TEMP STRTS 
PLACE GRAVEL BASE 
CAST 6 IN• BASE SLAB 
APPLY WATER PR00 FlNG 
CAST GRAVITY SLAB 
CURE GRAVITY SLAB 
PLACE R00F SUP C0LS 
CAST P/C DECK SUP 
CURE P/C DECK SUP 

3 1MAR79 
4 6MAR79 

12 12MAR79 
l 28MAR79 
9 29MAR79 
4 11APR79 
6 2BMAR79 
4 1MAR78 
4 1MAR78 

16 7MAR78 
16 7MAR78 
47 30JAN79 

3 SAPR79 
2 1 OAPR79 
2 12APR79 
6 16APR79 
5 24APR79 
4 1MAY79 
2 7MAY79 
5 9MAY79 
3 7MAY79 
4 10MAY79 

14 16MAY79 
l 6JUN 79 
9 7JUN79 
4 20JUN79 
7 6JUN79 
4 1MAR78 
4 1MAR78 

18 7MAR78 
18 7MAR78 
50 SAPR79 

3 15JUN79 
2 20JUN79 
2 22JUN79 
6 26JUN79 
5 SJUL79 
4 12JUL79 
2 18JUL79 
5 20JUL79 
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24MAR78 
29JAN79 

1FE879 
5FE879 
7FEB79 

15FEB79 
22FEB79 
2BF"EB79 

2MAR79 
9MAR79 
5MAR79 
9MAR79 

27MAR79 
28MAR79 
10APR79 
16APR79 

-4APR79 
6MAR78 
6MAR78 

28MAR78 
2 8MAR78 

4APR79 
9APR79 

11 APR79 
13APR79 
23APR79 
30APR79 

4MAY79 
8MAY79 

15MAY79 
9MAY79 

15MAY79 
5JUN79 
6JUN79 

l 9JUN79 
25JUN79 
l4JUN79 

6MAR78 
6MAR78 

30MAR78 
30MAR78 
14JUN79 
19JUN79 
2 1JUN79 
25JUN79 

3JUL79 
11JUL79 
17JUL79 
19JUL79 
26JUL79 

LATEST T0TAL 
START FINISH FL0AT 

6N0V78 
27N0V78 

9MAY79 
14MAY 79 
l 6MAY 79 
1 BMAY 79 
29MAY 79 

5JUN79 
3AUG79 
7AUG79 

11 JUN 79 
l 4JUN 79 
20JUN 79 
l4AUG79 
l 5AUG79 
28AUG79 
13AUG79 

2JAN79 
2JAN 79 
8JAN79 
8JAN79 

30JAN79 
25MAY 79 
31MAY79 

4JUN79 
6JUN79 

l 4JUN 79 
21 JUN 79 

9AUG79 
13AUG79 
27JUN79 

2JUL 79 
9JUL79 

20AUG79 
21AUG79 

4SEP79 
21 AUG79 

6MAR79 
6MAR79 

12MAR79 
12MAR79 

5APR79 
1 5JUN 79 
20JUN79 
22JUN79 
26JUN79 

SJUL79 
12 JUL 79 
15AUG79 
1 7AUG79 

24N0V78 
29JAN79 
11 MAY79 
15MAY79 
1 7MAY79 
25MAY79 

4JUN 79 
8JUN79 
6AUG79 

13AUG79 
13JUN79 
19JUN79 

6JUL 79 
l4AUG79 
27AUG79 
31 AUG79 
20AUG79 

SJAN79 
5JAN79 

29JAN79 
29JAN79 

4APR79 
30MAY79 

1JUN79 
5JUN79 

l 3JUN79 
20JUN79 
26JUN79 
10AUG79 
l 7AUG79 
29JUN79 

6JUL 79 
26JUL79 
20AUG79 
31 AUG79 

7SEP79 
29AUG79 

9MAR79 
9MAR79 
4APR79 
4APR79 

l 4JUN79 
l 9JUN79 
21JUN79 
25JUN79 
3JUL 79 

11JUL79 
1 ?JUL 79 
16AUG79 
23AUG79 

l 72 
0 

71 
71 
71 
71 
71 
7 1 

109 
109 

71 
71 
71 
97 
97 
97 
96 

214 
2 l 4 
214 
21 4 

0 
36 
36 
36 
36 
36 
36 
66 
66 
36 
36 
36 
52 
52 
52 
53 

259 
259 
259 
259 

0 
0 
0 
0 
0 
0 
0 

20 
20 



Table 17 . Case Studv 3 : Computer output of Cr i t i cal Path Method (CPM) Droqram 
for cons t r uction us i nq pre f ab r icate d st ructu ra l e lements (cont inued) . 

P R 0 J E C T S C H E D U L E 
FR0M MAR l, 1978 T0 SEP 18, 1979 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING PRECAST C0MP0NENTS FEB 7, 1977 

----------------------------------------------------------------------
DEPTI 
NUMBER DESCRIPTI0N 

EARLIEST 
DUR START FINISH 

* 822 
* 824 
* 826 

828 
830 
832 
834 
900 
901 
902 
903 
904 
906 
908 
910 
912 
914 
916 
918 
920 
922 
924 

* 926 
* 928 
* 930 
* 932 

934 
*1000 

PLACE P/C ARCHS 
WATERPR00F R00F MEM 
BACKFILL F0R THRUST 
REM STRT-PL P/C DECK 
CAST T0PPING + CURBS 
PLACE P/C WALL UNITS 
BACKFILL T0 GRADE 
C0N GDE TR•SD 1 

3 18JUL 79 
4 23JUL79 

16 27JUL 79 
t 20AUG79 
9 21AUG79 
4 4SEP79 
8 20AUG79 
2 tMAR78 

C0N Gog TR-SD 2 2 
C0N SLRY WALL-SD 1 10 
C0N SLRY WALL-SD 2 10 
EXC-PLACE TEMP STRTS 20 
PLACE GRAVEL BASE 2 
CAST 6 IN• BASE SLAB 1 
APPLY WATERPR00rING 1 
CAST GRAVITY SLAB 4 
CURE GRAVITY SLAB 5 
PLACE R00r SUP C0LS 2 
CAST P/C DECK SUP 1 
CURE P/C DECK SUP 5 
PLACE P/C ARCHS 2 

tMAR78 
3MAR78 
3MAR78 

t 5JUN79 
16JUL 79 
1 BJUL 79 
19JUL79 
20JUL79 
26JUL79 

2AUG79 
6AUG79 
7AUG79 
6AUG79 
8AUG79 WATERPR00r R00F MEM 2 

BACKFILL r0R THRUST 12 
REM STRT-PL P/C DECK 1 
CAST T0PPING + CURBS 5 
PLACE P/C WALL UNITS 2 

20AUG79 
6SEP79 
7SEP79 

14SEP79 
4 6SEP79 
1 1 BSEP79 

BACKrILL T0 GRADE 
STRUC PHASE C0MPLETE 
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20JUL79 
26JUL79 
17AUG79 
20AUG79 
31AUG79 

7SEP79 
29AUG79 

2MAR78 
2MAR78 

16MAR78 
16MAR78 
13JUL79 
17JUL79 
18JUL79 
19JUL79 
25JUL79 

1AUG79 
3AUG79 
6AUG79 

13AUG79 
7AUG79 
9AUG79 
5SEP79 
6SEP79 

13SEP79 
1 7SEP79 
1 l SEP79 
18SEP79 

LATEST T0TAL 
START FINISH FL0AT 

1 BJUL 79 
23JUL 79 
27JUL79 
24AUG79 
27AUG79 
1 OSEP79 
30AUG79 

7JUN79 
7JUN79 

t 1JUN79 
l 1JUN79 
25JUN79 
24JUL79 
26JUL79 
27JUL 79 
30JUL79 

3AUG79 
10AUG79 
28AUG79 
29AUG79 
I 4AUG79 
16AUG79 
20AUG79 

6SEP79 
7SEP 79 

14SEP79 
12SEP79 
l 8SEP79 

20JUL79 
26JUL 79 
17AUG79 
24AUG79 

7SEP79 
13SEP79 
l lSEP79 
8JUN79 
BJUN79 

22JUN79 
22JUN79 
23JUL79 
25JUL 79 
26JUL79 
27JUL79 

2AU G79 
9AUG79 

13AUG79 
28AUG79 

SSEP 79 
15AUG79 
1 7AUG79 

5SEP79 
6SEP79 

13SEP79 
1 7SEP79 
I 7SEP79 
18SEP79 

0 
0 
0 
4 
4 
4 

B 
325 
325 
3 2 5 
325 

6 
6 
6 
6 
6 
6 
6 

I 6 
16 

6 
6 
0 
0 
0 
0 
4 
0 



C. COMPARISON WITH CAST- IN-PLACE CONSTRUCTION 

1. Descri ption: The cast-in - place structure with which the comparison 

is made is taken from the prel iminary p lans prepared by Parson, 

Br inckerhoff , Quade and Douglas. Cross- secti ons of the tunne l 

designs are shown in Fig . 42. The ground suppor t met hod assume d 

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

(137 m) from the portal, soldier beam and lagging tor the next 450 ft 

(137 m) and slurry wal I to r the last 370 ft (113 m). 

2. Construction sequence: For the purpose of t h is s t udy , the fol lowin g 

assumpt ions have been made regard ing the construct ion sequence: 

a. The open excavation port ion i s excavated on a 1-1 /2 to 1 s lope. 

For al I sect ions, it was assumed that s ix f t ( 1. 8 m) of clearance 

outside the tunnel s truct ure is req ui red for form in g. 

b. Un l ike Case Study 1, the steel soldier beams can be driven or 

jetted into place, rathe r than placed in dri I led ho les. 

c. Where slurry wa l I construction i s used , i t does not become a 

part of t he permanent structure but i s used only fo r excavat ion 

bracin g and as a water barrier. 

d. As with the construction us ing prefabri cated components, the 

cast- i n-place construction wi I I start at the east port a l an d pro­

ceed westerl y toward the river. Succeed ing operati ons are a lso 

kept approximately 150 ft (46 m) apart to avo i d interference. 

e . A precedence diag ram showing the relationships of the var i ous 

construct ion operat ion s i s shown in Fi g. 46 . A detai led 

description of each operation is shown in Table 18 . A CPM out­

put is shown in Table 19. 
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Tabl e 18 . Case Study 3: Const ruction sequence us ing 

cast-i n- place construct ion 

Last 2 di gits o f 
Ope rat ion Number 

00 

01 

02 

03 

04 

05 

10 

12 

14 

(See Fi g. 46 for Precedence Diagram) 

Descripti on of Operat ions 

Dr i ve or j et in soldier piles at required spac ing . Used 

between stat ions 44 + 50 and 49 + 00 . 

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

Construct a guide t rench to be used to align the s lurry 

trench . Operati on i nc ludes concreti ng of trench sides . 

Used between s t ati on s 40 + 80 and 44 + 50 . 

Same as operati on 02 fo r side 2 of the tunne l . 

Construct a slurry t rench and cast-in - place a wal I using 

t he trem ie method. Used between sta t ions 40 + 80 and 

44 + 50 . 

Same as ope ration 04 for s ide 2 of the t unne l . 

Excavate t o t he e levati on of the gravel base . 

Sta . 49 + 00 - 53 + 50 -- Open excavat ion wi th an 

approx imate 1-1 /2 t o 1, hor i zonta l to vertical 

slope . 

Sta. 44 + 50 - 49 + 00 -- Excavate between soldier 

p il es and p lace stru ts and laggi ng. 

St a . 40 + 80 - 49 + 00 -- Excava te bet ween s lurry 

wa l Is and p lace struts . 

P lace and grade 2'-0'' (6 10 mm) grave l base. 

Cast a 6 in. (152 mm ) base s lab over the gravel base t o 

prov i de a surface for waterproof ing. 
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Table 18. Case Study 3: Construction sequence using 

cast-in-place construct ion (continued ) 

Last 2 digits of 
Operation Number 

16 

18 

20 

22 

24 

26 

28 

30 

32 

Description of Ope rati ons 

Apply a 4-ply membrane waterproofing ove r the 6 in. 

(152 mm) base slab. Protect with 1/2 i n. ( 13 mm) 

asphalt plank. 

Form, reinforce and cast the base of the tunnel. 

Form, reinforce and cast the rema inder of the tunnel. 

Apply a 4-ply membrane wate rproofing to the entire 

exterior of the tun ne l exc ludin g the bottom surface 

where it has already been done . 

Backfi I I to grade . 

Form, reinforce and cast al I roa dw ay deck supports, 

curbs and mechan ica l enc los ures . Ope rat ion i nc ludes 

rough-in for mechanical, electri cal , etc. 

Place and secure precast roa dway deck units or form , 

reinforce and cast-in-place the roadway deck . 

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

Construct fini shed wa l Is within the tunnel . 
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Tab le 19 . Case St udy 3: Compute r output of Cri t ica l Pat h Method (CPM) 
program fo r constructi on us i ng cast-i n- p lace meth od. 

P R 0 J E C T S C H E D U L E 
FR0M MAR l• 1978 T0 MAY 6• 1980 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING CAST-IN-PLACE C0NS FEB 8• 1977 

DEPT: 
NUMBER DESCR1PT10N 

* 110 EXCAVATE 
112 PLACE GRAVEL BASE 
114 CAST 6 IN• BASE SLAB 
116 APPLY WATERPR00FING 
118 CAST GRAVITY SLAB 
120 CAST WALLS + R00F 
122 WTRPRF WALLS+ R00F 
124 BACKFILL T0 GRADE 
126 CAST DECK SUP/CURBS 
128 PLACE DECK MEM 
130 CAST WEARING SURFACE 
132 C0NST FINISHED WALL 

* 210 EXCAVATE 
212 PLACE GRAVEL BASE 
214 CAST 6 IN• BASE SLAB 
216 APPLY WATERPR00FlNG 
218 CAST GRAVITY SLAB 
220 CAST WALLS + R00 f 
222 WTRPRF WALLS+ R00F 
224 BACKFILL T0 GRADE 
226 CAST DECK SUP/CURBS 
228 PLACE DECK MEM 
230 CAST WEARING SURFACE 
232 C0NST FINISHED WALL 

* 310 EXCAVATE 
312 PLACE GRAVEL BASE 
314 CAST 6 IN• BASE SLAB 
316 APPLY WATERPR00fING 
3 18 CAST GRAVITY SLAB 
320 CAST WALLS+ R00F 
322 WTRPRF WALLS+ R00F 
324 BACKFILL T0 GRADE 
326 CAST DECK SUP/CURBS 
328 PLACE DECK MEM 
330 CAST WEARING SURFACE 
332 C0NST FINISHED WALL 
400 S0LDIER P ILES-SD 1 
401 S0LDI ER P ILES-SD 2 

* 410 EXC-PL TEMP STRT/LAG 
412 PLACE GRAVEL BASE 
4 14 CAST 6 IN ■ BASE SLAB 
416 APPLY WAT ERPR~0F ING 
418 CAST GRAVITY SLAB 
420 CAS T WALLS + R00f 
422 WT RP RF WALLS+ R00F 
4 24 BACKFILL T0 GRADE 
4 26 CAST DECK SUP/CU RBS 
428 PLACE DECK MEM 
430 CAST WEARING SURFACE 
432 C0NST FINISHED WALL 

EARLIEST 
DUR START FINISH 

18 IMAR78 
3 27MAR78 
2 JOMAR78 
2 3APR78 

40 5APR78 
40 1JUN78 
20 28JUL78 
32 25AUG78 
14 28JUL78 

l I 7AUG78 
l 18AUG78 

10 21AUG78 
20 27MAR78 

3 24APR78 
2 27APR78 
2 1MAY78 

40 1JUN 78 
40 28JUL78 
20 23SEP78 
36 200CT78 
14 23SEP78 

1 120CT78 
130CT78 

10 160CT78 
24 24APR78 

3 26MAY78 
2 I JUN78 
2 5JUN78 

40 28JUL78 
40 23SEP78 
20 17N0V78 
50 18DEC 78 
14 17N0V78 

1 8DEC 78 
I 1 I DEC 78 

10 12 DEC78 
10 IMAR78 
10 1MAR78 
50 26MAY7 8 

3 8 AUG7 8 
2 11AUG78 
2 15AUG78 

40 23SEP78 
40 l 7N0V78 
20 17JAN79 
16 28FE87 9 
14 17JAN79 

1 6FE879 
1 7FE879 

10 8FEB 79 
105 

24MAR78 
29MAR78 
31MAR78 

4APR78 
31MAY78 
27JUL78 
24AUG78 

90CT78 
16AUG78 
17AUG78 
18AUG78 

1SEP78 
21APR78 
26APR78 
28APR78 

2MAY78 
27JUL78 
2 2SEP78 
190CT78 
11 DEC 78 
110CT78 
120CT78 
130C T7 8 
270CT78 
25MAY78 
31MAY78 

2JUN78 
6JUN78 

22SEP78 
16N0V78 
15DEC78 
27FEB79 

7DEC78 
8 DEC78 

11 DEC 78 
26DEC78 
l4MAR78 
l4MAR7 8 

7AUG78 
IOAUG7 8 
14AUG78 
16AU G78 
16N0V78 
16JAN79 
13fEB79 
2 1MAR 79 

SFEB79 
6FE 8 79 
7FEB79 

2 1FEB7 9 

LATEST T0TAL 
START FINISH FL0AT 

IMAR78 
l 7AUG78 
22AUG78 
24AUG78 
28AUG78 
230CT 78 

3APR79 
1 MA 'I' 79 

13DEC79 
4JAN80 
7JAN80 
8JAN80 

2 7MAR78 
I 20CT 78 
170CT78 
190CT 78 
230CT 78 
19DEC78 
1 7MA Y 79 
1 5JUN 79 
28DEC 79 
I 8 JAN 80 
2 1JAN80 
22JAN80 
24APR7 8 

BDEC 78 
13DEC78 
I SD EC 78 
1 9DEC 78 
15fi"EB79 
10JUL79 

7AUG79 
l4JAN 80 

1FEB80 
4FEB80 
5FE880 

l 2 i'1A 'I' 78 
12MAY 78 
2 6MAY78 

6FEB79 
9FEB79 

13FEB79 
15FE 879 
12APR79 
19SEP 79 
l 70CT 79 
28JAN80 
15FEB80 
18FEB80 
19 FEB80 

2-4MAR78 
21AUG78 
23AUG78 
25AUG78 
200CT78 
l 8DEC 78 
30APR79 
l4JUN79 
3JAN80 
4JA1\J80 
7JANBO 

21JAN80 
21APR78 
160CT78 
180C T78 
200CT 78 
18DEC78 
14FEB79 
14JUN79 

6AUG 79 
17JAN80 
18JAN80 
21JAN80 

4FEB80 
25MAY 78 
12DEC78 
14DEC78 
1 BDEC 78 
14FEB79 
11APR79 

6AUG79 
160CT79 
31JAN80 

!FEBBO 
4FEB80 

18FEB80 
25MA Y7S 
25MAY78 

7AU G7 8 
8FEB79 

12FEB79 
14FE879 
11APR79 

7JUN79 
160CT79 

7N0 'V79 
14FEB80 
15FEB80 
18FEB80 

3MAR80 

0 
101 
101 
101 
101 
101 
1 74 
1 74 
352 
352 
352 
352 

0 
I 2 I 
121 
I 21 
1 0 l 
l 0 1 
166 
166 
322 
322 
322 
322 

0 
137 
13 7 
13 7 
l O l 
101 
162 
162 
292 
292 
292 
292 

52 
52 

0 
12 7 
12 7 
12 7 
l 0 1 
101 
l 72 
162 
2 62 
262 
2 62 
262 



Tab le 19 . Case St udy 3: Compute r outp ut o f Criti ca l Path Met hod (CPM) 
program fo r const r uction us in g cas t-i n- p lace me t hod (cont i1ue dl. 

P R 0 J E C T S C H E D U L E 
FR0M MAR 1, 1978 T0 MAY 6, 1980 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING CAST-IN-PLACE C0NS FEB 8, 1977 

----------.------------------------------------------------------------
DEPTs 
NUMBER DESCR1PT10N 

EARLIEST 
DUR START FINISH 

LATEST T0TAL 
START FINISH fL0AT 

----------------------------------------------------------------------
500 
501 

* 510 
512 
514 
516 
518 
520 
522 
524 
526 
528 
530 
532 
600 
601 

* 610 
612 
614 
616 
618 
620 
622 
624 
626 
628 
630 
632 
702 
703 
704 
705 

* 710 
712 
714 
716 
718 
720 
722 
724 
726 
728 
730 
732 
802 
803 
804 
805 

* 810 
* 812 

S0LDIER PILES-SD 1 10 
S0LDIER PILES-SD 2 10 
EXC-PL TEMP STRT/LAG 65 

1MAR78 
IMAR78 
8AUG78 

PLACE GRAVEL BASE 
CAST 6 IN• BASE SLAB 
APPLY WATERPR00FlNG 
CAST GRAVITY SLAB 
CAST WALLS+ R00f 
WTRPRF WALLS+ R00f 
BACKFILL T0 GRADE 
CAST DECK SUP/CURBS 
PLACE DECK MEM 

3 7N0V78 
2 1 ON0V78 
2 14N0V78 

40 17N0V78 
40 17JAN79 
20 14MAR79 
20 11 APR79 
14 14MAR79 

1 
CAST WEARING SURFACE I 
C0NST fINlSHED WALL 10 
S0LD1ER PILES-SD 1 11 
S0LDIER PILES-SD 2 11 
EXC-PL TEMP STRT/LAG 70 

3APR79 
4APR79 
5APR79 
1MAR78 
1MAR78 
7N0V7B 

PLACE GRAVEL BASE 
CAST 6 IN• BASE SLAB 
APPLY WATERPR00flNG 
CAST GRAVITY SLAB 
CAST WALLS+ R00f 
WTRPRf WALLS+ R00f 
BACKFILL T0 GRADE 
CAST DECK SUP/CURBS 
PLACE DECK MEM 
CAST WEARING SURFACE 
C0NST flNlSHED WALL 
C0N GDE TR-SD 1 

3 16fEB79 
2 21fEB79 
2 23FEB79 

40 27FEB79 
40 24APR79 
20 20JUN79 
24 19JUL79 
14 20JUN79 

1 11 JUL 79 
12JUL79 

4 
10 13JUL 79 

1MAR78 
1MAR7B 
7MAR78 
7MAR78 

C0N GDE TR•SD 2 4 
C0N SLRY WALL-SD 16 
C0N SLRY WALL-SD 2 16 
EXC·PLACE TEMP STRTS 72 16fEB79 

3 30MAY79 PLACE GRAVEL BASE 
CAST 6 IN• BASE SLAB 
APPLY WATERPR00FlNG 
CAST GRAVITY SLAB 
CAST WALLS+ R00F 
WTRPRf WALLS+ R00f 
BACKFILL 10 GRADE 
CAST DECK SUP/CURBS 
PLACE DECK MEM 
CAST WEARING SURfACE 
C0NST fINlSHED WALL 
C0N GOE TR-SD 1 
C0N GOE TR-SD 2 
C0N SLRY WALL-SD 1 

2 
2 

4JUN79 
6JUN79 
8JUN79 
6AUG79 

40 
40 
20 20CT79 
29 300CT79 
14 20CT79 

1 220CT79 
1 230CT79 

4 
4 

1 8 

10 240CT79 
1MAR78 
1MAR78 
7MAR7B 
7MAR78 C0N SLRY WALL-SD 2 18 

EXC-PLACE TEMP STRTS 80 
PLACE GRAVEL BASE 3 

30MAY79 
21SEP79 

106 

14MAR78 
14MAR7B 

6N0V78 
9N0V78 

13N0V78 
15N0V78 
16JAN79 
13MAR79 
IOAPR79 
8MAY79 
2APR79 
3APR79 
4APR79 

18APR79 
15MAR7B 
15MAR7B 
15FEB79 
20fEB79 
22F'EB79 
26F'E879 
23APR79 
19JUN79 
18JUL79 
21AUG79 
10JUL79 
1 lJUL 79 
12JUL79 
26JUL79 

6MAR78 
6MAR78 

2BMAR78 
28MAR78 
29MAY79 

1 JUN79 
5JUN79 
7JUN79 
3AUG79 
10CT79 

290CT79 
10DEC79 
190CT79 
2 2 0CT79 
230CT79 

6N 0 V7 9 
6MAR78 
6MAR78 

30MAR7B 
30MAR78 
20SEP79 
25SEP79 

25JUL78 
25JUL78 

8AUG78 
3APR79 
6APR79 

10APR79 
12APR 79 

8JUN 79 
110CT79 

BN0V79 
l I FEB80 
29FEB80 

3MAR80 
4MAR80 

230CT78 
230CT78 

7N0V78 
30MAY79 

4JUN79 
6JUN 79 
8JUN79 
6AUG79 
8N0V79 
7DEC 79 

25F'EBBO 
l4MARBO 
17MAR80 
18MAR80 
1 9JAN 79 
19JAN 79 
25JAN79 
25JAN 79 
1 6FEB 79 
26JUL79 
31JUL79 

2AUG79 
6AUG79 
20CT79 

13DEC 79 
14JAN80 
lOMARBO 
28MAR80 
31MAR80 

lAPRBO 
27APR79 
27APR79 

3MAY 79 
3MAY79 

30MAY79 
21SEP79 

7AUG78 
7AUG78 
6N0V78 
5APR79 
9APR79 

11APR79 
7JUN79 
3AUG79 
7N0V79 
6DEC79 

28F'EB80 
29F'E880 

3MARBO 
17MARBO 

6N0V78 
6N0V7B 

15fE879 
1JUN79 
5JUN79 
7JUN79 
3AUG79 
10CT79 
6DEC79 

l 1JAN80 
13MARBO 
14MAR80 
17MARBO 
31MAR80 
24JAN79 
24JAN79 
15F'E879 
15FEB79 
29MAY79 
30JUL79 

1AUG79 
3AUG79 
10CT79 

27N0V79 
11JAN80 
21fEBBO 
27MARBO 
2BMARBO 
31MAR80 
14APRBO 

2MAY79 
2MAY79 

29MAY79 
29MAY79 
20SEP79 
25SEP79 

102 
102 

0 
102 
102 
102 
101 
101 
148 
148 
232 
232 
232 
232 
166 
166 

0 
72 
72 
72 
72 
72 
99 
99 

I 73 
I 73 
1 73 
I 73 
227 
227 
2 2 7 
227 

0 
40 
40 
40 
40 
40 
5 I 
51 

1 1 I 
1 1 I 
1 l 1 
I 1 1 
297 
29 7 
297 
29 7 

0 
0 



Tab le 19. Case St udy 3 : Compute r out put of Cr iti ca l Path Met hod (CPM ) 
prog ram fo r construct ion us i ng cast-i n- p lace method (continued) . 

P R 0 J E C T S C H E. D U L E 
FR0M MAR 1, 1978 T0 MAY 61 1980 - S0RTED BY SEQ 

VIRGINIA TUNNEL USING CAST-IN-PLACE CONS FEB 8, 1977 

DEPTI 
NUMBER. DESCR lPTl 0N 

EARLIEST 
DUR START FINISH 

* 814 
* 816 
* 818 
* 820 
* 822 
* 824 

826 
828 
830 
832 
902 
903 
904 
905 
910 
912 
914 
916 
918 
920 
922 

* 924 
926 
928 
930 
932 

*1000 

CAST 6 IN• BASE SLAB 
APPLY WATERPR00FlNG 
CAST GRAVITY SLAB 
CAST WALLS+ R00F 
WTRPRF WALLS+ R00F 
BACKFILL T0 GRADE 
CAST DECK SUP/CURBS 
PLACE DECK MEM 
CAST WEARING SURFACE 
C0NST FINISHED WALL 
C0N' GOE TR-SD l 
C0N GDE TR-SD 2 
C0N SLRY WALL-SD l 

2 26SEP79 
2 28SEP79 

40 20CT79 
40 28N0V79 
20 25JAN80 
34 22FEB80 
14 25JAN80 

l l 4fEB80 
l 15FEB80 

10 18FEB80 
2 1MAR78 
2 1MAR78 

10 3MAR78 
10 3MAR78 

21SEP79 
16N0V79 
20N0V79 

C0N SLRY WALL-SD 2 
EXC-PLACE TEMP STRTS 40 
PLACE GRAVEL BASE 2 
CAST 6 lN• BASE SLAB 
APPLY WATERPR00FlNG 
CAST GRAVITY SLAB 

l 21N0V79 
20 28N0V79 
20 25JAN80 
10 22FEB80 
18 10APR80 

CAST WALLS+ R00F 
WTRPRF WALLS+ R00F 
BACKFILL T0 GRADE 
CAST DECK SUP/CURBS 
PLACE DECK MEM 
CAST WEARING SURFACE 
C0NST FINISHED WALL 
STRUC PHASE C0MPLETE 

8 22FE880 
1 
l 
5 
1 

5MAR80 
6MAR80 
7MAR80 
6MAY80 
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27SEP79 
10CT79 

27N0V79 
24JAN80 
21FEB80 

9APR80 
13FEB80 
14FEB80 
15FEB80 
29FEB80 

2MAR78 
2MAR78 

16MAR78 
16MAR78 
15N0V79 
19N0V79 
20N0V79 
21N0V79 
26DEC79 
21FEB80 

6MAR80 
5MAY80 
4MAR80 
SMAR80 
6MAR80 

13MAR80 
6MAY 8 0 

LATEST T0TAL 
START FINISH FL0AT 

26SEP79 
28SEP79 

20CT79 
28N0V79 
25JAN80 
22FEB80 
24MAR80 
l l APR80 
14APR80 
15APR80 

9N0V79 
9N0V79 

13NOV79 
13N0V79 
28N0V79 
25JAN80 
29JAN80 
30JAN80 
31JAN80 
28FEB80 
27MAR80 
10APR80 
15APR80 
25APR80 
28APR80 
29APR80 

6MAY80 

27SEP79 
10CT 79 

27N0V79 
24JAN80 
21FEB80 

9APR80 
10APR80 
l I APR80 
14APR80 
28APR80 
12N0V79 
12N0V79 
27N0V79 
27N0V79· 
24JAN80 
28JAN80 
29JAN80 
30JAN80 
27FE.880 
26MAR80 

9APR80 
SMA'l'BO 

24APR80 
25APR80 
28APR80 

SMAY80 
6MAY80 

··, 

0 
0 
0 
0 
0 
0 

41 
41 
41 
41 

434 
434 
434 
434 

47 
47 
47 
47 
44 
24 
24 

0 
37 
37 
37 
37 

0 



D. COST ESTIMATES 

An estimated cost comparison of the "cast-in-place" constructi on 

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" system in this study actually employs three different construc­

t i on methods (open excavat ion, soldier piles and lagging, and s l urry 

wal I) 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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2 . 

3. 

4 . 

5. 

6 . 

7. 

8. 

9 . 

10 . 

11. 

12 . 

13. 

14. 

15. 

16. 

17. 

Tab le 20 . Case Study 3; Construction cost estimate of system 
us ing prefab r icated components 

Tota l Cos t - St a . 49 + 00 - 53 + 50 

Performe d Cost t o G. C. Cost to 
Item by Gen Cont r . O. H. & p <%) Owner 

Guide Trench Sub $ 22,500 10 $ 24,750 

SI u r ry Wa I I Sub 1, 215 ,1 20 10 1, 336,632 

Excavati on G. C. 74,2 17 25 92, 771 

Grave l Base G. C. 9 , 065 . 25 11 ,33 1 

6 inch Base Sl ab G. C. 18,998 25 23 , 748 

Waterproof ing Sub 85 , 680 10 94,248 . 
Grav ity Slab G. C. 193, 799 25 242 ,249 

Roof Support Col umns Sub 121,163 10 133 ,279 

Roof Members Sub 199,696 10 219,666 

Roadway Deck Supports G. C. 11,241 25 14 , 051 

Roadway Deck Sub 54 , 576 10 60,034 

Topp in g, Curbs & Enclo-
s ures G. c. 47 ,539 25 59 , 423 

Precast Wa 11 Uni ts Sub 40,500 10 44 , 550 

Grout ing & Ca u I king Sub 9, 312 10 10,243 

Backf i 11 G. C. 16,527 25 20 , 659 

St ee l St rut s G. c. 56 , 485 25 70 ,606 

Cone ret e St ruts G. c. 44, 880 25 56, 100 

$2 , 514 , 340 
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6. 
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8. 

9 . 
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11. 

12 . 
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14. 
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16 . 

17. 

Tab le 21 . Case Study 3: Constructi on cost est imate of system 
us ing prefabr icated components . 

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

Performe d Cost to G. C. 
Item by Gen Contr. O. H. & p <%) 

Guide Trench Sub $ 22 , 500 10 $ 

S I u rry Wa I I Sub 1,7 16 , 120 10 

Excavati on G. C. 110,027 25 

Gr ave I Base G. C. 9 , 065 ·25 

6 inch Base S lab G. c. 18, 998 25 

Waterproofing Sub 106,020 10 

Grav ity SI ab G. C. 193,799 25 

Roof Support Co I umns Sub 12 1,1 63 10 

Ro.of Membe rs Sub 215,550 10 

Roadway Deck Support s G. C. 11 ,24 1 25 

Roadway Deck Sub 54,576 10 

Topping, Cu r bs & Enc lo-
su res G. C. 47,539 25 

Precast Wa I I Uni ts Sub 40 ,500 10 

Grouti ng & Cau I ki ng Sub 10,213 10 

Backfi 11 G. C. 68 ,072 25 

Steel Struts G. C. 139 , 590 25 

Concrete St rut s G. C. 53, 040 25 

Cost to 
Owner 

24,750 

1, 887,732 

137,534 

11, 331 

23,748 

116 , 622 

242, 249 

133,279 

237,105 

14,051 

60,034 

59,423 

44 , 550 

11,234 

85 , 090 

174, 488 

66 , 300 

$3,329 , 520 
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4. 

5. 

6 . 

7. 

8 . 

9. 

10. 

11. 

12 . 

13. 

14. 

15. 

16. 

17. 

I 

Table 22 . Case Study 3 : Construct ion cost estimate system 
us in~ pre fab ri cat e d components 

Tot a l Cost - Sta . 40 + 80 - 44 + 50 

Performe d Cos t t o G. C. Cost t o 
Item by Gen Contr. O. H. & p (%) Owne r 

Gu i de Trench Sub $ 18 , 500 10 $ 20 , 350 

SI urry Wa I I Sub 1, 843 , 920 10 2 ,028,312 

Excavati on G. C. 104 ,91 6 25 131 , 145 

Grave I Base G. C. 7,454 25 9 , 318 

6 inch Base S lab G. C. 15 , 621 25 19 , 526 

Waterproof ing Sub 87 , 172 10 95 , 889 

Gravity S lab G. c. 159 , 347 25 199, 183 

Roof Support Co I umns Sub 99 , 622 10 109 , 585 

Roof Membe rs Sub 177, 230 10 194 , 953 

Roadway Deck Supports G. c. 9 , 243 25 11, 554 

Roadway Deck Sub 44 , 874 10 49 , 361 

Topping , Cu rbs & Enclo-
s ures G. c: 39,087 25 48 , 860 

Precast Wa 11 Un its Sub 33, 300 10 36 , 630 

Grout ing & Cau I k ing Sub 8 , 398 10 9 , 238 

Backf i 11 G. c. 85 , 873 25 107 , 34 1 

Stee l Struts G. c. 277,200 25 346 , 500 

Concrete Struts G. c. 58 ,480 25 73 l 100 

$3 l 490 l 845 

1 1 1 
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Table 23 . Case Study 3 : Construct ion cost es t imate system 
us ing prefabricated components 

Tota l Cost for Project 

Performed Cost t o G. C. 
It em by Gen Con tr. O.H. & p (%) 

Gui de Trench Sub $ 63 , 500 10 $ 

S I urry Wa I I Sub 4 ,775, 160 10 

Excavat ion G. C. 289 , 160 25 

Grave l Base G. C. 25 , 584 25 

6 inch Base S lab G. C. 53, 618 25 

Waterproofing Sub 278,872 10 

Gravity Slab G. C. 546 , 945 25 

Roof Support Co lumn s Sub 341,948 10 

Roof Members Sub 592 , 476 10 

Roadway Deck Support s G. C. 31, 725 25 

Roadw ay Deck Sub 154, 026 10 

Topp i ng , Cu rb s , & Enc lo-
sures G. C. 134,165 25 

Precast Wa 11 Un its Sub 114,300 10 

Groutin g & Cau I k ing Sub 27 , 923 10 

Backf i I I G. C. 170 , 472 25 

St ee I Strut s G. C. 473 , 275 25 

Concrete Strut s G. c. 156,400 25 

Cost to 
Owner 

69 , 850 

5,252 ,676 

36 1, 450 

31, 980 

67, 022 

306 , 759 

683 ,68 1 

376 ,143 

65 1,724 

39 , 656 

169 ,429 

167,706 

125 , 730 

30 ,71 5 

213,090 

591 , 594 

195,500 

$9 , 334 ,705 
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I t ern No. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table 24. Case Study 3: Construction cost estimate system 
us in g prefabricated components 
Cos t to Genera l Cont ractor 

Item 

Guide Trench - $50 per foot of tunnel (from CSI -
includes Sub O.H. & Profit) 
$50 X 1270 = 

S lurry Wal I - Soi I information indicates easy 
digging. Cost information from ICOS. (In­
cludes Sub O.H. & Profit) 
$30/S.F. x 159,172 S.F. = 

Excavat ion - side enclosed 
96,386 .7 c .y .@ $3.00/c .y. = 

Gra ve I Base 
3,198 c .y. @ $8 .00/c.y. = 

6 inch Base Slab 
Concret e - 800 c.y.@ $45/c . y. = 
Reinforcing - (Assum ing #4@ 12 

each way) 
1, 36 psf X 1,270 X 34 X $.30/16 = 

4-P ly Membrane Waterproofing 
Sta . 49 + 00 - 53 + 50 
2 X 43 X 450@ $2.80 

Sta. 40 + 80 - 49 + 00 
1 X 34 X 820@ $2.80 
1 X 39 X 820@ $3.60 

4 1 -0 Grav ity S lab 
Concret e - 6,397 c .y. @ $45/c .y. 
Reinforcing - 20 lb/S.F. x 

34 X 1, 270 X $,30 

Roof Support Co lumns (See Deta il­
ed Breakdown) 

= 

= 
= 

= 

= 

$538. 50/un i t x 635 = 

Roof Membe rs (See Detai led 
Breakdown) 
Box Beams $1,783/unit x 112 
Arches $1, 916/unit x 205 

Roadway Deck Supports 
Concrete - 470 c . y.@ $45/c. y. 
Re inforc in g - 751b/c.y. x 470 

@ $0.30 

= 
= 

= 

= 

36,000 

17,618 

85 ,680 

78,064 
11 5,128 

287,865 

259 ,080 

199,696 
392, 780 

21, 150 

10,575 

Cost to G. C. 
<Do 11 ars) 

63,500 

4,775, 160 

289, 160 

25,584 

53,618 

278,872 

546,945 

341,948 

592 ,476 

31, 725 
Conversion to SI units shown on pg xi 

11 3 



I t ern No . 

11 

12 

13 

14 

15 

16 

17 

Tab le 24 . Case Study 3: Constructi on cost est i mate system 
us ing prefabricat ed component s (continued) 

Cost to Ge nera l Contract or 

Item 

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

Composi t e Topping , Curbs & Enclo­
sures (Does not include cost of 
rough-in) 
Concret e 1, 374 c.y.@ $45 
Re inforc ing - 100 lb/c . y. (avg.) x 1,374 x 

$.30/ lb 

= 61 , 830 

= 41,220 
= 31, 115 Formwork - 7 S.F. /ft x 1, 270@ $3 .50 

Precast Wal I Un its (See Detailed Break­
down) 
$180/un it x 635 

Grouti ng & Caulki ng 
Caulkin g - $1. 50/ 1. f . x (34 x 112 + 39 x 

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

Bac kfi I I - Sta . 40 + 80 - 53 + 50 
Hand backf i I I and compaction 
4,337 c.y . @ $8.00/c.y. 
Machine backfi I I and compaction 
38,793 c . y . @ $3.50/c.y. 

Temp . Stee l Strut s - Sta . 51 + 50 -
53 + 50 (Assume 40% reuse factor) 
Labor - 425 lb/ft x 200 x $. 16/lb 
Mat - .60 X (.20/. 16) X $13600 
Net Sa lvage - .5 x $10200 

Sta. 49 + 00 - 51 + 50 
Labor - 687 lb/ft x 250 ft x $. 16/lb 
Mat .60 x (.20/. 16) x $27480 
Net Salvage - . 5 x $206 10 

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

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

Concrete Struts (Not removed) 
115 X 34 ft X $40/1.f. 

114 

= 

= 17,763 
= 10, 160 

= 34,696 

= 135, 776 

= 13,600 
= 10,200 
= - 5,100 

= 27 ,480 
= 20,610 
= -1 0 ,305 

= 101, 520 
= 76, 140 
= -38 ,070 

= 201 ,600 
= 151,200 
= -75,600 

= 

Cost To G. C. 
<Do I I ars) 

154,026 

134, 165 

114, 300 

27 , 923 

170,472 

473,275 

156,400 



Tab le 25 , Case Study 3: Precast conc re t e estimate 

1. ROOF ARCHES 
7. 17 cu. yd. per arch 

Concrete (6000 ps i ) 
Reinforci ng Steel 1065 lb x $0.20/ lb + 
Embedded Steel Items $80/panel + 7. 17 
Misc . Handlin g Devices, etc. 

TOTAL MATER I AL 

7. 17 

On line labor - 4 me n x 4 hrs x $8 (Ave) 
+ 7. 17 = 

Off-li ne labor = 
Labor overhead@ 250% = 

TOTAL LABOR 

Fo rms - 2 sets@ $6000 each 
= $12,000 + (7. 17 X 205) 

Cur in g and hand I ing equipment 

SUB TOTAL 
+35% O.H. & Profit 
FOB PLANT 

Hau l - Truck & Dr ive r @ $20/hr - 4 units 
per day= 20 x 8 + (4 x 7. 17) 

Crane - $500/day 
5 man c rew@ $1 8/hr x 8 x 5 = $720 

Set 20 pe r day= 1220 (20• x 7. 17) 

= 
= 
= 

267. 23 x 7. 17 = 19 16 per unit or $14.09/S . F. 

Cos t pe r cu metre "' 1. 31 x cost per cu yd . 

115 

Cos t /cu. 
33.00 
29 . 71 
11 . 16 
2 .00 

75.87 

17. 85 
10.00 
69 . 63 

97. 48 

8 . 16 
6 . 00 

14. 16 

td . 

187 . 5 1 
65 . 63 

253 . 14 

5.58 

8 . 51 

$267 . 23/cu . yd . 



Table 25 . Case St udy 3: Precast concrete est imate (continued) 

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

Conc rete (6000 psi) 
Stran ds - 21 (avg ) x 38 ' long x $0 . 2 1/ft 

+ 6.58 = 
Re info rcin g stee l - 700 lb x $0.20/lb 

+ 6.58 = 
Embedded St ee l Items - $40/beam f 6.58 = 
Cardboard form - $100/unit 7 6. 58 = 
Mi SC . = 

On I ine labor - 10 men x 8 hrs x $8 (avg) 
+ (8 X 6.58) = 

Off Ii ne I abor (est) = 
Labor Ove rhead@ 250t = 

Eq uipment write - off 
Forms - 300 l.f. @ $125 x 10% = $3750 

f ( 112 X 6.58) 
Cur in g and handl ing equipment 

Diaph ra gms - $50/beam 7 6 . 58 

SUB TOTAL 
+ 35% O. H. & Profit 

Ha ul - truck & dr i ve r @ $20/hr - 4 units/day 
= 20 X 8 7 (4 X 6.58) 

Set 20 pe r day= 1220 7 (20 x 6 . 58) = 

Cost/cu. yd. 
33. 00 

25 . 47 

21. 28 
6 . 08 

15. 20 
2.00 

103 . 03 

12 . 16 
5.00 

42 . 90 

60 . 06 

5 . 09 

6. 00 

1 l.09 
7.60 

271 .01 x 6 . 58 = $1783.25 pe r unit or $13.11/S. F. 

11 6 

189 . 38 
66.28 

$255 . 66 

6 . 08 
9 . 27 

$271 . 01/cu. yd. 



Tab le 25. Case Study 3 : Precas t concrete est imate (cont inued) 

3. ROADWAY DECK (DOUBLE TEES) 

3. 93 cu . yd. per tee 
8 units per bed 

Concrete (6000 ps i ) 
Strands 12 x 38 1 x $0 . 21/ft ¼ 3.93 
Reinforcing Steel 200 lb x $0 . 20/ lb. 
Embedded Stee l Items $40/Tee ¼ 3.93 
Misc . 

3. 93 = 

TOTAL MATERIAL 

On I i ne labor - 8 men x 8 hrs x $8/hr 
i (8 X 3.93) = 

Off I ine labor (est) = 
Labor Overhead@ 250% 

TOTAL LABOR 

Equipment write-off 
Forms - 300 l.f. @ $125 x 10% = $3750 

¼ (159 X 3.93) 
Cur i ng & hand I Ing eq uipment 

TOTAL EQUIPMENT 
SUB TOTAL 
+ 35% O.H. & Prof it 

= 
= 

Haul - t ruck & dri ver@ $20/hr - 6 units/day 
= 20 X 8 ¼ (6 X 3. 93) 

Crane - $500/day 
5 man crew@ $18/h r x 8 x 5 = $720 
Set 20 per day= $1220 ¼ (20 x 3. 93) 

TOTAL 
246.69 x 3.93 = $969 . 50 per u~it or 

$ 3.79/S.F. 

117 

Cost/cu. 
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 

x:d . 

166.2 1 
58 . 17 

$224.38 

6 . 79 

15.52 

$246.69/cu. yd. 



Table 25 . Case Study 3: Precas t conc rete est i mate (cont i nued) 

4. ROOF SUPPORT CO LUMNS 

1.92 cu . yd . per unit 
12 un its per bed 

Concre t e (6000 ps i ) 
St rands 4 x 25.33 ' x $0 . 21/ft + 1. 92 
Re inforc i ng Stee l 10016 x $0 . 20/ lb + 1. 92 
Embedded Steel Items $40/Col. + 1. 92 
Misc . 

TOTAL MATERIAL 

On I i ne I abor - 8 men x 8 hrs x $8/h r 
+ ( 12 X 1. 92) 

Off l i ne labor (est) 
Labor Overhead @ 250% 

Equ i pment write-off 

TOTAL LABOR 

Forms - 300 l. f . @ $125 x 20% - $7500 
+ (635 X 1.92) 

Cur ing & hand I ing equipment 

TOTAL EQU IPMENT 

SUBTOTAL 
+ 35% O. H. & Profit 

Hau l - truck & driver@ $20/hr - 12 un its/day 

Cost/c. y. 
33.00 
5 . 41 

10.42 
20 . 83 

2 . 00 

71 . 66 

22.22 
5 . 00 

68 . 05 

95. 27 

6 . 15 
6 . 00 

12 . 15 

= 20 X 8 + ( 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 un it or 
$ 8 . 41/S . F. 

11 8 

$179 . 08 
62 . 68 

$241. 76 

6 .94 

31. 77 

$280 . 47/cu. yd . 



Tab le 25 . Case Study 3 : Precast concrete est imate (continued) 

5. INFILL WALL PANELS 

13 1 - 0 (avg) 
40 cu . yd . per unit 

Concret e (5000 psf) 
Reinforcing Stee l 151b x $0 . 20/ lb-. . 4 
Embedded Stee l $20 + . 4 

TOTA L MATERIAL 

On li ne labor - 4 men x 4 hrs@ $8/hr 
+(15x.4) 

Off line labor (est) 
Labor Overhead@ 250% 

Equ i pment write- off 

TOTAL LABOR 

Forms , curing & hand I in g equ i pment , etc . 

SUBTOTAL 
+ 35% 0 . H. & Profit 

~au l - truck & dri ver@ $20/hr - 60 un its/day 
20 X 8 ❖ ( 60 X • 4) = 

Crane & 5 man c rew= $500 + $18/hr x 8 hrs x 5 
= $1220 
Set 20 per day= 1220 ❖ (~O x . 4) 

TOTAL 

$449 . 64 x . 4 = $179. 86 per unit or 
$ 6.92/S . F. 
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Cost/cu . yd. 
30 . 00 
7 . 50 

50. 00 
6 .00 

93 .50 

21. 33 
10.00 
78.33 

109. 66 

12 . 00 

$2 15. 16 
75.31 

$290.47 

6 . 67 

152.50 

$449. 64/ cu . yd. 



1. 

2 . 

3. 

4. 

5 . 

6. 

7. 

8. 

9. 

10 . 

Tabl e 26. Case St udy 3: Cons tructi on cost est i mate system 
us ing cas t-in-place construct i on 

Tot a l Cos t - Sta . 49 + 00 - 53 + 50 

Performed Cost to G. C. 
Item by Gen Con tr. O.H. & p <%) 

Open Excavati on G. C. $ 124 , 293 25 

Grave I Base G. C. 11, 733 25 

6 inch Base S lab G. C. 22 , 344 25 

Wate rproofi ng Sub 198, 720 10 

Structure G. C. 1, 217 , 925 25 

Roadway Deck Supports G. C. 92,250 25 

Roadway Deck Sub 44,343 10 

Wearing Su rface G. c. 11 , 710 25 

Back f i ll G. c. 88 , 293 25 

Finished Wa 11 Sub 63 , 000 10 

Cost t o 
Owner 

$ 155 , 366 

14, 666 

27, 930 

218 , 592 

1, 522,406 

115 ,313 

48,777 

14 , 638 

110 , 366 

69 , 300 

$2 1297 1354 
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Table 27 . Case St udy 3 : Construct ion cost es timate system 
us ing cast-i n- p lace construct i on 

Tota l Cost - St a. 44 + 50 - 49 + 00 

Performed Cost to G. c. Cost to 
I tern by Gen Contr. O. H. & p (%) Owner 

Side-Enclosed Excavat i on G. C. $ 162 , 657 25 $ 203,321 

St ee l Sol d Piles - Mate ri a I Sub 287 , 980 10 316, 778 

St ee l Sold Pi les - Plac in g Sub 30 , 800 10 33,880 

Timber Lagging G. c. 125 , 000 25 156 ,250 

Stee l Struts G. c. 228 ,047 25 285 ,059 

St eel Wales G. c. 95 , 175 25 11 8 ,969 

Concrete St ruts G. c. 81 , 120 25 10 1,400 

Grave l Base G. c. 11, 733 25 14, 666 

6 i nch Base S lab G. C. 22 ,344 25 27 , 930 

Waterproof i ng Sub 2 10, 060 10 23 1, 066 

Structure G. C. 1,11 6 ,225 25 1,395, 281 

Roadway Deck Supports G. C. 92 , 250 25 115 , 3 13 

Roadway Deck Sub 44,343 10 48 , 777 

Wear ing Su r face G. C. 11, 710 25 14, 638 

Backfi l l G. C. 142,108 25 177,635 

Fini shed Wa I I Sub 63 , 000 10 69 z300 

$3z310 1263 
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Tab le 28 . Case Study 3 : Construct i on cost estimat e system 
us ing cas t -i n- p lace constructi on 

Tota l Cost - Sta . 40 + 80 - 44 + 50 

Performed Cos t t o G. c. Cost to 
Item by Gen . Con tr. O. H. & p <%) Owner 

Si de-Enc losed Excavat ion G. C. ~ 163,482 25 $ 204, 353 

St eel St r uts G. c. 372 ,350 25 465 , 438 

Conc rete Struts G. c. 89,440 25 111, 800 

Gui de Trench Sub 18, 500 10 20 , 350 

S I urry Wa 11 Sub 1, 843 , 920 10 2 ,028, 312 

Grave I Base G. c. 9,646 25 12 , 058 

6 inch Base S lab G. c. 18,372 25 22 , 965 

Waterproof ing Sub 172,71 6 10 189 , 988 

Structu re G. c. 9 17, 785 25 1, 147, 231 

Roadway Deck Support s G. c. 75, 850 25 94 , 813 

Roadw ay Deck Sub 36 ,460 10 40 , 106 

Wear i ng Su rface G. c. 9 , 628 25 12 , 035 

Backf i 11 G. c. 171, 354 25 2 14, 193 

Fi n ished Wa 11 Sub 51,800 10 56 !980 

$4!620 !622 
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Tab le 29 . Case Study 3: Construction cost est i mate system 
using cast- in - p lace const ruct ion 

Tota l Cost for Project 

Performed Cost to G. C. Cost to 
Item by Gen Con tr. O. H. & p ( % ) Owner 

Open Excavation G. C. $ 124 , 293 25 $ 155,366 

Si de-Enclosed Excavat ion G. C. 326, 139 25 407,674 

Steel So l d. Pi I es - Materi a I Sub 287,980 10 316 , 778 

Stee l So ld . P i I es-P lac ing Sub 30 , 800 10 33 , 880 

Timber Lagg i ng G. c. 125,000 . 25 156,250 

Stee l Struts 44+50-49+00 G. c. 228,047 25 285 ,059 

Stee l St r uts 40+80- 44+50 G. C. 372 , 350 25 465 ,438 

Steel Wal es G. c. 95 , 175 25 11 8 , 969 

Conc rete Struts G. c. 170 ,560 25 213,200 

Gu i de Trench Sub 18 , 500 10 20,350 

S I urry Wa 11 Sub 1, 843 , 920 10 2 , 028 ,312 

Grave l Base G. C. 33 , 112 25 41 , 390 

6 inch Base Slab G. C. 63 , 060 25 78,825 

Wa te rp roof i n g 49+00- 53+50 Sub 198 , 720 10 218, 592 

Waterproof ing 40+80- 49+00 Sub 382, 776 10 421 , 054 

Structure 49+00-53+50 G. C. 1, 217 , 925 25 1,522 ,406 

Structure 40+80-49+00 G. c. 2 , 034 , 0 10 25 2 , 542,512 

Roa dway Deck Suppo rt s G. c. 260 , 350 25 325,439 

Roadway Deck Sub 125 ,146 10 137 , 660 

Wea rin g Surface G. C. 33 , 048 25 41,311 

Backfi ll 49+00-53+50 G. c. 88 , 293 25 11 0 , 366 

Backf i I I 40+80- 49+00 ' G. c. 313,462 25 39 1, 828 

Fini s hed Wa 11 Sub 177,800 10 195z580 

$10 1 228l 239 
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Tab le 30 . Case Study 3 : Construction Cos t es t i mate system 
us ing cast- in - p lace const ructi on 

Item No . 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Costs to Gene ral Cont ract or 

Item 

Open Excavation - St a . 49 + 00 - 53 + 50 
82862 c . y . @ $1. 50/c . y . 

Si de- Enclosed Excavat ion - Sta . 40 + 80 -
49 + 00 
108713 c. y . @ $3.00/c . y . 

Stee l So ld ier Piles - St a . 44 + 50 -
49 + 00 (Material on ly) 
Cost+ $0 . 22/ lb - $0 . 05/ lb Net Sa lvage Profit 

afte r removal+ $0 . 17/ lb 
7700 l . f . x 220 p l f@ 

St ee l So ldi er Piles - Sta. 44 + 50 -
49 + 00 (Placing - Dr i v ing or Jett i ng ) 
7700 I. f . @ $4 . 00 plf (Includes Sub 0 . H. & 

Prof it ) 

Timber Lagg ing - Sta. 44 + 50 - 49 + 00 
250 MFBM@ $600/MFBM - $100/MFBM Sa lvage= 

Temp . Stee l Strut s - Sta . 44 + 50 -
(Assume 25% Reuse Fact or) 

49 + 00 

Labor (52/34) x 1410 lb/ft x 450 
Mat. - . 75 X ( . 20/ . 16) X $155266 
Net Sa lva ge - .5 x $145562 

ft x $0. 16/ lb= 155 , 266 
= 145, 562 

- 72 1 78 1 

44 + 50 Temp. Stee l Struts - Sta . 40 + 80 -
La bor (52/34) x 2800 lb/ft x 370 ft 
Mat . - .75 x ( . 20/ . 16) $2535 15 
Net Sa lvage - . 5 x $237670 

x $0. 16/lb= 253, 515 
237, 670 

=-11 8, 835 

St eel Wa les - Sta . 44 + 50 - 49 + 00 
(Assume 150 lb/ft Mate ri al & 25% Reuse) 
Tot al - 2700 I . f; 
Labor - 2700 I . f . x 150 lb/ 1. f . x $0 . 16/ lb 
Mat. .75 X (. 20/ . 16) X $64800 
Net Sa lvage - . 5 x $60750 

Conc rete St ruts - Sta . 40 + 80 - 49 + 00 
(Not Removed) - 82 require d 
82 X 52 ft . X $40/1 . f. 

Gu ide Trench - Sta . 40 + 80 - 44 + 50 
$50 pe r ft of Tunne l (from CS- 1 and Includes 

Sub Con tractor O. H. & Profit) 

= 64, 800 
60 , 750 

= - 30 , 375 

$50 X 370 ft = 

Conve r s ion to SI units shown on pg xi 
124 

Cost t o G. C. 
(Doi lars) 

$124 , 293 

326 , 139 

287 , 980 

30 , 800 

125,000 

228,047 

372 ,350 

95 , 175 

170 , 560 

18,500 



It em No . 

11 

12 

13 

14 

15 

16 

17 

18 

Tabl e 30 . Case St udy 3: Construction Cost est i mat e system 
using cast-i n- p lace construct ion (cont i nued) 

Cos t s to Gene ral Cont ract or 

I tern 

Slurry Wal I - Sta . 40 + 80 - 44 + 50 
So i I i nformat ion indicates easy di gg ing . 
Cost i nfo rmati on f rom !COS. 

$30/S . F. x 61464 S. F. (Inc l udes Sub O. H. & Pro f it) 

Grave l Base - Sta . 40 + 80 - 53 + 50 
$8/c . y . x 4139 c . y . 

6 inch Base Slab - Sta . 40 + 80 - 53 + 50 
Concrete - 1270 x 40 x . 5 + 27 = 941 c . y . @ 

$45/ C . y . 
Reinforcing (Assum ing #4 @ 12 each way) 

1. 36 psf x 1270 x 40 x $0. 30/ lb 

4-Ply Membrane Waterproofing - Sta . 49 + 00 -
53 + 50 
2 X 40 ft X 450 ft @ $2.80 
2 X 34 f t X 450 ft @ $3.20 
(Inc ludes Sub O. H. & Profit) 

4- P ly Membrane Waterproof i ng - St a . 40 + 80 -
49 + 00 
1 X 40 X 820@ $2 . 80 
2 X 20 X 820@ $3. 20 
1 X 63 X 820@ $3. 60 
(Inc ludes Sub O. H. & Profit) 

St r ucture - Sta . 49 + 00 - 53 + 50 
Concret e - 26.5 c .y . /ft x 450 f t x 

$45/c . y. 
Re i nforc i ng - 3250 lb/ f t x 450 x $0 . 30/ lb 
For mwork - 2 x (34 + 11 + 6 + 12) + 1 x 

(28) = 154 S. F. /ft x 450 = 69300 S. F. 
69300 S. F. @ $3.50/S . F. 

St r ucture - St a . 40 + 80 - 49 + 00 

= 42 , 334 

= 20 I 726 

= 100 , 800 
= 97 , 920 

= 9 1, 840 
= 104 , 960 
= 185 , 976 

= 536 , 625 
= 438 , 750 

= 242 , 550 

Concrete - 24. 5 c.y . /ft x 820 ft @ $45 c . y. = 904 , 050 
Re inforc ing - 1920 lb/ft x 820 ft x $0 . 30/ lb= 472 , 320 
Formwork 52 S. F./ f t x 820@ $3.50/S . F. = 149, 240 

124 S. F. /ft x 820 @ $5. 00/S . F. = 508 , 400 

Roadway Deck Supports - Sta. 40 + 80 - 53 + 
50 (Does not inc lude cos t of ro ugh-in) 
Concrete - 2 c. y./ft x 1270 ft @ $45 
Re inforc i ng - 75 lb/c . y. x 2 x 1270 @ $0 . 30 = 
Formwor k - 20 S. F./f t x 1270 ft @ $3. 50 

= 114, 300 
57 , 150 
88 ,900 

125 

Cost to G. C . . 
<Do I I ars) 

$1, 843, 920 

33 , 11 2 

63 , 060 

198 , 720 

382 , 776 

1, 217, 925 

2 , 034 , 0 10 

260 , 350 



Tab le 30 . Case St udy 3: Construction Cos t est imate system 
usino cast-i n- place construct ion (continue d) 

Item No . 

19 

20 

2 1 

Costs to General Cont ractor 

Item 

Roadway Deck - Sta. 40 + 80 - 53 + 50 
(Ass ume precast) 
See det a il ed breakdown 
$3 . 79/S. F. x 26 x 1270 
( Includes Sub O. H. & Profit) 

4 i nch Wear i ng Surface 
Concret e - 408 c.y . @ $45/c.y . = 
Re inf orc i ng - 120 lb/c.y. x 408 @ $0. 30 = 

Backf i I I - Sta . 49 + 00 - 53 + 50 
48862 c . y. @ 1. 50 

18,360 
14, 688 

22 Backf i I I - Sta . 40 + 80 - 49 + 00 

23 

Hand backf i I I & compacti on 
24. 4 c.y./ f t x. 820 f t@ $8 . 00/ c . y. 

Machi ne backfi I I & compact ion 
43828 c . y . @ $3.50/c.y. 

Fin i shed Wa l I - Sta. 40 + 80 - 53 + 50 
( Inc ludes Sub Contractor O. H. & Profit) 
Assume 4 inch glazed t i le 
28 S. F./ft x 1270 ft@ 5.00 

See Summary Sheet fo r Overhead a nd Profi t 

126 

160 , 064 

= 153,398 

Cost to G. C. 
(Do 1 1 ars) 

125, 146 

33, 048 

88,293 

313,462 

177 , 800 



E. SUMMARY COMPARISON 

Sta . 

Sta. 

Sta. 

1. Construct ion T ime: From the CPM outputs and the summary tab les 

below, it can be seen that t he total project time for the precast 

method i s about 18- 1/2 mon t hs versus about 26 months for the 

cast-in - p lace syst em . Also , t hat this t i me savings appears to be 

independent of the constructi on met hod used by t he cast- in-place 

system. In each of the t hree segmen t s and in t he total project 

time , t he precast method shows ro ughly a 30% - 40% time sav ings . 
Table 31. 

a. 

Segment of 
Tota l Project 

49 + 00 - 53 + 

44 + 50 - 49 + 

40 + 80 - 44 + 

Compar i son of construction time for Case Study 3 

System us ing cast- in-p lace const ruct ion 

' Add. Time 
Ear li est St art Ear l iest Fin is h Prior to Exe . Duration 
of Excavat ion of Seqment (Months) (Months) 

50 1 Mar 78 27 Feb 79 --- 12 

00 26 May 78 2 1 Aug 79 1 16 

50 16 Feb 79 6 May 80 2 16 . 7 

Tot a l Pro iect 1 Ma r 78 6 May 80 --- 26 

b. Syst em us i ng prefabricated components 

Add. Ti me 
Segment of Ear l iest St art Ear li est Finish Prior to Exe . Durat ion 

Tota l Project of Excavat ion of Seqment (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 

Tota l Proiect 21 Ma r 78 18 Sep 79 2/3 18. 5 

As in the other case stud ies , i t shou l d be not ed that only optimum 

cond itions have been ass umed , that no a ll owances have been made for severe 

weathe r or learn i ng t i me i n the ear ly s tages , and t hat on ly the "structura l 

phase" has been cons i dered . 
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2 . Costs : The cost estimates in Tab les 20- 30 are summa ri zed below . 

Noti ce , that wh il e the precast method shows a savings over the 

whole project , it is not the most economi ca l in certa i n segments . 

Tab le 32. Cost compar isons fo r Case Study 3 

Segment o f Cast-in-Pl ace Precast Savings 
Total Project System System in Cost s 

Sta . 49 + 00 - 53 + 50 $ 2 , 297,354 $2,514,340 $ 216 ,986 

IS ta . 44 + 50 - 49 + 00 3, 310 ,263 3,329,520 19 , 257 

Si a . 40 + 80 - 44 + 50 4,620,622 3, 490 , 845 1,1 29 ,777 

Tota I Project 10 , 228 , 239 9 , 334 ,705 893,534 

(C) 

(C) 

(P) 

(P) 
I 

In the segment where soldier p il es and lagg ing are used by the cast-i n­

place sys t em (St a . 44 + 50 - 49 + 00) , the cost difference is only about 

one-hal f of one percent; not within th e accuracy of this estimate . Therefore, 

while the cost advantage cou ld s li ght ly favor e ither method, the two mus t 

be cons i de red roughly equa l. 

In the other two segments, howeve r, the two systems are not equa l . 

Clear ly, when open excavation is possib le , the cast-i n- p lace system i s more 

cost effic ient; rough ly 9% . However , when slurry wa l Is a re required because 

of the depth of the excavation or as a water constra int, th ey should be 

incorporated into the fi nal design. If th ey a re not, and conventiona l cast­

in-place methods are used, the cost can be substantially higher; 32% in 

th i s case . 
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