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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 . This volume describes 
design concepts for both the overall tunnel and the 
structural members. The second volume presents detailed 
designs for three actual tunnel sites. 

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. 
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The contents of this report reflect the views of the 
authors who are responsible for the facts and the 
accuracy of the data presented herein. The contents 
do not necessarily reflect the official views or policy 
of the Department of Transportation. 

This report does not constitute a standard, specification, 
or regulation. 
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This report conta ins the resu lts of a st udy o f the use of prefabricated 

structu ral me mbe rs fo r cut- and- cover tunnels. The study was conducted by 

The Consu lti ng Engineers Group , Inc ., with the assistance of Consu ltants 

Ben C. Gerw ick , Jr ., Frank T. Wheby, and Soi I Testing Se r vices , Inc . It was 

performed under Contra.ct No. DOT- FH-11-8594 wi th the Depa rtment of Transpor

tation . Contract Adm in istrator was Ms . Shirl Vendemia and the Contract 

Manager was Mr. J . R. Sa I Iberg . 

Vo lume one covers the in i t ial concept development whi ch was designated 

as Task~ o f t he contract . During the course of t he study , many knowledge

ab le ind iv i dua ls were interv iewed , inc luding cootractors and engineers wo rk

ing on the New York Ci ty, Wash ington, D. C., Atlanta , Chicago , and Edmonton 

subway projects . Parti cu larly he lpful we re Mr . George Tamaro of ICOS of 

Ame r ica , Mr. Gil bert Ta i lard o f Soletan che and Rod ia , Inc . for the ir experience 

in diaphragm wa l I construct ion , and Mr . Ri chard E. Steen o f Wa sh in gton , D. C., 

who prov i ded va l uab le ins igh t i nt o the problems that s ubway const ruct ion can 

cause to near ly a l I business esta~~ i shmen ts . 
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I . I NTRODUCT I ON 

Construct ion o f the Bay Area Rap id Trans i t (BART) and the Metropo litan 

Was hin gton, D. C. subway sys tem have focused attention on t he need fo r im

provement in cut-and- cover tunne li ng techniques in urban environments . These 

two projects represen t the most comprehensive underground transportat ion sys

tems eve r unde r t aken i n t his country . Du rin g the i r construct ion , t here has 

been so much disruption to the su rface activities fo r so long a period of 

t ime, tha t resi dents , vi s itors, and bus inesses i n the area have wondered--some

times very voca l ly--whet he r the e nd product is worth the e ffort. 

Thi s study an d othe r re lated studies s ponso red by the United States 

Depa rtment of Transportation are aimed at improv in g c ut-an d- cove r tunne l 

des i gns and const ruct ion methods, part icu la rl y methods t ha t could s i gn i f ican t

ly reduce construction costs and urban di s rupti on. The spec i f i c purpose of 

this study is t o examine the poss i b i I iti es of us in g prefabri cated structu ral 

membe rs t o he lp accomp li sh these aims. 

The task of develop ing new const ruct ion techn iques can be frus tratin g, 

i f not f util e . Const ruction is an evo lut iona ry r athe r t han re volutionary 

type of indust ry . Thi s i s not beca use those in t he construct ion indust ry are 

any less c reative than those i n other industr i es , but they are restr ict ed by 

a combina ti on o f econom ic and lega l f actors to a " s low and easy" approach t o 

change . 

The re i s us ua ll y no ince nt ive fo r cons ultin g eng ineers or contractors 

t o ass ume the ri sks inherent in innovative des i gns . Owners , espec ia l ly 

publi c agenc ies, are re luc t ant to subject the mse lves to the crit ic is m t hat 

cou ld resu lt if an untested construct ion me t hod does not perform sat i s fact or

il y . It .i s c lea r t hat any "i nnovat i ve concepts " s uggest in g change in 



tradit i onal construct i on mate r ia ls or methods must be compati b le with t he 

evo luti onary nature of construct ion in order t o be useful . 

Spec ia lizat ion within the general d i sc i p li ne of Ci v i I Engineering may 

contribute to the s low accept ance of new constructi on mater i als and methods . 

St r uctures a re us ually classed as "bui I d ings ", "bri dges", o r " heavy 

structures " (s uch as dams and tunnels). The owne rs , designers and bui lders 

of these d if fe rent c lasses are us ually di fferent, and developments within one 

c lass of st r ucture are often not recogn i zed as be ing app li cable t o another . 

Thus , what may be a re lat i ve ly commonp lace method of cons t ruct ion i n one type 

of s tructure mi ght be considered "innovat ion" when app li ed to anot her . 

As i mil ar re l uctance to accept construct ion methods deve loped in other 

countr ies (or even in other sta tes , in some cases) has often s lowed the 

evo l ut iona ry process in construct ion . Wh il e there a re us ually ve ry good 

reasons why a total concept may not be read il y transferable from one c lass 

of construc tion to another, o r from one country to anothe r, adopti on in a par

ti a l o r mod i f ied form wou ld certain ly seem to be pract ical. 

This s t udy i s intended to focus on the use of prefab r icated st r uctu ra l 

membe rs in cut-and- cove r highway t unne ls in urban areas . However, the dis

cussion of mater ial s and methods inves ti gated have broader appl icat ion than 

that. The des i gns of urban mass transi t sys t ems , s ubu rban an d rura l tunnels 

and highway cuts, s ub te rranean parking structures and other types of unde r

ground const ruction shou ld benefit from the research. Whi le the examp les 

shown may ind icate des igns cons i st i ng tota ll y o r mostly of prefabr i cat ed 

e lemen t s , t he bes t and most econom i ca l so lution fo r any g i ven construction 

prob lem may invo lve a combinati on of prefabr i cated members and more convention

a l in s i tu methods. 

Th i s report suggests several means for us ing prefabri cat ed structura l 

2 



membe rs i n cut- and- cove r t unne ls . Va ri ous shapes an d mat e r ia ls a re examined 

and methods of inco r porat ing t hese shapes int o t ransportat ion tunnels are 

desc ri bed . 

Wh il e the types of load ings req ui red and design methods a re shown in 

th i s vol ume , i t i s not its purpose to se r ve as a text on t he des i gn of pre

fabr icated s t ructu r a l me mbe rs . The des i gn sect ions and appen di ces conta i n 

gui de I in es and spec ia l con s i de rat ions t hat may dev i ate from convent ional 

des ign methods , but i t i s necessary t o have a fundamental know ledge o f bot h 

so i I mechan ics and structural des i gn to full y unde r stand these secti ons . 

Factors wh ich infl uence cost s a re descr i bed and met hods a re s uggest ed fo r 

reduc in g costs . Howeve r, quantitat i ve cos t compar i sons wi t h presently used 

const ruct ion methods a re not attempted in th i s vol ume because of the many 

site var iables . Th is i s done for specif ic sites in Vo l ume 11 , 11 Three Case 

Stud ies." 

3 



I I . POTENT IAL BENEFITS OF PRE FABR ICATED MEMBERS 

The two most ser ious drawbacks to const ructin g t ransportat ion fac i I i t ies 

undergroun d in congested urban areas are : ( 1) the extremely h i gh cos t ( in 

1975 t he Was hin gton Met ro s ubway syst em i s cost ing upwa rds of $50 mi I lion per 

mi le ), and (2 ) the seve re disrupti on to surface act i v i t ies . Use o f prefabr i

cated structura l e lements has the potent ia l o f red uc in g both o f these . 

In orde r t o rea l ize t hese benef its i t i s necessary to do more t han jus t 

s ubst itute the p refabricated element for a convent iona l membe r without signifi

can t changes i n the des i gn and const ruc t ion process . Severa l recent s tudi es 

have suggest ed , and the inves t i gat ions in this study have con firmed , t hat 

design ing t he pe rmanent structure to act also as the ground support system 

dur ing construction i s probab ly t he bes t way t o c ut costs and reduce const ruc

t ion t i me . It i s t he on ly way that t he extens i ve use of prefabr icated element s 

can ma ke sense . Proof that i t works can be found in many project s in Europe 

and Japan . 

In th i s s tudy , prefabricat ed wa l I e lement s a re a lways ass umed to act as 

groun d suppor t wa l Is dur ing construct ion and as tunne l wa l Is in the pe rmanen t 

st ructu re . In severa l o f the concept s i nvestigated, a pe rmanent deck i s 

i nstalled ear ly in the cons t r uction per iod and a l I s ubseq ue nt work i s pe rformed 

unde r cover . It i s obv ious that back fi I li ng unde r s uch a permanent deck i s 

impract ica l. Except in those cases of relat i ve ly sha l low cuts and when ut i Ii 

t ies need not be pe rmanent ly located wi th i n t he excavated area , it is suggested 

that th is s pace be emp loyed as a uti li ty corr i dor , wi th permanent acces s within 

the st ructure , for ma intenance of the uti I it ies . It cou ld a lso be poss ible , 

in some cases , to use th i s created space fo r cormlerc ia l pu r poses . It i s a 

logica l p lace for any vent il at ion ducts and equiprrent whi c h may be req uired 
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fo r tunne l operat ion . Elimination of th is backfi I I a lso has the pos iti ve 

benef i t of greatly reducing the loads on the tunne l roof . However , omiss ion 

of the backfi I I reduces the ove ra l I we i ght of the tunnel . Where a hi gh water 

table tends to f loat the t unnel , other means must be provided to res is t this 

up Ii ft. 

P lacement of utili t ies i n t unnels or "utilido rs" i s the subject of 

other Department of Transportation stud ies. One such study, " Uti I i ty Tunne l 

Econom i c Feas ibi I i ty Ana lysis in Con j unct ion with the Construct ion of Subways 

by the Cut-and-Cove r Method" by the Ch icago Urban Transportat ion Dis t r i ct and 

Consoe r, Townsend & Associates has shown a benef i t/cost rat io too low to be 

feas ib le . Howeve r, t hat study was for a spec i f ic project in wh i ch t he ut il

ity tunne l was necessar il y a s i gn i f icant add-on cost and the total tunnel 

des i gn was not changed to take ful I advan tage of the reduced loadin g effects. 

(See Fi g. 1) . Also there was no reduction in t he d i s rupt ion t i me du rin g 

constructi on in the case they studied . 

Mean in gfu l cost ana lyses for gene r a l cases i s virtually impossible . Thi s 

"doub le roof" method of cons truction may not res ul t i n any s i gn i f i cant con 

structi on cos t sav ings . However, reduc ing the surface disrupt ion from months 

o r years t o weeks, would have a very pos i tive econom ic impact, espec i a l ly on 

bus i nesses i n the a rea . Th i s cost of business dis r upt ion and pub li c i ncon

venience has not been evaluated quantitative ly. Even if it cou ld be eva l uated , 

there . i s a serious question as to who shou ld bear the burden of thi s cost. 

Pub l ic agency owners are re l uctant to pay for it, since the effect i s on a very 

few individual bus inesses, but to assess the bus i nesses affected fo r t he added 

cost of fa s ter construction procedures that would red uce the ir disrupt ion 

wou ld be unj ust. 
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Fig . 1 Utility tunnel section from "Utili ty Tunnel Feasibility 
Analysis---" (See text) 

Fig. 2 Cut - and-cover tunnel constructi on may cause severe 
business disruption 
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These economic and soc ial impacts of c ut- and- cover constructi on are the 

s ubj ect of othe r on - go ing research s tudies, and it is inapp rop ri ate to dis

c uss them f urt her in th i s report . Howeve r, the factors ment ioned here do 

have a s ubstant ia l effect on the feas ibili ty of us in g prefabri cated members . 
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I I I. PREFABRICATED STRUCTURAL MEMBERS 

Prefabr ication of structural members is not a new phenomenon in the 

constructi on i ndustry . Var ious degrees of pre fabri cat ion have been used 

fo r years . For example , the practice o f fabri catin g stee l beams and 

columns to the proper length and attachin g such items as connect ion angles 

and bear ing plates before sh i pping to the job s ite i s so common that i t 

i s not usually even included in discuss ions on "pre f abr i cat ion 11
• However , 

the reasons beh i nd th is pract ice a re essen ti a ll y the same as t hose advanced 

for the use of large r an d more soph isticated prefabr icat ion which i s often 

rega rded as a "new 11 construct ion techn ique . These reasons are: 

1. Cent ra li zation of f ab ri cat ing equ i pment a l lows the use of larger, 

mo re cost ly and more soph is t i cated equ i pment wi th a higher deg ree 

of automat ion . 

2 . The use of this equ i pment, p lus a more closely cont rol led produc

tion env i ronment produces a more cons istent quality . 

3. The use of t h i s equ i pment , plus t he lower wa ge rates fo r plant 

labor i n compar ison with fi e ld labor can resu lt in lower un i t 

costs . 

4 . Constructi on schedu les can be t el escoped by prefab ri cati ng an d 

stockpi I in g t he structura l membe rs . 

Cost sav in gs from p lan t prefabri cat ion are offset to some degree by : 

1. The cost of transportin g the members to t he job s ite. 

2 . The often larger eq ui pment required to p lace the members in the ir 

fin a I pos i t ion . 
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3 . The much higher overhead associ ated wi th manufacturing as opposed 

t o const ructi on. 

A. PRE FABR ICATED STEEL ELEMENTS 

St ee l e lements are wi de ly used i n cut - and- cove r t unne ls, wi th var ious 

degrees of prefabr icat ion employe d. Fo l lowing i s a I ist of the types of 

e lements now used , and some poss i bl e applicati ons of me mbers not common ly 

used . 

1. Standard ro ll e d sect i ons , pa rt i c ularl y wide- f lange beams , a re 

the most common ly used me mb e rs fo r sold ier beams in tempora ry re

ta i n ing wal Is , us ua l ly wi th timbe r lagging. They are a lso 

us ua ll y the membe rs empl oyed fo r s truts , a lt hough s t ee l p ipes are 

also commonly used . 

Vi rtually no prefabr i cati on i s i nvo lved in this use of st ee l. 

In tact, t he relat i ve s i mpl i c i ty of makin g f ield connecti ons and 

sp li ces by we ldi ng , and cutt ing excess len gth with cutt ing t o rches 

i s often c i te d as a pr inc ipal advantage . 

Steel secti ons are a lso used in t he f ini shed tunne l const r uc

t ion , but ext e ns ive prefabricat ion i s se l dom empl oyed. For exanr 

pie, secti ons now be i ng bu i It i n t he New Yo r k Ci ty s ubway use 

stee l ri g id frames at about 5 f t on center a long the t r ack . Con

crete arches s pan between the frames. Thi s met hod of construct ion 

is essent i ally the same as t hat used in t he f irst sect ion of 

tunne I bui It a round t he turn of t he centu ry. 

In the ICOS system of di aphragm wa l I cons tructi on, s tee l 

so ldie r p i les are des i gned to ca rry t he latera l loads , with 

appropr iate st rutt ing. A re i nforced concrete wa l I , cast in a 

9 



Fig. Ja Prefabricated steel assembly 
used in subway construction 

Fig. Jb Inserting assem
bly into slurry 
trench 

(Photos courtesy ICOS Corporation of America) 

slurry trench , spans between these so ldier piles . The s t eel 

soldier p i les and the re inforc i ng cage fo r the primary panel s are 

prefabr icated as a s ingle uni t at the job s i te and p laced in the 

slurry trench pr ior to concrete placing . 

2 . St eel sheet p i I ing i s of t en used for cut- and- cove r construct ion . 

No prefabrication beyond the in i tia l ro l I ing and cuttin g to length 

is usually employed . 

3 . Steel trusses have rece i ved very li tt le cons i derat ion in cut-

and-cove r tunnel work , except for occas ional use as a temporary 

strut or temporary deck support. Wh il e the truss i s one of the 

o ldest uses of str uctura l stee l, it i s st i I I one of the most 

eff ic ient uses of mater ia l, i f enough depth i s available . Its use 

i n bu i I d ings ( i n the form of steel joists) is st i 11 very common , but 

it has lost favor in bridge construction , primarily because of i ts 
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lack of esthet ic appea l. For cut- and-cover tunnel construction , 

i t may have some exce l lent applications s i nce it can be concea led 

and there is p lenty of room for structura l depth . Some of these 

poss ible app li cat ions are shown in subseq uent sect ions of this 

report. 

4 . Long-span corrugated stee I arch sect ions are a recent deve I op-

ment i n h i ghway construction (Fig. 4). To date , the i r use as 

transportat ion t unnels has been conf ined to cu lvert t ype appl i ca

t ions in r ural areas, usually carry in g a secondary roarl under a 

pr imary hi ghway . These appli cat ions involve relati vely s hall ow 

cuts and short lengths . Their s tabi I ity i s dependent on the inter

action of so il and s t ee l. They are sens it i ve to unba lanced load

i ng, so backfi I ling precauti ons are necessary , and certain minimum 

cove r dept hs are requ i red. As mo re exper ience in the use of these 
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Fig . 4 Long span 
corrugated steel 
arch. (Courtesy 
Armco Steel Corpor
ation ) 



sect ions i s gained , extension of t heir use to urban areas may 

prove to be an economically vi able solut i on. 

Any exposed steel member used fo r f inal tunnel construction is subject 

t o corrosion and fire damage . Adequate protection and/or maintenance pro

grams mus t be cons i dered . 

8 . PREFABRICATED CONCRETE SECTIONS 

Des i gners an d bui lde rs o f re inforced concret e structu res have long 

looked at precas t i ng as a means o f reduc in g t he costs o f expens i ve i n

p lace form ing . It has al ways seemed rathe r foo li s h, without a deta i le d 

cost ana lys is , to bui Id a st ructura out of wood (the form), pour i t fu l I 

of conc re t e and t hen t ea r it down. However, the add iti onal equ i pment 

requ ired t o lift t he heavy precas t units into pl ace , t he a dde d s pace re 

qu i rements fo r j ob- s ite p recast ing an d the techn i ca l problems of j o i nin g 

the pieces together have proved t o rrore than offset the sav i ngs in fo rmin g 

costs , except for very I imited appl i cations . 

It was not unti I t he deve lopment of I i near pretens ion i ng whi ch pro

v i ded the add iti ona l cost sav in gs of less requ i red mat er ia l , that pre

cast i ng of large s truct ura l e lements be came economica l ly feas ible to any 

great extent. This deve lopment took p lace i n the early 1950 ' s . Since that 

time, the precast, prestres sed ind ustry has grown at a s ign ifi cantly higher 

r ate th an constructi on i n general . Even so , at present , precast concrete 

const ructi on probably accounts fo r less than ten percent of tota l vol ume 

of construct ion in bui I d i ngs and bridges. 

The use· of precast concrete elements fo r c ut-and-cove r t unne lin g has 

bee n limited , espec i ally in the Uni ted States. A few U. S. contractors 

have e xpe rimente d with precast slabs for tempo rary decking in p lace of the 
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conventional timber . These exper iments have usually taken p lace du rin g 

times when timber pr i ces (which have been qu i te cyclic the last severa l 

years) were h i gh . There appeared to be ve ry little advantage to using 

conc ret e , and several di sadvantages in clud in g lack of fl exibi lity and no 

sa I vage va I ue . 

A cut-and- cover tunnel section of In te rstate 95 adjacent to the 

Delaware River i n Philadelphia uses precast, prest ressed concrete box beams 

for the roof members . 

In t he Edmonton , Alberta subway system, the J asper Street s tati on was 

constructed us ing precast , prestressed channe ls placed on load- bearing 

cast-i n- p lace tan gent pi les (Fig. 5). The t angent p il es se r ved as both 

the temporary earth support and permanent tunnel wal Is . Al I excavat ion 

was performed unde r the prefabricated roof, afte r the s treet above was 

res tore d. The space bet ween the st reet and the tunnel roof is left open 

for use as an underg round pedest ri an walkway. 

The Yerba Buena Island st ructure o f the San Franc isco-Oakland Bay 

Bridge Reconstruction uses precast channe l s labs post- tens ioned together 

for the tunne l roo f (F ig. 6 ). The tendons a re tensioned by jacking the 

precast units apart from the center. 

Outside of No rth America, p recast and prestressed membe rs have been 

used for bot h t he wa l I elements and t he hor i zontal elements i n cut- and

cove r tunnels. Some examp les a re the Moscow Metro , Stuttga rt subway , 

pedestrian tunne ls in London, Al3 Motorway ext ens ion i n Par i s , and a trans

portation tunnel in Kyush u, Japan. 

Two French compani es , So le tanch e and Bachy, market proprietary precast 

systems . The So letanche Panaso l systems i nclude bot h conttnuous 

13 



Tunnel roof 
(cast-in-place construction) 

Subway floor and station 
platform (cast-in-place construction) 

Fig . 5 Jasper street subway station construction, Edmonton, Alberta. 
(Courtesy B. W. Brooker Engineering, Ltd .) 
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rein fo rced conc re te sheet p i le section s , and a T- beam and precast 

panel system (Fig. 7). The Soletanche company has marketing and construc

ti on di v isions in North Amer i ca. The company is involved i n slurry trench , 

cast-in-p lace diaphragm wa l I const ruct ion and grout ing , as wel I as pre

fabricated pane l wal Is. The Bachy "Pre fas i I" system is structurally similar 

to the Panasol sheet p i le system, except for t he method of connecting the 

adjacen t units. 

1. Slurry wal I construct ion: 

One o f t he key elements i n the use of prefabricated members 

for the wa l Is of cut- and- cover tunnels i s the s l urry wal I or di a

phragm wal I method o f const ruction . This method of constructi ng 

Fig. 7 Installing precast concrete wall panel in slurry 
trench. (Courtesy Soletanche and Rodio, Inc.) 
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wal Is below ground is only about 25 years o l d, but is rap i dly 

ga in ing favor for basement construct ion of large bui I d in gs , and 

has had some use i n t his country in subway construction . The 

first slurry wal Is were constructed in the U. S. just ten years 

ago, but i n Europe and Japan , the slurry wal I has reached the 

status of being cons i dered the "norma I" way to bu i Id underground 

wa 11 s . 

In most appli cat ions o f diaphragm wa l I const r uct ion , a continu

ous trench is excavated i n the presence of a fluid, usually a clay 

s lurry. The wa l Is of the trench are preven t ed from col lapsing by 

the hydrostat ic pressure of the fluid (spec i f ic gravity only sl ight

ly greater than water) and the presence of an imperv ious cake which 

forms on the face of the excavation. The most common ly used fl ui d 

i s a bentonite slurry. A proper ly proportioned bentonite slurry 

wi I I penetrate into s urrounding permeab le soi Is to form a permanent 

watertight barrier. 

A permanent concrete wal I is formed by either ( 1 ) placing rei n

forcing cages i n the trench and then placing the concrete by tremie 

o r (2) suspend i ng precast concrete units in the trench. When the 

latter method is used, port land cement i s usually mixed wi t h the 

bentonite to form a sett ing s lurry wh i ch can transmit the latera l 

loads to the wal I and vertica l loads to so i I at the bottom of the 

trench . (In some methods, the constructor disp laces the original ben

ton i te s lurry by a sett ing mate rial or a grout.) 

In "conventional " cut-and- cover t unnel construction, a temporary 

ground s upport system i s cons tructed usually us i ng e ither stee l sheet 
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p i l i ng or stee l soldier p i le~ and t imbe r lagg ing , and t he per

manent structu re is bui It within this temporary support system. 

The sl urry wa l I constructed by e ither of the methods menti oned 

above has severa l advantages ove r the conventiona l methods: 

a. The concrete wal I can usua ll y be des igned to act as both 

the temporary ground s upport and the pe rmanen t s t r uctu re. 

b . The slu r ry wal I can be bui It i n a lmost every type of so i I and 

ground water condition, with the except ion of sol id rock . 

(Rock excavation for s lurry t renches i s poss ible , and has been 

done , but i t i s ve ry s low and expens i ve . 

c . The wa l I thus fo rmed •is very ri g id, and with proper design o f 

struts and ti ebacks , ground movemen t s beh ind the wal I a re 

al most negl i g ibl e . In urban areas, this can el iminate the 

need for expensive underpinnin g o f adjacent structu res . 

2 . Plant vs. s ite prefabri cati on of concret e members . 

Job-s ite precasting has been attempt e d by many gene ral con

tractors on bui I din g and bridge projects . It has rarely proven 

economical when compa red with p lant-produced products. The prima ry 

reasons for thi s a re: 

a. In t he Un ited St ates, man ufactur i ng p I ant I abor rates a re 

typ ica ll y about one- ha l f of f ield labor rates . 

b. Constructi on unions at a job site demand a s trict sepa rat ion 

of work according t o c raft s ki I Is . Thi s se rious ly rest ri cts 

effi c ient uti I izati on of manpower. Centra l precasting p lants 

when union ize d no rmally ope rate with only one trade j uri s di c

t ion . 
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Fig . 8 Slurry wall construction near 8- story building on 
Washington , D. C. Metro subway system. The build
ing footings were within seven feet of the sl urry 
wall. No underpinning of the struc ture was neces
sary and no noticeabl e damage occurred . 

(Courtesy ICOS Corporation of America) 

c . Most job s i t es lack adeq uate space to manufact ure and store 

the products . Th i s i s espec ially true of tunne l i ng proj ects 

in urban areas . 

d. Acce lerated c ur ing procedures a r e diff icu lt to i nstal I and 

operate at a j ob s i te . Accelerat ed cu ri ng a l lows a much 

fas t e r turn-over of the precasti ng beds , hence more eff i c ient 

use o f labor and lower inves tment i n forms . The same i s true 

of mu ch other equipment used in a modern precast ing p lant. 

Al so , th i s eq uipment i s often expens i ve , and can not be 
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economi ca l ly wr itten off on one proj ect, unless the job i s 

q u i te I a rge . 

Conversely , plant. prefabrication may impose some constraints 

on the members wh i ch can be used , because of weight , length , and 

width restrictions for over- the-road hauling. In most states , 

t hese restrict ions can be wa i ved , within limits , through spec ial 

permits. 

3. Standard shapes of precast, prestressed conc rete elements. 

For large project s , spec i al s hapes can be econom ica ll y pro

duced in a precasti ng plant . Sin ce cut-and- cove r tunne l construc

tion is substant ial ly different i n many respects from bu i I d ings 

and bridges , spec i al shapes may often be necessa ry, and the 

des i gne r shou ld not be l i mited t o the standa r d sect ion s common ly 

ava i !ab le . However, as a reference gu i de , t hese standard shapes 

a re shown he re . 

a . Br i dge sect ions: The most common ly used bridge sect ions are 

those developed by a jo int committee of the American Assoc i ation 

of State Hi ghway Off i c i a ls and the Prestressed Concrete Inst i 

tute in the 1950 1 s . These AASHO-PCI sect ions are shown as 

Fi gs . 9 and 10 . Many states have developed the ir own standard 

sect ions , wh ich are typ i ca ll y more efficient than the 

AASHO- PC I sect i ons . Some o f these a re shown i n Fi g. 11. 

Other sections are produced by manufacture rs of precast , pre

s tressed conc rete products for use on bridges. Many of these 

sect ions are shown in t he recent ly pub I i shed PC I "Short Span 

Bridge" Manual . Excerpts from that pub ! i cat ion are included 

in Fi g. 12 . 

20 



TYPE I 

3'-6" 

·:·. . ~·. 
~:--) 
t . . : 
:. •. 8" 
... .. 

2•.4.. I . 

A 

1'-6" • I 
TYPE II 

. I 

I . 

0 
<D 

A 

.• ·. 7" 

1'-10" .1 
TYPE Ill 

1 · 

3'-6" 

.· . .. 
: . . : 
: . . ; 

. ... 
:- . ·; .. ·. 

8" 

1. 2'-4" ~ 
TYPE V TYPE VI 

Fig. 9 AASHO-PCI standard bridge girders 

1'-8" 
, . ·1 

I. 

·1 

;. ··: ... •. .... . · 
·. •: 
.. . ,. 

2 '- 2" 

TYPE IV 

8" 

.I 

b. Bui I ding sections . During the deve lopment of the prestress ing 

industry, many d i ffe rent bui I d in g sections were produced by 

different precasting p lants across the coun try. In 1970, the 

Committee on Stan da rdizati on of the Prestressed Concrete 

Institute se lected the most common ly used and most eff ic ient 

o f these sections for pub li cat ion in the PC I Des ign Handbook 
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bridge sections produced 
(Courtesy Prestressed 

as ti indus t ry standa rds" . While the industry i s sti II not 

standa r dized, the Handbook sections, wi th some mi nor var i ations 

are the most read il y ava i I ab l e in most parts of the U. S. Some 

o f these sect i ons are shown in Fig . 13. 

c . Pi I i ng: These sections, shown i n Fig . 14 , are manufactured 

i n most plants in coasta l stat es , and in some inland states 

23 



4' to 10' 

:. ·f :'. ,; M ( ······ u ······ ·············· ········:n··· ... ·., ;: :~ ··. :: £ s> v···;, 
j ; 6 

DOUBLE TEES 

8' to 12' 

.. ... ..... : · .. ·:·. '. ·::·:.--:: .: .:::.:: ~-. ·:· ··· :. --::·.::: : =:·. ·.: •. ·-: ~: .. • : : : : · •. . ..... 

·: . 
:· . · 

, . .. 
· ···· 

SINGLE TEES 

. . . .. •, . ... . . '• 
:· · · ·: 

c::, 
(0 

0 ... 
0 
N 

BEAMS 

4' o r a· 

. " " 
, . . 
:·· ··: 

lr<· :··_·.·.·.: .. '.·> ... < ... · .. _,.·.· ...... .>.·:e·:·: :··:·:· ):/~ i ~ 
... ...... , ... " ... .. :: · " : 1111 1 ........ ~ 

3'-4" l .. ....... : .... = ............ - ........ .. .. ~ i~ 
ro::·o·.-o·io .. :o:o:-·o·:o··:·o-J: s . . . . . . . . . . . . . . : . . . .. . .. 
..... pt • ........ .... ,.............. ~ 

k1
2

0:0~76 
Number of voids 
varies with width 

: ·. :. ·.. .s ;: ........ ·.:·, ... :.':.= ~ 
HOLLOW.CORI !LAIi! 

Fig. i 3 Typical precast , pres tre~sed concret e sect ions used 
in buildings . (Co urt•~i Pre ~tresse d Concre te Ins titute) 
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Fig . 14 Typical p r ecast, p r estressed c oncret e piling 

ROUND 

whe re h ighway depa rtments have adopted them for br i dge founda

t ions . Typ i ca lly , only a few of these sect ions wi 11 be ava i I

ab le f rom any one p lant . 

d . Co l umn s : Unt i I the adop t ion of AC I 318- 71 , most precas t 

col umns were des i gned as re in fo rce d conc rete columns . The 

197 1 ed it ion of the AC I Code wa ives t he min imum re infor c ing 

requ i rements of co lumn s when t hey a r e prest ressed . Pre

s tressed conc re t e co l umn s re ly a lmost comp le t e ly on the 

strength of t he concrete t o ca rry t he compress ive loa ds , wi th 

the prest ress ing be in g e ffect i ve in res is t ing momen t s . Pre

cast , prest ressed co l umn s a re usua ll y much less expens i ve 

than precast , re info rced co lumn s , espec ia ll y when advan tage 

i s taken of t he pl ant cast ing env ironment t o ach ieve conc rete 

st rengths of 7000 to 10 , 000 ps i . 

C. PREFABRICATED TUBES 

Tot a lly prefabr i cated tubes have been freq uent ly used for transporta

t ion tunnels under wate r. These tube sect ions are usual ly bui It i n dry-
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dock or on specia l barges , barged to t he ir location and then sun k to a 

prev ious ly prepa red bedd ing on the f loor of the waterway . 

Extens ion of th is rrethod to underground tunnels has been e mpl oyed at 

two s ites in the Netherlands , where t he high water table and poor so i Is 

enab led s i mil ar const ruct ion methods . 

One project was in Rotterdam, t hrough t he old section of the c ity , 

where fo undati ons of adjo i ning bu i I dings were very precarious. The fol low

ing sequence of construct ion was fo l lowed: 

1. A sheet p i le wal I was driven on each side . 

2 . Longitudinal wales and transverse struts were p laced . Ra i Is 

were installed on each wa le . 

3. So i I was excavated by a hydrau Ii c dredge t rave Ii ng on a ra i I 

mounted ca rri age. The excavat ion was now ful I of water, form i ng 

a can a I . 

4. Se lect rock backfi I I was p laced on the bottom and screeded to 

exact grade by a screed running on the same ra i Is . 

5. Precast tunne l se gmen ts were cast at one end of the cana l, and 

transported on the ra i Is to their final locat ion , and assembled 

i n place. 

6. Final ly, the canal was backfi I led. 

In Amste rdam, the tube sections averaging 10 meters high and 40 meters 

long were built on the ground direct ly above the i r final pos i t ion . The 

uni ts a re constructed with a sort of f a lse bot tom . Each rests on cutt ing 

ed ges that extend below the f loor and c reate a ho l low area beneath. Thi s 

is shown in Fi g . 15. With in the hol low area are powerful water jets t o 

wash away t he ground on wh ich the unit i s rest ing, while hi gh pressure a ir 
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Fig. 15 Longitudinal section (schematic) o f "sunken tube" 
section on the Amsterdam Metro. (Courtesy Civil 
Engineering magazine) 

b d 

Fig. 16 Construction procedures of the "sunken tube" section on 
the Amsterdam Metro. (Courtesy Civil Engineering magazine.) 
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i s pumped i nto thi s chamber to keep out g roun d water. 

The cons t ruct i on procedure i s i I l us t rated in Fi g. J6 . 

1. (Fig . 16a) Ground was excavated t o t he water t able , whi ch was 

approximately 3 ft be l ow the s ur face. 

2 . (Fi g. 16b) The ca isson fl oor and cutte r sh i eld were cast . 

3 . <Fig . 16c) The caisson wa l I s and r oof were c as t , and the shafts , 

a irl ocks , an d equ ipment insta lled. 

4 . (F i g. 16d) So i I below the ca i sson was excavated as shown i n 

Fig. 15 , a l l ow i ng the un it to settl e i nto posi t i on. 

5 . (Fig . 16e) The work chamber was f i I led with concrete for ba llast 

and ai rl ocks we re removed. 

6 . (Fi g . 16f) F in a ll y, t he adjo i n i ng sect i ons were connecte d. 

These constructi on methods might have app l icat i on i n a few c i ti es 

i n t he Un i ted States , such as those on t he Gu lf Coast or At l ant i c Seaboard . 

Since the appl i cab i I ity is so I imited , t he use o f tota lly p refabr i cated 

tubes was g i ven ve ry I itt le cons i derati on i n th i s s t udy. The use o f pre

fabri cated designs i n wh i ch the vert i ca l and ho rizontal members were con

s ide red separafe e lements appears to be much more applicable for the vast 

majority o f s i tes . 
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IV, METHODS OF US ING PREFABR ICATED MEMBERS IN CUT-AND- COVER TUNNELS 

Fi gs. 17 through 28 ii l ustrate sorre of the ways that prefabr i cated 

structural membe rs can be used in cut- and-cover tunne l construct ion . It 

shou ld be recogn i zed that any of t he rrembers shown could be easi ly used 

with othe r types o f rrembe rs . Fo r exampl e , prefabri cat ed wa l I elerrents 

could be used with cast- in - pl ace roof s or prefabr i cated roof members 

could be used wit h cast- in-pl ace wa l I construct i on . 

Fig. 20 s hows a continuous bear in g wa l I of precast prestressed con

c rete un its of des ign s imilar t o that shown in Fig . 17 . The wal I units a re 

p laced in a s lurry trench pr ior to excavat ion . The roof units in this case 

a re conc ret e box beams des i gned by s tandard rrethods and s imi la r in section 

to those shown in Fig . 10 . For f i II depth greate r t han about 8 or 10 ft, 

these box beams must be extrerrely deep and heavy , but not necessari ly out side 

the feas ib le range . 

Slurry trench 

4' to 8' typical 

Fig. 1 7 Continuous load-bearing sheet pile walls. 
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Th i s method would require temporary strutting and street deck ing 

(if necessary) much the same as used in conventional construction. 

Fig . 21 is s imi lar to 20 in genera l concept except that in this case 

the roof member is a precast concret e r i bbed arch sect ion. The two- hinged 

arch is an except iona ll y effic ient sect ion for th i s appl i cation. The 

us ual objection to t he two- hinged arch in building and br i dge construction 

is that large abutments o r tension ties are required to resist the thrusts 

generated at the spring line o f the arch . For tunnel a pp l i cations such as 

i I lustrated here the earth beh i nd the tunnel wa l Is create a natura l resis

tance to th i s thrust. Aga i n, tempora ry struts and decking wou ld no rma ll y 

be requ ired i f th is method was used i n congested urban a reas. 

Fig . 22 i I l ust rates the concept of the ut ili ty corridor as discussed 

i n Section 11 of this report . By e li minat ing the backf i 11 over the roof 

beam t he structural members direct ly over the tunne l can be greatly re

duced in size . However , a secondary roof i s requ i red to ca r ry the street 

traffic. This upper leve l roof i s s hown he re as concrete box beams , but 

6 ' to 12' typical 

Precast or cast-in-place panel 

I 

Precast, prestressed king pile 

Fig . 18 King pile wall s ys t e m . 
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Fig . 19 Variations of king pile wall system. 

coti l d be a wide var iety of st ructural members as i I l ustrate d in Part 111 

of t hi s report. This upper roof rrember coul d e liminate the need for t em

porary deck i ng and can be des igned t o se r ve as a strut du rin g construction . 

It i s anticipated that much of the excavation and placement of the lower 

hori zont a l rrembe rs wou ld be done under cover after t he uppe r rrembers are 

p lace d. 

Fi gs . 23 and 24 i I l ustrat e how concept s s imilar to those shown for 

the s ing le span , s in g le leve l condi t ion could be adapted for multi-span 

or mu lti-level type tunne ls . 
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Fig. 27 Space between tunnel roof and street used f or a concrete trus s. Horizontal support 
members at tunnel roof and street levels form chords of the truss. 



Fig . 25 a lso uses the cont inuous sheet pi le bearing wa l I s imi lar t o 

those s hown i n the prev i ous i I lust rati ons . The ho ri zonta l st ructu ra l 

system is un ique i n that the lowe r roof and the upper roo f a re t ied 

together and des i gned to act as a uni t , in a modified Vierendee l truss . 

Th is construct ion offe rs some att ractive possibi li t ies for stage con s truc

t ion that would al low the street to rema i n part i a lly open at al I ti mes 

duri ng const r uct i on. A step by step proced ure i s descr ibed in Section XI. 

Fig . 26 i I lust rates t he use of a k in g p i le wa l I system of construct ion 

s imil ar to that shown in Fig. 18 . In th i s f i gure t he p i le secti on s hown 

i s hexagonal but cou ld be several d i fferent shapes , as shown in Figs . 18 

and 19. The p il es a re spaced at approx i mately 8 to 10 f t on center and 

a re placed in dri I led ho les us ing standard , read i ly avai I able ca isson 

drilli ng equ i pment. It i s s uggested t hat a setting s lurry s imil a r to the 

types discussed i n Sect ion VIII of this report cou ld be used to fac i l itat e 

the dr i 11 ing of the hole i f so i I conditions were such t hat i t was necessary . 

This sett ing sl ur ry would also serve to main t a in a l ignment of t he p i les 

durin g excavati on. Pre cast concrete pane Is are p I aced between the pi les in 

a s l ur ry t re nch which is dug after the pil es have been set and the slu rry 

around t hem has hardened. Trem i e conc re t e p I aced in s I urry trenches to 

form cast-in-pl ace diaphragm wa l Is could also be used. Roof me mbe rs shown 

i n th is i I lustrat ion are precast , prestressed I- girde rs with a cast-i n

p lace roof deck . Aga in, i f deep t i 1 1 is required, these I- girders would 

necessar i ly be very deep and heavy . 

The uti I ity co rri dor idea cou ld also have app li cation with the k i ng 

pi le type of construction . El iminat ion of t he backf i 11 would reduce the 

required s ize of the horizontal members , but obv iously would require twice 
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Precast concrete unit 

... ... • • . •, •.·. r. ._ ·. · . -- · ·. •. _._ . . -

Fi g. 28 Steel truss used t o support upper level. 

as many of them. It is a lso poss ib le to design a truss i n wh i ch the 

horizontal membe rs at the s t reet leve l and at t he tunnel roof level act 

as the chords. Thi s is i I l ustrated in Fi g. 27. 

Use of a stee l t russ for the hor i zonta l members i n conjunction wi t h 

either a continuous or k ing p i le wal I system i s another poss ibi I ity (Fi g. 

28). The web members of thi s stee l t russ coul d also be used to s upport 

uti liti es within the space . Although this is not a true ut i li ty cor r i dor 

concept, i t wou ld be poss i b le t o provide access to the s pace between the 

street leve l and the tunnel roof leve l so that ut ili t ies cou l d be ma in

ta i ned without dis rupt ing street level t raffi c. Stee l trusses are eas il y 
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Fig. 29 Stage construction and field modification of steel trusses to 
accommodate existin g utilities. 

f iel d mod i f i ed i f necessary t o provide space for ut i lit i es to pass through. 

They can a l so be f ab r i cated i n secti ons and f i e ld con nected easily with no 

l os s of i ntegri t y , open i ng t he way for stage const r uct i on a l lowi ng 

t he st reet to rema i n part iall y open during p l ac in g of the stee l mem-

be r s . Th i s concep t i s i I l ustr ated i n Fi g . 29 , an d i s discussed f urther i n 

Sect i on XI. 
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V. LOADS ON TUNNEL STRUCTURE 

A. VERTICAL LOADS 

The Standa r d Spec ifi cat ions for Highway Br i dges of the Amer ican Assoc i a

t ion of State Highway and Transportat ion Offi c ia ls (AASHTO Spec ifi cat ions) 

p rov i des s pec ifications and gu i de li nes for load in g condit ions t o be imposed 

on highway bridges and cu lverts . These loads often do not prec ise ly app ly to 

cut-and- cover tunne l const ruct i on, espec i a ll y those constructed of prefabri 

cated st ructural elements in the manner s uggest ed in t hi s report. This sec

t ion wi I I c ite the various provisions of the AASHTO Specifications (E leventh 

ed it ion , 1973 , wi th 1974 and 1975 Inter i ms) , and suggest how these provisi ons 

mi ght be app li ed t o the construct ion methods recommended in t hi s report. 

1. Ea rth loads . Secti on 1.2 . 2 (A) of the AASHTO Spec ifi cations a l lows 

the we i ght of eart h above a c ulvert to be taken as 70 percent of its 

act ua l we i ght. Th i s reducti on apparently is in recogn i tion of so i I 

a rch ing. Fo r those structures whi ch have permanent wa l Is extend ing 

up to o r near the ground surf ace , it is doubtful that any arching 

beyond the wal Is i s poss ib le , howeve r, a rch ing within the wal Is 

would reduce the moments in ho ri zonta l members s upport ing t he back

t i I I. The magn itude of the reduct ion should be judged on the bas i s 

of so i I propert ies , presence of wat er and s pan length. Tota l we i ght 

shoul d a lways be used for s hear on hori zonta l merrt:>ers and for the 

vert ica l load- bea ring members, haunches, o r other connect ions be

tween the hor i zonta l and ve rtical members , except at in terna l s up

ports. 

2 . Dead load of the structure . Use actua l weights of the membe rs . 

3. Uti I i t i es . When there i s backf i I I over the tunne l roof , t he 
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we i ght of uti. l it ies can normally be neg lected. Wit h no backf i 11, 

a reasonable analysis should be made of the utili ti es be i ng 

s upporte d. 

4 . Pe rmanent I ive loads . It i s assumed that most cut- and-cover 

tunnels in urban areas are placed under streets. Loading assump

tions can be based on s tandard HS-20 truck loadi ng . Loading cr i

t e ria i n the AASHTO Spec i f icati ons in genera l assumes that members 

span in the direct ion of traff ic . Mos t of the schemes suggested 

in th is report have the flexural members spanning t ransve rse to 

the direct ion of t raff ic . Therefore, it was necessary to deve lop 

loading cr iter i a based on the assumed intent of the AASHTO 

Spec ifi cat ions . The fol lowi ng shows the development of the 

eq ui va lent uniform load used in the sample designs in th i s 

report . 

a . For "doub le roof" syst ems , or shallow c uts 

( 1 ) Dete rmine t he number of t ra ff i c lanes 

s upported (Pa r. 1. 2 . 6, Int er im 1974 , 

36 ' t o 47 1 - 3 lanes 

48 1 t o 59 1 - 4 lanes 

60 1 t o 711 - 5 lanes 

(2) Det e rmine reduct ion in load i ntensi t y 

3 lanes - des i gn for 90% 

4 o r more lanes - des i gn for 75% 

(3) Determine impact fact o r (Par. 1.2 .1 2) 

(no fill ). 

whi ch may be 

AASHTO Spec ifi cat ions) 

(Par. 1. 2.9) 

(4) Det ermine s um o f ax le loads which wi 11 be s uppo rted by 

t he me mbe r. 
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(a) For adjacen t members , or those spaced at 6 ft or 

less, use Par. 1. 3. 1 Cc). Tht s al lows a load di s-

tr ibuti on of from S/5.5 to S/7 . 0 . For th is study 

an ave rage val ue of S/6 . 0 i s used . (S = beam 

spacing) . The maximum axle load, P, is 32,000 I b . 

( b ) For members spaced mo re than 6 ft apa rt an analys i s 

based on Fig . 30 was used: 

14' 

s 

Fi g. 30 Assumed t r uck load distribution t o structural members spanning 
transverse to di r ect ion of traffic . 

Us ing thi s ass umption, the maximum load on a beam 

(at point A) is: 

For S < 8 ft 

P = 32 , 000 I b 

For 8 < S < 14 

P = 32,000 + (S~8 ) (8000) 

For 14 < S < 22 

P = 32 ,000 + (S- 3 ) (8000) + (S- l 4) (32 000) 
s s ' 

For s pac i ng great e r than 22 ft, additiona l ax les 
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can recei ve partial support from t he member and 

additional terms should be added. 

(5) The equiva lent un i form load is: 

w = P x no . of lanes x re duction factor x impact factor 
span x s pac ing 

For span and beam spacings wi t hin the ran ge app ropri ate 

for cut- and- cove r tunnel s , equiva lent uniform loa ds a re 

tabulated in Tab le I. 

b . For sect ions with ti 1 1 on the roof, the I i ve loads are dis

tr ibuted i n accordance wi th Par. 1.3.3. The equival ent 

uniform load i s comp uted as fo l lows: St eps 1 through 3 are 

the same as in a . above , except impact factors may be assumed 

as for c ulverts (Par . 1. 2 . 12). 

The axle loads are cons idered as distributed longit udi

na ll y ove r a le ngth equal to 1. 75 t imes the depth of t i 11, 

wi th a max imum length of dis t r ibuti on of 14 ft . 

w = P x no . of lanes x reducti on factor x i mpact facto r 
span x s1 

P = 32 ,000 lb for HS- 20 load ing 

s1 = 1. 75 x dep th of t i 11, max i mum 14 ft 

i mpact factor = 1. 20 for ti 11 dept h = 1' 1" to 2 '-0" 

= 1.10 for f il l depth 2 I - 111 to 2 I - 11" 

= 1. 0 for f i I I depth 3 ' - 0" or great e r 

w need not be greater than that calcul ated in a .( 5 ). For 

spans with in t he range appropr iate for cut-an d-cover tunnels, 

equival en t uni form loads are tabulate d in Tab le 2 . 
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Table 1 

Equivalent Uniform Live Load (psf) - HS -20 Loading 
Cut-and-Cover Tunne l Section s without Backfill 
Beams Spanning Transvers e to Traf f i c Directi on 

BEAM SPAN ( ft) 
SPAC ING 42 44 46 48 50 52 54 56 58 60 62 64 

(ft ) 

2 446 424 405 430 4 11 395 379 365 351 423 409 395 
3 446 424 405 430 4 11 395 379 365 35 1 423 409 395 
4 446 424 405 430 4 11 395 379 365 351 423 409 395 
5 446 424 405 430 4 11 395 379 365 351 423 409 395 
6 446 424 405 430 4 11 395 379 365 351 423 409 395 
7 382 364 347 368 353 338 325 313 30 1 363 350 339 
8 334 318 303 322 309 296 284 273 263 318 307 296 
9 305 29 1 277 294 282 270 260 250 241 290 280 27 1 

10 28 1 267 255 27 1 259 249 239 230 221 267 258 249 
1 1 260 247 236 250 240 230 221 212 205 247 238 230 
12 241 230 2 19 233 223 2 14 205 198 190 229 221 214 
13 225 2 15 205 2 17 208 200 192 184 178 214 207 200 
14 211 20 1 192 204 195 187 180 173 16 7 20 1 194 188 
15 2 11 20 1 19 1 203 195 187 179 173 166 200 194 187 
16 209 199 190 201 193 185 178 171 165 198 192 185 
17 206 196 187 198 190 182 175 168 162 196 189 183 
18 202 192 184 195 187 179 172 165 159 192 185 179 
19 198 189 180 191 183 175 169 162 156 188 182 176 
20 194 184 176 187 179 172 165 159 153 184 178 172 
21 189 180 172 183 175 168 16 1 155 149 180 174 168 
22 185 176 168 178 1 71 164 157 15 1 146 176 170 164 

Table 2 

Equi val ent Uniform Li ve Load (psf)- HS- 20 Loadin g 
Cut-and-Cover Tunne l Sections wi th Backfill 
Beams Spanni ng Transvers e t o Traffic Di r ection 

Eq ui valent Un iform Load (ps f ) 

Fi 11 SPAN (ft) 
Dept h 42 44 46 48 50 52 54 56 58 60 62 64 
(ft) 

2 446 424 405 430 4 11 395 379 365 35 1 423 409 395 
3 392 374 358 381 366 352 339 327 3J5 381 369 357 
4 294 28 1 268 286 274 264 254 245 236 286 276 268 
5 235 224 2 15 229 2 19 2 11 203 196 189 229 22 1 2 14 
6 196 187 179 190 183 176 169 163 158 190 184 179 
7 168 160 153 163 157 151 145 140 135 163 158 153 
8 147 140 134 143 137 132 127 122 11 8 143 138 134 

or more 
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Example 1: 60 ft span , no backfi I I , 4 ft wide adjacent roof units at 

s treet level. Determine equivalent uniform l ive load . 

(1) For 60 ft span, assume 5 traffic lanes 

(2) Reduce load to 75% 

(3) Impact factor (AASHTO Specifications , Par. 1.2.12) 

I = 1 + 50/(L + 125) = 1 + 50/(60 + 125) = 1.27 

(4) P = 32,000 x 4/6 = 2 1, 333 lb 

(5) 
w = 21,333 X 5 X 0.75 X 1. 27 42 3 f 

60 X 4 = ps 

Example 2: 56 ft span, no backf i I I, beams spaced at 20 f t o.c. Determ ine 

equivalent uniform li ve load. 

( 1 ) 

(2) 

( 3) 

( 4) 

(5) 

For 56 ft span , assume 4 traffic lanes 

Reduce load to 75% 

Impact fact or= 1 + 50/(56 + 125) = 1. 28 

P = 32,000 + <20 - 8) (8000) + <20 - l 4) (32,000) = 
20 20 

46,400 lb 

W = 46 ,400 X 4 X 0. 75 X 1. 28 = 159 psf 
56 X 20 

Example 3: Same as example 1 except assume 7 ft of fi I I on tunnel roof. 

( 3) 

(5) 

Impact factor = 1.0 

W = 32 , 000 X 5 X 0.75 X 1.0 = 163 f 
60 X (7 X 1.75 ) ps 

5. Temporary Live Loads. In urban construction s ites, working space 

for construct ion equ i pment is often limi ted. Effic iency can some

t imes be ga i ned i f the equipment whi ch pl aces t he prefabr i cat ed 

me mbers can be s upported on the members previous ly p laced . Con

struct ion eq uipment whi ch i s work ing adjacent to t he excavat ion 

may a lso induce a re lat ive ly la r ge s urcharge on t he ground s upport 
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Fig. 31 Construction equipment and supplies causes temporary live 
loads on Cut-and-cover tunnel structures. 

system. 

It is common practice to use a conservat i ve uniform load of 

approximately 400 ps f to account for these temporary live loads . 

However, if the permanent structure acts also as the ground 

support system and roof deck, s uch a conservative assumption may 

unnecessarily pena li ze the structure, adding to the cost. A 

better approach would be for the designer to determine the actual 

., loading condition s during construction, and perhaps s pecify cer

tain limitati ons of temporary loading. Such restrictive specifi

cat ions, however, are difficult to enforce in the field and the 

designer should try to anticipate al I logical loading combinations, 

with an allowance for e rror. Use can also be made of temporary 

shores or heavy timber distribution blocks. 
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B. DES IGN OF LATE RA L PRESSURES FOR DIAPHRAGM WALLS USED IN CUT- AND- COVER 

TUNNEL 

Wa l Is of cut-and- cover tunnel s whi ch se r ve as bot h the t empora ry ground 

retent ion system and the final st ruc t ure must be desi gned for comb inat ions of 

horizontal press ures due to ea rth , water and surc harge load in g for the var i

ous stages of con~t ructi on, as wel I as fo r t he complete d, permanent s truct ure . 

Lat era l pressure suppo rted by the retention system depends upon the method 

o f excavati on support; i.e., bracing leve ls , insta ll ation proce dure (whethe r 

pre load ing is done or not ), whether ground movements are permitted to mobi I i ze 

acti ve press ures and stage s in excavat ion , in add i t ion to the so i I paramete rs . 

Fo r diaphragm wa l Is , the la t era l pressures assoc iated with s urcharge 

and water pressures are genera I ly the same fo r temporary s up port during con 

struction and fo r the long t e rm cond i t ion of the comp let ed structure . Methods 

of dete rminin g these pressu res a re ava i I ab le in geotechn ica l I i terature . 

Some of the most appl icabl e methods a re bri e fly re vi ewed in t he fo l low ing 

paragraphs . 

1. Surcharge Load i ng. Surcharge load in gs adjacent to excavat ions vary 

accord i ng to the type of loadin g, such as loads from fo un dat ions 

fo r st ructures , tra ff i c , storage o f constructi on mater ials, and con

s tructi on equ i pment. These s urcharge load ing cond it ions , can be 

app roximated by one of the fo l lowi ng : 

a . po i nt loa ding 

b. un i form l i ne loa di ng 

c . uniform a rea load i ng 

The dete rminat ion of lateral press ures result ing f rom each of 

50 



the t~ree loading cond it ions are described be low. The lateral 

pressures due to surface loading are in addition to the earth 

and water pressures. 

a. Poin t Load ing. Point loadings can be ass umed for isolated 

footings for a structure or heavy object s i tuated on a smal I 

base. Fi g . 32 s hows the ana lysis of pressure di s tri but ion 

on the wa l I due to a po in t load. This figu re i s f rom the 

Design Manua l of the Depa rtment of Navy entitled "Soi I 

Mechanics, Foundation and Earth Structures" (NAVFAC DM- 7, 
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Fig. 32 Lateral pressure due to a point surcharge load. From "Soil Mechan
ics, Foundations and Earth Structures" (NAVFAC DM-7, March 1971) 
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March -1971). Tl:te pressure di.str ibuti ons shown are based on 

Boussinesq Theory, mod i. tied by experiment . 

b. Line Loading. Line loadings can be ass umed for a continuous 

str i.p foot ing or ra i I road r unn ing para! le i to t he excavation . 

Fi g. 33 presents the pressure di stribution on the wa l I resu lt 

ing from a line load i ng. Th i s presentat ion is also from 

NAVFAC DM-7 ( 197 1) and is based on Boussinesq Theory, modified 

by experi rrent • 
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Fig. 33 Lateral pressure due to a line surcharge load. From "Soil Mechanics, 
Foundations and Earth Structures" (NAVFAC DM-7, March 1971), Dept . 
of the Navy. 
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More exact solutions fo r the latera l pressures resu l t i ng 

from infinite str i p loads (both un i form loads and embankment 

t ype load ing) can be found in the pub I icati on ent itled "Verti cal 

St ress Tables for Un i form ly Dis t r ibuted Loads on So i I" by 

A. R. J imi kis (Eng inee ri ng Resea rch Pub I icat ion No . 52, Rutgers 

Un i ve rs i ty). 

c . Un i form Area Load ing . Un i form surcharge load ing can usual ly 

be assumed for area wi de storage of construction materia ls or 

t raff i c in nearby streets located re lat i vely close t o the wa l I. 

Usua l ly an average un iform press ure over the a rea adjacent to 

the wa l I can be determ ined from the we i ght of t he object s and 

the area covered . Surcharge load i ng of t hi s nat ure may be 

assumed to be of inf i n i te extent behind the wa l I to s i mp li fy 

t he calculat ions for lateral pressures . 

The lateral pressure due to a un i fo rm s ur face load ing of 

inf i n i te extent i s as fol lows : 

where crh = the ho ri zonta l pressure 

k = coef fi c ient of earth pressure at rest 
0 

q = magn i tude of surcharge load ing 

For re lat i ve ly stif f retain ing structures , such as those emp loy

i ng braced diap hragm wa l Is , the latera l earth press ure coeff i

c ient s hou ld be equa l t o t he at rest coe f f ic ient , k , s i nce t here 
0 

shou ld be re lat i ve ly li tt le wa l I movement, insuff i c ient to 

mobi I ize ful ly acti ve earth pressures . 

refer to parag raph 3- a(2) . 
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2. Wat e r Pressure Load ing . For re lat i vely imp e rmeable d iaphragm wal Is , 

t he wate r pressu re loa din g can be s i gn ificant, espec ially i t the 

water tab le is h igh . In many cases , water loads are greater than 

the loa ds due t o earth pressures. 

Loads due to wat er pressures are usua ll y cons i de red in granular 

so i Is , s ands , grave ls, and si It s . However, tor granu lar soi Is , effec

t i ve uni t weights shou ld be used i n the earth ·press ure ca lcu lat ions 

be low the water tab le . Water pressures mus t then be added to the 

load i ng res ul t ing f rom earth and s urcharge pressures . In cohes i ve 

so i Is (c lays), the effects of wat er pressu res are no rma l ly accommo

dated through the use of tota l unit weights in calculations o f earth 

press ures . 

In the comput at ions tor water pressures on di aphragm t ype wa l Is , 

the max i mum probab le wate r leve l should be us ed. The hydrostati c 

wate r pressure at any le ve l i s eq ual t o the un i t we i ght of wate r 

(62 . 4 pc t) times the depth be low t he max i mum groundwater tabl e . 

3. Earth Pressu re Load ing . The magn itude and d i s t r i buti on of earth 

press ures a re dependent on a number of fact or s ; i. e . , so i I con d i 

tions, st iffness o f t he system, late ra l movemen t s , an d const r uct ion 

procedures , such as pre loa d ing of s t r uts o r t iebacks . Earth 

pressu res for tempo rary construct ion suppor t an d t he comp let ed 

pe rmanent st ructure may be different due t o t he movements invo lved 

and shou ld be cons idered sepa rate ly. 

a . Temporary Cons truct ion Suppo rt . 

( 1) Strut Loads . The convent iona l approach for deve lopmen t of 

the ea rt h pressu re di ag ram fo r inte rna ll y braced excavat ion 
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H 

a 

wal Is i s to use the apparent earth pressu re di ag ram 

recommended by Peck (Peck , Hanson , Thornburn, Fo undat ion 

Engineering, 2nd Ed ., 1974 , pp . 460- 46 1) . The apparent 

pressu re diag ram was deve loped for computat ion of the 

st rut loads fo r f lexi b le wal Is . Fi g. 34 shows Peck ' s 

apparent pressure diag rams for both sand and c lay soi Is 

and these diag r ams shou ld be used for t he des i gn o f t he 

temporary st ruts o r t iebacks . The recommen ded procedures 

for dist ributing t he pressures to the individual struts 

is i I lust rated in Fig. 35 . 

I A 
1-

A 

t..,, ,-
A . 

IA ,~ 
A . 

t..,, ,~ 

Sand 

b C 

Clay 

-y H > 4 
C 

d 

Fig . 34 Peck 's apparent pressure diagram . From " Foundation 
Engineering " by Peck , Hanson, and Thornburn, 2nd Ed., 
1974 . 
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(a) Sands . fig . 34 for san d app l ies to predominantly 

cohes[on less sol ls, includin g non-cohes i ve si It. Un it 

weight , y refe rs to t he moist un[t wei ght (y) of t he 
m 

soil above t he ground water table and the subme rged 

unit wei ght ( y = y - y ) be low s ubmerged saturated water 

the wate r leve l. Hyd rostat i c water press ures mus t be 

treated separately . Typica l values o f the mo is t uni t 

wei ghts for granula r soi Is would be in the range of 

105 t o 135 pcf, with s aturated unit weights i n t he 

range o f 11 5 t o 140 pc f. The actual values 

depend on the material gradation and tightness of 

pack in g. The angle of i nt e rnal f riction,~. generally 

0 va ri es from about 28 for loose , granular so i Is to 

approximate ly 43° for very dense materials. 

(b) Clays . The earth pressure computation for t empora ry 

LJ ., .... ,. 
d1 itr•sure 

envelope 
d2 /2 

d2 

D d2 /2 

d3/2 

H "3 

D d4/2 

d4 

I I d4/2 

Soil rNClion 

Fig . 35 Distribution o f lateral lo~ds to ~truts f rom apparent pressure dia
gram . From "Foundat i on Engineering", by Peck, Hanson, and Thornburn, 
2nd Ed., 1 974 
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restraint of c lays or other predominantly cohesive 

soils is based upon the total unit weight of t he so i I, 

without rega r d to hyd rostat ic conditions. The range of 

total unit wei ghts fo r cohes i ve so i Is i s 115 to 135 

pcf, depend in g on the cons istency and grain s i ze 

distribution, with the softer , more plastic materials 

having the lowe r unit weights. The undrained shear 

st rength, c , for cohesive soi Is can be summarized as 

fol lows , depending on the consistency: 

Consistency Undrained Shea r Strength , c , (ps f) 

Ve ry soft <250 

Soft 250 500 

Med i um 500 - I ,000 

Stiff I ,000 - 2,000 

Very Sti ff 2 ,000 4,000 

Hard >4 , 000 

(2) Wa l I Des ign . For the ana lys i s and des i gn of the di aphragm 

wal l itse l f , it is recommended that a triangu lar pressure 

d iag ram be used. The horizonta l pressure wi I I depend on 

the coeffic ient of earth pressu re used . The wa l I can be 

considered semi -ri g i d, so latera l movements wi I I be smal I, 

not la r ge enough to mobi I i ze the fu ll y active cond i tion. 

Since the active earth pressure i s less than the ea rth 

press ure at rest (no latera l rrovement), it i s suggested 

the coefficient of ea rth pressure be taken as 
I 

k = (k + k )/2, where k i s the coeffic ient of act i ve 
a o a 
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ea rt h pressure and k Ls t he coe ff ici.ent of ea rth press ure 
0 

at rest . The hor izonta l ea r t h pressure at t he base of t he 
I 

cut is t~en equa l to k times yH (see Fig. 36) . 

For granu lar soi Is , k = tan 2 (45° - ¢/2 ) 
a 

k = 1 - sin¢ 
0 

and y represents the ym (mo ist unit we i ght) above the water 

table and y b (submerged unit weight ) be low the groundwater 
S U 

I eve I . 

Soil with 
unit weight, -y 

Fully active : o h = k
0 

o, 

\ 
,___ _ _____,,___..\< At rest: o h = k0 0, 

\ 
\ 
\ 

1. k. +kg -1 
k'a2 = -

2
- -yH 

\ 
\ 
\ 

Fi g. 36 . Recommended earth pressure diagram for the 
analysis and design of diaphragm walls . 
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For cohes i ve soi ls , 

General Case - wb.ere cp and care the frict ion angle and 

cohes ion intercept respect ive ly: 

k = tan
2 

(45° - cp/2 ) - 2c tan (45° - cp/2) 
a yH 

Spec ial Case - Whe re cp = o0 and c = undra ined shear 

strengt h 

k 
a 

= 1 - 2c 
yH 

k has a value of 0 . 5 for normally consol i dated clays and 
0 

a va l ue in the range of 0 . 5 to 2.0 for overconsoli dated 

c lays . y represents t he total un i t weight . 

(3) Required Depth of Embedment of the Wa l I. The depth of 

penet rat ion of the wa l I below the base of the cut s hould 

be s ufficient t o prevent a fa ilure abo ut the base and also 

prevent excess i ve move men t. The embedment necessary to 

prov ide a support po int be low s ubgrade shou ld be analyzed . 

(See Fi g. 37). 

Pass i ve resistance provided by the subso i Is can be 

expressed as cr = k yd 
p p 

a = pass i ve pressure at depth d below the cut 
p 

k = coeff ic ien t of pass i ve resistance 
p 

y = unit we i gh t 

Sin ce the movements req uired to mobilize the ful I 

pass ive press ures are relat i vely large, i t is recommended 

t hat a factor of safet y of 1. 5 be applie d to the passive 

59 



Granular soils 

d 

H 

Base of cut 

_ ___ o_,_=_F_._;:_:_~_.5 ___ ~, I I• oA 
Op• Passive earth pressure Active earth 

pressure 

kp = Coefficient of passive resistance 

'Y = Unit weight, mo ist unit weight h m) 

above water leve l and subme rged unit 
weight ('Ysubl below water level 

¥ Water table 

Earth pressure 

Granular soils 

Note: Add surct)arge pressures 
as applicable 

Net water .j 
pressure __ 

Fig. 37 Passive soil resistance below the base of the excavation. 
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resi stances . 

For sands, k = tan
2 

(45° + ~/2) 
p 

However, f ricti on between the wal I and the soi I usually 

develops and the resultant of the passi ve pressure acts 

at an g le, o, with the hor i zontal. The increased k due 
p 

to the wal I fr ict ion ( 0) are shown in Fig. 10-3 i n 

NAVFAC DM-7 (197 1). 

For clays, the passive pressure (cr) at depth, d, 
p 

below the base of the c ut i s equa l to 

a = a tan2 (4 5° - ~/2) + 2c tan (45° + ~/2) 
p V 

Whe re cr = yd, and~ and c are the fri ct ion angle and 
V 

cohes ion intercept, respect i ve ly. 

In t he spec i a l case where~= 0 and 

c = undra ined s hea r strength, 

a = a + 2c 
p V 

In cohes ive so i Is, wal I friction is gene rally ignored . 

b. Complete d Permanent Structure . Fo r the completed , pe rmanent 

structure , de fl ections of the structure wal Is are restra ined 

and , therefore, the wal I movements wi I I be insuffic ient to 

mob i I i ze the fully act ive ea rth pressures . Fo r thi s reason, 

the ext erior wa l Is shou ld be desi gned for the rrore conservative 

cond i t ion of at rest earth press ure, in add it ion t o the water 

press ure (for the case o f granular so i Is ) and latera l pres s ure 

due t o surcha rge loadin gs . Re fe r to Secti on 3- a(2) for t he 

computation o f the ea rth p ress ures at rest. The roof of the 
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structure shou ld be des igned for the comb ination of the ver

tical overburden pressu re plus su rcharge as described in Part A 

of t h is sect ion. Fi g. 38 shows t he press ure diagrams for the 

des i gn of the pe rmanent structure . 

4. Alternate , Re fined Structural Ana lysi s of Diaphragm Wal Is. 

The above mentioned method o f analys is of the ea rth retention 

syst em represents t he conventi ona I approach. ·A more exact method 

of analys i s wou ld be to take into account the soi I-structure 

Design surcharge loading 

JJ1J JJJJJJJJJl / Ground surface 

)~ 

Vertical pressure 
• overburden + surcharge 

Completed structure 

Surcharge At rest 
pressure earth pressure 

COHESIVE SOILS 

------ ~'\7.,,,__G_round water table 

At rest 
earth pressure 

Water 
pressure 

GRANULAR SOILS 

W 
Surcharge 
pressure 

Fig. 38 Design pressures for permanent, completed structure. 
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interaction. Such analyses may emp loy a discrete e lemen t or 

finite e lement app roach through the use of computers . The d is

crete element approach involves ana lysis of the wa l I as if it is 

a cont inuous beam wh ich rests on a bed of sp rin gs which s imulates 

a pass ive soi I res i stance . (Fig. 39). Th i s analysis i s based on 

t he theory of s ubgrade react ion, in wh i ch the latera l soi I res is

tance depends on the displacement: 

k = pressure 
h displacement 

Wall 

H 

= .P.. 
y 

Ground surface 

-½ Water table 

Earth Pressure 

Fig. 39 Discrete element analysis 
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where kh i s the modulus o f horizonta l subgrade reactlon. This 

subgrade modulus can be input into spec ia l computer programs or 

read il y ava i lable st ructural ana lys is programs such as STRESS* or 

ICES-STRUDL* by examin in g the pressure/d i sp lacement relat ionship : 

There fore: 

y = PL = 2-h_ 
AE E 

2.. = ~ = k 
y L h 

Fo r in put into the ana lys is program, the support in g e lement , or 

"spring", wou ld have an area eq ua l to t he verti ca l spacing of the 

spr in gs t imes the unit width of wal I and va lues of len gth , L, and 

modulus of elasticity, E, to sat i s fy the above eq uation. For 

example, assume the horizontal s ubgrade modu lus at the support area 

be i ng cons idered is determined to be eq ual to 150 tons/cu ft. A 

one foot width of wal I i s being analyzed and the supports, o r 

' springs , a re spaced vert i ca lly at 11 -0". If the required .input 

units are kips and in ches , as in STRESS , then the area of the sup

port is 144 inches . A conven ient lengt h, say 10 inches , i s 

se lected and t he modulus of e last icity va lue would then be: 

E = kh X L = 
150 t ons 
c u ft 

2 kips 
x ton 

cu ft 
x 1728 cu i n . x lO in. = 1. 74 kip: 

sq 1n. 

Terzagh i** has re lated the modu lus of horizontal subgrade reaction 

kh , to the values obtained from field load tests on smal I p lates . 

In granular soi Is and normally consol idated cohes i ve soi Is , it is 

*STRESS and ICES -STRUDL a re general structural analysis programs developed 
at the Massachusetts Institute of Techno logy , and can be purchased for 
some in-house comput ers . Many comput er time-sharing services offer their 
use on a roya lty basts. 

**Terzaghi, K., "Evaluation of Coeff icients of Subg ra de Reaction" 
Geotechn iq ue, Vol. 5, No. 4, Dec., 1955. 
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assumed that the modulus increases I inear ly wi th depth , so t hat 

kh i s proport ional to nh (from Tabl e 3) times t he dep th i n feet . 

In overconsol idated c lays , the ho ri zonta l sub grade mod u lus is con

stant with depth, so that kh is d irectly related to the va lue of 

k 1 ( f ram Tab I e 4 ) . 

Table 3 . Typical values of nh for granular soils and normally 

consolidated clays from plate load tests (tons/cu ft). 

Re lati ve Dens ity 

So i I type Loose Medi um Dense 

Sand , dry o r mois t 7 21 56 

Sand , submerged 4 14 34 

Clay , soft, norma I I y 1 to 2 
con so I i dated 

Table 4. Typical values of k
1 

for precompressed clays 

Cons i s t ency 

St i ff Very st i ff Hard 

Unconfine d compress ion 1-2 1-4 >4 
st rength (tons/sq f t) 

kl ran ge (tons/cu f t ) 50- 100 100- 200 >200 

kl recommen de d (ton s /cu f t) 75 150 300 

The finite e lement approach mode ls t he so i I as a conti nuum 

and provides a be tter representat ion of the sys tem than t he d i s 

crete e lement app roach a lt hough i t i s more compl ex to use , Fin ite 

Element Ana lys is of Brace d Excavations i s descr ibe d by Go ldbe rg*. 

*Go ldberg , D. T., J awo rsk i, W. E. and Gordon , M. D. "Lateral Support Syst ems 
and Un de rp innin g", Fede ra l Highway Adm i n is t ration Off i ces o f Research & De ve l
opmen t Repo rt No. FHWA-RD-75-129, Apr i I, 1976 . 
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Both of the above met hods a l low cons ide rat ion of wall - so i I 

interact ion ef fects and support flexibility. An advantage of the 

di screte element and finfte e lement app roach is that t hey al low 

comp utation of diaphragm wal I and soi I movemen t s , along with bend

ing moments throughout the depth o f the wal I. 
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VI. DESIGN OF PREFABRICATED STRUCTURAL MEMBERS 

A. SPEC IA L CONSIDERATIONS 

In designin g prefabr ica t e d members for cut- and- cove r tunnels , the 

loading cond it ions at va r ious s t ages of construction , as wel I as du ri ng 

service, must be considered . Th i s i s part i cularly signi ficant when t he 

members are to se r ve the double duty of temporary ret aining vesse l and 

permanent struct ure . 

The load ing cond itions dur i ng cons truct ion can be contro l led to 

some extent by t he proper p lacemen t of st ruts , s hores , or t iebacks. 

Also , stresses and de f lecti ons in the members can be chan ged by con 

t ro l led j ack ing o f st ruts , t ens ion ing of ti ebacks , or in some cases , 

placement of post- tens ionin g t e ndons i n the members wh ich can be ten

s ioned and de- tens ioned as cons tructi on proceeds t o produce the de

s i red ef fects . 

For t empora ry loadin g cond i t ions , highe r un i t stresses (or lower 

fac to rs of safety) can be al lowed than fo r the perman ent struct ures . 

Fo r s ystems wh ich use wa l I units p laced pr io r to excavation, t he 

loadings and support conditions chan ge as excavati on proceeds , and 

struts or t iebacks a re placed. Prior t o each chan ge of s upport con 

d i t ion, certa i n stresses become "l ocked-in". Ca lc ul at ion of stresses , 

there fo re, beg ins wi th an initi a l s tress cond iti on th at i s dif ferent 

fro m that ca lcu lated by t ak i ng each constructi on stage wi th the loa ds 

act i ve upon the structu re at that s t age. This s ituati on i s mod if ied 

to some extent by creep, whi ch has the effect o f r ed is t r i but ing the 

s tresses t oward the theoretica l s tress conditi on that wou l d occu r i f 

t here we re not "l ocked-in 11 st resses . Since t he ext ent of t hi s red is-
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tribut ion is imposs ib le to det erm ine accurately, s..ome reas.onab...le 

assumpti ons must be made, with an a ll owance for error . This is i i lus~ 

t rated in Fig. 40 for one given con dition of structure conf i gurat[on 

and site cond it ions . Fig. 40 a shows the maximum moments assuming no 

redistribution, and Fig . 40b shows the maximum moments assum ing ful I 

redistribution. The actua l condit ion lies somewhere between these tw.o 

extremes, probably closer to the no- red i stribution cond ition . Ftg. 40a 

assumes that no extern a I force is app I ied at the struts by jacking . 

While i t is comma~ pract ice to put a jacki ng force on tempora ry struts, 

when part o f the pe rmanent structure is used as a strut , it may not be 

practica l or des i rab le t o do so . With a proper ly braced rf g td wall, 

such as a c ist- in-place or precast concrete d iaphragm wa l I, deflect i.ons 
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wi I I normally not be so severe that damage to nearby s t ructu res i s a 

p rob I em . ( See Fi g . 4 1 ) • 

If the prefabri cated un i ts are to be used for both the ground s up

port duri ng construction an d as the permanent tunne l wa l Is , cons i dera

t ion of the construct ion method is an i ntegra l part o f the des i gn of 

the structure . I f t he construct ion contract i s to be le t by compet i

t i ve biddin g, t hen the designer must a lso spec ify and take respons ib i 1-

i ty for the construct ion method . The a lternati ve t o this is the lett ing 

of design-bui Id contracts . Wh i le th is system is common for a l I types of 

constructi on in othe r countri es , and for much pr i vate work in t he 

United States, i t has se ldom been used for pub I ic wo r ks projects he re . 
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B. WORKING STRESS YS . LOAD FACTOR DESIGN 

Load factor des ign i s a re lat i vely new met b.od. It tlas been appli e d 

to re info rced concre t e bu i I din gs to some extent s i nce 1956 . There i s s ti I I 

some confusi on in te rminol ogy . Pr ior t o t he adopt ion o f t he 1971 ve rs ion of 

Bu i I din g Code Req uirements fo r Re info rced Concre t e (ACI 318-71) by the 

Ameri can Concret e Inst i tute , the me t hod was us ual ly cal led "Ult imate 

Strength Des i gn ". The Standa r d Spec i f ications f or Highway Br idges of t he 

Amer i can Associat ion of Stat e Hi ghway and Transport at ion Off icials , 1973, 

refers to the method as " Load Factor Design ", an d exten ds its use to struc

t ura I stee l membe rs . Howeve r, in Secti on 6 "Prest resse d Concrete" , t he 

term "u lt imate capac i ty" i s st i 11 f requen tl y used. The same i s true of 

most pub ! icati ons of t he Prest ressed Conc rete Inst it ute , i ncl ud ing the 

PC! Des i gn Handbook . In thi s report, t he terms "Load Fact or Des i gn and 

"Ul ti mat e Strength Design " are used in te rchangeab ly. 

In t he des i gn of pres t ressed concret e membe r s , codes an d spec i f i cat ions 

require t hat both the f lexura l stress cond it ions under serv ice loads and 

the u lt i mat e capac i ty o f me mbe rs be checked . 

C. LOAD FACTORS 

Fo r " loa d facto r" or " ult imat e st rengt h" des ign , t he load factors 

gi ven in the AAS HTO Bridge Spec i ficat ions may not prec ise ly apply to cut 

and- cover tunne l des i gn . * The AASHTO Bri dge Spec i f i cat ions spec i fy a load 

*Some eng inee rs experienced in the des i gn of underg round structures do 
not cons i der the u lt imate st rength method app li cab le to such s t ructures , 
pri ma ril y because the load factors are unc lear and may be inadequate. 
For examp le , the WMATA Manua l o f Des i gn Cr i teria requ i res t hat a l I under
ground reinforced cast- in-p lace concrete st r uctures be des i gned by the 
"Alte rnate Des i gn Method" of AC I (work ing stress method) . 
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factor of 1. 30 fo r dead load . In t he cases where near ly a l I of the effec

tive dead load is caused by ea rth ti I I, use o f sucn a low load factor may 

result in an overal I factor of safety whi ch i s too sma l I to oe comfo rtab le. 

Also, the AASHTO Bridge Spec i f ications do not spec ify a load factor for 

lateral earth o r water press ures . 

The refore, wi t h the exception o f the conditfons where the dead load 

i s due on ly to the gravity load o f the member and su rfac ing mat e ri a ls , 

and h i ghway l ive loads are used , t he load factors recommended be low a re 

taken from t he ACI Bui I ding Code CAC I 318- 71) . 

1. Recommended Load Facto rs : 

Dead l oads ca use d by gravity* = 1. 4 

Li ve loa ds (truck load ing) and impact = 1. 3(1 .67) = 2 . 17 

Other I i ve loads 

Late ra l earth pressure 

Late ral f luid press ure 

= 1 . 7 

= 1. 7 

= ] .4 

For appli cat i on of these loa d facto rs and othe r load ings 

not ment ioned here, refe r to Sect ion 9 . 3 of t he AC I Bui I din g 

Code (ACI 318- 71) . 

2 . Capac i ty Reduct ion Factors: 

The 1973 AASHTO Br idge Spec i ficat ions recommen ds the 

capac i ty reducti on factors (~) shown in Tab le 5 for use in 

load factor des i gn. ACI 318 makes no di st inct ion between re

inforced concrete and prestressed concrete regarding capacity 

*Note: When dead loads are the resu lt of member weight on ly , and 
h i ghway l ive loads are used , a 1. 3 factor as recommended 
i n the AASHTO Bridge Spec i fi cat ions may be use d. 
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reduction factors . The factors are tbe same as listed in Tab le 5 

unde r "Re i n forced Concrete". 

Table 5. Capacit y reducti on factor s , <j> , speci f i e d in "Standard 

Specifi cati ons for Hi ghway Bridges", American Associa tion 

of S tate Hi ghway and Transportation Officials, 1973. 

Re info rced Concrete Prestressed Concrete 

Flexu re 0 . 90 Factory produced pre- 1.0 
cast me mbe rs 

Shea r 0 . 85 
Post- tens ioned cast- 0 . 95 

Sp ira I I y re in forced 0 . 75 in- p lace members 
compress ion members 

Shea r 0 . 90 
Ti ed comp ress ion 0.70 

members 

Bear ing 0 . 70 

3 . Des ign Methods : 

Load factor design methods and equat ions a re gi ven i n both 

the AASHTO Br i dge Spec i f icat ions and AC I 318- 71 . Si nce most of 

the members in t he schemes suggested in t his report are s ubject 

to both ax i a l load and fl exu re , t he st ra in compati,b ili ty ap proach 

is most applicab le . 

D. DESIGN STRESSES 

1. Structu ra l Stee l and Re info r ced Concrete: 

Use recommendat ions in AASHTO Br i dge Specificat i ons . 

2 . Pres t ressed Concrete: 

Use recommendat ions i n AASHTO Bri dge Spec i f icat i ons , except it is 

recommended that for stresses caused by dead or sus t a ined loads , 

such as earth t i II and lateral pressures , no tens ion be a l lowed . 

For temporary cond i tions dur ing construct ion, i t i s recommended 
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that tension up to 6v{'be a l lowed. 
C 

E. DESIGN OF PRESTRESSED CONCRETE BEAM- COLUMNS 

In the methods of construction suggested i n thi s report both th e 

ve rtical and hor i zontal members are subjected to a comb ination of 

ax ia l loads and bend ing . They must, therefore, be des i gn ed as beam

co lumns , taking into account t he interact ion between the axial loads 

an d bending moments . 

I . For Allowab le Stresses . 

In most cases with the range of load factors and the a ll owable 

s tresses recommended in Sect ions B & C, the allowable stress cr i

teria, rathe r than the ult i mate strength c riteria, wi I I contro l 

the design. 

For verti ca l load bear i ng members , subject to latera l loads 

from so i Is , ground water , and surcharge , the moments can va ry 

quite widely , and even reverse, dur ing t he various stages of 

hand I ing and construction . Because of th is , i t is s uggested that 

a concentric prestress force might be most des irab le to a l low for 

t hese variat ions . This decis ion must be made by the project 

engineer. 

For horizonta l members , the axia l load from the hor i zontal 

pressures can have the effect of an add itiona l prest ressing . 

However , the magnitude of this horizonta l pressure cannot be 

ca lculated with s ufficient precision to re ly on as beneficial. 

It is , therefo re, recommended t hat the horizonta l member be 

designed to res ist the vertica l loads with or without th i s axial 

load . The end connecti on of the horizonta l and vertical members 
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shou ld be deta il ed with proper p lacement of s hi ms , so tha t t he 

horizontal load i s de li ve red in a position that minimizes the 

detrimenta l effect . 

Construct ion of inte raction curves , or direct sol utions are 

rel atively s imple for prestressed concrete members . A ty p i cal 

examp le for a ve rti ca l membe r is shown in Append i x A. 

2 . Loa d Factor Des i gn : 

Direct so luti on based on the ulti mate capac i ty of a prest ressed 

concrete beam- column is a ve ry d iffi cult process . Construct ion 

of ultimate inte raction curves i s much si mpler and is s uggested 

as the proper approach . Fo r sol i d, rectangu lar sect ions, load 

tab les and comp uter programs fo r ca lculat ing interaction points 

a re ava il ab le . For the vo i ded sect ions suggested in t his report , 

the prob lem is more complex beca use of the more complex shape of t he 

compressi on s tres s b lock. In teract ion cu r ves for s tandard precast , 

prestressed concrete pil es , both so l id and ho I low, have been pub-

I is hed. * The ca lcu lati on method is i I lustrated in Ap pendix A. 

3. S lende rness : 

For either the wo r kin g stress o r ult imate capacity so luti on, 

the e ffects o f s le nderness shou ld be cons i dered . Th i s can be done 

by eithe r usi ng one of the c lassica l methods , or by us ing the 

rrornen t magnif icati on concep t suggested in the ACI Bui I ding Code 

ACI 318- 71). The slenderness effects app ly only to momen ts 

caused by eccentr ic ity of the ax ial loads , and not t o the moments 

*Anderson , Art hur R. and Mous t afa, Saad E., '' Ul timate Strength of 
Prestressed Concrete Piles and Col urms", ACI J0U~AL , Proceed i ngs 
V. 67 , No . 8 , Aug. 1970, pp 620- 633. 
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caused by normal loads . For the unsupported le ngths usua ll y 

associated with highway tunne ls, and for vertical members de

signed to carry lateral loads as wel I as vert ica l loads, slender

ness effects are usually minimal. 

4. Sample Ca lculations : 

Sample ca lculations for a typical precast, prestressed con

crete load bearing wal I member subject to latera l loads from 

earth and water pressure are shown in Appendix A. These calcu

lat ions are not intended to represent any particu lar design con

dition, but on ly to i I lustrate the method of design. 
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VI I . COMPARISON OF MATER IAL REQU IREMENTS 

As s t at ed ear li e r, pre f abr icati on of struct ural concrete e lements wi I I 

reduce cost s onl y if materia l quantit ies are reduce d. Precast i ng , espec ially 

when comb i ned with pretension ing, does offe r seve ra l opport uni ties to sub

stania l ly reduce the mater i al costs wi t hout impa irin g performance . In fact, 

pe r formance and qual i ty contro l can usuall y be sign i f icantl y improved. 

Sav ings i n mat e ri als can be accomp li shed by incorporatin g one or more 

of t he fo I I ow i ng : 

A. Cast-i n- voids in the i nter ior of the un i t . These voids can be 

round or rectangu lar , as i I l ust rat ed in Fig . 44 . 

B. High st rength concret e. Des ign compress ive strengths o f 5000 ps i 

o r 6000 ps i a r e common i n the precast i ng industry , and strengt hs 

up to 9000 o r 10 , 000 a re obta i nabl e . 

C. Prestress i ng . The use of pret ens i oni ng st rands i n I ieu of mi Id 

re info rc ing wi 11 us ua ll y reduce t he tot a l re inforc in g cost, as 

we l I as i mp rov in g the performance i n terms o f c rack and de fl ect ion 

contro l. For some uses , di scussed i n Sect i on XI I of t hi s report , 

the use o f post- tens ioni ng may be advantageous . By embedd in g 

t he post-tens ion in g tendons and t he anchorages in precast e lements , 

mo re acc urate p lacement is poss ib le than with cast-in- pl ace con

crete wa l Is p laced in s l urry t renches . 

Because of di ffe re nces in performance criter i a , precise qua I ita

t ive compa r isons are very d i ff i cu lt . The fo l lowi ng ana lys i s 

does attempt to dete r mine some re lat i ve cost advantages resu lt in g 

from t he mater i a l sav i ngs ga ine d by use of each of t he preced in g 
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factors. The e last i c i.nteract ion c urves as shown in Fi g . 42 a re a 

convenient method of compa rison . By mat chi ng cu r ves ca lcu lat ed 

with different material quanti t ies or properties, secti ons with 

approximately equal capacities can be compa red. These a re s hown 

in Fi gs . 43 through 46 . 

A. CAST-IN-VOIDS 

The potential mater i al sav in gs poss ible by us ing cast-in vo ids in 

precast s tructural members i s i I lustrated by compar i ng the sect i on 

des igned i n Appendi x A wi th a sol i d sect ion of the same dimens ion. 

Fig. 43 shows the elastic i nte ract ion diagram fo r both the vo i ded sec

tion (solid li nes) and the so l id sect ion (dashed lines ). Note 

that use of the voided section (area= 567 in. 2 ) would resu lt i n a 

a 
~ ... .. ... . .. 

1400 ~-- ~----- ---------~ 

411" 

': i ':" ".•·-::,_.:; :•··, •::•.:_·--] ;o·o.·o, 16 .. 
: : . : . • : ~ : . .... . · . .'. :t . . , · .. - ~ 

0 
500 1000 1500 2000 2500 3000 

M • M, + M. t M 1 (in-kips) 

Fig . 42 Elastic interaction curves for a voided prestressed concrete beam~ 
column wall unit. (See Appendix A) 
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35% savings in concret e over the solid section (area= 768 i n. 2 ) . 

Note also that because of t he additional area, additional prestressing 

force is required to meet the same cr iteria of zero tension under sus

t ained loads. 

In t hi s particular case , an additional concrete savings could be 

rea l ized by using a box section. The comparison of interaction dia

grams are shown in Fig. 44 . 

The savings in material i s offset somewhat by the cost of forming 

the voids. In the case of prefabr i cated elements , however, add itional 

savings result from reduced hauling and p laci ng costs due to the light

er weight, or, wider (or longer) sections can be used with the same 

weight, a l lowing faster p lac ing of the wal I. 

B. HIGHER STRENGTH CONCRETE 

Again using the secti on described in Fig. 42 as par, a comparison 

of the material requirements for higher and lower strength concretes 

can be made using the elastic i nteract ion diagrams. By tr ial and 

e rror it can be shown that for equal capacity, a section using 4000 psi 

concrete would need to be about 20 inches thi ck , compared with the 

16 inch thick member with 6000 psi concrete. The area of a 20 inch 

member is 759 sq in., compared with 567 sq in., indi cating a 34% 

savings in concrete . However, the 20 inch member would require some

what less prestressing steel, i n t his case 20 strands instead of 24, 

and the cos t of 4000 psi concrete is somewhat less than 6000 psi con

crete . (See Fig. 45) . 

Asimilar analysis us i ng 8000 ps i concrete is shown i n Fig . 46 . 

In this case , a 14 i n . thick member i s adequate to satisfy the stress 
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crite r ia . In th is instance , t he reduced thickness would probably not 

offset t he add itional cos t of the higher st rengt h conc rete . 

It should be remembered that for pretensi oned members cast in a 

plant, the cr i t i cal strengt h i s oft en th at wh ich i s necessary to re

lease the prestress force . For a one- day t urnover of the stress i ng 

beds , usua lly des irab le fo r max imum economy , th is release s trength 

req uiremen t wi 11 no rma ll y y iel d a final (28-day ) str ength i n excess 

o f 5000 ps i . 

Higher s trength concrete a lso resu lts in an in crease in the modu lus 

o f e las ticity, E, so t hat elastic de fl ection s wi I I be somewhat less . 

However, i n t he ran ge of strengths and the dimens ions cons i de red he re , 

the difference i n t otal stiffness is usually not great . 

C. PRESTRESSING VS. MILD STEEL RE IN FORC ING 

An approx i mate analys is (by work ing s tress methods) of a mi Id 

steel re inf o rced sect ion the same s i ze and conc rete strength as the 

" par" sect ion indi cates a tota l of twenty- e i ght #6 longitud ina l bars 

are required. Th is compares with twenty-four 1/2 in. diameter 

strands requ ired fo r the prestressed section . At cu rrent (1 975) 

prices , the prest ressed member wou ld show a sav ings o f about $2 . 35 

per sq ua re foot (35¢ pe r lb for reinforc in g in p lace, 22¢ per ft fo r 

strand in p lace). Th is assumes that a l I ba rs and strands extend 

the fu l I len gth of the member . It may be possible in an actua l des i gn 

to cut of f part of the re infor c i ng bars, but a certa in amount o f 

minimum reinforc i ng would be req ui red . 

It shou ld a lso be noted t hat the prestressed member i s des i gned 
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to avoid c racking . Some c rackin g wi I I take place wi t h the re inforced 

member . 

84 



VI I I. FOUNDATI ONS 

A. SUPPORT OF VE RTICAL GRAV ITY LOADS . 

Cut- and- cove r tunne l construction as proposed in t hi s repo rt , wit h the 

tunne l structu re al so actin g as t he groun d support system durin g const ruct ion, 

presents some un ique prob lems in the des ign of the f oundat ion . In " conven

t iona l" construct ion the excavat ion is opened up comp let e ly by the use of 

tempora ry reta in ing wa l Is an d the pe r manent struct ure is bui It wi th in th ese 

wa ll s . Foot ings can be constructed to a requ ired s i ze and ve rti cal loads can 

be transm itted t hrough the footi ngs to the bea rin g mater i a l with littl e 

di fficu lty . Most often the f loor of the tunne l acts as t he foun dat ion and 

is cons t ructed f i rst , whil e in most of t he structures sugges t ed in t h i s 

report the f loor o f the tunne l i s t he las t structural e lement to be p laced . 

Therefore, if the loads a re to be t ransm i tted to the bearing so i I t hrough 

the f loor slab , specia l deta i Is and construct ion procedures are requi red . 

If the vert i ca l load bear i ng e lement s , whe t he r t hey are cont inuous 

wa l Is or inte rm ittent ki ng p il es, are cast- in-p lace , then the wa l I i t se l f 

can bear di rectl y on t he fo un dati on soi I or rock , assumi ng that t he 

fo undation mater i a l has adeq uat e bear ing capac ity to carry t he loads i mposed 

upon it. If add i t iona l bea r ing area is req uired because of inadeq uate so i I 

bea ri ng capacity , a s t andard be ! lin g t oo l as used in the construct ion of 

ca isson foundations can be used . If the structure is of king pi le 

construction as shown i n Secti on IV, t h is method i s qu i te s t raight fo rw a rd 

and req ui res li t tl e add iti ona l comment . I f t he select ed construct ion 

method employs continuous bea rin g wa l Is then t he be! li ng tool must be 

inserted at regu lar i nte r va ls and a cont inuous widen ing of the t rench 

at the bottom can be made. Obv ious ly , t hi s requ i res an add it iona l const r uct ion 
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ope rat ion and add iti ona l costs . 

I f the vert i ca l load bear ing elements are to be of precast conc rete 

construct ion, e ither trre ki ng pi le type o r adjacent load bea ring panel s , 

different options a re available as fol lows : 

1. A sett i ng benton i te- cement sl urry can be used du rin g excavat ion. 

Th is sl urry can be designed to have a strength afte r setti ng at 

least eq ual to the strength of the adjacent so i I. Such grout wi I I 

norma ll y have greater strength than is requ i red t o transmi t the 

horizonta l ea rth and water pressure loads to the wal I wi thout sign i

fi can t deformation. Setting slurr ies wi th strengths up to 30 ps i 

(4320 psf) are qu ite eas il y attainable. The So letanche Company 

has patented a "cou l is " wh i ch they c la im wi 11 provi de s trength up 

to 200 ps i (28 , 800 psf ). These ve ry- h igh-strength setti ng s l urr ies , 

however, req ui re high percentages of port land cement and adm i xtures 

wh i ch increases the ir cost . 

2 . In many instances it may be more des irab le t o pour cast-i n-

p lace concrete at the base o f the precast e lemen t to s uf f icient 

heights that the precast element is securely anchored into the 

cast - in-place materi a l . Th i s concept i s i I lustrated in Fig . 47 . 

3. For some of the methods proposed in t hi s report, pa rti cu la rly 

those in which there i s backf i I I ove r the tun ne l roof and the support

ing elements are spaced apart, it may be more economi ca l t o support 

the loads of the backfi I I on cast-i n- p lace co lumns wh ich are 

cast after the tunne l fl oor s lab is in p lace . The f loor s lab of 

the tunnel is a natura l foot ing because i t ve ry often must be 

quite deep and des i gned s t r ucturally to ca rry hydrostat ic 
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Fig. 47 Foundation for precast concrete load-bearing walls. 

uplift load ings. There fore , it may be desirable to design ways 

in which a continuous bearin g wal I can utili ze the f loo r slab as 

a foundation a lso . Such a concept is i I lus t rated i n Fig . 50 . 

B. RES ISTING HYDROSTATIC UPLIFT . 

On many construction s i tes , the hydrostatic uplift caused by a high 

water table i s a major des ign consideration. Dependin g on t he so i I pro

file and the locati on of t he water tabl e , it may be poss ib le to reduce 

the hydrostat i c upl if t forces on the struct ure th rough any of a var iety 

of methods. 

87 



1. I f an imperv ious stratum exists within a reasonab le d istance 

f rom t he f loor of the tunnel , t he s lurry wa l I ( if that is t he 

method to be used) can be ext ended to th is imperv ious layer and 

actua ll y be ancho re d in i t. The s l urry itse l f wi 11 ac t as a 

water cut off and fo r al I practica l purposes e li minat e the hydro

stati c uplift on t he bottom of t he t unnel . Norma ll y s uch an i mpe r

vious strata wi 11 a lso ha ve a very hi gh a ll owable bearing and can 

be used t o found t he str ucture , a lso. 

2 . Various methods o f grout in ject ion be low the base of the t un nel 

can be used to reduce the e ffects of hy drostati c press ure . 

3. The hydrostat ic pressure can be relieved through the use of 

unde r drain systems as i I lus trated in Fi g . 47 . 

4. The cas t - in-pl ace f loor slab can be des i gned as a structura l 

me mber with rock o r so i I anchors at var ious po in ts to "hol d down" 

the s tructure . 

5 . The most common method of res ist i ng the hydrostat i c up li ft is 

through the dead we i ght of t he st ructure i tse lf. In the designs 

be ing proposed in th is report, particularly those i n wh ich there 

is no backfi 11 over t he tunnel roof , t he additi onal req uired dead 

load mus t be prov i de d in the f loor s lab and may requ ire an un reason

ably thick conc rete fl oor. Aga in, some detai I at the base o f the 

st r ucture must be prov i ded to transm i t the load from the upl ift to 

t he load of t he st r ucture . 
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IX. CONNECT IONS 

In any structure composed of prefabricated structura l e lemen t s, the 

design of the connect ions i s usually the most diffi cu lt and time consuming 

task. It i s also the source of most of the troub les assoc iated with this 

type of construct ion . Spec ia l attention must be g i ven to not on ly the 

design aspects of the connection, but also to the detai Is of the connection. 

In cut- and- cover tunnel construction with pre fa bricated structural 

e lements , the connection must perform one or more of the fol lowing func

t ions: 

1. Transfer ve rtica l loads from horizontal members to ve rtica l load 

bearin g members. 

2. Transfer vertica l loads from vertical members to foundations . 

3. Transfer horizontal loads from vertica l members to horizontal 

thrust resisting members . 

4. Transfer vertical loa ds from one horizontal member to another. 

5. Transfer hor i zonta I loa ds from one vertica I member to another . 

6. Distribute concentrated loads among members. 

In add ition to resi st ing the fo rces caused by the loads from external 

forces, the connect ion must a lso resist forces which are i nternally generated 

within the structure . These forces a re caused by restra ined volume changes 

in the members due to tempe rature changes , shrinkage, and creep . 

In many respects the connect ion des i gn and potent ial prob lems assoc i

ated with connections wi I I be less for the type of underground structure 

considered here than for the typical above ground structure. This is 

because the soi I s urround in g the structure tends to provide overa l I stab i 1-

ity. In most cases the deformations caused by the vo lume changes rrentioned 
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above w i I I be sma I I enough that the stab i I i ty of t he soi I behind the s truc

ture is not i mpaired . In many cases soi I/structure fnteration can be of 

overal I benef i t. The surroundin g soi I also provides a cond i t ion of tempera

ture and humidi ty uniform ity that reduces thermal cyc lin g and shr inkage 

strain . 

The most desirable type of connection fo r transferr ing loads from 

horizonta l members to vert ical load bear in g e lements i s to bear the ho ri

zontal me mber directly on top of the load bearing member, as shown in Fi g . 48. 

In many cases th is i s obvious ly impossible, that is , when the hor i zontal 

members come in at an intermed iate he i ght on the vertical member . In t hese 

cases the i dea l situat ion wou ld be to design a re in fo rced concrete haunch. 

(F i g. 48). However, if the vert ical e lements are p laced within a narrow 

s lurry trench or in a ho le wh i ch i s very I i tt le b igger than the precast 

e lement , there may not be adeq uate clearance for a reinforced concrete 

haunch to be added to the member before placing i n the excavation . In these 

cases, provision must be made for adding t he haunch after excavation has 

proceeded to the point where the haunch i s needed. Fo r these s ituations 

e ithe r a precast concrete , a cast- in- place concrete, o r a st ee l haunch can 

be used, but the connect ion of the haunch to the precast vertical e lement 

i s somet imes a rathe r diff icu lt des i gn and deta i I cond i t ion . Two examples 

of such a connect ion a re shown in Fi g. 49. 

A. DESIGN OF CONNECTIONS. 

In the case of precast concrete e lements , much work has been done in 

recent years on the des i gn methods for connecti ons . Var io us design 

ph il osophies are presented i n the PC I Design Handbook and the PCI Manua l 
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on the Des i gn of Con nections. Design of the connections fol lows t hese 

steps : 

1. Determi ne t he magnitude and direction of each load whi ch can 

come to the connecti on. 

2. Visua li ze the poss ib le modes o f fa il ure; i. e. , c rushing of concrete 

due to comp ression, c racking o f concrete due to shear or t ension , 

yield o f re inforc i ng bars or other hardware dev i ces due to tension , 

shear of st ee l hardwa re , or weld fa ilu res . 

3. Prov ide means for res ist i ng t he loads to prevent the fai lure . If 

t wo o r more fa i lure modes can occu r s imultaneous ly , such as ten

sion and shear, the combined effect s s hou ld be in ves ti gat e d. The 

refe rence c i ted above suggest the fol low ing equat ions for deter

minin g t he comb in ed tension and shear capac i ty: 

a . For conc ret e fa i I ure modes: 

(P/P 1 >
413 + (V/V ' )4/ 3 < 1 

b. For steel fai lure modes: 

(P/P 1 )
2 

+ (V/V 1 )
2 

< 1 

Whe re P and V are t he applied tension and shea r, respective ly, 

and P' and V' are the tensi le and s hear capac ities, respectively. 

Norma ll y , conc rete sho uld not be relied upon for resistance 

in d irect tension, and rein fo rc ing bars should not be relied upon 

for res istance in direct s hear. Howeve r, re info rcin g bars can be 

incorporate d into s hea r con nect i ons by the use of the shea r-fri c

t ion concept . This re latively new des ign t oo l is explained in the 

references cited above . 

Plac in g t o lerances o f prefabri cated members s hould be g i ven 
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f u l I cons ide r ati on in the des i gn of connect ions . For example , 

in haunch o r cor be l type connect ions , a s i gn if icant d iffe rence i n 

ca lcul ated moments can resu lt if the load eccent ricity is not 

properly estimated . For th is reason i t i s desirable to use larger 

factors of safety in the design of connect ions t han may be req uired 

fo r the des i gn of the elements themselves . 

B. WATER-TIGHTNESS . 

The extent to which spec ia l detai Is for water-ti ghtness are necessary 

at the connecti ons , is dependent on the type of so i I, h i ghest positi on of 

the wate r table , the method of construction and the de gree of water-ti ght

ness necessa ry . In granu lar soi Is wi t h a hi gh wat e r t abl e , pressures on 

jo ints can be quite h igh , and s pec ial high- hea d wate r stops o r joint de

tai Is may be des ired . In these cases , i t i s often mo re economi ca l to 

a l low some con tro l led leakage , an d provide a means fo r draining o r pump ing 

out any wate r whi ch may accumulate . 

Diaph ragm wa l Is , whethe r prefab ricate d or cast-i n- place inherently 

have a high degree of water-tightness provided by the bentonite s lurry as 

discussed i n Section I I I of t his report. Experience has shown this water

tigh tness to be permanent . 

In practi ce , i t may be desirable to prov ide seve ral methods o f 

preventing or control l i ng leakage in o rder t o t ake care of any fo reseeab le 

cont in genc ies. Such a deta i I i s shown i n Fig . 50 . 
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X. QUALITY COMPARISONS 

Prefabrication of structural elements offers some opportun ities for 

improved qua! ity contro l, pa rti cu la r ly when compar in g precast concrete 

wal I elements placed in a slurry trench with tremie-cast concrete placed 

in slurry. For purposes of this discussion, quality wi 11 inc lude struc

tural integrity, appearance , and water- t ightness . 

A. STRUCTURAL INTEGR ITY. 

In a t remi e- cast s I urry wa I I severa I a_reas which may af fect s tructura I 

integ rity are diffi cu lt to con trol e ffect i ve ly . These are discussed below: 

1. Conorete gual ity. In cor:,crete placed by t remie in a fluid-fi I led 

trench or ho le , the concrete must have a hi gh s l ump in order to 

behave properly . Low- slump mixes can block the tremie p ipe; s ince 

no mean s of mechan ical vibrat ion is possible, the mix must be free 

flow i ng. These h igh slumps-- usua l ly seven t o e i ght i nches , req uire 

mo re wate r, and, consequently, more cement to maintain a g iven 

strength level, although certain admi xtures have proven benef ici al 

in mak ing the concrete f I ow more free I y . It shou Id be emphasized 

that t here is no difficu lty in obtaining sat isfactory strengths--

3000 to 4000 ps i--in cast-i n- place sl urry wal Is. However, cont rol 

o f the qual i ty of conc rete mixes and plac ing techni ques of precast 

panels cast in a fl at pos iti on are obv iously better . 

A second concern regardi ng concrete qua li ty is t he possib ili ty 

of contaminat ion of the concrete by t he bentonite f lui ds and 

suspen ded sand accumulated i n the trench. Gene rall y , the inte r

mi x ing o f the bentonite an d concrete is no problem because of the 
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difference in s pecifi c gravity of the two mater i als . Some exper i

enced enginee r s suggest that the di fference in spec i f ic gravi t y 

shou ld be at least 1.0. Since concrete has a spec ific gravity of 

2 . 3, the f luid should be less than 1.3. The most economical and 

best perform ing benton i te s lurr ies have spec i f ic gravities of 

around 1.1 o r less, so t hi s is normally not a ser io us matter . It 

i s , however , an item that requires f ield control. 

2 . Bond of re inforc ing s t ee l. This i s a cons ideration t hat is usually 

of much concern to structural engineers in design ing slurry wal Is. 

Exper ience and a lim i ted number of t es t s have shown th at it is not 

a prob lem of overr iding conce rn. Some tests have apparently s hown 

no loss of bond stren gth caused by benton ite coati ng of bars , wh il e 

othe r s have indi cat ed a loss of up t o 50% . Usua l ly , cr iti cal de

s i gn sect ions are located where bond is not a problem. Wh en 

sp li ces in load ca rrying bars are necessary, mos t experienced 

eng ineers wi I I use a development length o f 1. 5 to 2 . 0 t imes that 

no rma ll y requ i red. In some cases , hooks o r other mechani ca l 

anchorage dev ices can be employed. 

3. P lacement of re info r c ing s t ee l . In cast-i n-p lace s lu rry wall s , 

re inforc in g cages a re norma ll y fabr i cat e d on the ground, and then 

suspended in the ben t oni t e s lu rry whi le t he concrete i s t remi e

placed around them. Ma inta in i ng the proper locat ion o f the ba rs 

req ui res good bar-tying t echniques an d cont rol proced ures . In 

o r der t o assure t hat the bars are wi th in reasonable tolerance of 

the ir des ign pos i t i on, t he cages mus t be we l I braced to avoid d is 

t ort ion dur i ng hand li ng and conc rete p lac ing. Spac ing of t he ba rs 
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away from the trench sides so that there is adequate cover is 

accompli s hed by a variety of means, and is usually effective. It 

is quite apparent that this item is cons iderably more difficult to 

control in cast-in-pl ace wal Is than in precast ones. 

4. Dimensiona l contro l. In cast- in-p lace s l urry wal Is, the thickness 

of the wal I is usua ll y contro l led by the wi dth of the excavation 

tool used. In some soi Is, when the flu id-fi I led trench is left 

open for a few days , some tests have shown that there may be a 

"squeezing" or distortion of the trench width. The amount is so 

smal I, however, that it probably never results in a structural 

problem of the wal I itself. It is of more concern regarding the 

possible sett lement of adjacent structures, in which case the effect 

i s no di fferent for a precast wal I or a cast-in-p lace wal I. 

It is quite apparent when cons ide r ing the above items that control of 

the structu ral integrity of a cast-in - place s lurry wal I i s cons iderably 

more difficu lt than a comparab le prefabricated wal I. It shou ld a lso be remem

bered that the final product in a cast-in-place wal I is not ava i I able for i n

spection unti I after the excavat ion adjacent to it. Even then, such items as 

the improper p lacing of reinforcing and excess i ve coating of bars may be diffi

cult to detect, and even more difficult to correct if it i s detected. Since 

one purpose of safety factors is to a l low for uncontrol !ab le deviations from 

des ign , it is suggest ed that a sign ifi cant ly lower factor of safety is appl i

cable in t he design of prefab ri cated wal I elements. 

B. APPEARANCE. 

A formed concrete surface wi I I a lways be an exact ref lection of the sur

face i t i s cast against. The appearance of the surface of a concrete wa l I 

cast against earth wi 11 be poor. In addition, concrete wal Is cast in 
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a slurry trench may have relatively large 11 bu_lges 11 or uneven surfaces 

caused by soft pockets adjacent to the intended excavation. 

Precast elements, on the othe r hand, wi II ordi nar i ly be cast fl at in 

stee l molds. If the deta il s of the member are s uch that this steel formed 

surface can be the surface that i s exposed, the appea rance can be quite 

good . The top surface (i n the cast ing position) wi 11 normally be finished 

by hand or mach ine, and t he appearance i s a function of the ski I I and ca re 

of the f in i sher, or the equipment be ing used. It is also possible to apply 

spec ial architectural f in i shes to precas t units such as embe dded ti le or 

exposed aggregate . These f in ishes are quite costly, howeve r, and unl ess 

the finish is one t hat is particu larly desirable architecturally, the advan

tages of this vs . field applied fini shes is open to question. 

The acceptance criter ia for appearance is , of course, dependent on the 

use of the wal I elerrent. For subway tunnel s in mass-transit systems that 

are not normally seen by the public, the ea rth-formed surface may be satis

factory. In highway tunnels whi ch a re exposed to motorist view, such sur

fa ces would obviously not be sati s factory, whereas a s teel-formed s urface , 

perhaps pa inted to improve reflectivity, may be. The top s urface of a 

precast element , if fini shed with no more care than ord ina r i ly received in 

a structural precast ing p lant , would probably require add iti on al surface 

t reatment in a highway tunnel . The most severe appearance criteria is for 

areas regu larly exposed t o pedestrian v iewing, s uch as in subway stations . 

It i s doubtful that precast wal Is would be sat isfactory here without 

spec i a l treatment. 

The joints between prefabricated wal I e lements can also be an appear

ance problem. Properly designed, the joints need not be distracting, and 
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Fig. 51 Precast concrete wall panels before any finish is applied. 
(Courtesy Soletanche and Radio, Inc . ) 

can even be architecturally pleasing. However, p lacing of adjacent units 

must be very precise, unless the joint design is such that some placing 

t o lerance can be accommodated . This can usually only be accomp l ished if 

adjacent units are intentiona lly not in alignment at the exposed su rface, 

such as in some of the king p i le schemes s uggested in Sect ion IV of this 

report . 

C. WATER-TI GHTNESS. 

The problem of designing watertight joints has often been cited as a 

major deterrent to the use of prefabricated panels for wal Is of tunne ls . 

Suggested joint designs for min imizing or control ling water passage through 

these joints are sJww.ri in Sectton IX. 
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Cast-in-place slurry walls a lso have j o ints between adjacent cast 

panels, and numerous joint designs have been used with va riabl e ef fective

ness. While actual exper ience with prefabricated panels is limited, it 

would seem that control of water passage through joints between prefabri

cat ed elements would be no more difficu lt than in cast-i n-place wal Is. 

Because of s ize and weight I imitations, joints would be more f requent in 

prefabricated constructi on. 

Leakage at points other than jo ints i s much more likely i n cast-in

place wal Is than in precas t wal Is . Precast un its wi 11 usua l ly have a 

highe r quality , less pe rmeable concret e, and if they are prestressed, ran

dom o r f lexural crack in g is v irtua lly el i minated although some longi

tudina l crack in g in p rest ressed, voided s labs may occur . It is a lso possi

ble that locat ion of leakage prob lems could be more diff icult to pinpoint 

in a cast-in-p lace wal I . Because of the concrete quality, inadequate 

compaction around reinforcing bars, or voids left by a bentonite coat in g 

around the bar, horizonta l movement of water may occur. Thus t he water 

may appear at a different place than whe re i t en ters, making repair more 

diffi cult. Whethe r the wa ll i s cast-in-place or pre fabr icated , some mai n

tenance to maintain wate r t ightness sho u ld be anticipated. 
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XI. MIN IMIZING SURFACE DISRUPTION 

Disrupt ion of the surface environment is a major disadvant age of 

cut-and- cover tunne li ng i n urban areas. One of the most effective ways of 

minim i z in g this su rface disruption ts by carrying on most of the construct ion 

operat ions under a roof. This method is used in most s ubway construction 

today, with the "roof" cons ist ing of t empora ry wood decking . 

Hi ghway tunne ls a r e espec ia lly adaptable to " under-the- roof" con 

struction because: 1) they are usua ll y relat i vely short and relatively 

sha ll ow , 2) they normal ly are constructed in a straight I i ne from the 

entrance to the exit and 3) by the nature of the i r final usage, the entrances 

are access ib le from the su rface . 

The use of prefabricated structura l elements for ho rizontal members at 

street level, along with slurry wa l Is for the permanent, load bear ing s i de 

wa l Is of the tunnel offers unique opportunities for further mini mizing t h i s 

surface di sruption. Schemes A and B described in this section show const ruc

tion methods which enable a permanent resto ration o f the s treet leve l in t he 

shortest possible t i me. 

A. CONSTRUCTION PROCEDURES - SCHEME A. 

1. Assumed Site Conditions. In order to i I lustrate methods of con

s truct ion , it i s necessary to make a number of assumptions regard

ing site cond i t ions. For the first i I lustrat ion the fo l lowing 

assumptions were used : 

a. The construct ion i s to be under an existing street in an urban 

bus iness district. Existing bu i I di ngs are office bui I dings o r 

commerc i a l est ablishments which impart medium t o heavy sur

charge loads to fhe tunne l wal Is . 
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b. Uti I ity I ines are re lat i ve ly heavy in a direct ion para I lei to 

the tunnel. Cross utilities a re fairly l i ght except at the 

intersections , as shown in Fi g. 52 . Thi s cond ition is con

s i dered typ i ca l i n a st reet as desc ribed above . In a street 

fronted by a large number o f smal I businesses o r row houses, 

cross uti li ties might be more numerous , and would perhaps 

need addit ional consideration in the selecti on of the construc

tion method. Heavy cross utilities are very difficult to 

accommodate in slurry wal I construction and this factor is 

extremely important in the selection of the construction 

method . 

It i s also assumed that i n the f i nal construct ion , 

uti I it ies wi 11 be permanent ly located in a ut i I i dor above the 

tunne l roof as shown in Fig . 63 . 

c . So i Is a re granu lar to a depth be low the invert of the tunnel, 

but an impe rvi ous stratum is located a short d istance be low 

the inve rt of the tunne l. This s tratum a lso prov i des firm 

bearing for t he load bea rin g wa l Is . The water tab le i s 

re lat ive ly h i gh--wlthin s ix to ten feet below the surface . It 

i s recogn i zed that t hese so i I condition s may be somewhat 

ideali zed, but methods of handling other types of so i I cond i

t ions are discussed e lsewhere in this report , and in other 

li terature on s lu rry wal I construct ion. These so i I cond i t ions 

were se lected to avo i d di stract in g from the ma i n i nt en t of 

this secti on, that i s , the cons truct ion methods wh ich wi I I 

minimi ze surface d is rupt ion . 
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d. It has been previ ously determined that a sing le block, includin g 

one inte rsection , can be closed to al I traffic for a s ingle 

short period of time . It is assumed feasible to handle emer

gencies , de li ver ies, etc ., from the side street s . Thi s assump

tion pre-supposes agreement arrong f ire and pol ice departments, 

businesses front ing a long the street , etc. This type of agree

ment obvious ly requ ires a great dea l of pri or coordination and 

pub I ic relations work , but it i s be li eved that s uch agreements 

are poss ible . Alte r nat i ve methods would usua l ly req ui re a much 

longer pa rti al di s rupt ion . 

2 . Structura l Elements . 

The bas ic , fin a l cross sect ion of the tunnel is shown in Fig. 63. 

St r uctural design of the elements wi I I not be shown in this section , 

but the design methods would fo l low the procedures i I lustrated 

elsewhere in th i s report . 

3. Constructi on Procedures . 

A step-by-step procedure o f tunne l constructi on fo r a typica l block 

is shown in Figs. 52 through 63 . This procedu re presumes that 

entrance const ruct ion i s comp lete and access is ava il able from the 

end . Some of the steps can be carr ied out pr ior to comp leti on of 

the ends . 
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Fig. 52 . Step 1: Identify all longitudinal and lateral util i ty 

lines. This step presumes that most utility locations 

are known from existing drawings, manhole locations, 

b asement surveys, sonic probes, e tc. It may still be 

necessary to positive ly v e ri fy some locations by probes 

or hand digging . 
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Temporary surface 

M ove vaults permanently or 
temporarily out of line of 
wall construction 

l 

Fig . 53. Step 2: The relocation of any utilities which must be 

permanently moved outside the excavation, s h ould be com

pleted prior to the next step. In some cases, manholes 

and vaults may need to be moved i nto the excavation to 

clear the new wall con struction. 

Step 3 : Complete construction around cross utilities 

(if required) by one of the methods suggested in Section 

B . (Note: In some cases this may be a part of S tep 6 

below, depending on the method selected.) 
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Sidewallkk __ _Jr ==9 
shelter -

❖ 

Fig. 54. Step 4: Erect sidewalk shelter and barricades on one 

side of street. 

l 
Concrete guide walls 

❖ 

Fig . 55. Step 5: Cut off two lanes of traffic and construct 

guide walls for slurry trench. 
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Slurry tronch 

Impervious stratum 

Fig . 56. Step 6: Dig slurry wall and ins tall prefabricated 

vertical elements. 
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Fig. 57. 

L 
Temf)Orary street 

Concrete cap beam 

++ . -$-

4 ❖ 

Precast section 

Cast-in-place concrete 

Step 7 : Cast cap beam on vertical element and restore 

traffic. 

Step 8: Repeat S teps 4, 5, 6, and 7 for other side of 

street. 
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Rapid excavation to 
bottom of uti lities 

L 

Fig. 58 . S t ep 9: Close down street and rapidly exca vat e to 

underside of utili ti es . 
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Fig. 59. 

Precast deck members 
also serve as wall struts 

Suspended utilit ies 

Step 10: S e t street level prefabricated units and 

suspend utilities . 
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Permanently restored street 

Excavation proceeds 
" under-the-roof' ' 

L 

Fig. 60 . Step 11: Restore street and open to traffic. Note: 9 , 

10, and 11 can be carried out under accelerated 

scheduling to reduce the time that street is closed . 

Step 12: Excavate f rom below with front end loaders , 

dozers, and trucks. 
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Fig. 61 . 

:~xcavation proceeds 

S t ep 13: Set tunnel roof slabs. 

L 

Tunnel roof slabs 
provide lateral 
support to walls 

Upper level i s now 

available to utility companies for permanent placement 

of utilities in this space. 
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Fig. 62 . Step 14: 

l evel. 

L 

Complete tunnel constr uction below second 

11 4 



Fig. 63 Completed Structure . 

It s hould be noted that maj o r uti I i ty re location is not 

unde rtaken before const ruct ion o f the tun ne l i s s t a rted . In most 

conventi onal constructi on methods , thi s uti I ity re locat ion i s one 

of the rrost time consum ing and di s ru ptive activiti es of the con

struction process . Reduc ing thi s as much as poss ib le i s one of 

the aims of th is construct ion procedu re. 
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B. WORKING AROUND CROSS UTILITIES. 

Cross ut il it i.es are one of the pr i mary d i sadvantages of slurry ~al I 

construction, espec ially when prefabiicated wal I panels are used . The 

method of hand I ing them wi I I vary from s i te to site , but a few poss i

b i I i t ies are ment ioned here . 

1. Sing le Ut i I i ty Li nes. 

Depend ing on the s i ze of the line , it may be poss ible to 

excavate a slurry trench under the l i ne wit h t he same equipmen t 

used for the rest of t he trench (Fig. 64) , or i t may require 

add iti onal equipment or hand excavation . In some cases i t may 

be more feas ib le to use ~ast- in- place concrete. Sin ce reinforc ing 

cages a re almost as diff icult to move lateral ly as the precast 

panels, the enginee r may wish to consider one of the specia l new 

concretes that exhib it high flexural strength. Some of these 

a re descr ibed in Sect ion XI 11 in this report and include f iber

reinforced and po lymer rnod i fied concrete. 

2 . Mu lt ipl e , Closely Spaced Ut i I iti es . 

Thi s s ituati on wi 11 often occur at i ntersect ions. In some 

cases they may be hand led by a ser ies of small dri l led piers so 

p laced as to avo i d the ut i I ity I i nes . These can be designed to 

reta in the earth pressure. Ground water control wou ld be accom

pl ished by grout ing . 

In extreme cases , it may be necessa ry t o use a completely 

d i fferent type of construction at the intersecti ons . For example, 

a convent ional sold ier pi le and lagging wal I could be instal led 

several feet away from the f inal wal I I ine . The tunnel wa l I 
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Maximum undercut 

= 1 / 2 of bucket width 

Fig. 64 Excavating under a cross utility. 



CD 

w 

Line 1 

Line 2 

Bonom of trench 

Safety 
line 

w w 

. R 

~ 

R 

w 

. . ·-, . . 

\ 
\ 

w~ 
' ~ . 

. . . . R 

Fig. 65 Set t ing prefabricated panel under a cross utility 
a Panel is lowered into trench by line 1 . Line 2. is attached, but slack. 
b When panel touches adj acent panel, a reac t ion, R, starts to b uild up . 
c As panel is lowered, wei ght is transferred to line 2, reaction R builds to maximum. 
d Panel is raised to proper position by line 2 . Reaction is distributed as shown. 



would tQen be convent ionally formed and poure d . Th i s may in vo lve 

lowering t he water table and some underpinn ing o f nearby s tructures 

may be required. 

C. CONSTRUCTION PROCEDURES - SCHEME B 

1. Assumed Site Con diti ons . 

The s ite con d i t ions for thi s s cheme are assumed to be the same 

as Scheme A, except th at in- thi s case i t has been determine d that 

at least a port ion of the street must be kept open t o traff i c 

cont inuously . 

2 . Structu ra l Ele ments . 

] 
1 

The struc-t·ura l e lements are as shown in Fig. 25 . 

Fig. 66 Construction Procedures, Scheme B. 
Assumed site conditi.ons. 
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3. Construction Procedures . 

] 
]] 

Construction procedures are descri bed in Fi gs. 66-71. Steps 

through 4 are the same as in Scheme A. (Figs . 52- 54). 

L 

Fig . 67 . S t eE_ 5: Construct guide walls for slurry trench ( a) . 

SteE_ 6 : Cons truct slurry trench (a) , insert precast 

panels. 

SteE_ 7 : Construct slurry trench (b) , i nsert precast 

panels . 

Ste 12. 8: Excavate to expose utilities in cell 3. 

Ste/2. 9: Place cover on cell 3 - open to traffic . 
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Fig . 68 . S t el2_ 10: 

Ste 12. 11 : 

S t ep_ 12: 

Step_ 13: 

L 

Close traffic over cell 1. 

Repeat Steps 6 thru 9 for cell 3 

Suspend or relocate utilities in cell 3 

Additional excavation in cell 3 - leave 

enough to support interior wall. Dewater as 

required . 

12 1 
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Fig. 69 . St ep 14: Close traffic over cell 2 

Step 15 : Repeat steps 6 t hru 9 for cell 2 

Step 16 : Re pea t steps 12 thru 13 for cel l 1 

122 
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Fig. 70. Step 17: Suspend or relocate utilities in cell 2 

Step 18: Excavate in all three cells to tunnel roof 

line. Maintain bearing under interior walls. 

Step 19: Place and connect tunnel roof units and 

diagonals. 
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DETAIL A 

Fig . 71. Step 20: 

Step 21: 

DETAIL B 

Complete tunnel under cover 

Complete utility work and restoration of 

street. 

L 

If desired, all utilities could be placed in center 

wall on special brackets for easy maintenance access 

(utilidor) . 
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D. COMPARISON OF CONSTRUCT ION TIME 

In order to q uantify the s urface di sruptton associated with cut- and

cover construction , a compartson of anticipated construction schedules 

for a hypothet i cal highway t un ne l un der a congested urban street was made 

by Cr it ica l Path Met hods . The precedence di agrams , compute r o ut puts and ba r 

cha r t schedu les are shown on the fol low ing pages , and at t he end of t he 

report for (1) t he construct ion done by present conventiona l means , i . e ., 

s t eel so l dier pil es and t i mber lagg ing; tempora ry timber decking; permanent 

* s tructure of re inforced concrete; backf i I led over roof (Fig. 72 and Tab le 6) 

* and (2) by methods as il lustrated i n Scheme A s hown i n Figs . 52- 63. (F i g. 73 

and Tab le 7) . 

The hypothet i ca l project s t ud ie d includes one c ity b lock , 300 ft long 

p lus an int e rsect ion . It i s ass umed to be an interior secti on of a longer 

project, and no entrance or ex i t work was included . The sta r t ing date for 

the project was inp ut as Jan uary 5, 1976. A comparison of the criti ca l 

dat es and cons t r uct ion t imes of the t wo methods is shown in Tab le 8 . 

* Figures 72 and 73 appear on pages 171 and 172 
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Table 6 
P R 0 J E C T S C H E D U L E 

C0NVENT10NAL TUNNEL C0NST 

----------------------------------------------------------------------
DEPT: 
NUMBER 0PERAT10N 

EARLIEST 
DUR START FINISH 

LATEST T~TAL 
START r lNlSH FL0AT 

----------------------------------------------------------------------
* 

* 
* 

* 
* 
* 

1 START I 
2 START 2 

10 CUT 0FF TRAF SlDE 
12 0PEN TRAF SIDE I 
14 CUT 0FF TRAF SlDE 2 
16 CL0SE STREET 
18 0PEN STREET TEMP 
20 CL0SE 1NTERSECT10N 
22 0PEN INTERSECT TEMP 
24 CL0SE STREET 
26 0PEN STREET PERM 
28 CL0SE 1NTERSECT10N 
30 0PEN INTERSECT PERM 
40 ERECT SDWK BAR SD 1 
42 ERECT SDWK BAR SD 2 

0 
0 

5JAN76 
6JAN76 

0 9JAN76 
0 19FE876 
0 20FEB76 
0 6JAN76 
0 30MAR76 
0 7JAN76 
0 
0 

6APR76 
31MAR76 

0 16MAR77 
0 6APR77 
0 
3 
3 

* 45 REL0CATE UTIL AS REQ 40 

4MAY7t 
6JAN76 
6JAN76 
6JAN76 
9JAN76 
9JAN76 
6rEB76 

* 100 UNDRPN SD I ST0-1 
102 UNDRPN SD 2 ST0-1 

* 104 S0L PlL SD 1 ST0-1 
* 106 S0L PlL SD 2 ST0-1 

108 L WT EL l ST0-1 
110 L WT EL 2 ST0-1 
112 L WT EL 3 ST0-1 

* 114 EXCAVAT EL 1 ST0-1 
* 116 EXCAVAT EL 2 ST0-1 
* 118 EXCAVAT EL 3 ST0-1 
* 120 SET DECK ST0-1 
* 122 SET STRT EL 2 ST0-1 

124 SET STRT EL 3 ST0-1 
* 126 SUSP UTIL ST0-1 
* 128 FA PBS SL ST0-1 
* 130 FA P WALLS ST0-1 

132 WATPRF' WALLS ST0-1 
* 134 FA P R00r ST0-1 

136 WATPRF R00F ST0-1 
138 BKrlLL LEV 3 ST0-1 
140 BKF'lLL LEV 2 ST0-1 

* 142 RES UTIL ST0-1 
144 REM DECK ST0-1 
146 BKFILL ST0-1 EL l 
148 REM S0L PlLS ST0-1 
150 PAVE ST0-1 
152 RES SUR UTIL ST0-1 
200 UNORPN SD 1 STl-2 
202 UNDRPN SD 2 STl-2 

20 
20 

3 
3 23FEB76 
5 6FEB76 
8 13FEB76 

12 25FE876 
5 2MAR76 

15 30MAR76 
15 27APR76 

5 9MAR76 
5 20APR76 
5 1BMAY76 

10 l6MAR76 
5 16JUN76 

20 23JUN76 
5 19AUG76 

20 22JUL76 
5 17SEP76 
5 24SEP76 
5 

20 
220CT76 
29N0V76 

1 28DEC76 
2 29DEC76 
5 3JAN77 
2 3JAN77 

10 10JAN77 
20 9JAN76 
20 9JAN76 
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5JAN76 
6JAN76 
9JAN 76 

19FEB76 
20FEB76 

6JAN76 
30MAR76 

7JAN76 
6APR76 

31MAR76 
16MAR77 

6APR77 
4MAY77 
8JAN76 
8JAN76 
1MAR76 
5 FEB76 
5FEB76 

10FEB76 
25FEB76 
12F'EB76 
24f-EB76 
11 MAR? 6 

8MAR76 
19APR76 
t7MAY76 
15MAR76 
26APR76 
24MAY76 
29MAR76 
22JUN76 
2 tJUL76 
25AUG76 
18AUG76 
23SEP76 
30SEP76 
280CT76 
27DEC76 
28DEC76 
30DEC76 

7JAN77 
4JAN77 

2tJAN77 
5FEB76 
5FEB76 

SJAN76 
SAPR 76 
5 rEB76 

19FEB76 
20FEB76 

1MAR76 
1CIMAR 77 
15APR76 

5APR77 
11MAR77 

t1MAY 7 7 
6APR 7 7 
ttMAY77 
6JAN76 

21JAN76 
6JAN 76 
9 JAN76 

26JAN76 
6rEB76 

2 :IFEB76 
24FEB76 
1BMAR76 

9APR 76 
~~MAR76 

30MAR76 
27APR76 

9 MAR76 
20APR76 

9 JUN76 
16MAR76 
16JUN76 
2 :3JUN 76 
290CT76 
22JUL76 

l:,N0V76 
ISN0V76 

1 :2N0V76 
29N0V76 
l -4MAR7 7 
15MAR77 
17MAR77 
l :2APR77 
24MAR77 
l 4JAN76 
27JAN76 

5JAt\J76 
5APR76 
~FEB76 

19FE876 
20FEB76 

1MAR76 
10MAR77 
15APR76 

5APR77 
11MAR77 

4MAY77 
6APR77 
4MAY77 
8JAN76 

23JAN76 
1MAR76 
5FE8 76 

20rEB76 
1on:s16 
2 5FE876 

1MAR 76 
29MAR76 
26APR76 

8MAR76 
19APR76 
17MAY76 
15MAR76 
26APR76 
15JUN76 
29MAR76 
22JUN76 
21JUL76 

4N0V76 
I 8AU G76 
11N0V76 
11 N0 V76 
18N0V76 
27DEC76 
l4MAR77 
16MAR77 
23MAR77 
13APR77 

6APR77 
10FEB76 
23FEB76 

0 
64 
19 

0 
0 

39 
2 4 1 

7 l 
2 54 
241 

35 
0 
0 
0 

1 I 
0 
0 

1 1 
0 
0 

12 
2 4 
32 

0 
0 
0 
0 
0 

15 
0 
0 
0 

50 
0 

35 
30 
15 

0 
53 
53 
53 
71 
53 

3 
12 



Table 6 
P R 0 J E C T s C H E D U L E 

C0NVENT10NAL TUNNEL C0NST 

----------------------------------------------------------------------
DEPT: EARLIEST LATEST HHAL 
NUMBER 0PERAT10N DUR START FINISH START FINISH FL0AT 

----------------------------------------------- ---- -------------------
* 204 S0L PIL SD 1 STl-2 3 11FEB76 13FEB76 11FEB76 13FEB76 0 

* 206 S0L PIL SD 2 STl-2 3 26FEB76 1MAR76 26FEB76 1MAR76 0 
208 L W T EL 1 STl-2 5 6FEB76 12FEB76 16MAR76 22MAR76 27 
210 L W T EL 2 STl-2 8 13FEB76 24FEB76 8APR76 19APR76 39 
212 L WT EL 3 STl-2 12 25FEB76 11MAR76 30APR76 17MAY76 47 
214 EXCAVAT EL 1 STl-2 5 9MAR76 15MAR76 23MAR76 29MAR76 10 

* 216 EXCAVAT EL 2 STl-2 15 20APR76 10MA't'76 20APR76 10MA't'76 0 
* 218 EXCAVAT EL 3 STl-2 15 18MA't'76 8JUN76 18MAY76 BJUi\176 0 

220 SET DECK STl-2 5 16MAR76 22MAR76 30MAR76 5APR76 10 

* 222 SET STRT EL 2 STl-2 5 l 1MA't'76 17MAY76 l1MAY76 17MAY76 0 

* 224 SET STRT EL 3 STl-2 5 9JUN76 15JUN76 9JUN76 15JUi\176 0 
226 SUSP UTIL ST 1 ··2 10 23MAR76 5APR76 6APR76 19APR76 10 
228 F' AP BS SL STl-2 5 8JUL76 14JUL76 15JUL76 21JUL76 5 

* 230 FA P WALLS STl-2 20 22JUL76 18 AUG76 22JUL76 18AUG76 0 
232 WATPRF WALLS STl-2 5 17SEP76 23SEP76 290CT 76 4N0V76 30 

* 234 FA P R00F STt-2 20 19AUG76 16SEP76 19AUG76 16SEP76 0 
236 WATPRF' R00F STl-2 5 150CT76 210CT76 5N0V76 11 N0V76 15 
238 BKFILL LEV 3 STl-2 5 220CT76 280CT76 12N0V76 18N0V76 1 5 

* 240 BKFILL LEV 2 STl-2 5 19N0V76 26N0V76 19N0V76 26N0V76 0 

* 242 RES UTIL STl-2 20 28DEC76 25JAi\177 28DEC76 25JAN77 0 
244 REM DECK STt-2 1 26JAN77 26JAN77 28MAR77 28MAR77 43 
246 BKF'ILL STl-2 EL 1 2 27JAN77 28JAN77 29MAR77 30MAR77 43 
248 REM S0L PlL STl-2 5 31JAN77 4FEB77 31MAR77 6APR77 43 
250 PAVE STl-2 2 31JAN77 1FE877 14APR77 15APR77 53 
252 RES SUR UTlL STt-2 10 7FE877 18FEB77 7APR77 20APR77 43 
300 UNDRPN SD 1 ST2-3 20 9JAN76 SFEB76 19JAN76 13FEB76 6 
302 UNDRPN SD 2 ST2-3 20 9JAN76 5FEB76 17FEB76 15MAR76 27 

* 304 S0L PIL SD 1 ST2-3 3 16FE876 18FEB76 t6FEB76 18F'E876 0 
306 S0L PIL SD 2 ST2-3 3 2MAR76 4MAR76 18MAR76 22MAR76 12 
308 L W T EL 1 ST2-3 5 6FEB76 12F'EB76 13APR76 19APR76 47 
310 L W TEL 2 ST2-3 8 13FEB76 24FEB76 6MAY76 l 7MA't' 76 59 
312 L W T EL 3 ST2-3 12 25FEB76 t1MAR76 28MA't'76 15JUN76 67 
314 EXCAVAT EL 1 ST2-3 5 16MAR76 22MAR76 20APR76 26APR76 25 
316 EXCAVAT EL 2 ST2-3 15 l 1MAY76 1JUN76 18MAY76 8JUN76 5 
318 EXCAVAT EL 3 ST2-3 15 9JUN76 29JUN76 l6JUN76 7JUL76 5 
320 SET DECK ST2-3 5 23MAR76 29MAR76 27APR76 3MA't'76 25 
322 SET STRT EL 2 ST2-3 5 2JUN76 8JUN76 9JUN76 15JUN76 5 
324 SET STRT EL 3 ST2-3 5 30JUN76 7JUL76 8JUL76 14JUL76 5 
326 SUSP UTIL ST2-3 10 30MAR76 12APR76 4MA't'76 17MAY76 25 
328 FA PBS SL ST2-3 5 15JUL76 21JUL76 12AUG76 t 8AUG76 20 

* 330 FA P WALLS ST2-3 20 19AUG76 16SEP76 19AUG76 16SEP76 0 
332 WATPRF' WALLS ST2-3 5 150CT76 2t0CT76 5N0V76 ltN0V76 15 

* 334 F' A p R00F ST2-3 20 17SEP76 140CT76 1 7SEP76 140CT76 0 
* 336 WATPRF R00F' ST 2-3 5 12N0V76 18N0V76 12N0V76 18N0V76 0 

338 BKF'ILL LEV 3 ST2-3 5 220CT76 280CT76 13DEC76 17DEC 76 35 
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Tabl e 6 

P R 0 J E C T s C H E D U L E 

C0NVENT10NAL TUNNEL C0NST 

----------------------------------------------------------------------
DEPT: EARLIEST LATEST T0TAL 
NUMBER 0PERATI0N DUR START FINISH START rlNISH F'L0AT 
----------------------------------------------------------------------

340 BKFILL LEV 2 ST2-3 5 29N0V76 3DEC76 ~!ODEC 76 27DEC76 15 
* 342 RES UTIL ST2-3 20 26JAN77 22FEB77 ~!6JAN77 22F'EB77 0 

344 REM DECK ST2-3 l 23F'E877 23FEB77 11APR77 11 APR77 33 
346 BKFILL EL 1 ST2-3 2 24F'EB77 25FEB77 12APR77 13APR77 33 
348 REM S0L PlL ST2-3 5 28F'E877 4MAR77 l4APR77 20APR77 33 
350 PAVE ST2-3 2 28F'EB77 1MAR77 l 8APR 77 19APR77 35 
352 RES SUR UTlL ST2-3 10 7MAR77 18MAR77 ~! 1APR77 4MAY77 33 
360 CURE PAVING 10 2MAR77 15MAR77 ~!OAPR77 3MAY77 35 
400 UNDRPN SD 1 NEXT BLK 20 7JAN76 3FEB76 6APR76 3MAY76 64 
402 UNDRPN SD 2 NEXT BLK 20 7JAN76 3F'EB76 6APR76 3MAY76 64 
404 S0L PIL SD l INTER 2 8JAN76 9JAN76 ll 6APR7 6 19APR76 71 
406 S0L PIL SD 2 INTER 2 8JAN76 9JAN76 16APR76 19APR76 71 
408 L WT EL 1 INTER 5 6FEB76 12fEB76 4MAY76 10MAY76 62 
410 L W T EL 2 INTER 8 13FE876 24F'EB76 4JUN76 15JUN76 79 
412 L W T EL 3 INTER 12 25FEB76 l 1MAR76 :~8JUN76 14JUL76 87 
414 EXCAVAT EL 1 INTER 5 23MAR76 29MAR76 1 1 MAY76 17MAY76 35 
416 EXCAVAT EL 2 INTER 15 27APR76 17MAY76 16JUN76 7JUL76 35 
418 EXCAVAT EL 3 INTER 15 25MAY76 15JUN76 15JUL76 4AUG76 35 
420 SET DECK INTER 5 30MAR76 5APR76 18MAY76 24MAY76 35 
422 SET STRT EL 2 INTER 5 18MAY76 24MAY76 8JUL 76 l4JUL76 35 
424 SET STRT EL 3 INTER 5 16JUN76 22JUN76 5AUG76 11AUG76 35 
426 SUSP UTlL INTER 15 6APR76 26APR76 25MAY76 15JUN76 35 
428 FA PBS SL INTER 5 22JUL76 28JUL76 10SEP76 , 6SEP76 35 

* 430 FA P WALLS INTER 20 t 7SEP76 l40CT76 t 7SEP76 140CT76 0 
432 WATPRF WALLS INTER 5 150CT76 210CT76 6DEC 76 10DEC76 35 

* 434 f AP R00f INTER 20 150CT76 t tN0V76 15'1CT76 11N0V76 0 
436 WATPRF R00F INTER 5 12N0V76 18N0V76 13DEC76 l 7DEC76 20 
438 BKF'ILL LEV 3 INTER 5 220CT76 280CT76 12JAN77 18JAN77 55 
440 BKFILL LEV 2 INTER 5 6DEC76 10DEC76 19JAN77 25JAN77 30 

* 442 RES UTIL INTER 30 23FEB77 SAPR77 23FEB77 5APR77 0 

* 444 REM DECK INTER l 7APR77 7APR77 7APR77 7APR77 0 

* 445 BKFILL EL 1 INTER 2 8APR77 l 1APR77 8APR77 11 APR77 0 

* 446 REM S0L PIL INTER 5 12APR77 18APR77 12APR77 18APR77 0 

* 447 PAVE INTER l 19APR77 19APR71 19APR77 19APR77 0 

* 448 CURE PAVING 10 20APR77 3MAY77 20APR77 3MAY77 0 

* 450 END 0 5MAY77 SMAY77 5MA'f77 5MAY77 0 
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Fi g. 73a . Precedence d i agr am f or pre f abr i cat-ion of members 
(Use wi t h F i g. 73. at end of report) 
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Table 7 
p R 0 J E C T s C H b: D U L. E 

PRECAST TUNNEL C0NST 

-------------------------------------------------··--------------------
DEPT: EARLi EST LATEST TIOTAL 
NUMBER 0PERATl0N OUR START Fli'HSH ST~RT Fl1\IISH FLIOAT 

-------------------------------------------------··--------------------
* 1 START l 0 5JAN76 5JAN76 ~,J AN76 5JAN76 0 

2 START 2 0 6JAN76 6JAN76 1!3MAR76 18 MAR76 52 
10 CUT 0FF TRAF SIDE 0 9JAN76 9 JAN76 l :3FEB 76 13.FEB76 25 

* 12 RES & 0PEN SIDE l 2 22MAR76 23MAR76 2:~MAR76 2 3 MAR76 0 

* 14 CUT 0FF TRAF SIDE 2 0 24MAR76 24MAR76 2 ,4MAR76 24MAR76 0 

* 16 CL0SE STREET 0 29APR76 29APR76 29APR76 29APR76 0 
20 CUT 0F'F SIDE ST SlOE 0 7JAN76 7JAN76 7APR76 7APR76 65 
22 CUT 0F'F SIDE ST SlOE 0 7JAN76 7JAN76 2::!APR76 22APR76 76 

* 26 0PEN STREET 0 21 JUN76 21JUN76 2 1JUN76 21JUN76 0 

* 30 0PEN 1NTERSECT10N 0 2 5JUN76 25JUN76 25JU1\176 25JUN76 0 
40 ERECT SDWK BAR SD l 3 6JAN76 8JAN 76 10FEB76 12FEB7 6 25 
42 ERECT SOWK BAR SD 2 3 7J AN76 9JAN76 l 'IMAR76 23MAR76 52 
45 REL0CATE UTlL AS REQ 40 6 J AN76 l MAW76 5MAR76 29APR76 4.3 

* 50 PRECAST C0NTRACT 0 6J AN76 6JAN76 6JAN76 6JAN76 0 

* 51 SH0P DW(jS WALL 30 7JAN76 17 FEB7 6 7JAN76 17FEB76 0 
52 BED SET UP WALL 10 7JAN76 20JAN76 4FEB76 17FE8 76 20 

* 53 CAST WALL S l ST0-1 5 18FEB76 24FEB '/6 1'8 FEB76 2 4FE876 0 
54 CAST WALL St STl-2 5 25FEB76 2MAR76 26FE876 3MAR76 
55 CAST WALL St ST2-3 5 3MAR76 9MAR76 4MAR76 10MAR76 l 
56 CAST WALL St INTER 5 10MAR76 16MAR76 15MAR76 19MAR76 3 
57 CAST WALL St NXT BLK 5 17MAR76 23MAR76 22MAR76 26MAR76 3 
58 CAST WALL S2 STO-l 5 24MAR76 30MAR76 29MAR76 2APR76 3 
59 CAST WALL S2 STl-2 5 31MAR76 6APR76 6APR76 12APR76 4 
60 CAST WALL S2 ST2-3 5 7APR76 13APR76 13APR76 19APR76 4 
61 CAST IAALL S2 INTER 5 14APR76 20APR76 23APR76 29APR76 7 
62 CAST WALL S2 NXT BLK 5 2 1APR76 27APR76 30APR76 6MAY76 7 
63 SH0P DWGS STREET BMS 40 7JAN76 2MAR76 5MAR76 29APR76 42 
64 BED SET UP STREET BM 10 7JAN76 20JAN76 16APR76 29APR76 72 
65 CAST STR BMS ST0-1 5 3MAR76 9MAR76 30APR76 6MAY76 42 
66 CAST STR BMS STl-2 5 10MAR76 16MAR76 7MAY76 13MAY76 42 
67 CAST STR BMS ST2-3 5 17MAR76 23MAR76 14MAY76 20MAY76 42 
68 CAST STR BMS INTER 5 24MAR76 30MAR76 21MAY76 27MAY76 42 
69 SH0P DWGS R00F BMS 40 7JAN76 2MAR76 22APR76 17JUN76 76 
70 BED SET UP RF BMS 10 7JAN76 20JAN76 4JUN76 17JUN76 106 
71 CAST RF BMS STO-l 5 3MAR76 9MAR76 I 8JU;>n6 24JUN76 76 
72 CAST RF BMS STl-2 5 10MAR76 16.MAR76 25JUN76 1JUL76 76 
73 CAST RF BMS ST2-3 5 17MAR76 23MAR76 2JUL76 9JUL76 76 
74 CAST RF' BMS lNTER 5 24MAR76 30.-!AR76 12JUL76 16JUL76 76 

100 C0N GOE TR St ST0-1 4 12JAN76 15JAN76 16FE876 19FEB76 25 

* 102 C0N GDE fR S2 ST0-1 4 25MAR76 30MAR76 :2:5MAR76 30MAR76 0 
104 C A CRS UT St ST0-1 3 16JAN76 20JAN76 2 0FEB76 24FEB76 25 

* 106 CA CRS UT S2 ST0-1 3 31MAR76 2APR76 :11 MAR76 2APR76 0 

* 108 C0N SLRY WL Sl ST0-1 6 25r EB76 3MAR76 :C!5FEB76 3MAR76 0 

* 1 l 0 C0N SLRY WLS2 ST0-1 6 5APR76 12APR76 5APR76 12APR76 0 
l 12 CAP BM St ST0-1 2 4MAR76 5MAR76 18MAR76 19MAR76 10 
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Table 7 
p R 0 J E C T S G H E D U L E 

PRECAST TUNNEL C0NST 

----------------------------------------------------------------------
DEPT: EARLlEST LATEST T0TAL 
NUMBER 0PERATl0N DUR START FlNlSH START nNlSH FL0AT 

----------------------------------------------------------------------
1 14 CAP BM S2 ST0-1 2 13APR76 l4APR76 5MAY76 6 ,liAY76 1 6 
l l 6 L W T EL 1 ST0-1 2 20APR76 21APR76 28APR76 29APR76 6 
1 1 8 L W T EL 2 ST0-1 3 22APR76 26APR76 6JUL76 8JUL76 51 
120 L W T EL 3 ST0-1 4 27APR76 30APR76 2AUG76 5AUG76 67 

* 122 EXCAVAT EL ST0-1 5 30APR76 6MAY76 30APR76 6MA'1'76 0 
124 EXCAVAT EL 2 ST0-1 l 5 28MAY76 18JUN76 9JUL76 29JUL76 28 
126 EXCAVAT EL 3 ST0-1 1~ 28JUN76 19JUL76 6AUG76 26AUG76 28 

* 128 SET STREET BMS ST0-1 5 7MAY76 13MAY76 7MAt76 l3MAt76 0 
130 SET R00F BMS ST0-1 5 21JUN76 25JUN76 30JUL76 5AUu76 28 
132 CAST BASE SL ST0-1 5 20JUL76 26JUL76 27AUG76 2SEP76 28 
134 SUSP UTlL ST0-1 10 l 4MAY76 27MA'1'76 24JUN76 8JUL76 28 
136 CAST T0PP1NG ST0-1 2 28JUN76 29JUN76 9AUG76 10AUG76 29 
138 SEAL WL JNTS ST0-1 3 27JUL76 29JUL76 3SEP76 8SEP76 28 
140 WATPRF STREET ST0-1 3 l4MAY76 18MAY76 24MAY76 26MAY76 6 
142 RES UTlL ST0-1 20 30JUN76 28JUL76 11AUG76 8SEP76 29 
144 PAVE ST0-1 2 19MAY76 20MAY76 27MAY76 28MAY76 6 
200 C0N GDE TR Sl STl-2 3 l2JAN76 14JAN76 2~FEB76 27Fl!:876 32 
202 C0N GDE TR S2 STl-2 3 25MAR76 29MAR76 5APR76 7APR76 7 
204 C A CRS UT Sl STl-2 3 15JAN76 19JAN76 1MAR76 3MAR76 32 
206 C A CRS UT S2 STl-2 3 30MAR76 1APR76 8APR76 12APR76 7 

* 208 C0N SLRY WL S1 STl-2 5 4MAR76 10MAR76 4MAR76 10MAR76 0 
* 210 C0N SLR'I' WL S2 STl-2 5 13APR76 19APR76 13APR76 19APR76 0 

212 CAP BM St STl-2 2 5JAN76 6JAN76 18MAR76 19MAR76 53 
214 CAP BM S2 STl-2 2 20APR76 21APR76 12MA'1'76 13MA'1'76 16 
216 L w T EL 1 STJ-2 2 27APR76 28APR76 5MAY76 6MAY76 6 
218 L W T EL 2 STl-2 3 29APR76 3MAY76 6JUL76 8JUL76 46 
220 L WT EL 3 STl-2 4 4MA'1'76 7MA'1'76 2AUG76 5AUG76 62 
222 EXCAVAT EL 1 STJ-2 5 29APR76 5MAY76 7MAY76 13MAY76 0 

224 EXCAVAT EL 2 STl-2 15 7JUN76 25JUN76 9JUL76 29JUL76 23 
226 EXCAVAT EL 3 STl-2 15 6JUL76 26JUL76 6AUG76 26AUG76 23 

* 228 SET STREET BMS STl-2 5 14MAY76 20MAY76 14MAY76 20MAY76 0 
230 SET R00F BMS STt-2 5 28JUN76 2JUL76 30JUL76 5AUG76 23 
232 CAST BASE SL STI-2 5 27JUL76 2AUG76 27AUG76 2SEP76 23 
234 SUSP UTIL STl-2 10 21MAY76 4JUN76 2 4JUN76 8JUL76 23 
236 CAST T0PP1NG STI-2 2 6JUL76 7JUL76 9AUG76 lOAUG76 24 
238 SEAL WL JNTS STt-2 3 3AUG76 5AUG76 3SEP76 8SEP7 6 23 
240 WATPRF STREET STl-2 3 21MAY76 25MAY76 26MAY76 28MAY76 3 
242 RES UTlL STl-2 20 8JUL76 4AUG76 l 1AUG76 BSEP76 2 4 
244 PAVE STl-2 2 26MAY76 27MAY76 1JUN76 2 JUN76 3 
300 C0N GDE TR St ST2-3 3 12JAN76 14JAN76 3MAR76 5MAR76 37 
302 C0N GDE TR S2 ST2-3 3 25MAR76 29MAR76 l 2 APR76 l4APR76 12 
304 C A CRS UT St ST2-3 3 15JAN76 19JAN 76 8MAR76 lOMAR 76 37 
306 C A CRS UT S2 ST2-3 3 30MAR76 1 APR 76 15APR76 19APR76 12 

* 308 C0N SLRY WL St ST2-3 5 l l MAR76 17MAR76 11MAR76 l7MAR76 0 

* 310 C0N SLRY WL S2 ST2-3 5 20APR76 26APR76 20APR76 26APR76 0 
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TabJ.e 7 
P R 0 J E G 1 S C H E D U L E 

PRECAST TUNNEL C0NST 

----------------------------------------------------------------------
DEPT: EARLlEST LATEST T0TAL 
NUMBER 0PERATI0N DUR START FINISH START F"lNlSH FL0AT 

----------------------------------------------------------------------

* 312 CAP BM S1 ST2-3 2 18MAR76 19MAR76 18MAR76 19MAR76 0 

* 314 CAP BM S2 ST2-3 2 27APR76 28APR76 27APR76 28APR76 0 
316 L w TEL l ST2-3 2 29APR76 30APR76 12MAY76 13MAY76 9 
318 L W TEL 2 ST2-3 3 3MAY76 5MAY76 6JUL76 8JUL76 4 4 
320 L W T EL 3 ST2-3 4 6MAY76 11MAY76 2AUG76 5AUG76 60 
322 EXCAVAT EL l ST2-3 5 3MAY76 7MAY76 14MAY76 20MAY76 9 
324 EXCAVAT EL 2 ST2-3 15 14JUN76 2JUL76 9JUL76 29JUL76 l 8 
326 EXCAVAT EL 3 ST2-3 15 13JUL76 2AUG76 6AUG76 26AUG76 I 8 

* 328 SET STREET BMS ST2-3 5 21MAY76 27MAY76 21MAY76 27MAY76 0 
330 SET R00F' BMS ST2-3 5 6JUL76 12JUL76 30JUL 76 5AUG76 18 
332 CAST BASE SL ST2-3 5 3AUG76 9AUG76 27AUG76 2SEP76 18 
334 SUSP UT ST2-3 10 28MAY76 l IJUN76 2L1JUN76 8JUL76 18 
336 CAST T0PPING ST2-3 2 13JUL76 14JUL76 5'AUG76 l OAU G76 19 
338 SEAL WL JNTS ST2-3 3 10AUG76 12AUG76 ::1 SEP76 8SEP76 l d 

* 340 WATPRF STREET ST2-3 3 28MAY76 2JUN76 28MAY76 2JUN76 0 
342 RES UTIL ST2-3 20 15JUL76 l 1 AUG76 llAUG76 8SEP76 19 

* 344 PAVE ST2-3 2 3JUN76 4JUN76 :1JUN76 4JUN76 0 
* 360 CURE PAVING 10 7JUN76 l 8JUN76 "TJUN 76 18JUN76 0 

400 C0N GDE TR Sl li'HER 2 8JAN76 9JAN76 8APR76 9APR76 65 
402 C0N GOE TR S2 INTER 2 8JAN76 9JAN76 2:IAPR76 26APR76 76 
404 C A CRS UT Sl INTER 6 12JAN76 19JAN76 U~APR7 6 19APR76 65 
406 C A CRS UT S2 INTER 6 12JAN76 19JAN76 27APR76 4MAY76 76 
408 C0N SLRY WL St INTER 2 18MAR76 19MAR76 20APR76 21APR76 23 
410 C0N SLRY WL S2 INTER 2 27APR76 28APR76 !5MAY 76 6MAY76 6 
412 CAP BM St INTER 2 22MAR76 23MAR76 26MAY76 27MAY76 47 
414 CAP BM S2 INTER 2 29APR76 30APR76 26MAY76 27MAY76 19 
416 L W T EL 1 INTER 2 6MAY76 7MAY76 14MAY76 17MAY76 6 
418 L W T EL 2 INTER 3 10MAY76 12MAY76 2:~JUN76 24JUN76 30 
420 L W TEL 3 INTER 4 13MAY76 18MAY76 :~AUG76 5AUG76 55 
422 EXCAVAT EL l IINTERR 8 10MAY76 19MAY76 11:3 MAY76 27MAY76 6 

* 424 EXCAVAT EL 2 INTER 15 25JUN76 l6JUL76 215JUN 76 l6JUL76 0 
426 EXCAVAT EL 3 INTER 15 26JUL76 13AUG76 6 AUG76 26AUG76 9 

* 428 SET STREET BMS INTER 4 28MAY76 3JUN 76 2::3MAY76 3JUN76 0 

* 430 SET R00F BMS INTER 5 19J UL76 23JUL76 19JUL7 6 23JUL76 0 
432 CAST BASE SL INTER 5 16AUG76 20AUG76 27AUG76 2SEP76 9 

* 434 SUSP UTIL INTER 15 4JUN76 24JUN76 4JUN76 24JUN76 0 
* 436 CAST T0PP1NG INTER 2 26J UL76 27JUL76 26JUL76 27JUL76 0 

438 SEAL WL JNTS INTER 3 2 3AUG76 25AUG76 3SEP76 8SEP76 9 
* 440 WATPRF' STREET INTER 3 4JUN76 8 JUN76 4JUN76 8JUN76 0 

* 4 41 RES UTIL INTER 30 28JUL76 8SEP76 28JUL76 8SEP76 0 

* 442 PAVE INTER 2 9JUN76 10JUN76 9JUN76 10JUN76 0 
* 443 CURE PAVING 10 l l JUN76 24JUN76 11JUN 76 2 4JUN76 0 

444 GOE TR St NEXT BLK 3 7JAN76 9JAN76 14APR76 16APR76 70 
445 GOE TR S2 NEXT BLK 3 31MAR76 2APR76 29APR76 3MAY76 2 1 
446 CRS UTIL St NEXT BLK 3 12JAN76 t4JAN76 19APR76 2tAPR76 70 
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Table 7 
P R 0 J E C T S C H E D U L E 

PRECAST TUNNEL C0NST 

DEPT: EARLIEST LATEST T0TAL 
NUMBER 0PERAT 10N DUR START FINISH START FlNlSH FL0AT 
----------------------------------------------------------------------

447 CRS UTlL S2 NEXT BLK 3 5APR76 7APR76 4MAY76 6MAY76 21 
448 SLRY WL Sl NEXT BLK 5 24MAR76 3OMAR76 22APR76 28APR76 21 
449 SLRY WL S2 NEXT BLK 5 29APR76 5MAY76 7MAY76 13MAY76 6 

* 450 END 0 CJSEP76 9SEP76 9SEP76 9SEP76 0 
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Table 8 . Compari son of Critical Dates and Constr ucti on Times 

a . Start ing date (input) 

b . Fi rst surface d is r upt ion 
(const r uct s i dewalk 
barr ica des) 

c. Street c losed to t raffic 

d. St reet open to traff i c on 
temporary decking 

e. Street part ially c losed to 
traffic (one side) 

f . Street closed to traffic 
for res to rat ion 

g. Intersect ion closed to t ra ff i c 

h. Int ersect ion open to traffic 
on temporary deckin g 

i . Intersect ion partial ly closed 
to tra f f i c (one s i de) 

j. Inte rsect ion closed to t raff ic 
for res to ration 

k. Tot a l length of t ime street 
or intersect ion closed 

I . Tot a l length of t i me street o r 
i ntersect ion part ially closed 

m. Tota l length of t i me of ful I or 
pa rt ia l d i s ruption 

n. Total length of t ime fo r project 
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Conven ti ona l 

J an. 5 , 1976 

Jan. 6, 1976 

Mar . 1 , 1976 -
Mar. 30 , 1976 

Mar. 30 , 1976-
Mar. 11 , 1977 

Feb. 5, 1976 
Mar . I , 1976 

Mar. 11 , 1977 -
May 4, 1977 

Ma r . 13, 1976 -
Apr . 6, 1976 

Apr . 6 , 1976 -
Ap r. 6, 19 77 

Apr. 6, 1977 -
May 4, 1977 

14 weeks 

4 weeks 

16 mont hs 

16 months 

SI urry Trench 
& Prefabr i cated 

Components 

J an. 5 , 1976 

Feb. 10 , 1976 

Ap r. 29, 1976 -
June 21, 1976 

Feb . 13, 1976 -
Apr. 29 , 1976 

May 18 , 19 76 -
J une 25, 1976 

Apr. 7, 1976 
May 18 , 1976 

8 weeks 

13 weeks 

4½ months 

8 months 



XI I. APPLICATIONS OF POST- TENSIONED CONCRETE 

The poss ible uses of post- t e ns ion in g in conjuncti on wi th precast 

concrete elements has been bri e fly mentioned in previous secti ons o f this 

report . In t hi s section we will further exp lore these poss ibl e applica

tions . 

A. USE IN HORI ZONTAL ELEMENTS . 

One of the most recent developments in the prestressed concrete in dus

t ry has been the join ing of precas t elements by post-tensionin g , known as 

" segmen tal" construction . Thi s method has been used ext ens ive ly on long 

span br i dges in Europe , and has recently been specified on several br idge 

projects i n the United States. In t he more pub Ii ci zed method of segmenta I 

cons truction, relat i vely wi de, deep and short members are pre fabri cated 

in a precast ing p lant, with or wi thout pret e ns ioning . The precast in g 

procedure has recently invo lved a "match - cast ing" t echn ique , and t he seg

ments are f ie ld-jo inted us ing epoxy cements as we l I as post- tens ion ing . 

Whil e thi s type of segmenta l construction has no apparent app li cat ion 

in c ut -and-cove r tunnel const ruction, another method has a lso been ca l led 

"segmenta l constructi on". Thi s is the joining o f two s tan da r d g irde rs 

with post-tens ion in g . In th i s method, a space i s left between the t wo 

segments , and t i I led wit h cast-in-place concrete . As has been normally 

appl ied t o bridge construct i on , in o rder t o ach ieve longer spans , the 

cast-in-place sect ion is al lowe d to cure before the t ens ion ing i s done , 

and the ten s ionin g force is app li e d at the ends in the conventi ona l 

manner . 

A different method was used on the Yerba-Buen a Is lan d tunne l as a 

part of t he San Franc isco-Oak land Bay Bri dge reconstruct ion . On thi s 
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structu re , the two sections were jacked apart frorr the ceinter to apply t he 

tension to the t endons as i I lustrat ed ;n Fi g . 6 and prev iously describe d 

in Sect ion 11 1. Thi s rrethod is i dea ll y adapted to those c ut-and- cover tun 

ne l cons tructi on s it uati ons that requ i re part ial traff i c ma i nt enance . In 

thi s case , as imil ar procedure to that described in Section XI-B of this 

report cou ld be used . The sect ions on half the street could be set , using 

a t empora ry support at the center . Traff i c could then be di verted over 

these membe rs wh il e the other ha l f of the members were placed . 

B. USE IN VERTICAL ELEMENTS . 

Post- tens ion i ng has been used by ICOS in cast-i n-place s lurry wa l Is . 

It a lso may be appl i cable in prec:ast concrete e lements . In the precast 

case, the post- tension ing tendons would be p laced in the fo rm pri o r to 

casting . Locating these tendons i n precast elemen t s is eas ie r than in 

cast-in-place wal Is . Also , ancho rage at the bottom (dead ) en d can be more 

positive . The prefabr icated e lement s cou ld be pre t ens ioned or convent ion 

a ll y rei nforced for hand li ng s tresses . 

The use of post-tens ioning in wa l I units has severa l s t r uctural advan 

tages over pretens ion ing . Firs t, s ince the prestressi n!~ force is appl ied 

aga inst the ground , pass ive press ure develops wh i ch i n turn prov i des a 

ba lanc ing moment on the sect ion; hence, theoret i cal ly , the only I imi t at i on 

on the prestress ing force , i f the ten dons can be placed in the theoretical 

opt i mum pos i t ion , i s the direct compressive force , P/A. Excessive tensi le 

stresses induced by post- tens ion in g are reduced by the passive pressure 

bendin g moments. Second ly , s ince the unit can cu re longe r before the 

prestressing fo rce is applied, the un it can be des i gnec for high com

press ive strength without the I imitat ion imposed on economi ca l pretens ion-
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in g by the need for rap id bed turnover. A th ird advantage is that tendons 

can be economi ca ll y p lace d close r t o their theoretica l opt imum positi on , 

ut i I izing parabo l ic drape . Fourth, the prest ress ing force can be changed 

as excavation progresses and exte rn a l moments change . 

The ma in advant ages of pretensionin g compared with post- tens ion ing in 

precast membe rs a re: 1) Pretens ion in g can a lso t ake ca re of hand li ng 

stresses , so supplemental re inforc in g is not requ ired . 2) Pret ension in g 

mater ia ls and procedures are less cost ly t han post- tensionin g . 3) Con

tro l of prestress ing operat ions i s eas ie r under fa ctory conditions than 

in the fie ld. 

Of the s tructura l schemes suggested in th i s report, the ones whi ch 

appear mos t appli cab le to post-tens ion ing are th e ones wh i ch e mp loy the 

deeper king p i les . These deeper members a l low more fl exib i I i ty i n 

arranging ten don drape , and can mo re readil y accommodate hand I ing stresses . 

Sample pre I i minary calculations indicate th at the post- tens ion ing 

concept wou ld be more economi ca l ly feasib le in const r uction methods where 

it was desi r ab le to have re lat i ve ly deep c lear spans-- twenty feet o r mere. 
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XI I I. APPL ICAT ION OF OTHER MODERN MATERIALS 

In add ition to pretens ioned concrete , post - tensioned concrete and 

high-strength concretes discussed in prev ious sections , othe r mater ia ls 

of construction have been deve loped , or are be ing deve loped which may be 

use ful in fabricated structural e lements for cut- and-cover tunnels . Some 

of these mater ial s have proven themselves in other types o f construction; 

other s are s t i l l e xper imental , but may have future application. 

A. STRUCTURAL STEEL. 

Pr ior to 1960, most s tructu ral steel used for construction was def ined 

by ASTM Specif icat ion A- 7. Th i s was a carbon steel wfth a minimum y ield 

po int of 33,000 psi . ASTM A- 36 was f i rst adopted in 1960 and in 1967 

entire ly replaced the A-7 s t ee l i n the ASTM Book of Stan dards. A- 36 has 

a min i mum y ield strength of 36 ,000 psi . 

Dur ing the 1960 1 s ASTM adopted specificati ons cover i ng a broad range 

o f structura l steels . Pr ior to that time the stee ls had been ava i I ab le 

under trade names of var ious steel compani es , so that by t he t i me tbe 

ASTM standards we re adopted many of them had ample opportun i ty t o prove 

themse lves in f ield practice. These new h i gh- stren gth structura l steels 

fal I into t hree broad categories : 

I) Carbon steel, which in cl udes ASTM A-36 and ASTM A-283, a less 

expens ive stee l per pound than A-36 , but with lower y ie l d strength . 

2) Hi gh-strength low a ll oy steels , which con t a in moderate porti ons of 

alloyin g elements other t han carbon. These inc lude ASTM A- 440 

with yield st ren gths of 42 , 000 to 50,000 ps i depend i ng on the th i ck

ness. This materia l is genera ll y cons i dered unsu itab le for weld ing 
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because of high carbon con t ent . ASTM A-441 was adop t e d i n 1960 and 

has s i mil a r prope rti es to A- 440 except that the requ i red strengt h 

leve l is ach ieved by add in g vanad i um rather than i nc reas i ng the 

carbon. The resu lt i s bett e r we ldab i I ity. Spec i f i cat ion A- 572 was 

issued in 1966 . Th is de fi nes s i x grades of h i gh- st ren gth , low 

a l loy s t ee ls hav in g spec i f ie d min i mum y ie l d po i nts rangin g from 

42 , 000 t o 65 ,000 ps i. 

Inc l uded in t he hi gh-s t rength low alloy steel group a re the 

"weathe r ing" o r "se l f - pa int ing" steels, which provi de outstand ing 

res i stance to atmosp her i c corros ion by develop i ng a protecti ve oxi de 

coat ing when exposed t o the atmosphere . Uncoated weathe r ing s t eels 

a re not recommended for expos ure to concent rated industria l fumes , 

or exposure i n mar ine locat i ons whe re sa lt can be depos i t ed on the 

steel by e i t her spray or fog , or where the stee l is either bur ied in 

so i I or submerged in wat er. These stee ls have y ie ld po ints of 

42,000 to 50 , 000 psi an d are covered by ASTM spec ificat ions A- 242 

and A-588. 

3) Quenched and tempered steel . These steels diffe r from high- s t rength 

low a l loy steels in that they re ly upon heat treatment to deve lop 

h i gher strength leve ls an d othe r i mproved mechan ica l propert ies . 

The re a re t wo bas ic classes of quenched and tempered steel - - al loy 

and carbon-- wi th the alloy provi ding a yield st rength beyond t hat of 

carbon . The quenched and tempered alloy steels have spec if ied 

min imum y ie ld strengths of 90,000 t o 100 , 000 ps i depend in g upon the 

th ickness. They a re cove re d by ASTM A- 5 14 and ASTM A- 5 17. 

The pr imary s tructura l stee l fo r construct ion is ASTM A- 36 . For mos t 
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ap p Ii catlons tb ls w i I I prove t o be tb.e most economica I. S i.nce t he modu I us 

of e l asti c ity of structural steel ts quite constant regar·dless of the 

y i e l d po i nts, deflection and Duckling criteria wil I very often govern the 

des i gn o f the stee l membe r rather t han t he ten s il e stren~Jth. The cost per 

pound i s s i gn ificant l y higher for most of the higher strength steels . 

For use in tunne l constructi on , h igh- strength struc-tu ral stee l s would 

probably have ve r y littl e application except as tension members for t russes 

or othe r applications where tens il e st r ength i s the prime requ i rement. The 

"weat hering" stee Is may be of an advantage fo r those sch,3mes , i I I ustrated 

in this report, where steel membe rs would be exposed in a util ity tunnel 

above the main r oof of the tun ne l. The resistance to cor r os i on cou l d be 

an advantage in mini mizing maintenance. However, it is doubtful that the 

add i t i onal cos t wou l d be worth i t . 

B. H IGH- STRENGTH PRESTRESS I NG STEEL. 

Three basic mater i a l s are common l y used fo r prestressing steel i n 

prestressed concrete members. These same st ee l s are use,d in underground 

construct i on for prestressed conc rete r ock and so i I anchors. In at l east 

one of the schemes s ugges ted in this r epor t for using prncast conc rete ele

ments in c ut-and-co ver tun nel applicati ons, high t ens il e strength tens i on 

ti es are required for st ructu ral purposes. These tension ties can also be of 

the same material commonly used i n prestress in g appli ca· i ons . 

Stee l s used are: 1) ASTM des ignation A- 42 1 "Uncoated St res·s 

Re lieve d Wire for Prestressed Concrete"; 2 ) ASTM A- 416 "Un coated Seven 

Wire Stress Relieved Strand for Prestressed Concrete"; ;:ind 3) hi gh a ll oy 

stee l bar s , either smooth or de formed. Al I of these materials depend 

upon cold working t o at tain thei r high ultimate tensile strength. 
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C. CONCRETE ~ATER IA LS . 

l. Expans i ve Cements. 

Expansive cement grouts of var ious proprietary formu lat ions 

have been use d for many years fo r spec i a li zed app li cat ions such as 

grouting under base pl ates, in jo ints or any other app li cat ions 

where shr inkage no rmally assoc iated with portland cement grouts 

would be undes irable. In recent years t here has been a deve lop

ment of a "non- s hrin k" concrete made with a specially formu lated 

portland cement whi ch exh ibi ts mi Id expansive characte ri st i cs . 

Thi s mater i a l i s now wi de ly ava il abl e from most cement manufactu r

ers e ither under t he propr ietary t rade name "Chem-Comp" or unde r 

I icense of patents he ld by the Portl and Cement Associat ion . 

The primary app licati on t o dat e of these expansive cement 

concretes has been t o reduce c rack ing in concrete slabs on grade 

o r in structural topping over precast concrete elements . When 

used in s labs on grade , t here have been many examples of s labs 

with j o int spac ing up to 100 f t on cente rs t hat have been com-

p I ete I y cr ack free . In order to obta in these res u I t s , however, 

i t has been necessary to pract i ce very sound formulation, mixing, 

plac in g , and curi ng of the conc rete . It i s also necessary to have 

a des ign of the floor slab with adequate re inforcing stee l so that 

the "p restress ing" effect of the expans ion can con trol t he c rack

ing. 

Wh en used as a s tructural topp in g ove r precast concrete 

elements t he re is an addit iona l advantage . Very often the diffe r

ent ial shrinkage characte risti cs of the freshly cast concrete 
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topping on th.e w.el I cured precast member can s.et up forces which 

induce negative moments in th.e precast element and may have an un

desirable effect on deflection. For th.rs reason these expansive 

cement concretes have been in favor f o r use on prestressed con -

crete park i ng structures. It is possible tbat this use wou l d have 

some advantage for the pavement slabs on top of precast concrete 

decks at the st reet level on some of the methods of construction 

suggested in t h is report . 

In nearly al I of the methods of construction suggested , tl:te 

base slab o f the tunnel is to be of cast- in - p l ace concrete. Th.e 

slab a l so acts as a react i on against the passive pressures of the 

soi I on the outsi de and expansive cement concrei-es could be ad

vantageous in assuring that th i s reaction is adequately deve loped. 

2. Polymer Modified Concretes . 

These material s a re current l y under development and at th i s 

time must be considered experimental. The Amer i can Concrete 

Inst i tute has set up a comm i ttee (ACI 548) on po l ymer mod i t i ed 

concretes. This committee has establ i shed two ~ener a l categories 

of polymer mod i tied concrete: 1) polymer imp regnated concrete , 

PIC, and 2) polymer cement concrete, PCC. 

Both P IC and PCC have exh i bited some extraordinary character is

t i cs . They are except i onally durable under extended freeze- thaw 

cyc l es, are essent i ally inert to most chemicals, have near zero 

water absorption, and are es sen ti a I I y i mpermeab I e . Compressive 

strengths of as high as 22,000 ps i have been obtained in the 

laboratory and a modu l us of rupture of 2 ,000 psi i s not unusual . 
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The modu lus o f e last ic ity of most formu lat ions is above 

6,000,000 psi and long term c reep is near zero. Bond stren gth is as 

much as 250% of that o f regu la r concrete ; surface ha rdness and wear 

resistance are great ly increased . 

Polyme r i mpregnated conc ret e i s made by f i rst castin g regu la r 

concrete and lett in g i t cu re . It is t hen dried at e levate d tem

pe rat ures and vacuumed for near t ot al removal of free water and air. 

A mon ome r is then forced into the vo ids of the conc rete under 

pressure and t he monomer is po lymerized by use o f a cat alyst and 

heat . Thi s process resu lts in a po lyme rzat ion of the concrete near 

t he s urface , but the remainder o f the sect ion is essent ia ll y the 

same as the concrete as o riginall y cast . The Federal Hi ghway Adm in

is trati on and the Bureau of Reclamati on with techn ica l ass istance 

from the Prestressed Concrete In s titute have jointly sponso re d 

resea rch on t he use of PIC for precast concret e br i dge deck units . 

Th is research was conduct e d by Dr. All en G. Thurman o f Denve r and 

Prestressed Conc rete o f Colorado in Denver . It is qu ite apparent 

that t he multiple step operation in produc in g the PIC i s quite 

costly and the eq uipment in vo lved in pressuriz in g, vacuuming the 

un it, and c ur i ng at elevated temperatures req uires a h i gh cap ita l 

investment . The t est s have shown th at t he deck units t hemse lves 

do success fully perform the fun ct ions intended of them, wi t h the 

vi r tual e limi na ti on o f sca lin g and de t er iorati on of the deck 

s urface. 

Polymer cement concretes have been made with two different pro

cesses . One invo lves the mi x ing of the monomer in the wet 
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concrete mix and th.en acQieving the polymerzat ion with in the mix 

th.rough a catalyst. Second , and probably a mor-e promising deve lop

ment has been the mixing of the material which has been prev ious ly 

po lymer ized with t he othe r concrete materials . Manufactured in 

this manner i t is entirely feasib le for a standard precasting 

plant to use the mater i a l in its precast and prestressed sections . 

Wh i I e the mate r i a Is t hemse I ves at the presen t t i me a re extreme I y 

costly compa red with normal concret e mi xes , i t i s antic i pated that 

i f markets can be deve loped the costs can be sign i ficantly reduced 

in the futu re. 

Polymer cemen t conc retes also may have some app li cati on in 

cast- in - place conc rete . An ext ens ive f ield testin g progr am by 

Dow Chem ica l Company has s hown that it can be used as a surfac ing 

materia l over bri dges and exhibit the res istarce to freeze-thaw and 

chemica l seal i ng which has been s uch a prob lem with br idge decks 

in the past. The high modulus of rupture a lso s uggests that thi s 

could be used in other flexu ra l app li cations. Frequently in cut

and-cover tunnels using slurry wa l Is i t i s di ff icult to place 

reinforcing stee l in the proper pos iti on becaJse of interference 

by uti li t ies o r other underg ro und structures ,,.,hi ch must be main

tained in p lace. In some applications it may be adequate to put a 

smal I amount of thi s type of material (PCC) t o span short distances 

unreinforced. Sin ce relat ively smal I arroun ts mi ght be in vo l ved in 

thi s applicat ion i t i s poss i ble t hat the high cost would be worth 

it. 
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3. Fiber Reinforced Concrete. 

This materi a l cons is t s of random f i bers of reinforcing material 

wni c h i s mixed with. the wet concrete prior to placing. Much 

research has Been done on this concept in the last ten years, 

although tb.e orig ina l research was done as early as 1920. Experi

mentation has been with three bas ic categori es of f i bers: 

1) mineral (glass and asbestos); 2 ) organ i c (ny lon, po lypropylene 

and polyethylene) and 3) metal li e (primarily steel) . 

Asbestos fibers have been successfu lly combined with port land 

cement paste to form a product ca l le d asbestos cement. The product 

has been used fo r bui I ding si d in g mat e rial and for pipe. Manu

facturing processes of asbestos cement are much different from 

convent ional concrete, c losely resembling the process used in 

man ufacturin g paper. Only a few countries are i mportant producers 

of asbestos, and in these countr ies the better grades are being 

depleted. Because of this and because o f a lung cancer cal led 

"Asbestosis" the markets for the product a re not expanding . 

The use of g lass fibers for re i nforcing has been moderat ely 

successfu l in laboratory investigat ions . The material has ex

h ibi ted much higher rrodu l us of rupture than ordinary concrete 

with some researchers reporting va l ues as high as 2500 to 3000 psi . 

Some types of g lass fibers are suscept i ble to alkaline attack from 

t he cement. Tb.i.s has been overcome by use of a protective organic 

coating o r by usi ng a g lass fi ber of h i gh alkal i resistance. It 

appears t hat glass fibers may some day rep lace asbest os fibe rs for 
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certa in app li cat ion s . 

Some of th.e avai I able organ ic fibers are also susceptible to deteriora

tion by a lka li s such as cotton, rayon , and polyester. T~ose which a re not 

subjected to chemical attack in cement paste i nclude nylon , polypropy lene 

and po lyethylene. Because of the i r cons iderably lower modu lus o f e lasti

c ity these f ibers do not apprec iably increase strength of the port land 

cement matrix. Often they reduce the strength . However, conside rable 

increase in impact resistance (10 to 25 times) has been observed. Although 

o rganic fibers are I i ghter and cheaper on volume ba=,is, they are more dif f i

cu lt to distribute in fresh concrete and they have poorer bond. 

Steel f ibers have a modulus of elasticity which i s s ix times that of 

high strength concrete . They have reasonably good bond , h.ave a h i gh e longa

tion at fracture, and are eas ier to mi x. The modu l us of rupture of s teel 

fiber reinfo rced concrete can be greatly in creased with some values reported 

as high as 4,000 psi. Some experimentation has cen tered around s i ze and 

shape of the steel fibe rs . The s i zes of the steel f ibers vary from 10 to 

20 mi Is and have lengths from 1/2 to 2 inches . Thus the commerc ia lly 

ava i lable aspect rati o ranges from about 30 t o 150. An aspect ratio of 

about 100, length o f about 1 in. and vo lume of about 2% are about the most 

common proportions tried in f ie ld app li cat ions . 

One of the biggest problems with the use of f ibers in concrete is 

getting uniform d istr ibution throughout the conc re-J"e mix. The f ibers have 

a t en dency to seg regate or ba l I up during the mixing. Mixing i s extreme ly 

difficult with f ibers having aspect ratios greater than 100 or vo l umes 

larger than 4%. The problems of mi x ing are increased and many of the 

improved propert ies assoc iated with f i ber re inforced concrete are dec reased 
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with increasing s i ze and volume of aggregat es . Thus, sand alone is often 

used as aggregate . A smal I quantity of smal I sized aggregates, a large 

quan t i ty of cement C6 to JO s acks per cu yd) and low s I ump are character

istics of fiber reinforced conc rete mixes. 

Since the fibers re info rce the concrete in a random manner i t i s 

obv ious that t here rs often reinforcing in areas whe re i t t s not needed . 

Fo r this reason the ut i I i zat ion of the reinfo rcement t.s relati ve ly poor and 

th is obvi ous ly inc reases t he cost. At the present time the cos t of f iber 

re in forced concrete is prohibiti ve for most structura l app lications . For 

very spec ia li zed uses where there are few other so l utions , it may have some 

applicati on. In c ut-and-cove r tun ne l appli cat ions i t seems poss ibl e t hat 

some use cou ld be made for p lacement o f concrete in areas whe re access for 

placing reinforcin g was difficu lt or imposs i b le . 

D. EPOXY MATERI ALS. 

The use of epoxy and re lat ed mate ri a ls fo r concrete repa i r has been o f 

proven effect i veness for seve r a l years. Many commerc ia l materia ls a re 

avai lab le on the market. More recen tl y the epoxy mat eria ls have a lso been 

used in connecti ons of precas t concret e . Usual ly they a re used i n con

j un ction with some mechan ical means o f connect ion such as post-tensioning, 

bo ltin g, or we ldi ng . 

The i nject ion un der press ure of li quid epoxy resin ad hes i ves to repa ir 

c rack i ng in precast and cast- in-p lace concrete has been success f u ll y used 

fo r repa i r of cracks as sma l I as 0 . 004 i n. wide . Spec [a l [sts i n th is 

proced ure a re ava il ab le t hroughout th_e Uni ted States . Cracks narrowe r 

th an 0.004 in. a re cons [de red by t be ACI Committee 224, Crac kin g , to be 

o f no s i gn i f i cance fo r any type of app I i cati"on , and for most app I fcat ions 

cracks as wi de as 0 .01 i n . can be t o le rat ed . 
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Availability of epoxy repair materials. and procedu res can be important 

in overcom[ng some of the reticence of engineers. to specffy methods o f 

construction where inspection o f The ffnf s.hed product is not ava il ab le unt i I 

rep lacement of the product wou ld be impracti ca l such as s lurry wal I construc

tion. Epoxy joinfng materials. could also have good applfcat,ons when it is 

determined that lateral transfer of load is requ ired, as for examp le , in 

prefabr i cated structural members placed in slurry t renc hes. 

Epoxy resins have also been used as matrix materia l in certai n types of 

concretes . These would appear applicab le only in very specia l ized s i tua

t ions and the i r use in tunne l work wou ld seem t o be neqligible. 
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SUMMARY AND CONC LUSIONS 

1. Underground transportat ion tunne ls a re genera ll y cons idered t he only 

feas ib le soluti on to the growin g problem of mov i ng people and goods in 

urban areas. However, t he ext remely hi gh cost an d ext ended per iods of 

s urface di s rup t i on dur ing const ruct i on of the faci liti es th reat en the 

ext ens ion of such sys t ems . The most common method of constructi ng 

these t unnel fac i Ii ties i nvo lves constructing a tempo rary ground 

support system dur ing excavati on and bui I d in g the pe r manent structure 

wi th i n th i s s upport system. 

2 . The best, and perhaps the on ly way t o substanti a ll y reduce costs and 

su r face disrup t ion in cut-and-cover t unne l constructi on in urban 

a reas i s to design the permanent structure to act a lso as the temporary 

gro und s up port system. 

3. The on ly ways found i n th is study to accompli sh th is are (a) wi th 

dri I led- in tangen t o r over lapping cast-in-p lace p il es or (b) with the 

use of slurry wal I construct i on . Of the t wo , s l ur ry wal I construct ion 

seems t o ho l d the most prom ise. 

4. "Under the roof" met hods of construct ion wi 11 s i gn i ficant ly reduce 

s urface disrupt ion t i me. In thi s method, t he permanent deck is i n

s tall ed ea rl y in the construct ion period and a l I subsequent work i s 

pe rformed unde r that deck . Thi s method of construct ion, howe ver , 

makes backf i I I ing over the tunn e l roof very diff i cu lt, if not imposs ib le . 

Since most urban cut-and-cove r t unne ls a re p laced under ex ist ing 

s treets , th is means t hat present uti li ties mus t be e ither re located or 

inst a ll ed in a ut ili ty t unne l within t he space between t he tunnel roof 

an d the s treet . 
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5. Th is method of construct i on implies that t he designers of th e pe rmanent 

structure must also spec ify t he const ructi on procedLres and sequences . 

6. A va ri et y of pr e fabricated structu ra l e lement s , practica l with present 

techno logy , a re su itable for use in cut - and- cover tun nel const ructi on. 

These inc lude both stee l and concrete membe rs and both ve rtical and 

horizontal membe rs. The re are several ways in which prefabricated 

membe rs can be comb ined with cast-i n-p lace members. This study reaches 

the conc lusion th at no specif ic type o r shape of element i s "best". 

7. The key to s i gnifican t reduct ion in s urface di sruption t ime is t he con

s truct ion of the wal Is by slurry trench methods. Very I ittle s i gn ifi

cant advantage (in time) can be documented fo r any parti cu lar type of 

wa l I, i. e ., tota ll y prefabricated, tota ll y cast-i n- p lace , o r comb ina

ti ons . The reason i s that the slowest operat ion in the s lurry wa l I 

construction process is t he excavati on o f t he tre nch rather than the 

p lac in g of the structural elements. While th is excavati on process 

cou ld be expedited by us i ng addi t iona l eq ui pment, when the tota l con 

s truct ion is cons idered , there appears to be on ly i' ncremental sav i ngs 

of tota l t ime . 

8 . Of the pre fab r icat ed e le men ts in vesti gat ed , precast concrete wou ld be 

the most readily accepted . Precast ing of the horizonta l e lemen t s 

would resu lt i n lower costs and s ho rte r construction time than cast-in

p lace const ruct ion . Pretensioning of the precast e le ments s hows s i gn i

f i cant mater i al savi ngs . Des i gning of the precast sect ion for max i mum 

eff ic iency is another way t o reduce costs. 

9 . The constra i nt s imposed by the s ite conditi ons wi I I determine the most 

feas i b I e met hods. The bes t i deas seem to be as fo I I ows : 
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a. Vertical wal Is: 

1) Conttnuous interlockin g sheet piles 41 to 81 wide. 

2) Kfng piles at 8 to 12 ft spacing wit~ precast or cast-in-p lace 

between. 

b. Horizontal elements: 

1) With no backfi I I, precast, prestressed sections of any of a 

wide var iety of s hapes. If t he s treet car:i be closed for 4 to 

6 wee ks , members span ful I width. If street must remain open 

continuously, modified Vierendiel or segmental precas t /post

tensioned schemes. 

2) Steel trusses 

3) Concrete trusses 

4) If backf ill required, precast concrete arches. 

Volume 11 of thi s study, "Designs for Three Sites", report s on case 

studies in which the concepts explored in this report are tested by applying 

them to designs of tunnels at three specific sites in various parts of the 

United States. The cases se lect ed represent sites where tunnels have 

actually been proposed . 
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APPENDI X A 

SAMP LE CALCULATIONS FOR THE DES IGN OF A PRECAST , PRESTRESSED LOAD BEARING 

WALL PANEL FOR A CUT- AND- COVER TUNNEL . 

1 . Not at ion : 

A, A = Cross- sect ional area of the gross sect ion 
g 

A = Area of the sect ion in compress ion comp 

Aps 

a 

= 

= 

Area 

Depth 

of prest ress ing stee l 

of the equ ivalent stress block 

b 

C 

= Wi dth of the compression f ace of the member 

= Coeffic ient relating to concrete strength 

C = Dis tance f rom extreme f i be r to neutral axis 

d = Di s tance from extreme compress ion f i ber to centro i d of pre-

stress ing s trand in tens i le area 

d ' = Distance from ext reme compress ion fi ber to centroid of pre-

stress ing stran d in compress i ve area 

E = Modu l us of e las ticity of s t ee l 
s 

e = Eccentricity of design load or prestress force para I lei t o ax i s 

meas ure d from t he centro i d of the secti on 

fb = Maximum a llowab le compressi on 

f ' = Spec i fied compress i ve s t rength of conc rete 
C 

f = Calculated stress in pres t ress ing steel at design (ultimate) ps 

loads (tens i le zone) 

f = Ultimate strength of prestress i ng steel pu 

f = Stress i n steel at des i gn (u ltimate) loads (compress i ve zon e) 
s 

f = Effecti ve stress in prestress ing stee l a fter losses 
se 
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I , I 

M 

M 
a 

g 

= Max i mum allowable tension 

= Moment of inertia of the gross section 

= Moment ca used by eccen t ric i ty of appl ied ax i al loads 

= Moment ca used by eccentr i c i ty of prestress force 

= Moment caused by appl ied transverse loads 

= App lied o r a ll owab le design (ultimate) moment 

M uo =Allowable des i gn (ultimate) momen t with no axial force present 

p = p + p 
P a 

P =Ax ial load caused by-app lied loads 
a 

P = Axi a I I oad caused by p rest ress force 
p 

P = App li ed or allowab le des i gn (ultimate) axial load 
u 

P = Des i gn (u ltimate) concentr ic axial load uo 

y ' = Distance from extreme compress ion f i ber t o centroid 

Yt = Distance from ext reme compress ion fiber to C. G. of the sect ion 

Z = Secti on modu l us of the sect ion 

S1 (beta) = 0 . 85 for concrete strengths , f I up to 4000 psi and c ' 

red uced at a rate of 0.05 for each 1000 ps i of 

s t rength in excess o f 4000 ps i 

£ (eps i I on) = Strain of prestressing strand in tens il e area 
ps 

£ s = Strain of steel in compress ive area 

<P (phi ) = Capac ity reduction factor 

w (omega) = A f /bdf ' 
p ps pu C 
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Balance point - compression 
and tension both at maximum 
allowable values. 

Fig . 74 Typical elastic i nteraction diagram 

compress ion 
contro ls 

tension 
controls 

2 . Construction of elast ic int eraction diagram for symmetr i cal prestressed 

conc rete beam co lumns . (see Fig. 74) 

Si gn conven ti on: +=compression 

= tens ion 

Po int 0, M = 0 

P/A = f · p = \A b' 

Point@ , Ba lance 

P/A + M/Z = fb 

P/A - M/Z = f t 

2 P/A 

M = (P/A - ft) Z 

Po int 0, P = 0 

M = - ftZ 

.157 
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3. Example 1: Construction of elastic interaction diagram. Given the 

sect ion shown in Fig . 75 . 

' f = 6000 ps i 
C 

Fig. 75 Section for Example 1 

Construct interaction curves for: 

' fb = 0 . 40 fc = 0 .40 (6000) = 2400 ps i 

and 

ft = 0, - 3 /[ = - 232 ps i, -6 /4' = - 465 psi 
C C 

Solut ion : 

Sect ion prope rties : 

A 48 ( 16) - 4 (1r82 /4) 56 7 in. 2 = = 

bd3/12 - 4 (1rd 4/64) 48 (16) 3/12 4 = = - 1r(8) / 16 

= 15,580 in. 4 

Z = 1/c = 15, 580/8 = 1947 in. 3 

Po int 0 
P = fbA = 2400 (567) = 1, 360 , 800 lb= 1361 kips 

Po int 0 
for ft = 0 

P = (fb + ft) A/2 = (2400 + 0)(567)/2 = 680,400 lb 

= 680 .4 kips 

M = (P/A - ft) Z =(680.4/567 - 0)(1947) 

= 2336 in .-kips = 195 ft-kips 
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a 
;B. 
,,_• 
+ 
,,_~ . 
"-

200 

0 

for f = - 3 /2'= - 232 psi t C 

P = (2400 - 232)( 567)/2 = 6 14, 600 lb= 6 14 . 6 ki ps 

M = (614.6/ 567 + 0.232)(1947) = 2562 in,-k i ps 

for ft= - 6 .;;:-= -465 psi 

P = (2400 - 465)(567)/2 = 548 , 600 lb= 548 . 6 kips 

M = (548 . 6/567 + 0.465)(1947) = 2789 in,- ki ps 

Point (D 
for ft 0 M = 0 

for ft = -232 ps i M = 0.232 (1 947) = 451 . 7 in. - ki ps 

for ft = -465 ps i M = 0 . 465 ( 194 7) = 905 . 4 in.- kips 

P • 615 kips 
/ M • 2562 in-k ips 

"? +()() 
.i- · 

L 
0 500 1000 1500 2000 2500 3000 

M • Mp + Ma + Mt {in-kips) 

Fig. 76 Elastic i nte raction diagram f or Example 1 
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4. Example 2: Use of elastic interaction diagram. Given the fol lowing 

data, determine the number of prestressing strands re

requi re d in the section shown in Fig. 75 : 

,, 

P,, 

' 

{a) Loads applied 
to the structure 

Use 1/2" diameter prestressing strands 

A = 0. 153 sq. in. per strand ps 

f = 270,000 psi pu 

Assume 35,000 psi loss of prestress 

Stress strands t o 0.7 f 
pu 

Loading data per 4 f t wide sect ion (see Fig. 77a) 

(Final permanent load ing condition) 

Pa 1 = 20 ki ps D.L . , 50 k ips L.L. 

Pa2 = 20 kips D.L . , 20 kips L.L. 

175 in-k 430 in-k 

1500 
in-k ,__ ___ ----< 

42 in-k 

(b) Moment from 
venical D. L. 

55 in·k 

(c) Moment from 
venical L.L. 

700 in-k . 

(d) Moment from 
tr.-,,ve,w loads 

Fig. 77 Loads and moments for Example 2 
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A deta il e d ana lys i s shows the moments t o be as shown in Fig. 77 b , 

c , and d. 

Maximum combine d moments are as fol lows : 

Under horizontal loads and vertical dead load, the maximum 

negat ive moment, M + M = -170 - 1700 = -1870 in.- kips, and the 
a t 

maximum pos itive moment (neglecti ng smal I compensating moment 

from ax i a I I oads) , Ma + Mt = + 1500 in . -kips. 

Under t ot a l loads , t he max i mum negative moment is -1870 - 215 = 

- 2085 i n.-kips , and the max i mum pos it i ve moment i s t he same, 

1500 i n.-kips. 

For horizontal loa ds and vertical dead load, a l low zero tension. 

For t ota l loads a l low 6 .,/;' = 465 psi tension . 
C 

Check dead load and horizontal load cond iti on: 

P = P + P = P + 20 + 20 = P + 40 kips 
p a p p 

M = = M - 1870 in.-kips or M + 1500 in .-kips 
p p 

Prestress force can be placed eccentr i ca ll y to approx imate ly 

ba lance the posit ive and negative rroments. 

Then M 
p 

1870 - 1500 
~ 2 = 185 in.-ki ps , and 

M = 1500 + 185 = 1685 say 1700 in. -kips 

From i nt eraction diagram, Min P "' 500 k ip s (pt @> 

P = P - P = 500 - 40 = 460 kips 
p a 

0 t . t . . t 185 0 40 . p I mum eccen r I c I y = 460 = • 1 n , 

Se lect prest ress in g strands : 
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P (pe r strand) = [O. 7 (270) - 35] (0.153) = 23 . 6 ki ps pe r 
p 

strand 

N f t d . d 460 o . o s r an s requ 1 re = 
23

_
6 

= 19 . 5 - Try 20 strands 

Ass ume strands a re 2" from face o r 6" from center. Try 

9 strands in in s ide face and 11 st rands in outside face . 

e = [ I I ( 6) - 9 ( 6) ] /20 = 0. 60 in . 

P = 20 (23 . 6) + 40 = 472 + 40 = 512 kips 

M = 472 (0 .60) - 170 - 1700 ~ -1 587 in .-kip<B 

or 472 (0.60) + 1500 = 1783 in.-kips @ 
Max imu m al lowable= 512/680 (2336) = + 1759 in .-kips 

This shows that the re wou ld be a ve ry sma l I amount o f tension, 

and the des igner may decide i t is adequate. Howeve r, t o assure 

no tens ion, add one more strand to t he ins i de f ace: 

e = [11 (6) - 10 (6 ) ] /21 = 0. 29 in. 

P = 21 (23.6) + 40 = 496 + 40 = 536 kips 

M = 496 (0.29) PO - 1700 = -1726 i n. -kips ® 
o r 496 (0 , 29 ) + 1500 = +144 + 1500 = +1644 i n.-kips G) 

Check the t otal load cond iti on: 

P = 536 + 50 + 20 = 606 kips 

M =Mp + Ma + Mt= + 144 - 170 2 15 - 1700 = 1941 in.-ki ps 0 
Fina l sect ion i s as shown i n Fig . 78. 

4B" 

Apo • 1.53 in2 

A,., • 1.68 in1 

Fig. 78 Final design - Example 2 
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3. Construct u ltimate inte ract ion curve us ing method shown i n 

Appendix B. 

' Gi ven: f 
C 

= 6000 psi 

f = pu 270 ks i 

E = 27 X 106 ps i 27 , 000 ks i s 

f = se 0 .7 (270 ) - 35 = 154 ks i 

cjJ = 1.0 for p recast , prest ressed members 

d = 14" 

' d = 2 II 

Point #1 , M = 0 u 
' P = 0 . 85 f A - E [A (f - 0 . 003 E )] uo c g ps se s 

= 0.85 (6)(567) - 3. 21 [ 154 - 0.003 (27 , 000)] = 2892 - 234 

= 2658 k ips 

Po int #2 , Pu = 0 (bend in g only) 

' f = f ( 1 0 .5 A f /b d f ) (Eq. 18-:- 3 , AC I 318- 71) ps pu ps pu c 

= 270 [ 1 0.5 (1.68)(270)/(48)(14)(6)] = 255 ks i 

' a = A f /0. 85 f b = 1. 68 (255)/<0 . 85 ) (6) (48) = 1. 750 in. ps ps C 

M = A f (d - a/2) = 1. 68 (255)(14 - 1. 75/2) uo ps ps 

= 5623 i n .-kips = 469 f t-kips 

Note: Ca lc ulati on of this point in this manner ne gl ect s the e ffect 

of the stee l above the neut ral ax is, a s lightly un conserva-

tive approximation. However, the ca lc ulati on off by ps 

Eq. 18-3 of ACI 318-71 is conse rvative. The net effect of 

the t wo app rox imations is a negl ig ib le e rro r. 
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Po int #3, set a = 4 in . (Fig. 79) 
48" 

Fig. 79 Da t a for ultima t e i nte r act ion diagram 

s1 for 6000 psi= 0.85 - 2 (0.05) = 0 . 75 

c = a/S1 = 4/0 . 75 = 5 . 33 

f /E = 154/27000 = 0 . 00570 se s 

From Fig . 82: 

0.003 
ES= 0.00570 -

5
_
33 

(5 . 33 - 2 ) = 0 . 00383 

f = 0 .00383 (27,000) = 103 . 29 ks i (See Fi g. 83) 
s 

0 . 003 
EpS = 0.00570 + 5 _33 (14 - 5.33) = 0.01058 

f from stress- s t ra i n c urve , Fi g. 83 = 249 ksi ps 

P = ( A ) 0 . 85 f ' - A f u comp c ps s A f ps ps 

= (4 X 48 )( 0 . 85)(6) - 1.53 (103 . 29) 1. 68 (249) 

= 979 - 158 - 4 18 = 403 ki ps 

A,,. • 1 .53 in2 

M = ( A ) ( Yt - y ' ) 0 . 85 f 1 - A f ( Yt - d ' ) + A f ( d - Yt) u comp c ps s ps ps 

= 192 (8- 2 )(0 . 85)(6) - 1. 53 (103. 29)( 8- 2) + 1. 68 (249 )(14-8 ) 

= 5875 - 948 + 25 10 = 7437 in . - k ips = 620 ft - ki ps 

Po int #4, set a = 12 in . (Fi g . 80) 

1.64 



48" 

t= ~~~..,..,...,., 0.003 '" .. ' .. s~J~ l 
N.A. 

4 -8'"dia. --!'~--------~ - ____L -
voids 

Fig . BO Data for ultimate interaction diagram 

~ A., • 1.53 in2 

~A., • 1.6Sin2 

A = 12 x 48 4TI (4) 2 
= 576 - 201.06 = 374. 94 sq in. comp 

£ 

f 

y = 
576 (6) - 201.06 (8) 

374. 94 

C = 12/0. 75 = 16 in. 

From F i g . 8 2: 

1847 . 5 
374 . 94 = 4 . 93 

£ = 0.00570 - 0 -003 (16 - 2) = 0 . 003075 s 16 

in . 

f = 0.003075 (27,000) = 83.0 ks i (F ig. 83) 
s 

= 0 . 00570 -
0

;~
03 

<16 - 14) = 0 . 005325 ps 

= 0.005325 (27,000) 
ps = 143. 8 ks i (F i g. 83) 

P = 0 . 85 (6)(374.94) - 1. 53 (83.0) - 1. 68 (143. 8) = 1544 k i ps 
u 

M = 0.85 (6)(374.94)(8 - 4 . 93) - 1. 53 (83 . 0)(8 - 2 ) 
u 

+ 1.68 (143.8)(14 - 8) 

= 5870 - 762 + 1450 = 6558 in.- k ips = 546 f t- k ips 

Po int #5, set a= 8 i n . (Center of sect ion) 

A = 8 x 48 - 4 (TI)(4) 2/2 = 384 - 100.53 = 283.47 sq in. comp 

= 384 (4) - 100. 53 14( 1 - 4/3TI) + 4] ~ 902,43 = 3 18 y 283.47 283.5 . 

C = 8/0 .75 = 10. 67 in. 
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0 . 00570 0 .003 ( 10.67 - 2) = 0 . 00326 E: = -s 10.67 

f = 0 . 00326 (27 ,000) s = 88. 1 ks i (F i g . 83) 

E: = 0 00570 + 
0 · 003 

. 10 . 67 ( 14 - 10.67) = 0 . 00664 

f 

ps 

= 0.00664 (27 ,000) = ps 179.2 ks i (Fig . 83) 

p = 0 . 85 (6) (283 . 47) - 1. 53 ( 88 . 1 ) - 1.68 ( 179 . 2) = 
u 

M = 283 . 47 (6)(0.85 )( 8 - 3.1 8) - 1. 53 (88 .1)( 8 - 2) 
u 

+ 1 . 68 ( 179 . 2) ( 14 - 8) 

= 6968 - 809 + 1806 = 7965 i n.-kips = 664 ft-kips 

Point #6 , set a= 16 in. 

A A 567 in. 2 = = comp g 

C = 16/0 .75 = 2 1. 33 in . 

E = 0.00570 0.003 (2 1. 33 - 2 ) = 0 . 00298 
s 2 1. 33 

f = 0.00298 s 
(27 ,000) = 80 . 5 ksi (Fig. 83) 

E: 0. 00570 0 . 003 (21.33 - 14) = 0 . 00467 = - 21 . 33 

f 

ps 

= 0. 00467 (27,000) = 126 . 1 ksi (Fig. 83) 
ps 

P = 0 . 85 ( 6) ( 56 7) - 1. 5 3 ( 80 . 5) - 1. 68 ( 126 . 1 ) 
u 

= 2892 - 123 - 2 12 = 255 7 ki ps 

M = 0 . 85 (6 )(567 )( 8 - 8 ) - 1.53 (80 . 5 )( 8 - 2) 
u 

+ 1. 68 (126.1)(14 - 8) 

= 0 - 739 + 127 1 = 532 in. -k i ps = 44 ft-k ips 

For t he sampl e prob le m: 

1010 kips 

Of the 1700 in. -k i ps negat ive moment shown in Fi g . 77, 500 i n. - k ips 

i s ca used by so i I pressure and s urcharge and 1200 i n . -kips i s 
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caused by t he wate r tab le . See Sect ion VI for load factors. 

P = 1. 3 (20 + 20) + 2 . 17 (50 + 20) = 204 kips u 

M = 1 . 3 ( 1 70) + 2 . 1 7 ( 2 15 ) + 1 . 7 ( 500) + 1 . 4 ( 1200 ) u 

= 221 + 467 + 850 + 1680 = 3218 in.-ki ps = 268 ft-kip s 

3000 ,------y-----.------,------, 

# 1 

</>"' 1.0 (AASHTO) 

I 
#4 

# 5 

~u = 204 ki~s ♦ 
Mu "' 268 kips / 

/ 0 l_ ___ .....J..._ __ ___.:__L.llt.~ 

0 200 400 600 800 

Mu (ft-kips) 

Fig. 81 Ultimate interacti on diagram 
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APPEND IX B 

CONSTRUCTI ON OF STRENGTH (ULT IMATE) INTE RACTION CURVES FOR PRESTRESS ED 

CONCRETE BEAM- COLUMNS 

Note: Assumptions are oased on Sections J0 . 2 and 18 .3 o f AC I 318- 71 

Step 1. Se lect a va lue o f "a" or "c" fo r each po in t on the interaction 

curve . Determine the correspond i ng "a" or "c" from the equation 

Step 2 . 

Step 3. 

Determine the va lue o f A from the geometry o f the sect ion comp 

(shaded porti on in Fi g . 82) . 

Determ ine the i n i t i al stra in in the st rand caused by the pre

stress ing = f /E . se s 

Step 4. Dete rmine the stra in i n the strand caused by external load in g 

by simi la r tri ang les as shown i n Fig. 82 (a) . The t otal 

st ra in is then t he init ial s tra in± the strain ca usec by 

externa l load ing . 

Step 5 . Determine the st ress in the strand from t he stress- strain curve 

(F i g . 83) . 

Step 6 . Calculate t he values of Pu and Mu for each po int selected by 

stati cs as s how n i n Fig . 82 (a) . 

Note that in t he s pec ia l case shown in Fi g. 82 (bl , i·he neutra l 

ax is can be outs ide the section, and the relationships are st i I I 

val i d. In the case of ax ial loa d on ly, the value of P is cal -
u 

cu lated by the equation s hown in Fig. 82 (c l. 
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"' 

.c::.,, 

b ~~ 

~__,I ; f _o_o_ro ,.,..d ~--+---'-

b 

0.003 in./in. 

Centroid of '\omp 

(a} Basic relationships 

I I 
L...J 

[ 
0.003 . ] < . . f,./E, - - c- (c- d} _ 0.035 in.fin. 

[ 
0 .003 ] f,./E, + - c- (d-c} ~ 0.035 in.fin. 

Mu= Pue= !l\omp}(y1 -y'} 0.85f~-A0 ,f,(y, - d·) 

+ A
0

, f
0

, (d- y1} 

A.:omp""A• if a> h 

(bl Special case with Neutral Axis outside of the section 

b 

0 .003 in.fin . 0 .B5 f~ 

• 
Pu = 0.85 f~ (Acomol- :E [A0 , (f,. - 0.003E,}] 

C.G. 

(c} Special Cll$8 when Mu = 0 

Fig. 82 Strain compatibility relationships for 
prestressed concrete beam-columns 
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270 

260 E, = 27000 ksi ----/ 

I 270 ksi strand 

250 

240 250 ksi strand 

230 
·;;; 
~ 
~ 

_a. 220 I 

:::l 
2! ... 

Cf) 210 

200 

190 

180 

170 

0 5 10 15 20 25 30 

Strain - ep, (0.001 in/ in) 

Fig . 8 3 Typi c al stress- strain c urves for 7- wire prestresBin g str and . 
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Fig . 72 Precedence diagram, conventional construction 
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