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SAMMANFATTNING

Slitsmurar har, 1 svenska infrastrukturprojekt, hittills enbart anvidnts som temporira
stodkonstruktioner under byggnationen. Sedan 2007, tilliter dock Trafikverket att
slitsmurar anvénds som en del av en permanent konstruktion.

I denna rapport presenteras normutvecklingen, nationellt och internationellt, under de
senaste tio aren samt erfarenheter fran nordiska slitsmursprojekt under samma period
sammanfattas.

For att stimulera innovation och rationella val av produktionsmetod strdvar Trafikverket
efter att upphandla entreprenader baserat pa funktionskrav i stéllet for att foreskriva
tekniska 16sningar. I rapporten diskuteras funktionskrav ur ett slitsmursperspektiv, samt
problematiken kring hur de kan verifieras.

Hittills har slitsmurar bara uppfort 1 ett fital projekt 1 Sverige. I tvd storre
infrastrukturprojekt har slitsmurar utnyttjats som temporira stodkonstruktioner. Inom tva
andra nartida projekt, ett husprojekt samt ett virmeverk, anvénds slitsmurar som en del av
den permanenta konstruktionen. Erfarenheter fran dessa projekt kan utnyttjas vid
anvindning av permanenta slitsmurar i kommande infrastrukturprojekt.

Flera uppdateringar av normer och standarder har gjorts som berdr konstruktion och
utforande av slitsmurar. Storst praktisk konsekvens bor Trafikverkets accepterande av
slitsmurar i permanenta konstruktioner fa. Nationella standarder hénvisar till SS-EN 1538
(SIS, 2010). Uppdatering av denna standard gjordes 2010 1 form av en relativt omfattande
omarbetning. Den uppdaterade standarden ger en bittre bas for slitsmurskonstruktioner
da manga avsnitt blivit utdkade och fortydligade.

Sammanfattningsvis uppvisar de slitsmurar som uppforts, bade i infrastruktur- samt
husprojekt, tillfredstdllande resultat. Normer har utvecklats mot tydligare krav under det
senaste decenniet vilket bor forenkla sa vil upphandling som uppforhandet av slitsmurar.

Nyckelord: Permanenta slitsmurar, infrastruktur, funktionskrav, armerad betong
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SUMMARY

Diaphragm walls have so far, only been used as temporary supporting structures during
construction in Swedish infrastructure projects. However, since 2007, the Swedish
Transport Administration (Trafikverket) allows to use diaphragm walls as part of the
permanent structure.

This report presents the standard development, both national and international, over the
past ten years and summarizes experience from Nordic projects using diaphragm walls
during the same period.

In order to stimulate innovation and rational choices of production methods, the Swedish
Transport Administration 1is striving to procure contracts based on functional
requirements instead of imposing technical solutions. The report discusses proposals for
functional requirements which may be prescribed for projects utilizing diaphragm-wall
structures, and the question of how to verify them.

Diaphragm walls have only been erected in few projects in Sweden. Diaphragm walls
have been used as temporary support structures in two major infrastructure projects.
Within two other recent projects, a housing project and a heating plant, diaphragm walls
have been used as part of the permanent structure. Experience from these projects can be
utilized for future projects.

Several updates have been made to the norms and standards concerning design and
construction of diaphragm walls. The greatest practical consequence is related to the
acceptance of diaphragm walls in permanent structures by the Swedish Transport
Administration. National standards refer to EN 1538 (SIS, 2010). This standard
underwent a rather extensive revision in 2010. The updated standard provides a better
basis for diaphragm-wall structures as many sections have been expanded and clarified.

In summary, the diaphragm walls erected, both in infrastructure and housing projects,
present satisfactory results. Standards have been developed with clearer requirements in
the past decade which should simplify both the procurement and execution of diaphragm
walls.

Keywords: Permanent diaphragm walls, infrastructure, functional requirements,
reinforced concrete
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FORORD

Detta projekt har finansierats av Trafikverket. Projektet &r en uppfoljning av ett tidigare
projekt gillande slitsmurar, till vilket initiativ togs 2004 och som finansierades av
Trafikverket (da Vigverket och Banverket) samt Svenska Byggbranschens
Utvecklingsfond (SBUF). Malet med det foregdende projektet var att bedoma huruvida
slitsmurar kunde utnyttjas i permanenta konstruktioner i Sverige, samt aterfora tidigare
erfarenhet kring slitsmursarbeten. Som en konsekvens av detta projekt accepteras nu
slitsmurar av Trafikverket som permanenta konstruktioner.

I detta projekt diskuteras funktionskrav samt aktuella, nationella och internationella,
normer for slitsmurar. Arbetet har utforts av NCC Teknik och Héllbar Utveckling.
Projektet har genomfort med ekonomiskt stod frin Trafikverket, vilket forfattarna ar
mycket tacksamma for.

Forfattarna vill tacka alla inblandade for ett gott samarbete. Peter Harrysson,
Trafikverket, samt Kristy Heng och Staffan Swedenborg, NCC Construction Sverige AB,
har wvarit till stor hjdlp. Vi tackar ocksd Bjorn Engstrom, Chalmers, som deltog som
handledare och examinator for examensarbetet som genomfordes som en del av projektet.
Tack riktas dven till Christer Norén som delat med sig av sin erfarenhet.

Goteborg, mars 2015
Alexandre Mathern
David Fall

Thomas Lechner

Jonas Magnusson
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1 INLEDNING

1.1  Bakgrund

Slitsmurar dr 1 ménga fall ett konkurrenskraftigt alternativ till exempelvis traditionell
spont. Principen dr enkel. En smal slits grivs och fylls med stdodvétska som hindrar
kanterna att kollapsa. En armeringskorg placeras i stodvitskan och slitsen gjuts fran
botten med hjélp av gjutrér. Den fardiga slitsmuren kan sedan anvindas som stédmur i
schaktarbetet eller som en del av den permanenta konstruktionen.

Under det forra decenniet togs initiativet till ett storre forskningsprojekt géllande
slitsmurar av Trafikverket (d& Vagverket och Banverket) samt Svenska Byggbranschens
Utvecklingsfond (SBUF). Projektets syfte var att utreda huruvida slitsmurar kan anvéndas
som del av permanent konstruktion dven i Sverige. I juni 2006 summerades projektet i en
rapport (Alén et al 2006), vilken stéller sig positiv till detta, men med vissa fragetecken
gillande kvalitetsédkringen av slitsmurarna. Baserat pa denna rapport beslutade Vigverket
ar 2007 att acceptera slitsmurar som permanent konstruktion i och med publiceringen av
”Bro 2004 — Supplement Nr 2” (Viagverket, 2007). Detta har dock dnnu inte utforts i
ndgot infrastrukturprojekt.

Genom att bestéllare specificerar krav pé infrastrukturprojekt baserat pa onskad funktion
snarare dn produktionsmetod kan anvindandet av alternativa tekniska 16sningar, sa som
slitsmurar, anvéndas i storre utstrickning. Funktionskrav har diskuterats under de senaste
decennierna och spelar en allt storre roll i stora infrastrukturprojekt som allt oftare
upphandlas som totalentreprenader. Genom att diskutera kravstillning pa
slitsmurskonstruktioner ur ett funktionskravsbaserat synsétt skall denna rapport kunna ge
vigledning i sddant bestéllningsarbete.

1.2 Syfte

Detta projekt syftar till att ge en nuldgessammanstillning samt utreda mdjligheten att
specificera funktionskrav att tillimpa 1 projekt dir slitsmurar kan vara ett
konkurrenskraftigt alternativ. Projektet har utforts dels som en litteratur- och
projektstudie vilken presenteras i denna rapport samt ett examensarbete vilket delvis
inkorporerats 1 denna rapport, och i sin helhet utgér Bilaga A.

Litteratur- och projektstudien syftar dels till att undersoka vad som hént i normer och
riktlinjer sedan Alén et al (2006) publicerades, dels till att aterfora erfarenheter fran
entreprenader i vilka slitsmurar uppforts.

Arbetet med funktionskrav, vilket delvis genomforts i form av ett examensarbete, &mnar
analysera de Onskvérda kriterier som bor stdllas pd en permanent slitsmur samt foresla
verifieringsmetoder vilka kan anvindas for att kontrollera de stillda funktionskraven.
Dessa krav bor vara hierarkiskt strukturerade for att pa ett tydligt sétt representera
konstruktionens olika funktioner.
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1.3 Metod

I huvudsak har projektets genomfort genom litteraturstudier samt i formen av ett
examensarbete. Arbetet med det avsnitt som behandlar aktuella normer och standarder
bedrevs som en ren litteraturstudie, medans arbetet med erfarenhetsaterforing fran
slitsmursprojekt kompletterats med samtal och sammanfattning av projektdokument.

Funktionskravsdelen av denna rapport bygger pa det bilagda examensarbetet som
handleddes inom projektet. 1 arbetet med examensarbetet bedrevs genom en
litteraturstudie samt intervjuer med erfarna personer vilka bidrog med praktiska
forstahandskunskaper. Funktionskraven strukturerades i linje med tidigare erfarenheter
fran funktionsbaserat kravstillande och de specifika kraven diskuterades iterativt under
projektet.
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2 GALLANDE NORMER

I ett tidigare SBUF-projekt vilket redovisats i Ahlén et al. (2006) behandlades normer
och standarder for utférande av slitsmurskonstruktioner utforligt. Detta arbete baseras det
projektet. Det hdr avsnittet ger en sammanfattande och kompletterande dverblick dver
uppdateringar av gillande normer och eventuella dndringar 1 dessa normer som skett
sedan dess. Fokus ligger vid att utreda dndringarna av normer och standarder samt i
Trafikverkets (tidigare Vigverket och Banverket) regler for uppréttande av slitsmurar.

I foljande avsnitt s& kommer de specifika dndringarna i de nationella normerna géllande
konstruktion och utforande av slitsmurar som skett sedan 2006 diskuteras. I de fall dir
ingen fordndring skett hdnvisas till rapporten Alén et al. (2006) i vilken krav, verifiering
av krav, toleranser och metodologier som ar specifika for slitsmurar belyses ytterligare.

2.1  Regelverk for slitsmurar

I detta avsnitt redovisas och listas de normer och standarder som forekommer i
dimensionering och utférande av slitsmurar. I normerna hinvisas ofta till ytterligare
kompletterande dokument som inte finns med 1 listan. Det bor ocksa framhéllas att det ar
viktigt att den senaste versionen av standarden anvénds, dvs. aktualiteten bor kontrolleras
kontinuerligt.

Vid upprittande av slitsmurar sa finns utgiven standard SS-EN 1538 (SIS, 2010) som en
komplettering till befintliga regler for geokonstruktioner. I mingt och mycket dr den
underordnad till konstruktions- och dimensioneringsregler i Eurokoderna.

Dokumenten listade 1 avsnitten 2.1.1-2.1.3 innehéller krav och rad relaterat till
dimensionering och utférande av slitsmurar.

2.1.1 Nationella regelverk

TRVFS 2013 Trafikverkets Forfattningssamling

BFS 2011 EKS 9 Boverkets Forfattningssamling (samt
andringsdokument BFS 2013:10)

TRVK Bro 11 Trafikverkets tekniska krav Bro (2011:085) -+
Supplement 1

TRVR Bro 11 Trafikverkets tekniska rdd Bro (2011:086) -+
Supplement 1

TRVK Tunnel 11 Trafikverkets tekniska krav Tunnel (2011:087)

TRVR Tunnel 11 Trafikverkets tekniska rad Tunnel (2011:088)

AMA Anlédggning 13 Allmén material- och arbetsbeskrivning (Svensk
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Byggtjanst)

RA Anlédggning 13 Kompletterande skrift till AMA med Rad- och
Anvisningstext

TK Geo 13 Trafikverkets tekniska krav for geokonstruktioner
(2013:0667)

SS 137003:2008 (2008) Betong - Anvindning av EN 206-1 i Sverige. Notera

att nu kom EN 206:2013, s& en uppdatering av SS
137003 forvéntas.

SS 137010 (2002) Betongkonstruktioner - Tackande betongskikt
SS 137244:2005 Betongprovning - Hérdnad betong - Avflagning vid
frysning

2.1.2  Overgripande regelverk

SS-EN 1990 (A1:2005/AC:2010) Grundldggande dimensioneringsregler for barverk

SS-EN 1991-X Eurokod 1: Laster pa barverk (X refererar till lampliga
delar géllande laster pa slitsmurar)

SS-EN 1997-1:2005 (A1:2013)  Dimensionering av geokonstruktioner — Del 1:
Allménna regler

SS-EN 1992-1-1:2005 (AC:2010) Eurokod 2: Dimensionering av betongkonstruktioner -
Del 1-1: Allménna regler och regler for byggnader

SS-EN 1992-2:2005 (AC:2008)  Eurokod 2: Dimensionering av betongkonstruktioner -
Del 2: Broar

SS-EN 1992-3:2006 Eurokod 2: Dimensionering av betongkonstruktioner -
Del 3: Behallare och avskiljande konstruktioner for
vitskor och granuldra material (Liquid retaining and
containment structures)

SS-EN 1538:2010 Utforande av geokonstruktioner — Slitsmurar

SS-EN 206:2013 Betong - Fordringar, egenskaper, tillverkning och
overensstimmelse (inkluderande tilldggsregler for
sdrskilda geokonstruktioner och for
sjdlvkompakterande betong)

SS-EN 197-1:2011 Cement - Del 1: Sammansittning och fordringar for

ordindra cement

SS-EN 197-2:2014 Cement Del 2: Utvirdering av overensstimmelse
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2.1.3 Regelverk fran andra lander, exempel fran Tyskland och Osterrike

FPS 2006 Bentonite Support Fluids in Civil Engineering
(Federation of piling specialists)

DIN 4126:2013 Nachweis der Standsicherheit von Schlitzwénden
(Stability analysis of diaphragm walls)

ZTV-ING (BASt) Bundesanstalt flir StraBenwesen - Zusétzliche

Technische Vertragsbedingungen und Richtlinien fiir
Ingenieurbauten Teil 5: Tunnelbau (Sérskilda tekniska
ramvillkor och riktlinjer for ingenjorsbyggnadsverk —
Del 5 Tunnlar, Avsnitt 1 och 2 frdn motsvarande
Trafikverksorganisation i Tyskland)

RDS 2013 (OBV) Richtlinie Dichte Schlitzwinde — Osterreichische
Bautechnik Vereinigung (Riktlinjer for
utforande/uppforande av tdta slitsmurskonstruktioner
fran Osterrikeska Byggtekniska Foreningen)

2.2 Andringar och uppdateringar i regelverk

Detta avsnitt ger en dvergripande Overblick 6ver de dndringar och uppdateringar som
gjorts 1 normer sedan Alén et al (2006). De flesta av dokumenten som ndmns ovan har
uppdaterats sedan dess.

Framfor allt har inférande av Eurokoderna ar 2011 medfort flera dndringar i
bestimmelser for anldggningskonstruktioner 1 Sverige. De nationella anpassningarna for
dimensionering av bdrande konstruktioner dr forankrade i Boverkets och Trafikverkets
forfattningssamlingar.

2.2.1 AMA Anlaggning 13

AMA Anliaggning 13 (Svensk Byggtjanst, 2014) &r ett referensverk som anvénds vid
upprittande av beskrivningar och utférande av anldggningsarbeten. Den ger god hjilp vid
upprittandet av forfrigningsunderlag och bygghandlingar. Dessa krav kan ses som
sddana som branschen uppfattar som god praxis, allmént accepterad kvalitet, beprovad
teknik och fackmaéssigt utforande.

Detta verk stdller material-, varu- och utférandekrav samt foreskriver kontroller som
slitsmurar ska uppfylla enligt SS-EN 1538:2010 (SIS, 2010). Forutom detta sa
specificeras ocksé betongens exponeringsklass till XC2/XF1 enligt SS 137003:2008 (SIS,
2008) (skall uppdateras snart) och en livslangdsklass L.100 om inget annat framgar av
handlingarna. Trafikverket tilligger dessutom i en sérskilt handling, TRVAMA 13
(Trafikverket, 2014a), att betongen skall bade uppfylla SS EN 206-1 (skall ersittas med
SS EN 206:2013, SIS 2013) och SS 137003:2008 (SIS, 2008).
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Utover dessa krav och kontroller sé skall det ocksa redovisas en separat arbetsbeskrivning
for utforandet till bestéllaren.

222 TRVK/TRVRBroll

Den storsta fordndringen 1 Trafikverkets regelverk &r att slitsmurar godtas som
permanenta konstruktioner sedan 2007 (dock har det sedan dess inte applicerats i nigra
projekt). Den uppdateringen gjordes i1 en supplementskriften TRVK Bro 2004
Supplement 2, Vigverket (2007). Beslutet att tillata slitsmurar som en permanent
konstruktion grundades pa studien fran Ahlén et al. (2006).

I ovrigt s& finns det i de tekniska kraven enbart ett litet avsnitt (kapitel L.2.4) som
hénvisar till att slitsmurar skall utformas enligt SS-EN 1538 (SIS, 2010) samt att en
slitsmur utsatt for béjande moment skall utformas armerad. Ett tilldgg i de tekniska réden,
TRVR Bro 11 (Trafikverket, 2011b), pekar pd att betongen i en slitsmur inte kan
forvantas ha tillrdcklig bestindighet mot frostpaverkan, kloridangrepp eller
brandpdverkan. Om sddana pdverkningar méaste betraktas sd skall slitsmuren utféras som
en tvéaskalskonstruktion enligt ”Slitsmurar som permanent konstruktionsdel” (SBUF,
2006, Ahlén et al.).

For beaktande av de geotekniska forhéllandena sé skall de tekniska kraven i TK GEO 13
(Trafikverket, 2014b) foljas.

Vidare sé refererar man till kraven TRVK Tunnel 11 (Trafikverket, 2011c¢) for slitsmurar
1 tunnelkonstruktioner i fall dessa &r strangare.

223 TRVK/TRVR Tunnel 11

Nér det géller tunnlar s stélls det sdrskilda krav pa utformning med héansyn till skydd
mot inldckage av vatten for att sdkerstdlla tunnelns funktion och sékerhet. TRVK Tunnel
11 ersétter ATB Tunnel 2004. I TRVK Tunnel 11 framgar det att flodet fran ett inldckage
1 vég eller tak i trafikutrymmen inte far vara storre eller lika med 3 ml/h eller 0.05 ml/min
vilket motsvarar begreppet “Fukt” géllande vattentdthet enligt ATB Tunnel 2004
(Vagverket, 2004). 1 6vriga utrymmen s far mingden av inldckande vatten inte vara
storre dn 450 ml/h eller 7.5 ml/min vilket motsvarar ”Dropp” i ATB Tunnel 2004.

I de tekniska rdden, TRVR Tunnel 11 (Travikverket, 2011d) hénvisas till att en
tunnelvdgg kan utféras som en platsgjuten betongvagg, slitsmur eller sekantpalevigg.

224 TKGEO13

I de tekniska kraven for geokonstruktioner TK GEO 13 si finns det en sdrskild
hénvisning till kapitlet "Dimensionering Slitsmur och Sekantpalevigg”. Dir refererar
man till TRVK Bro 11 (Trafikverket, 2011a) géllande innehéllande regler och
hianvisningar till TRVK Bro, sidkerhetsklasser, partialkoefficientmetoden och
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modellsdkerhet, och dir utférande och kontroll skall utforas enligt AMA 13 CCE, se
ovan.

2.2.5 [EN 1538:2010

SS-EN 1538:2010 (SIS, 2010) ersitter den tidigare normen SS-EN 1538:2000 (SIS,
2000a).

I fjarde kapitlet listas den information som behdver sammanfattas for att mojliggora
slitsmursarbetet. Kapitlet har utdkats i den nya standardutgdvan, men utan nagra
skillnader som beddms fa stor inverkan pé projekteringen av slitsmurar.

Kapitel 5 beskriver de geotekniska undersdkningar som krivs. Aven detta kapitel &r
utokat. Kapitlets generella introduktion har utdkats med bland annat krav péd att
undersokningen, inte bara skall folja SS-EN 1997-1 (SIS, 2005) utan ocksé vara av
tillracklig omfattning och att rapport skall finnas tillginglig innan uppforandet av
slitsmur. Dessa tilldgg bor vara inom ramen for vad som kunnat forvéntas dven under den
gamla standarden. I avsnittet har foljande tilldgg gjorts:

e Sarskild uppmérksamhet riktas mot:
0 Marknivd vid nagot undersokningstillfille eller provning relaterad till
nationellt referenssystem alternativt annat referenssystem.
O Gruvdrift under byggplatsen.
0 Platsens geotekniska stabilitet (ex. slidntstabilitet).
O Artesiska koordinater.

Kapitel 6 behandlar krav pa de ingdende materialen. Kraven pa stodvétskor har
utvecklats nagot, men tillsynes utan nigra avsevirda skillnader.

I EN 1538:2000 (SIS, 2000a) beskrivs ”Self-hardening slurries” som ett mojligt ingdende
material (6.4). I den uppdaterade versionen specificeras kraven pd materialet istillet dels
som “Fresh hardening slurries” och “Hardening slurries”. De kategoriseras under
stodvitskor (6.2) respektive betong (6.3).

I den uppdaterade versionen har tilligg gjorts betriffande frusen ballast. Vid forekomst
av frusen ballast skall denna virmas sa is eller frost 1 pdverkar blandningen. I 6vrigt stélls
liknande krav pé betongen och dess ingdende komponenter (cement, vct, tillsatsmedel),
dock med utdkade delar betrdffande farsk betong provtagning vid byggplats.

I den éldre versionen specificerades endast sittmattsintervall. I den uppdaterade
versionen hinvisas till séttmattsprovning i enlighet med SS-EN 206-1 (SIS, 2013) med
(andra) séttmattskrav enligt tabell. Dessutom stélls ockséd foljande krav betriffande den
farska betongen:

e Betongen som anvinds i slitsmurar skall:
- ha hog motstandskraft mot segregation
- vara plastisk och ha god kohesion
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- flyta ut bra
- vara tillrackligt sjalvkompakterande
- vara tillrdckligt arbetsbar under hela gjutprocessen

Produktion, konformitet och produktionskontroll av betong skall vara i enlighet med EN
206-1 (SIS, 2013). Provning vid byggnation skall ske i enlighet med SS-EN 13670 (SIS,
2009A), med en rad tilligg betrdffande antal prover, provningsfrekvens och forskrifter
om provning vid avvikelser fran kvalitetscertifieringssystem.

Kraven betrdffande armering har utokats fran att i stort sett endast hédnvisa till att EN
10080 skall uppfyllas till att ocksa EN 10025-2, EN 10210 (alla delar), EN 10219 (alla
delar), EN 10248 (alla delar), EN 10249 (alla delar) och EN 13670 skall f6ljas om de é&r
relevanta. Andra armeringsmaterial dn stal kan anvindas (ex. glasfiber), med skall da ha
en “etablerad ldmplighet” och skall utforas i krav som stéllts i utférandespecifikation.

Ett tilligg har ocksd gjort betrdffande 6vriga produkter. Produkter som saknar relevant
Europeisk Standard skall anvéndas i enlighet med nationella standarder och/eller
tillverkarnas specifikationer.

Kapitel 7 behandlar konstruktionstekniska aspekter. Det forsta generella avsnittet har
blivit omstrukturerat med tydligare punkter dn i den tidigare versionen. Dessutom har
foljande tillagg gjorts:

e Det skall ldmnas plats for installation av gjutrdr i armeringskorgen.

e Plats skall ldmnas i armeringskorgen for ingjutningsgods och
armeringskopplingar

e Det skall beaktas att slitsmuren inte kan forvintas vara helt vattentét, eftersom
lackage kan uppsta vid fogar eller genom véiggen. Vata flackar eller droppar pa
slitsmurens insida kan normalt inte undvikas.

Avsnittet rorande slitspanelernas stabilitet under urgrdvning (7.2) har, precis som de
flesta avsnitt, strukturerats om och forsetts med fler underrubriker. Innehallet ar i stort
sett ekvivalent. Under punkt 7.2.1.3 betriffande stabilitet relaterat till grundvatten niva
har ett tilldgg gjort pd “note”-niva: det kan vara nddvéndigt att beakta risken att schaktets
stabilitet dventyras av fordndrad grundvattenniva. Ett tilligg har ocksa gjorts till de
faktorer som skall végas in i stabilitetsanalyser: detaljer i kringliggande byggnader.

Ett nytt avsnitt har lagts till géllande prefabricerade paneler. I avsnittet klargors att
prefabricerade paneler skall designas och produceras i enlighet med EN 1992’s alla delar.
Hantering, transport och installation skall beaktas. Alla begransningar i hantering skall
markeras pa elementet. Tdckande betongskikt skall bestimmas med hénsyn till aktuell
miljopéverkan.
e Auvsnittet kring de konstruktionstekniska aspekterna av armering (7.5 1 SS-EN
1538:2010) har strukturerats i punktform och uppdaterats med négra
tilligg/fordndringar:
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e Overlappning av vertikal armering skall ej ske vid maximalt béjande moment.

e Minsta fria avstdnd mellan tva korgar i samma slitspanel skall vara 400 mm
(tidigare 200 mm). Detta kan vara problematiskt om man beaktar t.ex. upplag for
tillfalliga dragstag.

I tidigare version rekommenderades ej att ursparningar strickte sig bakom det forsta
armeringslagret. I den uppdaterade versionen har “rekommenderas ¢j” éndrats till “skall

ej”.

Kapitel 8 behandlar utférandet av arbetet med slitsmurar. I den inledande generella
beskrivningen av produktionssekvensen har steget ”Ta bort formar f6r fogar (stop-ends)”
lagts till. Avsnittet om utforandetolerans har forandrats mycket lite, forutom till struktur.
I avsnitt som behandlar rengoring av schaktet innan gjutning har ett tilligg gjorts om att
sarskild omsorg skall d4gnas schaktbotten, vid uppforandet av vertikalt bérande slitsmurar.
Vid utforandet av stop-ends, skall betongens hérdning kontrolleras nér stop-end formen
tas bort. Betriffande armeringsildggningen hinvisas i den uppdaterade upplagan till
materialkapitlet. I Ovrigt har ett tilldigg gjort som beskriver praxis for anvindning av
distansklossar.

Avsnittet som behandlar gjutning och bearbetning (8.8 Concrete and trimming”) har
omarbetats mycket. De flesta skillnaderna utgdrs av ytterligare specifikationer av
produktionskontroller (ex. planerad/forbrukad betong, kontroll av stodvitska, etc.),
hantering av gjutror samt efterbearbetning.

Kapitel 9 forskriver kontroller och forsok (“Supervision, testing and monitoring”).
Kapitlet har omarbetats sa att de tabeller som tidigare beskrev kontroller att utfora utgatt
och istéllet hdnvisas till Annex B dar ett utforligare kontrollschema foreskrivs. Dessutom
har tilligg gjort att utforandet skall kontrolleras inte bara i enlighet med SS-EN
1538:2010 (SIS, 2010) utan ocksa med projekt specifikationer samt SS-EN 13670 (SIS,
2009a).

Kapitel 11: Speciella krav, har utdkats nagot. Den uppdaterade normen kriver att
utrustning (borriggar) skall folja SS-EN 791 (SIS, 2009b) samt att &dven installation av
armeringskorgar skall uppmérksamma sérskilt med avseende pé sdkerhet. Ett tilldgg har
ocksa gjort betrdffande buller, miljoskydd och bortforsling av material: nu hénvisas till
nationella och lokala bestimmelser.

Sammanfattningsvis kan ségas att SS-EN 1538:2010 (SIS, 2010) ger en béttre bas for
slitsmurskonstruktioner da ménga avsnitt blivit utdkad och fortydligade, inte minst
genom mer strukturerad form. Innehdllsmédssigt har framst antalet krav utdkats, men inga
nya krav ar uppenbart forsvarande utan formulerar endast krav som rimligen stéllt dven
innan utkomsten av den uppdaterade standarden.

2.2.6 SS-EN 206:2013 och SS 137003:2008

SS-EN 206:2013 (SIS, 2013) dr standarden for betong och specificerar sammanséttning,
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egenskaper, kontrollparametrar i1 produktionen samt kriterier for och utvérdering. I SS-
EN 206:2013 (SIS, 2013) integreras ocksa fordringar och normer for sjdlvkompakterande
betong samt att kriterier for fibermingd och fiberférdelning.

Den storsta forandringen i EN 206:2013 (SIS, 2013) berdr kraven for betong i
geokonstruktioner och sdrskilt for slitsmurar. Dessa sirskilda krav finns 1 Appendix D
och behandlar tilliggskraven for betongens specificering och konformitet. Nérmare
bestimt sd handlar det om grinsvdrden for kornstorlek pd ballast, cementinnehall,
sandkornsstorlek, betongens séttmatt och betongkonsistensen.

Tillampningsstandarden SS 137003:2008 (SIS, 2008) med de svenska anpassningarna,
som enligt planerna skulle ha uppdaterats under 2014, har inte getts ut &n, men kan
forvantas under 2015. Samma giller ballaststandarden SS-EN 12620:2013 dir
dndringarna berdr miljoer med och utan risk for alkali-silika reaktion, frostresistensen
samt kvalitetskraven pa ballast av atervunna material och ateranviand ballast. Regler for
anvindningen bygger pa rekommendationerna i betongstandarden SS-EN 206:2013 och
regleras nationellt. Andringarna som ror cementet finns i SS-EN 197-1:2011 i vilken det
nu ingdr sulfatresistenta cement (CEM II/A-V och CEM II/A-S). Dessutom sa kommer
andringarna 1 SS 137003 berora tillaten betongsammansittning for exponeringsklasser
XD/XS, tillsatsmaterialens effektivitet samt att det genom provning ska visas att en
kombination av tillsatsmedel och cement &r likvardigt med ordindrt cement som har
samma huvudbestandsdelar och proportioner (Peterson, 2014).

2.2.7 SS-EN 1992-3:2006

SS-EN 1992-3 ticker komplementerande regler till del 1 av 1992-1 {for behallare och
avskiljande konstruktioner for vétskor och granuldra material. Den hir delen av
Eurokod 2 dr i hogsta grad relevanta for konstruktioner dér sérskilda krav for vattentithet
finns, vilket 6verensstimmer med geokonstruktioner sdsom slitsmurar och tunnelviaggar.

Reglerna for dessa sérskilda krav pé vattentithet medfor framforallt riktlinjer och krav pa
betongsammanséttning, tillaten sprickvidd, maximal armeringsspanning,
forhindrade/pdtvungna  deformationer och  utférande av  horndetaljer  och
anslutningsdetaljer. I den delen s& delas konstruktionen in i fyra tithetsklasser (0-3)
beroende pa vilka krav pa vattentéthet som stélls, dir det vid klass 0 lickage dr tilliten i
viss man eller helt irrelevant, klass 1 dar liackage dr begridnsat till en vildigt liten
omfattning, klass 2 dér lidckaget skall héllas minimalt och inga ytmissfiargningar
accepteras och klass 3 dér ldckage &r helt otillatet. Denna klassindelning har direkt
inverkan pa tillaiten sprickbredd och utformningen av konstruktionen. Nar det giller
sprickbredden, sa stélls kraven pd om sprickan fir utvecklas och pé betongens maximala
dragspdnning samt minimiviarden pa tryckzonshdjd. Forenklade metoder for maximalt
tilliten armeringsdiameter med avseende pa sprickkontroll anges ocksa.
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2.2.8 ”Richtlinie Dichte Schlitzwande”, Osterreichische Vereinigung fiir Betong- und
Bautechnik (OVB) 2013

OVB (2013) anpassar och aktualiserar praxisorienterade och erfarenhetsbaserade regler
géllande den vilbeprovade byggmetoden, enligt de nyaste tekniska metoder och enligt
den senaste vetenskapen. Standarden har utvecklats i samrdd med en kommission
sammansatt av representanter frdn material- och provningsanstalter, forskningsinstitut,
foretradare fran standard- och normkommittéer samt foretradare for byggbranschen for
att definiera utforandestandard, tithetskrav och riktlinjer géllande vattentéta slitsmurar.

I den nyaste versionen av OVB (2013) s integrerades och bearbetades grunderna till
planerings-, utférande- och tillverkningsforfaranden. 1 foregingende version, OVB
(2002), inarbetades betongnormerna. Utdver dessa dndringar i OVB (2013) sa har det
ocksd kvalitetskraven av specialbetong for geokonstruktioner och grundliggning
definierats, anpassats och skérpts. I den senaste versionen sa sitts ocksa riktlinjer som
tydligt skiljer mellan enskalig eller tvaskalig slitsmur beroende pé forutsittningarna. Att
foredra tvéskaliga gentemot enskaliga viggar vid byggandet i grundvatten ar rentav
ekonomiska skél och vigs mot risken av en otét yttre vigg och dess foljdkostnader.

Enligt OVB (2013) méste de foljande forutsittningar uppfyllas for att bygga enskaliga
vaggar:

e Det kemiska angreppet frdn grundvatten fir ej vara hogre dn vad som forutsitts i
exponeringsklassen XA 2.

e Svingningar i grundvattennivan fér ej vara storre dn 5 m.

e Undergrundsforhallanden (Markforhéllanden) méaste vara av sddan kvalitet, att det
mojliggdr framstéllning av enskalsvdggar utan problem. I sérskilda fall far man ta
ytterligare dtgdrder, som t.ex. fyllnadsinjekteringar.

e Lingre uppehall mellan gjutningar méste undvikas for inte behova ta sdrskilda
atgirdar.

e Langtidsbettende av jorden (icke-konsoliderat jord, langtidsséttningar osv.) maste
kidnnas till med hénsyn till antaganden av karakteristiska grinsvirden for
berdkningar.

e Losningsforslag for fogar och anslutningar av t.ex. sulor maste tillhandahéllas.

e For mojliga efterbehandlingar (t.ex. injekteringar) sa behover det tillhandahallas
koncept redan i planeringsstadiet for slitsmurar.

Vid tvaskaliga slitsmursvigg sé ger det inre skalet tathetsfunktionen och skall d& uppfylla
sarskilda krav for téthet enligt riktlinjen Wasserundurchlédssige Betonbauwerke — Weille
Wannen” (vattenogenomsléppliga betongkonstruktioner).

Nér det géller avvikelser fran normen EN 1538:2010 (SIS, 2010), s& ar det
huvudsakligen armeringsdetaljutformningen, t.ex. minimiavstdnd, ursparingar, och
identitetsprovning for slitsmursbetongen som skiljer.
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Sammanfattningsvis, sd kan det konstateras att riktlinjerna, jimfort med utgavan fran
2002, framforallt har utvidgats och anpassats efter erfarenheter och géllande normer. En
tydlig skillnad 4r att grunderna lagts till planerings-, utférande- och
tillverkningsforfaranden vilket &r till god hjalp for bade bestéllaren och entreprendren.

2.29 DIN 4126:2013

Det tidigare normdokumentet DIN 4126:1986 har nu slutligen ersatts av DIN 4126:2013,
dér anpassningar av norméndringar har utforts. DIN 4126:2013 innehaller enbart normer
for stabilitetsanalysen for slitsmurar. Resterande normkrav hinvisar till EN 1538:2010
(SIS, 2010) som behandlar kraven och riktlinjer for utférande av slitsmurar samt
materialkrav. Innehallet har ddrmed anpassats géllande forandringarna som inforts.

2.2.10 ZTV-ING (BASt) — Tunnelbyggen (Del 5)

I det tyska federala végforskningsinstitutets (Bundesanstalt fiir Stralenwesen) skrift
géllande sérskilda tekniska kontraktsvillkor och riktlinjer for ingenjorsbyggen (BASt
2012) sé hanvisas det till tathetskrav och skyddsatgirder mot vattenintrangning. Dessa
krav liknar den Osterrikiska riktlinjen for slitsmursvaggar. I dessa regler sa framgér det
ocksd hur drineringen av vatten, vattentryck pa grund av de hydrogeologiska
forhédllanden och avvattning skall ske.

Vidare beskrivs anvidndandet av icke-forstorande provningsutrustning, sarskilt
ultraljudseko och impaktekoforfarandet, for kvalitetssidkring av tunnelinnerskalet da det
enbart ena sidan ar tillgidnglig. Det finns ett tilligg i riktlinjerna som redovisar hur
métning och dokumentationen av dessa métningar skall utforas.

3 ERFARENHET FRAN TIDIGARE PROJEKT

3.1  Gotatunneln, Goteborg

I Gotatunneln utfordes en utav de ingdende entreprenaderna med slitsmurar. Slitsmurs
arbete utfordes av underentreprendren Bilfinger Berger inom ramen for konsortiet Lilla
Bommen Tunnel KB. Lingsgaende slitsmurar var endast tempordra, men man anvénde
ocksé tvirgaende slitsmurar vilka motverkade bottenupptryckning och stagade vdggarna
innan bottenplatten gjutits. En principskiss presenteras i Figur 1, nedan. Projektet finns
utforligt beskrivet i SBUF-projektet slutrapporterat i Alén et al (2006) och i ett
examensarbete utfort vid Chalmers Tekniska Hogskola, Mahesar och Masiuddin (2004).
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Figur 1. Principskiss fran Gotatunneln. Notera de tvdrgdende slitsmurarna vinkelrdt
tunnelriktningen.

Slitsmuren uppfordes med ca 4,5 m langa och 1,0 m tjocka paneler. Hojden pé respektive
panel var 20-30 m. Horisontellt stod utgjordes av en stagniva nidra marknivén, samt de
vinkelréta slitsmurarna.

Diverse prover och inspektioner frdn Goétatunneln redovisas i Mahesar och Masiuddin
(2004), bl.a. tryck- och sprackhallfasthet pa utborrade kdrnor,
kloridmigrationskoefficient, kapildrsugningsformaga, betongdensitet, sprickkartering och
kontroll av tackskikt. Da kdrnor borrades inspekterades d&ven murarna visuellt. De noterar
att armeringsjirn kunde observeras pa négra stéillen. De anger att det troligen beror pa
mekanisk bearbetning efter schaktning, av oklar anledning. Pa nagra stéllen skriver de att
ingjutna foremal kunnat observeras i slitsmuren. Det bor bero pa att schaktet ej rengjorts i
tillrdcklig omfattning innan gjutning.

Sammanfattningsvis summerar Mahesar och Masiuddin (2004) de utférda proverna med
att den betong som anvénts troligen hade nagot ldgre vct dn specificerats i1 projektering
(ca 0,55 istéllet for 0,6). De sdger ocksd att viss inblandning av stodvétska skett till
betongen, vilket kunnat observeras pa urborrade kédrnor. Detta har bland annat lett till
hogre kloridmigrationskoefficient. Betongens egenskaper varierar beroende pa ldget i
panelen. Observationer visar att tryckhéllfasthet dr ldgre och DcTH hogre néra skarven dn
mitt pa panelen. Tdckande betongskikt pa insidan av slitsmuren har uppmaitts till betydligt
tunnare dn det specificerade (avvikelse upp till 40 mm). Anledningen till denna avvikelse
ar inte kdnd enligt Mahesar och Masiuddin (2004).

Visst lickage observerades genom slitsmurarna pa Gdétatunneln, vilket berodde pa otéta
fogar och/eller lackage vid stag. Enligt Alén et al (2006) utfordes inte fogarna med nagon
form av titning. Det skall tas i beaktande att konstruktionen bara var avsedd som
temporér schaktvigg.
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3.2  Citytunneln, Malmo

I NCC entreprenad Citytunneln utférdes under 2006 och 2007 totalt 11 000 m? temporir
slitsmur med hdjder varierande mellan 12 och 22 meter. Slitsmurarana var 0,83 m tjocka
och 1,9-10,4 m breda. Skarvar utférdes med prefabricerade betong element med ingjutna
fogband (s.k. ’stop ends”), se Figur 2 nedan. Slitsmurarna gjéts ner 4 m 1 undervarande
kalkstenslager samt bakatforankrades med linstag. I schaktets djupaste del anvéndes dven
horisontella stimp pd insidan av arbetsomradet, se Figur 3.

Figur 2. Prefabricerat ”’Stop-end”-element med fogband.

Paneler som skulle penetreras av tunnelborrmaskin (pd kort dnden av den sa kallade
”TBM kammaren”) uppfordes med glasfiberarmering, dvriga element armerades med
prefabricerade armeringskorgar av konventionell armering. I jordlager anvéndes, som
brukligt, gripskopa medans hardare berglager fristes med en hydromill. Slitsmursarbetet
utfordes av underentreprendren Briickner Grundbau.
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Figur 3. Under schaktning, med bakatférankrad slitsmur (t.v.) och horisontella stimp 1
korténda.

Omfattande uppfoljning av bade rorelser och laster under utférandet visade tydligt att
laster berdknade enligt traditionella analytisk brottgranstillstdndsberdkningsmetoder som
beskrivs 1 Sponthandboken var mindre dn de som noterades under det verkligt utférande.
Laster berdknade med samverkansanalys (numerisk analys) visade Dbattre
overensstimmelse med verkliga laster. Detta stdds av internationell erfarenhet for styva
stodkonstruktioner vilket ocksé papekas i svenskt regelverk som TK Geo och TK Bro.

Detta beror framforallt pd tva faktorer:

e Fullt aktiv och passiv tryck kan inte mobiliseras pa grund av att
stodkonstruktions styvhet inte tilldter de deformationer som da erfordras.

e Traditionella analytiska berdkningar forutsatter att stodkonstruktionen ar fri att
rotera vid sin underkant. D4 en styv stddkonstruktion installeras i sedimentart
berg dr inte denna forutsittning tillimplig.

Lokalt uppstod under uppforandet mycket stora fOrluster av bentonit samt en
overkonsumtion av betong. Bentonitforlusterna hérleds till att de Oversta metrarna
kalksten var sprucket och vittrat. Aven dverkonsumtionen av betong kan hirledas till det
ovre kalkstenslagret. Utfall av kalksten i slitsen ledde, forutom den uppenbara haligheten
1 schaktviggen till att den 6vervarande siltiga lermorénen eroderas. Total 6verkonsumtion
uppskattas till 15-25 %.

Lickagen kring stop ends” vid primérpaneler uppskattas std for 70-80 % av det totala
lackaget. Da primirpanelerna gjots forst motfylldes de prefabricerade “stop end” —
profilen tillfalligt med makadam. Dér vittrad kalksten fallit ut tros makadam letat sig runt
profilen och péverkat gjutresultatet.
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Overgripande kan slitsmursarbetet vid projektet Citytunneln sammanfattas som lyckat.
De problem som uppstétt har varit hanterbara och kanske nagot man far budgetera for
dven 1 framtida projekt. Anvandningen av slitsmurar anses ha lett till kostnadsbesparingar
bl.a. pga. mindre grundvattensdankning och effektiviserat schaktarbete.

Vid Citytunneln kapades de oversta 1,5 m av slitsmurarna for att sékerstélla att betongen
ej paverkas av stodvitskan. Denna kapning skapade buller och vibrationer. Efter projektet
har det forslagits att en bittre metod for detta borde utvecklas. Effektivare metod har
anvénts i senare projekt, se avsnitt 3.4.

Omfattande provningsserier finns redovisade i Alén et al (2006), dir bl.a. hallfasthet,
kloridmigrationskoefficient och kapilldrsugning rapporteras utforligt. Hir sammanfattas
de viktigaste utkomsterna fran provserierna kortfattat.

e [ borrade provkérnor har man visuellt kunnat se bentonitansamlingar. Pdverkan av
stodvitska kan dven misstinkas utifran andra prover: som komplement till
slitsmurarna i konstruktionen gj6ts dven en referensmur ovan jord, i vanlig form
utan stodvétska. Genom att jamfora t.ex. kloridmigrationskoefficient och
kapilldrsugningsegenskaper kan en skillnad observeras mellan gjutning med och
utan stodvétska. Referensprovkroppen fick generellt bittre virden én slitsmuren,
som tyder pa en mer tét betong. Skillnaden mellan paneler i huvudmuren &r inte
signifikant, vilket tyder pa liknande stodvitskeegenskaper genom hela projektet.
Hallfasthetsegenskaper, provad pa utborrade cylindrar uppvisar inte nagra storre
skillnader mellan referensslitsmur och huvudkonstruktionen.

e Betongen i sa vil referensmur som slitsmur verkar vara nagot inhomogen, pga.
vattenseparation. Detta pavisas genom lagre hallfasthet i prover frén de bada
strukturerna én i gjutna standardkuber.

e Mitningar av det tdckande betongskiktet i slitsmuren visar storre tjocklek in mot
schaktet &n specificerat. Forutsatt att tjockleken pa slitsmuren dr korrekt innebér
detta att tackskiktet pa utsidan av slitsen (mot jord/berg) ar for litet. Detta &r
motsatt resultat mot vad som observerats vid Gotatunneln.

Fordelar rorande slitsmurar frn projektet kan sammanfattas enligt:

e Skonsam installation och styv konstruktion néra befintliga byggnader.

e Mindre buller, vibration, schakt och mindre dterfyllning 1 jamforelse med spont-
eller bergslintalternativ.

¢ Inga utanpéliggande hammarband (infdllda stagférankringsursparningar anvéndes
istillet).

e Bergforstirkning undveks.

e Mindre grundvattensédnkning dn alternativa 16sningar.
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Fo6ljande nackdelar kunde identifieras:

e Dyr konstruktion och dyr etablering/avetablering.

e Stora tunga maskiner som krdver gott om mandverutrymme utover ytor for silos,
sandavskiljare, bentonitcontainer, etc.

e Storningar kopplade till dvergangzonen mellan jord och berg.

3.3  Projekt Triangeln, Malmo

I  projektet Triangeln, Malmo, utgjordes slitsmurar for den permanenta
viggkonstruktionen 1 ett parkeringsgarage. NCC var entreprendr, med
slitsmursproduktionen utférd av underentreprendér (Hercules Trevi Foundation, HTF). I
detta avsnitt aterfors de erfarenheter entreprendren (NCC) gjort betridffande projektering,
utforande/kvalité och arbetsmiljo, vilka presenterats i NCCs erfarenhetsrapport, Aldefors
(2011).

Delar av projektet utférdes ’cut and cover”, dvs. schakt till schaktbotten i dagen med
temporir bakatforankring av slitsmuren. En del av projektet, etappen kallade lastfarten”,
utfordes istéllet “top-down”. Mellanbjdlklagen 1 garagedelen gjots “pd védg ner” till
schaktbotten och vilka ddrmed aggregerade som horisontellt stdd. Den totala
omfattningen av slitsmursarbetet var ca 6800 m” fordelat Gver 700 16pmeter. Viggarnas
tjocklek varierar mellan 0,6 till 6ver 2,0 m. Panelbredderna varierar fran 1,8 till 8,0 m och
schaktdjupet var ca 10 meter

I SS-EN 1538 (SIS, 2000a) rekommenderas att slitsmuren gjuts 0,5-1 m for hog och att
den Oversta delen sedans sdgas bort. Detta for att undvika effekter av bentonitinblandning
1 betongen. Efter detta projekt drog slutsatsen att Overfyllning av formen med
motsvarande betongmingd fungerade mycket béttre, inte minst med tanke pa det
tidkrdvande och bullriga arbetet forknippat med sagning och bortforsling av 6vergjutning.

Den vertikala fogen mellan panelerna utformades med en fortagning och ett tatband.
Knutpunkter mellan valv-slitsmur och bottenplatta-slitsmur utférdes med ledad inféstning
mellan bade valv-slitsmur och bottenplatta-slitsmur. Armering i fogarna &r endast
tvarkraftsupptagande dymlingar. Tatheten dgnades stort arbete, med en 3-stegs l0sning av
svillband, bitumenforsedd titplat och en 3-pipig injekteringsslang.

Bottenupptryckning sdkrades med passiva stag GEWI 63,5 utforda enligt SS-EN 1537
(SIS, 2000b), vilka var helt ingjutna i berget och bottenplattan. De borrades och gjots in
fran markytan fore schaktning. Alla stag provdrogs till 1,5 ggr teoretiskt maximal
belastning.

I upphandlingsarbetet uppstod létt problem, inte minst eftersom tekniken anvénts mycket
sparsamt 1 Sverige. | erfarenhetsaterkoppling lyfts vikten av att projektera for oférutsedda
fordndringar betrdffande bergets egenskaper och driftstopp (dvs. att arbeta med goda
tidsmarginaler). Produktionstakten var i1 detta projekt kraftigt paverkad av tjockare och
hérdare flintalager i kalkstenen samt stopp i maskiner specifika for slitsmurs produktion.
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Den projekterade hastigheten om 60-70 m*/arbetsdag uppnéaddes aldrig, verklig snitt-takt
blev 45 m*/arbetsdag med dalar ner till 16 m*/arbetsdag.

Armeringskorgarna tillverkades pa fabrik och varje korg gavs en separat checklista som
foljde med fran produktion till leveranskontroll. Trekantiga avlinga téckskiktsdistanser
monterades pd armeringen for att sdkerstdlla positionen i slits. Dessa hakade manga
génger fast och lossnade fran korgen da denna sénktes ner i den urschaktade slitsen.
Distanser 1 form av hjul eller rullar sitter kvar battre.

Varje korg forsdgs med ett upphédngningsjdrn, med vilket korgen sénktes ned i den
bentonitfyllda slitsen i1 jord/berget genom den for-installerade “guide-wall”. Generellt,
ifrdgasattes minga ganger placeringen av den prefabricerade armeringskorgen i schaktet
(béde horisontellt och vertikalposition). Att fa armeringskorgarna placerade pa ratt stélle 1
slitsen kan vara problematiskt. NCC kom dérfor med forslag pé ett sitt att sikerstdlla
korrekt utférande genom att fasta vertikala ror pa utsidan av armeringskorgen som
demonteras dé korgen dr fardigplacerad.

Overforbrukning av konstruktionsbetong blev i genomsnitt 33 %, pa grund av bl.a.
ojdmnheter 1 slitsschakten. Grundvatten ldckage genom anslutningen mellan installerade
paneler och bottenplattan hade iakttagits. Léckaget liknande observationer hos projektet
Gota Tunneln. Atgirder i form av injektering utfordes i sin tur, vilket medfort marginella
forbattringar.

Buller méttes kontinuerligt i flera positioner runt arbetsplatsen och slutsatsen fran detta &r
att slitsmurar generellt alstrar mindre buller &n t.ex. spontdrivning. Det pavisades ocksa
att anvindandet av sa kallade bullerhus (flyttbara skdrmar relativt titt inpd maskinen)
signifikant reducerade bullret. Erfarenheter frdn Triangeln belyser ocksd vikten av att
informera brukare av intilliggande fastigheter inte bara om bullernivéer, utan ocksd om
vad som utfors och syftet med bullret. Nyttjandet av en nyare maskinpark &r att
rekommendera, da nya maskiner i regel ar tystare. Kommunicera bullergransvérden till
underentreprendrer redan i upphandling och kontrollerar specifikationer pad maskiner som
kommer anvdndas. Som tidigare ndmnt rekommenderas oOverfyllning av betong 1
jord/berg slitsen framfor dvergjutning och kapning.

Det var ett relativt stort antal tillbud inom ramen f6r underentreprenaden (23 tillbud, ex.
lickande hogtrycksslangar, fallskador, brott 1 lyftvajer, fordonskollisioner, etc.).
Arbetsmiljon tros ha paverkats av den forsdmrade produktionstakten.

3.4  Filbornaverket, Helsingborg

Vid uppforandet av vidrmeverket i Filborna, 2010-2013, utfordes véggar till en
brénsletank (sopor) med permanenta slitsmurar. Slitsmurarna uppfordes av
underentreprendren Briickner Grundbau. Urschaktningens omkrets dr ca 120 16pmeter,
exklusive de vinkelrita slitsmurarna beskrivna nedan. Vaggarna var i storleksordningen 5
m breda, 0,8 m tjocka och 15 m hoga.

Slitsmuren utférdes med priméirpaneler (T-paneler) och sekundira paneler (slutande) dér
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de slutande panelerna fréses in i1 foregdende primérpanel for tithet. Fér samverkan mellan
primir och sekundérpanelerna gjuts en betong-platta (capping beam) med generell
geometri 600x4800mm pa toppen av slitsmuren.

Tillskillnad fran de flesta Gvriga projekt som beskrivs hdr utférdes slitsmuren med en
kompletterande slits vinkelrdt mot huvudpanelen, se Figur 4 nedan. Horisontalkrafter tas
upp 1 ett kraftigt platsgjutet hammarband.

2
29.3(

Insida/Schakt

25

Utsida \ 324 &

Vinkelrat slitsmur

2,

25

B =primir panel

=sekundir panel

25

Vavu

S22 T

Figur 4. Primir och sekundir panel, samt vinkelrdt kompletterande slitsmur.

Vertikala skarvar mellan slitsmurar utférdes genom att varannan slits gravdes och gjots
nagot for bred forst. Néar sedan de mellanliggande slitsarna griavdes och gjots fristes en
del (20-25 cm) av den befintliga slitsen bort.

Slitsmurens tdthet var av yttersta vikt i anldggningen, dd kringvarande grundvatten ar
fororenat och bortpumpning ar forknippat med stora kostnader. Tdthet sédkerstélldes
genom att en s.k. ’skin wall” gjots pd insidan av schaktet. Det dr vért att notera att det
framst var denna tilldggsgjutning som sdkerstéllde slitsmurspanelerna téthet, varvid det
inte ar fullt jamforbart med andra projekt 1 denna rapport.

Bentonit paverkad betong hanterades genom Overfyllning istdllet for extra gjuthdjd pé
slitsmur (som t.ex. 1 projektet Triangeln). Detta lostes, i princip, genom att en stor
vakuumsugare so6g upp overfyllet.

Overforbrukningen av betong var ca 10 %, dvs. det forekom en del “bulor” pa viggarna,
men inte i ndgon storre omfattning. Sammanfattningsvis upplevs projektet som mycket
lyckat, inte minst tack vare ett gott samarbete med underentreprendren.
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3.5  Circle Line, Singapores tunnelbana

Singapores tunnelbanesystem utokades under borjan av 2000-talet med en ringlinje,
Circle Line Project. Utbyggnaden startade ar 2002 och den forsta entreprenaden, Projekt
825, gick till ett konsortium bestdende av NCC, WohHup ett singaporianskt foretag samt
Shanghai Tunnel Engineering, ett kinesiskt foretag.

Projekt 825, som beskrivs i Norén et al (2004), ligger mitt i hjértat av det centrala
Singapore, nira flera gamla koloniala byggnadsverk samt dldre delar av tunnelbanan.
Kontraktsformen var en typ av totalentreprenad (design-build) dir entreprendren har allt
projekteringsansvar for byggnadsarbetena.

Grundforhallandena varierar avsevirt inom strickan fran 16s lera (MC) till nagot som
nidrmast kan liknas vid cementerad jord, blockig fast lerjord och sedimentért berg av
sandsten och lersten. Grundvattenytan ligger normalt i ndrheten av markytan.

Fyra stationer byggdes uppifrdn med top-down teknik da kraven pd minimala tider med
trafikstorningar ovan schakten var hirda. En viktig aspekt vid val av byggmetod var att
reducera deformationer och grundvattensinkningar vid urschaktning for de 28-35 m
djupa  stationerna, beldgna ndra  kénsliga  byggnader och  befintliga
tunnelbaneanldggningar. Detta ledde till att slitsmurar utnyttjades bdde som temporéra
och permanenta viggar. Slitsmurarna utnyttjas bade som tempordrt och permanent
stodjande element liksom fOr att bédra vertikallaster och motstd upplyft. Tjockleken pa
slitsmurarna varierar frdn 1,0 till 1,5m och dimensionerande faktorer huvudsakligen
momentkapacitet och sprickviddskrav. Viggkonstruktionens tithet sikerstilldes genom
en platsgjuten ca 20 cm tjock betongvigg pd insidan av slitsmursvdggarna. De inre
viaggarna dimensionerades for fullt vattentryck och forankras i slitsmuren.

3.6  Erfarenheter internationella entreprendrer

3.6.1 Enkatundersokning i tidigare forskningsprojekt

Inom ramen for forskningsprojektet sammanfattat i Alén et al (2006) utférdes och
summerades enkitintervjuer med byggherrar och entreprendrer runt om FEuropa.
Byggherrarna hivdade, med st6d i upp till 35 &r gamla konstruktioner, att inga extra
underhéllsinsatser krdvts. Eventuella ldckage hérleds till skarvarna och vid hogre
tathetskrav har tvéskalslosningar anvénts. Detta Overensstimmer ocksd med
entreprendrernas erfarenheter.

Fran entreprendrernas svar har en lista med “viktiga faktorer for att uppna en god kvalitet
och bestidndighet ™ tagits fram (Alén et al, 2006):

e ”God samverkan mellan konstruktor, entreprendr och bestillare.
e Vil genomténkta armeringsldsningar och detaljer.
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e Kontrollerad gjutprocess och relevant hantering av stodvitska, for att
undvika eller minska inblandning 1 den fardiga betongmassan.

e Anpassad typ av fogtitning.

e Noggrann kvalitetskontroll.”

3.6.2 E18 mellan Festningstunnelen och Ekebergtunnelen, Oslo

Bjervikaprojektet i Oslo innefattade en tunnel som sammankopplar de tva bergtunnlarna
Festningtunnelen och Ekebergtunnelen. Projektet finns beskrivet i sin helhet i den
omfattande rapporten "E18 mellom Festningstunnelen og Ekebergtunnelen — Entreprise
Serenga - Erfaringsrapport slissevegger”, Statens Vegvesen (2011).

Initialt diskuterades 10sningar med permanenta ldngsgdende slitsmurar, vilket en
konsultgrupp forordade, men byggherren (SVR@) beddomde att de tekniska osdkerheterna
var storre dn den ekonomiska nyttan.

Tunneln utférdes dock med permanenta tvér(slits)murar (som 1 Gotatunneln) vars
funktion &r att forhindra bottenupptryckning samt bidra med horisontellt stéd under
byggfasen. Tva typ sektioner presenteras i Figur 5. Tunneltaket fastes in i slitsmuren och
bidrog dirmed med horisontell stabilitet. Tunneln konstruerade dérefter ’top-down”.

Slitsmurarnas tjocklekar varierade mellan 0,8 och 1,2 meter och var mellan 4,8 och 7,6
meter breda. Vdggarnas djup varierade mellan 12 oh 24,5 meter.
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S KRS Ctto el MRKE o IRRTIN ' Xl
@ Cross-beam - DW panels E T PO B | ] : —
] e P ﬂ ~ Tunnel - - || ST Lowe ‘
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Cross walls - DW panels

| 55m
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322 m
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Cross walls - DVV panels

30m

Figur 5. Typsektioner, Bjervikaprojektet, Oslo (Statens Vegvesen, 2011).

De ldngsgaende slitmurspanelerna fogades med profil liknande den som anvéndes i
projektet Triangeln med ett fog band (s.k. water stop”). Tvérgiende slitsar fogades med
dndstag bestdende av cirkuldra profiler se Figur 6. Dessa visade sig generellt sldppa
lattare fran betongen. Tva 15 m djupa provslitsmurar om gjots med en dverkonsumtion av
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betong pa ca 20 %.

Figur 6. Andstag med cirkulir profil (Statens Vegvesen, 2011).

I varje armeringskorg for ldngsgiende slitsmur placerades en fyrkantsprofil 1 vilken den
ingjutna armeringskorgens rakhet kontrollerades. En avvikelse om maximalt 80 mm in
mot tunnelviggen tolererades. Inga avvikelser rapporterades av entreprendren och inget
tydde heller pa att sadana fel skulle forekomma vid gjutning av tak- och bottenplatta.

Da lidngsgdende slitsmurarna i projektet projekterats som tillfdlliga konstruktioner
utfordes inga bruksgrinskontroller. Den dimensionerande tjockleken pa slitsmurarna gavs
av kriterier ur SS-EN 1538 (SIS, 2000a). Armeringsmédngden beréknades till 2032 i ett
lager samt ett fritt avstand mellan stinger/buntar p4 minst 100 mm. Detta innebér att
maximala armeringsmingden vertikalt blev 2032s180. Det hade varit dnskvirt med mer
armering men kraven pa horisontella avstandet medforde att ytterligare lager skulle varit
ineffektiva.

Typiskt dimensionerande punkt var vid anslutningen till tvérslitsmur, i de sektionerna
med maximalt djup. Dimensioneringssituationen fordndras ofta under arbetesgéng, vilket
ar viktigt att ta 1 beaktande nidr man viljer produktionsmetod. I denna utformning
reducerades belastningen betydligt nir bottenplatta gjutits.

I den erfarenhetsrapport som forfattas, Statens Vegvesen (2011), drar man slutsatsen att
vattentitheten mellan panelerna i de ldngsgdende slitsmurarna var mycket god (d&ven om
“water stop” skulle utldmnats). En bidragande orsak till detta sidga vara de homogena
lermassor som omger tunnelkonstruktionen.

Sammanfattningsvis dras slutsatsen att erfarenheter fran projektet bidragit till att forstarka
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uppfattningen att slitsmurar kan anvindas som permanenta konstruktionsdelar.
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4 RESULTAT FRAN TIDIGARE FORSKNINGSPROJEKT

4.1  Slitsmurar som permanenta konstruktioner — SBUF projekt 11603 och 11796

Som redan ndmnts, initierades ar 2004 ett stort branschgemensamt utvecklingsprojekt av
Viégverket om anvindandet av slitsmurar i permanenta konstruktioner Alén et al. (2006).
Projektet finansierades av Vigverket, Banverket och SBUF. Projektets méal var att
resultera i en rekommendation om vilka begransningar och férdndringar som erfordras for
att kunna utnyttja tekniken i permanenta konstruktioner, alternativt motivera ett
avstyrkande av tekniken. Efter projektets slut accepterades slitsmurar som permanenta
konstruktioner av Trafikverket.

Efter inledande litteraturstudier och seminarier i samband med en slitsmurskonferens
koncentrerades arbetet pa foljande omraden:

e Slitsmurens bestidndighet, framfor allt frAgestillningar betrdffande krav pa material och
utforande, konstruktiva l16sningar samt sprickbreddsbegrénsningar.

e Geotekniska fragestédllningar speciellt med koppling till paverkan pa slitsmurens téthet,
kvalitet och bestdndighet.

e Inverkan av stodvétska pa den fardiga slitsmurskonstruktionens egenskaper.

e Internationella erfarenheter — brukare och entreprendrer har intervjuats om erfarenheter
1 driftsskedet och under utférandet.

Arbetet och analyser baserades pd litteraturstudier, enkédtsvar fran bestdllare och
entreprendrer, intervjuer med experter och myndigheter samt erfarenheter av
slitsmursarbeten inom projektgruppen. For utredning av stodvitskans inverkan pd den
fardiga slitsmuren utfordes faltforsok vid Citytunnelprojektet i Malmo.

Projektgruppen fann att man kunde rekommendera slitsmurar fér permanent bruk under
vissa forutséttningar, till exempel:

e Betongens vct,, skall inte 6verskrida 0,50.

¢ Vid konstruktioner med miljobelastning motsvarande vagmiljé samt vid krav pé torr
inomhusmiljo bor en inre betongvégg utforas innanfor slitsmuren.

e Sprickvidden vid annan miljobelastning &n ovan bor inte dverstiga 0,40 mm respektive
0,30 mm 1 bygg- respektive permanentskedet vid samtidigt uppfyllnad av tithetskraven.

e Erforderlig forankrings- och skarvlingd av armeringsstinger 6kas med 10 %. Vissa
fragestdllningar bor belysas ytterligare for att eventuellt kunna 6ka potential och ekonomi
for permanenta slitsmurar, till exempel:

e Storlek av belastningar pa grund av samverkan mellan slitsmur och omgivande jord.

¢ Paverkan av slitsmurens tdthet pd omgivningen.

¢ Ett mer nyanserat sitt att formulera sprickbreddskrav for att pa ett relevant sitt kunna
hantera vattentithet, bestdndighet och omgivningspaverkan bade 1 bygg- och
permanentskedet.
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e Paverkan pa betongens egenskaper sasom hallfasthet, vidhiftning och téthet av
stodvétska, tillsatsmedel och arbetsutférande.

Négra viktiga faktorer for att uppnd en bra kvalitet pd den permanenta slitsmuren
identifierades under arbetet:

e Arbetsutforandet och erfarenheten hos slitsmursentreprendren &r av avgorande
betydelse for en bra kvalitet.

e Samverkan mellan projektor, entreprendr och bestéllare dr viktigt for att uppna ett bra
resultat.

e Armeringens utformning och detaljldsningar vid anslutande bjélklag bor dgnas speciell
omsorg. For titt armerade konstruktioner kan motverka sitt syfte.

e Stodvitskans egenskaper och hantering har en avgérande inverkan pa slutproduktens
kvalitet.

4.2 Utvardering av vidhéaftningsforsok i samband med Citytunnelprojektet —
SBUF projekt 12281

Detta projekt finansierades av SBUF och Banverket (Magnusson and Mathern, 2013).
Syftet med projektet var att undersoka vidhéftningsformagan mellan betong och armering
vid gjutning under bentonitslurry. Tidigare studier indikerade att vidhédftningen var légre i
detta fall jamfort med nir gjutning sker under normala forhallanden, se Jones och Holt
(2004) och Jones (2005). Formodade orsaker till detta &r dels att betongen, pa grund av
inblandning av stodvétska och/eller smuts far en lagre hallfasthet samt att ndrvaro av
stodvétska kan ge upphov till ett “glattare”, och ddrmed vekare, griansskikt mellan
armering och betong.

For att studera inverkan av gjutning med slitsmursteknik har faltforsok utfors 1 samband
med Citytunnelprojektet i Malmo, dér slitsmurar byggdes som tillfélliga konstruktioner.
Utdragsforsok utfordes pa armeringsstinger ingjutna i slitsmurspaneler och 1 en
referenspanel, gjuten utan bentonitslurry, for att studera vidhdftning mellan betong och
armering. Betongkuber, gjutna samtidigt som panelerna, samt kdrnorna, urborrade fran
slitsmurspanelerna och referenspanelen, testades ocksd for att utvdrdera betongens
tryckhallfasthet.

Resultaten fran provningen av kuber och kérnor, se Figur 7, visade att betongen i
slitsmurspanelerna uppnadde samma hallfasthet som den i referenspanelen. Det vill sdga
gjutningen under bentonitslurry tycks inte ha paverka betongens héllfasthet.
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Figur 7. Betongens tryckhallfasthet fran provning av kuber och kdrnor (Magnusson och
Mathern 2013).

Testerna som utforts vid Citytunnelprojektet pd kérnor som borrats fran referenspanelen
och slitsmurspaneler gav i genomsnitt lagre tryckhallfasthetsvirden &n de som utvérderats
tidigare pa betongprovkuber vid 28 dygn. En del av skillnaden beror antagligen pa det
faktum att hallfasthetresultat pa borrkdrnor vanligtvis ger en uppskattning av den nedre
grinsen for in-situ héllfastheten pa grund av orsaker som borrningseffekter. En annan
mdjlig anledning kan vara att betongen som gjots i slitsmurspaneler och referenspanelen
nadde aldrig samma hallfasthet som den i kuber pa grund av temperatureffekter.

Vidhiftningshallfastheten, se Figur 8 och Figur 9, fran wutdragsforsoken i
slitsmurspanelerna var i genomsnitt minst 40 % légre jamfort med de 1 referenspanelen.
Dessa resultat tyder pa att gjutning under bentonit vésentligt kan reducera
vidhiftningshéllfastheten. Det &dr dock wvédrt att notera att vidrdena pé
vidhiftningshéllfastheten frén slitsmurspanelerna ligger i nivda med experimentella
resultat, utan inverkan av bentonit, frin litteraturen, se Figur 8 och Figur 9. Daremot var
virdena fran referenspanelen mycket hogre dn véntat.
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4.3  Utveckling av slitsmursteknik for en mer ekonomisk utformning — SBUF
projekt 12345 och 12606

Studien presenterad i Hedlund och Wiberg (2013) syftade till att utveckla en
frostbestéindig undervattensbetong som uppfyller kraven for exponeringsklasser aktuella i
en vigtunnel. En studie av stodvétskans (bentonitslurry) péverkan pa betongens
vidhéftning till armeringen genomfordes ocksa.

Provning med avseende pd den utvecklade betongens egenskaper samt inverkan pa
vidhéftning av bentonitslurryn genomfordes i full skala. Frysprovningen utférdes pa
utborrade cylindrarna och dessa pévisadepa mycket god frostbestindighet.

Studien av betongens vidhéftningsformaga visade att vidhédftningshéllfastheten
paverkades negativt i relativt stor omfattning av gjutning i bentonitslurry i jaimforelse
med gjutning i torrhet. Uppmatt vidhiftningshéllfasthet sjonk fran 17-26 MPa till 11-13
MPa. Pa utborrade cylindrar observerades i manga fall en tunn beldggning av
bentonitslurry kring armeringsjirnen. Fenomenet var extra tydligt intill formen.
Resultaten fran denna studie Overensstimmer, enligt forfattarna, med vad som
rapporterats 1 ovrig litteratur (om &n ndgot tydligare 1 denna studie). Sammanfattningsvis
sjonk vidhéftningsformagan med omkring 30-40 % lagre vid gjutning i bentonitslurry
jamfort med gjutning i den torra referensviggen.
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3) FUNKTIONSKRAV

Fornyelsen 1 anldggningsbranschen gar sakta. Nya produktionsmetoder och tekniker har
svért att i faste 1 branschen och produktivitetsutvecklingen &r mycket lag jamfort med
ovrig industri. For att ytterligare stimulera teknisk utveckling har det beslutats att andel
funktionskravsstyrda totalentreprenader skall 6ka, istillet for utférandeentreprendrer dér
specifika tekniska losningar foreskrivs fran borjan. Detta 1 linje med det arbete som
bedrivits genom FIA (Fornyelse i Anldggningsbranschen).

Anbudskostnaderna for en totalentreprenad dr hogre dn for en utforandeentreprenad.
Kostnaderna for anbudsrdknandet i sig dr ocksd avsevért storre i totalentreprenader.
Totalentreprenader innebdr fordndringar 1 kompetensbehovet bdde hos bestillare och hos
entreprendrer. Bestéllaren kan renodla sin kompetens inom upphandling av funktion
medan entreprendren maste komplettera sin med kunskaper om funktion och hur den
uppfylls (Alfredsson et al., 2010).

Med begreppet funktionskrav avses kortfattat ett synsétt dér bestéllaren istéllet for att
foresla en losning eller specifika krav, specificerar de funktioner ett byggnadsverk skall
uppfylla. I dagens byggnation styrs manga av de val som gors av lagar, normer och
regler. Enligt Ang och Hendriks (2010) begrinsar detta utvecklingen av nya tekniska
16sningar och nya material. Gibson (1982) beskriver den funktionskravs drivna processen
som “’praktiken att tdnka och arbeta med syfte snarare 4n medel”.

I Vigverket (2000) diskuteras frdmst funktionskrav for broar, men i viss man dven
grundldggande aspekter av synsittet. De funktionsbaserade reglerna aterges dér
hierarkiskt enligt Figur 10. I Alfredsson et al. (2010) diskuteras funktionskrav i
totalentreprenader for végprojekt. I Mathern (2013) diskuteras funktionskrav ur ett
europeiskt perspektiv.

Figur 10. Hierarkisk struktur for funktionsbaserad regler, efter Alfredsson et al. (2010).

Gudjoénsson och Hoskuldsson (2014) diskuterar ocksa funktionskrav generellt, men ocksa
specifikt for slitsmurskonstruktioner. P4 en generell nivd har de anvént strukturen som
presenteras 1 Figur 11. De generella kraven skall beskriva konstruktionens dvergripande
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funktion, funktionskrav skall vara ett mer detaljerat krav pd konstruktionen. Den ldgsta
nivén i hierarkin, funktionskriteriet, skall vara en specifik verifierbart krav. De generella
kraven och funktionskraven skall kunna tillampas pa alla typer av byggnader till skillnad
frdn funktionskriterier som maiste bestimmas for den specifika byggnadstypen.
Examensarbetet, som utforts som en del av detta projekt, aterfinns i sin helhet 1 Bilaga A.

Projekt/Konstruktion

Generellt krav 2

Funktionskrav 2

] Funktionskriterium 1

o Funktionskriterium 2

Figur 11. Struktur mellan projektnivd och funktionskriterier s& som presenterat i
Gudjoénsson och Hoskuldsson (2014).

Regelstrukturen applicerad pa slitsmurar presenteras i Figur 12 dér fem identifierade
generella krav ocksa presenteras: lastkapacitet, brukbarhet, bestdndighet, hallbarhet och
byggbarhet. I figuren nedan exemplifieras strukturen genom nedbrytningen av det
generella kravet lastkapacitet till funktionskrav (kapacitet) och vidare utveckling till
funktionskriterier (moment, etc.).
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Projekt/
Konstruktion
| | L} : Ll L}
Lastkapacitet Brukbarhet Bestandighet Hallbarhet Byggbarhet
[ |
L} | ¥
Kapacitet Stabilitet Robusthet

o Moment

o Tvirkraft

= Dragkraft

o Buckling

Figur 12. Identifierade generella krav, samt exempel pa identifierade funktionskrav samt
funktionskriterier, Gudjonsson och Hoskuldsson (2014).

Samtliga generella krav 4r nedan nedbrutna i funktionskrav och funktionskriterier nedan,
se Figur 13 till Figur 17.

Projekt/
Konstruktion

Lastkapacitet

Stabilitet Robusthet

= Moment — lord

Kapacitet

Brandskydd

-y . Kollisions-

o Tvirkraft g  Schakt - skydd
M Explosions

skydd

ordbavnings

= Dragkraft Rl Konstruktion

o Buckling

skydd

Figur 13. Funktionskrav och funktionskriterier associerade med lastkapacitet, Gudjonsson
och Hoskuldsson (2014).
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Projekt/
Konstruktion
1
Ll
Brukbarhet
L
L] L] L)
Estetiska krav Begransiade B_egran_sade
deformationer viberationer
S Begransade
=1 Spricktathet J & R —
betongyta

- Betongtathet — Jord

Tathet

Permanent Viberationer i
slitsmur konstruktioner

Temporar

slitsmur

Figur 14. Funktionskrav och funktionskriterier associerade med brukbarhet, Gudjonsson

och Hoskuldsson (2014).
Projekt/
Konstruktion
1
|
Bestindighet
1
|
Bestindighet e
mot Inspekterbarhet Mojllggm_ar}de
e av underhall
miljopaverkan
B ikalier I_ _FQI‘Eﬂk_IEl TlllgEfngllg_h:?t till
inspektion detaljer

=1 Korrosion

al  CMperatur

Figur 15. Funktionskrav och funktionskriterier associerade med bestindighet,
Gudjonsson och Hoskuldsson (2014).
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Projekt/
Konstruktion
[

1
Hallbarhet
Hallbar
materialanvandning

Minimera
= anvindandet av
farliga material

Minimera

klimatavtryck

Figur 16. Funktionskrav och funktionskriterier associerade med hallbarhet, Gudjonsson

och Hoskuldsson (2014).
Projekt/
Konstruktion
[
L
Byggbarhet
1
I 1
Kvalitetssdkert T
bysgande Tillganglighet
L Tillgdnglighet pa
byggplatsen

Ekonomiskt
byggande
L

Projekterings- och
= konstruktions-
kvalitet

= Utforandekvalitet

Figur 17. Funktionskrav och funktionskriterier associerade med byggbarhet, Gudjonsson
och Hoskuldsson (2014).

I examensarbetet beskriver Gudjonsson och Hoskuldsson (2014) varje krav och kriterium
ingdende och ger i manga fall forslag pé verifikationsmetoder. Generellt sitt &r
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forekomsten av verifikationsmetod mycket viktig for att kunna f6lja upp stéllda krav. De
presenterade kraven och kriterierna foreslogs specifikt for slitsmurar efter en grundlig
litteraturstudie av tidigare rapporter i &mnet. Dock trycker de pé att krav och kriterium
som presenteras inte skall betraktas som en komplett lista utan som ett forslag pa hur
kraven kan struktureras och specificeras.

En sammanstéllning av de generella krav, funktionskrav och funktionskriterier, som
identifierades av Gudjonsson och Hoskuldsson (2014) anges 1 Figur 18. Noterbart ér, som
tidigare beskrivits, hur de generella kraven i den inre cirkeln och funktionskraven &r
metod oberoende, medans den yttersta nivan paverkas av teknikvalet. Det &r av stor vikt
att de funktionskrav som stills av bestillaren &r teknikneutrala; en av de storsta vinsterna
med funktionsstyrd upphandling &r innovationsstimulansen som teknikneutraliteten
skapar. Funktionskraven bor alltsd utgora en del av underlaget i upphandling. De yttre
funktionskriterierna upprittas baserat pa regelverk for den teknik som wvalts. Alla
inblandad aktorer méste i forhand ha en gemensam bild av hur funktionskraven verifieras.
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. Spricktathet

Figur 18. Generella krav, funktionskrav och funktionskriterier for byggande av
permanenta slitsmurar.
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6 SLUTSATSER OCH REKOMENDATIONER

6.1 Slutsatser

Normmassigt har mycket hént under den senaste tioarsperioden. Den storsta skillnaden
for svenskt vidkomande ér tilldtandet av permanenta slitsmurar som gjorts i ”Bro 2004 —
Supplement Nr. 2” (Bro 2004- Supplement nr 2). En 6kad acceptans uttrycks dven i
Trafikverkets rd for tunnelbyggande (Trafikverket, 2011d). For specifika krav skall SS-
EN 1538:2010 (SIS, 2010a) foljas. Denna norm har omarbetats i relativt stor omfattning
under det senaste decenniet. Den uppdaterade normen ger en béttre bas f{or
slitsmurskonstruktioner dd ménga avsnitt blivit utdkad och fortydligade. Antalet krav har
utokats, men inga nya krav dr uppenbart forsvarande utan formulerar endast krav som
rimligen kunnat stiillas Aven innan utkomsten av den uppdaterade standarden. Aven andra
europeiska nationella rekommendationer har uppdaterats. Bide osterrikiska (OVB, 2013)
och tyska rekommendationer (BASt, 2012) ger nu en god bas till bdde planering och
utforande av permanenta slitsmurar.

I projekten som beskrivs i denna rapport har anvindandet av slitsmurar bidragit till en
effektiv byggprocess, 1 de flesta fall med ett gott resultat. Vissa problem med lickage
finns beskrivna. Den entydiga bilden verkar vara att lickage frimst &r ett problem vid
vertikala och horisontella skarvar, 1 slitsmurskonstruktioner med ett skal. Vid
erfarenhetsaterforing framgar det att en framgangsfaktor verkar vara ett gott samarbete
mellan projektdr, entreprendr och eventuell underentreprenor.

Forskningsprojekt utférda under den senaste tiodrsperioden indikerar att
tryckhéllfastheten troligen inte paverkas av gjutning med bentonitstodvétska. Dock, finns
indikationer pd en forsdmring av vidhiftningen mellan betong och armering. Studierna
utfordes i samband med byggnationen av Citytunneln, Malmo.

Studier visar att vilformulerade funktionskrav bidrar till bra tekniska losningar. I detta
projekt har funktionskrav diskuterats ur ett slitsmursperspektiv. Inom ramen for projektet
har ett examensarbete utforts i vilket forslag ges bade pé en kravstruktur och specifika
forslag pa krav i de olika nivderna. Kravnivéerna bendmns generella krav, funktionskrav
och funktionskriterium. De dvergripande nivaerna i den foreslagna kravhierarkin bor vara
teknikneutrala (generella krav och funktionskrav), medans den ldgre (funktionskriterium)
kraver teknikorientering. Det viktigt att funktionskriterium ar verifierbara. I detta projekt
foreslds en del verifieringsmetoder och andra kriterium kan kopplas till gidllande norm,
hir finns dock ytterligare utvecklingsbehov. Funktionskriterium bor dock diskuteras pé
objektniva och lter sig svarligen generalliseras for en specifik byggnadstyp.

Med en positiv utveckling under det ganga decenniet, bdde norm-, erfarenhets- och
forskningsméssigt, och ménga stora infrastrukturprojekt planerade for de kommande aren
bor byggbranschen vara redo utnyttja de tekniska fordelarna med slitsmursteknik. Inte
minst dd projektdelar inom det vistsvenska paketet stricker sig genom mdttade leror i
urban miljo.
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6.2  Framtida utvecklingsbehov

Under arbetet med denna rapport identifierades foljande forskningsbehov:

e Kbvalitén pa den slutliga produkten paverkas i stor grad av utférandet och
samarbetet mellan de olika aktorerna. Verifikationsprocesser under byggtiden blir
darfor viktiga, inte bara for att sidkerstélla kvaliteten, utan ocksé for att underlitta
skapandet av en god malbild for samtliga aktorer. Vilka verifikationsmetoder &r
bast lampliga for varje funktionskriterium?

e Forstorande provning fullskala dr mycket resurskrdvande. Ménga egenskaper hos
slitsmurar kan bedémas genom icke-forstorande provning. Férutom att ge en 6kad
kdnnedom om konstruktionsens egenskaper kan denna typ av arbete ge virdefulla
erfarenheter kring lampliga verifieringsmetoder for funktionskriterier.

e Framtida studier bor undersoka funktionskraven paverkar de olika aktdrerna i
totalentreprenaden. Behdver dagens oOvergripande regelverk anpassas for att
mojliggdra upphandling med funktionskrav? Vem star for verifikation pa de olika
nivderna?

e Betongens egenskaper, t.ex. frostbestindighet, kan pédverkas av trycket pé
betongen under gjutning. Gjorda studier visar endast effekter pé
frostbestdndigheten i grunda murar, dvs. under forhallandevis litet tryck. Hur
paverkas frostbestédndigheten i djupa slitsmurar?

e [ tidigare studier har den forsdmrade vidhiftning vid gjutning under benotnitslurry
diskuterats. Vidhédftningshéllfastheten paverkar armeringens sprickfordelande
egenskaper, men kopplingen mellan sprickvidd, sprickavstand och vidhéftning for
slitsmurar &dr inte fullt utrett. Detta samband har stor paverkan pé slitsmurens
bestidndighet.
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BILAGA A
“Functional Requirements for Permanent Diaphragm Walls”

Examensarbete  2014:110, Chalmers Tekniska Hogskola, Avdelningen for
Konstruktionteknik, Betongbyggnad, , Géteborg 2014
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ABSTRACT

There is growing experience of constructing diaphragm walls in Sweden. The
experience is still scarce and somewhat limited to few projects. One of the concerns
regarding the walls is the ability to assure the quality of them as permanent
structures. Due to these uncertainties and limited experience clients such as
Trafikverket are reluctant to use diaphragm walls as permanent structures.
Trafikverket wants to be able to describe and require the desired performance of
diaphragm walls. This can be achieved with the aid of functional requirements,
where desired functions of the permanent diaphragm walls are formulated as
requirements. This has not yet been performed for diaphragm walls and remains an
unanswered question. The use of functional requirements gives more freedom to
design, which can lead to new technical solutions and materials in such structures.
This is important in order not to prevent development and innovative solutions.
The aim of this study was to investigate and to identify the necessary needs and
restrictions concerning diaphragm walls as permanent structures and propose
relevant functional requirements. Requirements were then identified and structured
in levels, from general ones to detailed functional criteria with reference to
corresponding methods for verification.
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1 Introduction
1.1 Background

Diaphragm walls are used as retaining structures in excavation of soil. They prevent
the surrounding soil from collapsing into the excavated part, Mahesar and Masi-
uddin (2004). Diaphragm walls can be used for underground structures, such as
infrastructural tunnels or foundations.

Alternative methods for retaining structures are steel sheet piles and secant piles,
Alén et al. (2006). The sheet piles are dominant in the Swedish market today
especially in the marine environment. During installation the sheet piles are driven
down with force, which processes high noise and vibrations. Secant piles are concrete
piles cast underground. They are flexible and often without effective reinforcement.

Diaphragm walls are considered stiff and watertight structures that can extend great
distances both horizontally and vertically. The construction of the walls minimises
noise and vibration compared to construction of sheet pile walls.

There are two main types of constructing diaphragm walls. The difference lies in
their usage as temporary or permanent structures. Temporary diaphragm walls are
used only as retaining walls during construction of other permanent structures. The
permanent diaphragm wall on the other hand serve both as a retaining wall and as
a part of a permanent load bearing structure. Temporary diaphragm walls often
require more space on the construction site than the permanent ones. This is because
the final structure needs to be built on the inside of the temporary walls, usually
few meters from the walls on each side. It can therefore be more advantageous to
combine the retaining wall and the final structure with a permanent diaphragm wall,
especially in urban areas, Alén et al. (2006). Example of diaphragm walls in an
urban area can be seen on Figure 1.1.
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Figure 1.1: Vistlinken, planned excavation at Brunnsparken, Gothenburg, modified from
Banverket (2005)

The procedure of constructing diaphragm walls starts with the excavation of a
trench, which will act as a form. Supporting fluid is provided into the trench during
excavation to ensure stability of the trench. After the excavation a reinforcement
cage is lifted in and concrete is cast from bottom up as an underwater casting, Wood
(2006).

This type of structures is widely used around the world both for temporary and
permanent structures. In Europe it has especially been used in England and Germany,
Jansson and Wikstrom (2006).

There is a growing experience of constructing diaphragm walls in Sweden. The
experience is still scarce and somewhat limited to few projects. The major ones
are the tunnel projects, the Gotatunnel (2006) in Gothenburg and the Citytunnel
(2008) in Malmo, where diaphragm walls were used as temporary retaining walls,
Alén et al. (2006). Most recent projects include a permanent diaphragm walls in
housing project in Malmé (2011) and a temporary diaphragm walls in industry
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project in Helsingborg (2013). Both projects used diaphragm walls in foundations,
NCC Construction (2010a), NCC Construction (2010b).

1.2 Problem description

In 2004 the Swedish Road Administration (at the time Végverket) and the Swedish
Rail Administration (Banverket) with the financial support of the Development Fund
of the Swedish Construction Industry conducted a development project on permanent
diaphragm walls. The purpose of the project was to clarify whether diaphragm walls
could be accepted as permanent structures and if so identify necessary requirements
and restrictions. The project work was finished with the report “Diaphragm walls
as permanent structures" in June 2006, Alén et al. (2006), where it was stated
that diaphragm walls can be accepted as permanent structures, but certain issues
remained in order to ensure the quality of the walls.

Diaphragm walls are of interest to the Swedish Road Administration (Trafikverket)
for future projects since they have been accepted as permanent structures. According
to Harryson (2014-03-04), Trafikverket wants to be able to describe the desired
performance of diaphragm walls. This can be achieved with the aid of functional
requirements, where desired functions of the permanent diaphragm walls are formu-
lated as requirements. This has not yet been performed for diaphragm walls and
remains an unanswered question.

The building process today mainly bases the design and construction procedures on
law, codes and regulations. This according to Ang and Hendriks (2010) restricts
development of new technical solutions and new materials in the construction industry.
In order not to limit possible solutions from the beginning a new approach is needed,
a performance based approach. The approach is described by Gibson (1982) as

"the practice of thinking and working in terms of ends rather than means.
It is concerned with what a building or building product is required to
do, and not with prescribing how it is to be constructed."

It is also stated further by Gibson (1982) that

"The performance approach permits new developments to be exploited,
while safeguarding and assuring a level of quality adequate for the purpose
in question. "

For the quality to be ensured the expected performance needs to be described and
structured in a way that is applicable to any project.
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1.3 Objectives

The objectives of the studies were to analyse typical situations and conditions of
permanent diaphragm walls, then to identify desired performance aspects in order
to formulate functional requirements, and finally to propose verifying methods to
show that the functional requirements are fulfilled. To represent the requirements
and the verifying methods in a optimal manner a structure of the requirements in
different levels should be developed.

1.4 Method

The project was to be carried out in form of a research study on desired performance
aspects of permanent diaphragm wall. The process should include literature study
of reports, relevant standards and previous projects in Sweden. Interviews with
experienced persons should also be conducted to include first hand experience. The
development of the requirements was supposed to include a number of iterations and
revision of the requirements in order to represent the desired performance in a clear
and proper way. The requirement structure should be based on previous experience
in performance-based design.

1.5 Outline

Introduction to the project is presented in Chapter 1 which includes background,
problem description, objectives and method. In Chapter 2 a description of permanent
diaphragm walls is presented as well as erection methods and previous experience on
permanent diaphragm walls. The structure of requirements and previous experience
in performance based design are presented in Chapter 3. The identified requirements
for permanent diaphragm walls are presented in Chapters 4 to 9, where Chapter 4
includes five overall requirements and the next five chapters (Chapters 5 to 9) include
more detailed requirements that fall under the five overall requirements. Chapter 10
presents a discussion and Chapter 11 the conclusion of the thesis work.
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2 Diaphragm walls
2.1 Description

Retaining walls are used where risk of failure in soil is present during excavation. The
retaining walls can also prevent changes in ground water levels during construction.
Diaphragm walls are one of the possible approaches for constructing a retaining
wall. The role of diaphragm walls can vary, since they can be designed as permanent
structures or temporary supports.

The walls are constructed in panels. The panels can be cast in situ or precast as
described in CEN (2010) and DFI (2005). The advantages of using diaphragm walls
as permanent structures are many, but there are also some disadvantages as discussed
in Alén et al. (2006).

Advantages:

e Rigid structure and dense material
e Small environmental impact
e Fconomic

e Less space consuming during construction
Disadvantages:

e Uncertainties regarding design
e Uncertainties regarding construction
e Little experience in Sweden

e Risk of leakage through joints between panels

2.2 FErection

When constructing a diaphragm wall the technique used is called "the slurry trench
technique", which is originally from USA according to Jansson and Wikstrém (2006).
The erection sequence can be seen in Figure 2.1. The technique mainly consists of:

Excavation of trench

Supporting fluid provided for stability

Reinforcement cage lifted in

Concrete cast from bottom up
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Supporting fluid
feed —

Figure 2.1: Erection sequence of diaphragm walls, modified from Webster (2014)

First a guiding wall is constructed to establish the outline of the diaphragm wall
and is refereed to as guide wall, Alén et al. (2006). The guide walls lie parallel to
the trench and provide guidance for the excavating equipment. These walls can be
made out of precast units or cast in-situ, DFI (2005). The guide walls also prevent
collapse of the trench close to surface, CEN (2010).

Then the excavation of the trench starts. Special equipment is used, which can vary
both in size and type. The type of equipment used is determined from the conditions
and characteristics of the soil. The surrounding soil is used as form and therefore the
size of the equipment decides the thickness of the wall. For example a different equip-
ment is needed when excavating through soils with a lot of boulders, Alén et al. (2006).

During excavation the trench is kept full of a supporting fluid and more fluid is added
continuously as the trench gets deeper. The fluid condition has to be monitored to
ensure that the characteristics are within specified limits. The role of the supporting
fluid is to establish stability of the trench. As the surrounding soil varies the mixture
of the supporting fluid has to be mixed accordingly. The supporting fluid should
also form a layer on each side of the trench to prevent leakage of water from the
surrounding soil and vice versa, Wood (2014-02-26). The supporting fluid "is usually
a bentonite suspension, a polymer solution or hardening slurry", according to CEN
(2010).
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When the excavation of the trench is finished, special fabricated stop ends are put
in place between panels. The next step is to lift in the reinforcement cage. This
phase varies as the panels have different purposes, for example if they are primary or
secondary. The reinforcement cage can be equipped with spacers to ensure adequate
concrete cover, Swedenborg (2014-02-21) . Example of end stops can be seen in
Figure 2.2.

Underground

Flat Elements
Steel Casing

Precast Concrete Joint Tape

Figure 2.2: Ezample of vertical joint details for diaphragm walls, modified from Alén et al.
(2006)

Before casting the characteristics of the supporting fluid should be verified and when
needed, replaced by a new one, CEN (2010). This is performed to minimise the risk
of having contaminated supporting fluid. Concrete is then cast from bottom up. The
concrete is poured down to the bottom through so called "tremie pipes". The pipes
are then lifted during casting but should always be kept submerged in the concrete.
The casting speed should fulfill recommendations and be kept at constant rate. The
reason is to reduce the risk of having the concrete contaminated with supporting
fluid and ensure homogeneous distribution over panels, Alén et al. (2006).

2.3 Previous experience

2.3.1 The Gotatunnel project

In the year 2006 an 1.6 km long traffic tunnel was opened in the city centre of
Gothenburg. The tunnel consists of an 1 km long rock tunnel and 590 m long parts
constructed with the cut and cover method. The cut and cover method was used on
both ends of the tunnel. Sheet pile walls were used as temporary support on the west
end (Jarntorget) of the tunnel. Diaphragm walls and sheet pile walls were then used
as temporary supports on the east side (Lilla Bommen). The depth of the diaphragm
walls varied from 13 to 30 meters below ground. In total 100 m of longitudinal walls
were constructed with 4.5 m long panels and 1.2 m wide. Transverse walls were then
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constructed between the longitudinal walls with panels 4.5 m long and 0.8 m wide.

Series of tests and inspections were carried out on the diaphragm walls, which
were evaluated by Mahesar and Masiuddin (2004) . The following possible problems
were identified, which are relevant with regard to performance criteria.

Water leakage through joints

e Uneven concrete cover

Cracks at panels surface

Mixing of bentonite with concrete

Reduced bond strength

Crack width problems

2.3.2 The Citytunnel in Malmé

The Citytunnel in Malmé was opened in 2010. The project consisted of constructing
railways, a railway tunnel and railway stations. Diaphragm walls and sheet pile walls
were used as temporary supports around part of the tunnel and stations, Nordberg
(2008). In relation to this project a special reference panel was cast and a temporary
diaphragm panel was selected for detailed inspections. The reference panel was cast
using normal formwork and without any supporting fluid. Both panels were then
equipped with special vertical reinforcement bars for pull out tests, Magnusson and
Mathern (2013).

A report based on the test results from the Citytunnel project was published in
the report by Magnusson and Mathern (2013). In the report the effect of casting
technique on the bond strength and concrete strength was evaluated. Part of the
conclusions from the report are:

e According to the tests carried out at the Citytunnel project, the concrete
diaphragm wall panels reached the same strength as the concrete cast in the
reference panel. Therefore it was concluded that casting under bentonite slurry
and with earth as form did not seem to have negative effect on the concrete
strength.

e The bond strength of the bars in the diaphragm wall panels at the Citytunnel
project was found to be at least 40% lower in average than the one of the bars
in the reference panel. These results indicate that casting under bentonite can
significantly reduce the bond strength.

e However, the bond strength values obtained for the bars in the diaphragm
wall panels at the Citytunnel project were found to be consistent with other
experimental results from the literature and with code predictions. It seems
rather that the values from the reference panel were specially high.
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e In light of the contradictory results further research is needed to investigate
the influence of casting in bentonite on the bond between reinforcement bars
and concrete.

2.3.3 Development of diaphragm walls for more economic design

A project concerning more economic design of diaphragm walls was carried out by
Skanska Sweden AB. The results from the project were published by Hedlund and
Wiberg (2013). The aim of the project was to develop frost resistant concrete, placed
below water level, that would fulfill the requirements for exposure classes in road
tunnels. The effect of the supporting fluid on the bond strength between the concrete
and reinforcement was also studied. The supporting fluid used was bentonite slurry.

Part of the conclusions from the report are:

e Underwater frost resistant concrete was developed. The concrete is self com-
pacting and fulfils the exposure classes for road tunnels. Testing were conducted
both in the factory and on the finished structure. The results of freezing tests
of drilled cylinders showed very good frost resistance in all walls that were cast.

e Studies of the drilled cylinders showed in many cases a thin coating of bentonite
slurry around the reinforcement. This happened more frequently on the
reinforcement bars nearest to the form where the concrete can not move freely
and between two closely adjacent reinforcing bars.

e The testing of the bond strength showed that the strength was much lower
when casting in a bentonite supporting fluid rather than casting without a
supporting fluid. From the literature study similar results were observed. An
assessment of the study shows that the bond strength can be about 30-40 %
lower when cast with a supporting fluid.

2.3.4 Diaphragm walls as permanent structures

An industry wide development project was initiated to investigate if diaphragm walls
could be accepted as permanent structures, Alén et al. (2006). The project was
financed by the Swedish Road Administration, Swedish Rail Administration and the
Development Fund of the Swedish Construction Industry (Végverket, Banverket and
SBUF).

The project team was appointed to represent expertise in various areas relevant to
diaphragm walls. An interdisciplinary group representing the government, contrac-
tors, consultants and universities met two times during the project work. Individual
persons in the interdisciplinary group were also interviewed for their special knowl-
edge and experience.

After the initial work, which included literature studies and seminars, Vagverket and
Banverket chose to concentrate the work on the following areas:
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Resistance of diaphragm wall, especially issues concerning requirements for
materials and execution, constructive solutions and crack width limits.

Geotechnical issues specifically related to the diaphragm wall tightness, quality
and durability.

Influence of the supporting fluid on diaphragm wall characteristics.

International experience - Clients and contractors were interviewed about
experiences in the construction phase and during the service life.

The work was then based on literature studies, surveys among clients and contractors,
interviews with experts and authorities about their experience of diaphragm walls.
For the investigation about supporting fluid’s impact on diaphragm walls field tests
from the Citytunnel in Malmo6 were used.

The conclusion of the project work was that with current knowledge diaphragm walls
can be used as permanent structures with certain conditions, Alén et al. (2006):

e The water cement ratio shall not exceed 0.5.

e In structures with exposure classes corresponding to road environment or dry
indoor environment, an inner concrete wall shall be constructed.

e The characteristic crack width in other exposure classes than above should not
exceed 0.4 mm in the construction stage and 0.3 mm in the permanent stage.
The tightness requirements also need to be fulfilled.

e The anchorage and splice lengths of reinforcement bars should be increased by
10%.

The project group also identified some issues that should be investigated further:

e Magnitude of loads from the soil on the diaphragm walls.
e The impact of diaphragm walls tightness on the surrounding area.

e A more efficent way to formulate the crack width limit to manage problems
related to the tightness, durability and environmental impact, both in con-
struction and permanent stages.

e The impact on the concrete properties such as: compressive strength, bond
strength and the density of supporting fluid, admixtures and workmanship.

Key factors in achieving good quality of permanent diaphragm walls were identified
as:

e Good workmanship and experience of diaphragm walls are crucial for good
quality.
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11

e Collaboration between the designer, contractor and the client is essential to
achieve good results.

e Reinforcement design and detail solutions for joints should be given special
care. Too densely reinforced structures can be unfavourable.

e Supporting fluid characteristics based on monitoring has a crucial impact on
the quality of the end product.
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3 Introduction to requirements

The early steps of building design begin with identifying the client’s/owner’s needs
for a structure. This structure will have a certain purpose for the client and there-
fore needs to be built. The most important step is the one that follows, which is
called conceptual design. In that process the purpose is studied further and other
needs are identified. This may go back and forth during the conceptual design,
but eventually leads to a finalised idea of a structural concept based on the identi-
fied performance criteria. From there the detailed design can begin, Engstrom (2013).

In large projects the owner often prefers to leave the detailed design to the contrac-
tor. This is established in the form of design-built contracts. There the contractor
develops and produces the technical solutions, which fulfil the requirements given by
the client. This approach creates possibilities of solutions, which the client did not
forsee, and can be more economical. Furthermore, the project can start before the
design and drawings are finalised, Mathern (2013).

To satisfy the specified needs the conceptual design has to be performed thoroughly,
since poorly developed performance criteria can lead to poor solutions. In the
following sections the formulation of requirements and how they can be structured
in different levels are described further.

3.1 Previous experience in performance-based design

The building process today mainly bases the design and construction procedures
on law, codes and regulations. The use of functional requirements is meant to give
greater freedom to that design. This can then lead to development of new technical
solutions, new materials in construction and other combinations of materials that
are more economical, Ang and Hendriks (2010).

There is a growing interest around the world concerning the adoption of design-build
tenders on the basis of functional requirements. This is also the case in Sweden,
where the Swedish Transport Administration has decided to adopt this more often
into their future contracts. There is a great deal of knowledge on performance-based
design within Europe. The problem is that this knowledge needs to be spread
wider and used more commonly, Mathern (2013). There is also no general format
available for performance-based design. When this becomes the case, the implemen-
tation of functional requirements into law, codes and regulations becomes much easier.

A number of reports have been published on the matter and the most influencing

ones to this thesis work were, Gibson (1982) and Végverket (2000).A brief description
of those reports is presented in Sections 3.1.1 and 3.1.2 respectively.
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3.1.1 Working with the performance approach in building

The performance approach is described in Gibson (1982). The summary of the report
states:

"This report provides a state-of-the-art review by CIB/W60 of the per-
formance approach in building practice, against the background provided
by building science. Main chapters deal with setting performance re-
quirements, testing potential solutions against criteria, the evaluation of
solutions in relation to requirements and techniques for application."

The performance approach is according to the report:

"The performance approach is, first and foremost, the practice of thinking
in terms of ends rather than means. It is concerned with what a building
or building product is required to do, and not with prescribing how it is
to be constructed."

The report states a number of steps and factors that are important in the formulation
and use of performance requirements, those include:

Fields of application:
The performance approach can be used for different fields of application according
to Gibson (1982), such as:

e design of single project,

e design of continuing program,

products,

design guidance,

control of design and construction quality

Purpose served:
The formulation of requirements depends on the purpose intended according to
Gibson (1982), they may be:

e specific building projects,

e design data and guidance,

e product development and marketing,
e quality control

Type of participant:

The required building performance of a structure depends on the type of participants,
since different sets of participants have different types of interest in the structure.
Although they can overlap to some extent, they can be split up in 7 categories
according to Gibson (1982):
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e The community
e Building users
e Clients

e Designers

e Builders

e Manufacturers
e Insurers

Types of documents:

Documents can be arranged for any of the participants mentioned above; the content
may range from general to particular and may originate form different organisations.
This is why they need to be established carefully to ensure that their technical
contents are complementary, consistent and up-to-date. According to Gibson (1982)
the document should include:

e Check lists

General lists of performance requirements

Design data and aids

Performance specifications

Building regulations

Standards

Product literature

e Agreement certificates

Document structure:

The documents should have a clear and visible structure; the order however may vary
according to circumstances. According to Gibson (1982) the heading of principal
clauses are:

e Purpose and context of use

— Role

— Relevant agents
e Performance requirements

— Definition of performance
— Methods of assessment or verification

— Performance values
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— Commentary

The Necessary knowledge base:
According to Gibson (1982) effective use of the performance approach depends on
knowledge of:

e Users needs

e Context

e Behaviour in use

e Predictive methods

Selecting criteria:

A criterion is a way to measure the performance attributes. According to the report
it is very important to be able to measure fulfilment of the requirements, or as it is
stated in Gibson (1982):

"Tt is of little use defining requirements unless they can be satisfactorily
tested."

The selection process is therefore very important and the requirements should be
selected with care according to circumstances, or as it is stated in Gibson (1982):

"Performance requirements may need to be selected by designers when
specifying products to be used in building, ... , The importance of
particular requirements varies according to circumstances, but often it
will be both possible and desirable to concentrate on relatively few "prime’
attributes which decide the character and acceptability of a solution".

Methods of selecting criteria:

According to Gibson (1982) there are five methods of selecting criteria, see below.
They are not mutually exclusive. For example the first one is always used in
combination with one or more of the others.

e Subjective selection

— by an individual expert

— by a group

Selection based on the availability of test methods

Selection based on functional analysis

Selection based on feedback from products in use

— complaints and records of failures

— surveys of products in use

Selection based on the study of user requirements
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Comments:

The report is very general and could be applicable to a wide range of performance-
based requirements. Because how general the report is on the matter, it can not
be used to directly establish requirements for specific structures. It is rather an
important tool when it comes to formulation of requirements, what aspects that
need to be considered, how they are presented and which are to be included.

3.1.2 Verifying methods for the procurement of bridge properties

A project on functional requirements in design of bridges was carried out by the
Swedish Road Administration, Vigverket (2000). The purpose of the study was to
develop and describe the terms for functional requirements for bridges and to clarify
the problems with the verifying methods.

The project suggested that during formulation of requirements, functional require-
ments should be independent of each other and as few as possible. Even if this is
not possible to the fullest, it should be kept in mind in the formulation process. To
ensure that the functional requirements are fulfilled, the project proposed that every
requirement needs to be verifiable, quantitatively or qualitatively. This is performed
by structuring the requirements in different levels. The levels that the project
suggested are, from the highest to the lowest, objectives, functional requirements,
functional criteria and acceptable solutions. An example from the report on how
the requirements are structured can be seen in Figure 3.1. Each level is described
further in the following sections in this chapter.
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Figure 3.1:
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wood frame construction

Design according to
CSA A23.3, “Design
of Concrete
Structures”

Ezxample of how functional requirements can be structured, modified from Vigver-

ket (2000)

Objectives:

Objectives are to identify overall goals for road transport systems like traffic safety,
environmental concerns, availability, etc. These goals are then broken down into
events that affect the objectives of the project. When the objectives have been
broken down to specific events, the objectives are said to be identified. After this has
been established the functional requirements can be defined. The project suggested

that objectives for bridges might be the following:

17

Availability / Accessibility
Durability

Road safety

Environment

Aesthetics
Cost-effectiveness

Optimum service life
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e Flexibility
e Robustness

Functional requirements:

Functional requirements are defined as requirements set on different type functions to
ensure that the objectives are fulfilled. First there are wide functional requirements,
which are set for the whole structure. These are then broken down to specific parts
of the bridge. When it is hard to establish functional requirements, a requirements
on properties can be used instead. Another possibility, when the objectives are
inconclusive in identifying functional requirements on structures or structural parts,
is to structure the functional requirements at a higher level. This is performed with
respect to various stakeholders that require a bridge. Stakeholders can be broken
into:

e Parliament / Government
e Road manager
e Users

e Third parties

Functional criteria:

When the functional requirements have been broken down to a level where they
can be quantified, they are called functional criteria. Functional criteria need to be
relatively easy to measure and evaluate. There is thou a limit on how detailed they
can be defined, since they should not reduce the freedom in design, the possibility to
come up with new solutions.

Acceptable solutions:

The acceptable solutions can be for example verifying methods, technical solutions
or products that ensure that the functional criteria are fulfilled. The possibility
of using other types of methods is allowed, if it can be shown that the functional
criteria are fulfilled. Verifying methods can be based on:

e Measurements
e Tests
e Forecasting models

e Calculations

Comments:

The project reported by Vagverket (2000) establishes a good structure of the require-
ments for bridge construction and describes each level thoroughly. The structure
can be used in a similar form for other types of structures. The project implies,
however, that within each requirement there can exist many sub-requirements. This
can cause misunderstandings and misinterpretation of the requirements. As the
project suggested the requirements should be independent of each other and as few
as possible.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:110 18


Jón



3.2 Proposed levels of requirements

The requirements are structured in three levels, from general ones that describe the
overall performance (general requirements), to detailed performance of the structure
(functional requirements), down to specific functions of the structure that can be
measured in some way (functional criteria).

Each level does not have any sub-levels, meaning that when a requirement needs
to be described in a more detailed way a new level is formed. This also means that
requirements in the same level are independent of each other. The requirements do
not include any possible solutions, but they only describe the desired performance of
the structure in different levels.

There are relatively few prime attributes in the highest level (general requirements).
They are meant to describe and set the character for more detailed performance
requirements (functional requirements). The functional requirements describe the
desired function of the structure in a more detailed way. In order to measure the
functional requirements there are specific performance requirements (functional
criteria), which are verifiable in some way. The functional criteria should be given in
specific values or over a certain range. Such values are however not proposed in this
report, since this may vary for each project. The users of the functional requirements
are meant to assign their own values that suit their needs, i.e. what they require in
order for a solution to be regarded as fulfilled. It is thou recommended not to assign
too specific values unless in absolute necessity.

General requirements: Overall performance of the structure
Functional requirements: Detailed performance of the structure
Functional criteria: Specific performance of the structure that is verifiable.

Functional requirements become fulfilled when their functional criteria are fulfilled.
When all the functional requirements are fulfilled, the general requirements become
fulfilled and the solution can be regarded as acceptable.

For more detailed description of each level, see the following sections.

Example of use: (for clients to set requirements that the contractor has to fulfill)
The client desire serviceability of the structure to be fulfilled. This is why the client
requires certain tightness (among other functions) of the structure. The client sets
specified limits on the functional criteria that are given for tightness, e.g. in the
form of certain limited flow through the material. When the contractor has shown
that all the criteria under tightness are fulfilled then the tightness requirement is
fulfilled. When the contractor has shown that all the functional requirements (all
other requirements in the same level as tightness) are fulfilled, the client can be
certain of that the serviceability of the structure is ensured.
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3.2.1 General requirements

Project/Structure

General
requirement 1.

Figure 3.2: General requirements

General
requirement 2.

General
requirement 3.

The general requirements are overall requirements which underline the scope of the
project, see Figure 3.2. They classify the requirements and serve as a fundamental
basis for other more detailed requirements. The general requirements are not limited
to one type of structure/projects, but are more general.

Example of general requirement, Serviceability:

"All aspects of the serviceability of the structure should be fulfilled", for

further description see Section 4.2
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3.2.2 Functional requirements

Project/Structure

General
requirement 2.

Functional Functional Functional
requirement 1. requirement 2. requirement 3.

Figure 3.3: Path from general requirements to functional requirements

Functional requirements describe certain aspects of the desired performance of the
structure. Each functional requirement defines an important factor to the general
requirement it is categorised under, see Figure 3.3. Carefully developed functional
requirements are necessary to ensure the quality of the structure. They should
therefore cover all necessary aspects of the structure in order to fulfill the clients
needs. A structure reaches its full potential, when the functional requirements are
considered throughout each stage of the project, from early design to the owner’s
operation, Végverket (2000).

Example of functional requirement, Limited deformation, (falls under Service-
ability):

"The serviceability of a structure should not be endangered by deforma-
tions". For further description see Section 6.3
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3.2.3 Functional criteria

Project/Structure

General
requirement 2.

Functional
requirement 2.

criteria 1.
criteria 2.

Figure 3.4: Path from general requirements to functional criteria

When the functional requirements have been broken down to the level where they
can be measured, they are called functional criteria. This is the lowest level of the
requirements, see Figure 3.4. The functional criteria are expressed in specific limit
values. It is therefore important to establish verifying methods for each criterion.
They should be case specific and easy to measure and evaluate. They should however
not be too specific in order not to limit possible solutions. They should be established
on known principles or other forecasting methods,Végverket (2000).

Each functional requirement has one or more functional criteria that falls under
it. Each criterion needs to be verified, before the requirement can be considered
fulfilled. In order to give examples of functional criteria all the criteria in this report
are related to the required properties of permanent diaphragm walls. It should also
be noted that in some cases the same functional criterion can be located under more
than one functional requirement. This is the case when the same factors need to be
verified for different requirements.

There are many ways to verify the functional criteria. First there are measurements
of any sort. Then there are predictive methods which, according to Gibson (1982),

are testing (laboratory and full-scale), calculations and known solutions.

Example of functional criterion, Limited permanent wall deformation, (falls
under Limited deformation - Serviceability):

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:110 22


Jón



"The wall should not deform in its transverse direction more than 1:100
of its length due to short term or long term influences". For further
description see Section 6.3.1

3.3 Possible solutions

Project/Structure
General
requirements
Functional
requirements
Functional criteria

Figure 3.5: Path from requirements to possible solutions

Possible solutions are formulated with regards to the requirements and should fulfill
them at all time. They are not directly a part of the requirements but rather a way
to fulfill them. Figure 3.5 shows the possibility of having different solutions that
all fulfill the requirements. The possible solutions come in the form of technical
solutions and products, Vigverket (2000). There are two classes of possible solutions
and they are categorised on how detailed they are. First are overall solutions, which
are products that fulfill all the requirements. These can be structural systems or
whole structures. Then there are detailed solutions, which are technical solutions or
detailed products that constitute one structural system. Many detailed solutions
can be included in one overall solution and each of them has to fulfill its requirements.

Example of overall solution, A certain diaphragm wall:

"A certain diaphragm wall can be accepted as a solution if every aspect
of the wall fulfills the requirements given".

Example of detailed solution, Wall with sufficient stiffness, (falls under Limited
permanent wall deformation - Limited deformation - Serviceability):

"The stiffness of the wall is sufficient enough to show that it does not
deform at any time more than 1:100 of its length under all possible loads".
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3.4 How to use the requirements

In this section the steps needed to establish functional requirements on desired
performance aspects are described. This could be used in the process of developing
requirements for client-builder contracts. For visual representation see Figure 3.6

1. Identify desired performance aspects of the structure. These are the aspects that
the client/owner believs are needed to ensure the quality of the structure. They are
related to the functional requirement of this report.

2. Compare the desired performance aspects to the proposed functional requirements
given in this report, see Chapters 5 to 9

3. Evaluate |Yes/No] if all the identified desired performance aspects are covered by
the functional requirements in this report. Keep in mind that if the desired perfor-
mance aspects are very general, they could be represented as general requirements.
Description of the general requirements can be found in Chapter 4.

4. If Yes. Evaluate if there are functional requirements in this report that are not
related to the desired performance aspects, requirements that would be too conser-
vative/constraining for the project considered. In such cases those requirements are
to be removed from the list. Keep in mind that there might be reasons for their
existence other than what was considered as desired performance, for example load
bearing aspects that need to be established for all structures.

5. If No. Formulate functional requirements related to the desired performance
aspects that are not represented in this report. See Sections 3.3 and 3.3.2 for de-
scription of functional requirements. When this is finalised go back to step 3.

6. Formulate functional criteria, see Sections 3.3. and 3.3.3. Assign limits to the
criteria and suggest verifying methods. Keep in mind to have them as open as
possible in order not to limit the solution and that there might exist criteria in this
report that are applicable to the actual desired performance aspects.
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1. Identify desired
performance aspects

A
2. Compare to the
proposed functional
requirements

A
3. Evaluate if all the
identified desired
performance aspects
are represented

Yes No:

y

4. Evaluate if there are
requirements that are
not desired

5. Formulate functional
requirements

A
6. Formulate functional
criteria and assign
limits and verifying
methods

Figure 3.6: Steps needed to establish functional requirements with regards to desired perfor-
mance aspects
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4 General requirements

Project/Structure

Load bearing

capacity Serviceability Durability Sustainability Buildability

Figure 4.1: General requirements

In this Chapter the five general requirements that were identified in this project are
described, see Figure 4.1. In Chapters 5 to 9 functional requirements are proposed
and described with their functional criteria, respectively. The requirements, both
general and functional, should apply for multiple types of structures. This, however,
does not apply to the functional criteria which are related specifically to permanent
diaphragm walls.

4.1 Load bearing capacity

Load bearing capacity is a necessary requirement for every man made structure.
Load bearing capacity can be defined as the ability of structures and structural
systems to safely resist loads. The design should take into account the different
environmental conditions during the life cycle of structure. Load bearing capacity is
a fundamental requirement that can be found in codes, laws and regulations around
the world and is covered in EN-1990 - Basis for structural design, CEN (2002).

4.2 Serviceability

All aspects of serviceability of a structure should be fulfilled. Even though load
bearing capacity is ensured, the structure has to remain fit for required service
functions, CEN (2002). A verification of serviceability should be established early in
projects. Serviceability is a fundamental requirement that can be found in codes, laws
and regulations around the world and is covered in EN-1990 - Basis for structural
design, CEN (2002).

4.3 Durability

In order for a structure to be durable it should not loose its load bearing capacity and
serviceability during its lifetime. In order to achieve durability, effects of the degra-
dation mechanism must be under control and therefore service life design is needed.
Structures should therefore be designed and executed for resistance to environmental
actions. These requirements can be related to quality control during execution and
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verification of design, CEN (2002). Durability is a fundamental requirement that can
be found in codes, laws and regulations around the world and is covered in EN-1990
- Basis for structural design, CEN (2002).

4.4 Sustainability

Urbanisation where individuals are moving from rural to urban area, is an ever
growing trend in the world we live in. The majority of the worlds populations
lives in cities today. This tendency will continue to grow in the coming years ac-
cording to WHO (2014). "By 2030, 6 out of every 10 people will live in a city,
and by 2050, this proportion will increase to 7 out of 10 people". The growing
cities require large amount of energy for construction, operation, maintenance and
decommission of buildings and infrastructure. According to the International En-
ergy Agency, IEA (2014), buildings represent about 40% of the primary energy
consumption of today’s market. The process also involves substantial use of natural
resources and raw materials. It generates emission of greenhouse gases and produces
vast amount of solid waste. In order to minimise these effects on the environment
the demand for sustainable constructions becomes more vital with every passing year.

Sustainable construction can be said to aim at minimising the environmental impacts,
securing economic stability and overall quality during the whole life cycle of the
building. In order to clarify the concept better the Holcim foundations, Holcim
(2013), definition is appropriate.

"Sustainable construction aims to meet present day needs for housing,
working environments and infrastructure without compromising the abil-
ity of the future generations to meet their own needs in time to come"

Many things have to be considered in sustainable construction. Those include
design and management, materials performance, construction technologies, moni-
toring, safety and working conditions, flexibility in usage to name few, Holcim (2013).

Environmental concerns have been increasing lately in modern societies. Sustain-
ability in construction has been proposed as a new approach to apprehend these
concerns. According to CEN/TC (2005) and ASCE (2006), many countries are well
into the process of making sustainability a part of their codes, laws and regulations.
It was therefore considered important to include sustainability in this report as a
general requirement.
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4.5 Buildability

Buildability governs the ease of construction and is highly related to the project cost.
Buildability is of importance for the client-builder aspect. As the term indicates
the process is measured on how efficient a building can be constructed. Even so it
includes not only that process but also the planning and design of the construction.
For the buildability requirement relevant application rules can be found in CEN
(2002), both in Section 2.1 "Basic requirements" and in Section 2.2 "Reliability
management".
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5 Load bearing capacity

Project/Structure

Load bearing
capacity

Structural . Structural
. Stability
resistance robustness

Figure 5.1: Functional requirements for load bearing capacity

Three functional requirements have been identified for load bearing capacity which
are structural resistance, stability and structural robustness, see Figure 5.1. They
describe the required functions of the structure in relation to load bearing capacity.
Detailed description of load bearing capacity as a general requirement can be found
in Section 4.1

5.1 Structural resistance - functional requirement

The structure should be able to safely

resist all possible loads. Therefore the fet:sctz:fel
loads need to be defined correspondingly

and take into account different construc- Bending
tion stages. During the life cycle of resistance
the structure external and internal con- Shear force
ditions may change so the capacity of | resistance
the structure needs to be known. Struc- | Tension
tural resistance is stated as a principle resistance
in EN-1990 - Basis for structural design, | Buckling
CEN (2002). Four functional criteria resistance

have been identified for structural resis-

tance which are bending resistance, shear

force resistance, tension resistance and Figure 5.2: Functional criteria for structural
buckling resistance, see Figure 5.2. resistance
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5.1.1 Bending resistance - functional criterion

The structure should be able to safely resist bending moment due to various combi-
nations of possible loads.

e Method of verification: Verify bending resistance with calculations assuming
loads and load combinations according to codes or adequate testing methods.
It can be measured in bending moment.

e Commentary:

— Alén et al. (2006), Section 3.3: The position of props and anchors affects
the size and distribution of moment along diaphragm walls.

— CEN (2010), Section 5.1.1: "The depth and the extent of the geotechnical
investigation should be sufficient to identify all ground formations and
layers affecting the construction, to determine the relevant properties of
the ground and to recognise the ground conditions".

— CEN (2010), Section 8.2.2.3: "Except where otherwise specified, vertically
of the panels (including their ends) shall be 1% of depth in both transverse
and longitudinal directions".

5.1.2 Shear force resistance - functional criterion

The structure should be able to safely resist shear force due to various combinations
of possible loads.

e Method of verification: Verify shear force resistance with calculations
assuming loads and load combinations according to codes or adequate testing
methods. It can be measured in force.

e Commentary:

— Alén et al. (2006), Section 2.2: Shear force resistance in joint sections
between panels is possible with certain types of joints.

— Alén et al. (2006), Section 3.3: The position of props and anchors affects
the size and distribution of shear forces along diaphragm walls.

— CEN (2010), Section 5.1.1: "The depth and the extent of the geotechnical
investigation should be sufficient to identify all ground formations and
layers affecting the construction, to determine the relevant properties of
the ground and to recognize the ground conditions".

5.1.3 Tension resistance - functional criterion

The structure should be able to safely resist tension force due to various combinations
of possible loads. Tension may occur when the structural member is subjected to
external load parallel to the longitudinal direction of the member.
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e Method of verification: Verify tension resistance with calculations assuming
loads and load combinations according to codes or adequate testing methods.
It can be measured in force.

e Commentary:

— No specific recommendations for tension resistance were identified for
diaphragm walls.

5.1.4 Buckling resistance - functional criterion

The structure should be able to safely resist compression force due to various
combination of possible loads. Buckling is the sudden global failure of stability in
a member under compressive force. At failure the member deflect without control
with a displacement perpendicular to the longitudinal direction of the member. The
compressive force at buckling may be less than the sectional resistance in compression.

e Method of verification: Verify buckling resistance with calculations as-
suming loads and load combinations according to codes or adequate testing
methods. It can be measured in force.

e Commentary:

— No specific recommendations for buckling resistance were identified for
diaphragm walls.

5.2 Stability - functional requirement

The structure should be able to safely
resist various combinations of possible Stability
loads without loosing structural integrity.
Overall stability is assured when all

forces exerted on the structure are in [ Sollstebiliy
equilibrium. Stability is stated as a prin- Trench
ciple in EN-1990 - Basis for structural | stability
design, CEN (2002). Three functional | stability of

criteria have been identified for stability structures

which are soil stability, trench stability _ o -~
and stability of structures, see Figure Figure 5.3: Functional criteria for stability
2.3.

5.2.1 Soil stability - functional criterion

The soil should be able to withstand the loads exerted on it. It is governed by the
shear strength of the soil. The stability of soil is influenced by the groundwater and
earth pressure. These can vary with time and should be evaluated for any stage of
construction.
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e Method of verification: Verify the stability of the soil according to codes
and possible stability risks

¢ Commentary:

— CEN (2010), Section 7.2.4: "The stability considerations shall take account
of the following factors:"
x Groundwater pressures
x Earth pressures

* Shear strength parameters of the soil

5.2.2 Trench stability - functional criterion

Stability of the trench should be ensured during construction in order to be able to
erect the diaphragm walls. The stability of the trench in diaphragm wall construction
is established by the pressure from the supporting fluid. The fluid is present in the
trench during excavation and until the end of casting concrete. The fluid exerts
hydraulic pressure on the trench walls causing it to remain stable. The supporting
fluid also forms a filter cake on the walls, that inhibits the fluid from flowing out
and other liquids of flowing into the trench.

e Method of verification: Verify trench stability with the characteristics of
the supporting fluid, see CEN (2010) Section 6.2 Tables 1 and 2.

e Commentary:

— Alén et al. (2006), Section 2.2: "Internal shoring and/or backward anchors
can be used to ensure stability of the excavation".

— Alén et al. (2006), Section 3.2.1: The viscosity of the supporting fluid
depends on the surrounding soil:

* Cohesion soil / Clay: Low permeability of soil. In some cases the
supporting fluid can consist only of water.

x Friction soil: High permeability of soil. Supporting fluid must form
filter cake to inhibit leakage.

x Rock: For deep trenches it is not possible to construct diaphragm
walls because of too high permeability.

— DIN (1986), Section 9.1.1: "Pressure of the supporting liquid at any given
point should be greater than 1.05 times the groundwater".

— For detailed instructions on panel stability see CEN (2010), Section 7.2.

5.2.3 Stability of structures - functional criterion

The overall stability of the diaphragm wall should be ensured during construction
and during its intended service life. This also concerns the stability of adjacent
structures that could be influenced by the erection of the diaphragm walls.
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e Method of verification: Verify the overall stability of structures for various
combinations of possible loads according to codes and verify the stability risks
of adjacent structures.

e Commentary:

— Alén et al. (2006), Section 2.2: The panels need to be anchored to the
soil because of little connection between panels.

— CEN (2010), Section 4.2.3: "The survey shall be carried out and be
available prior to the commencement of the works and its conclusions
shall be used to define threshold values for any movement which may
affect adjacent structures by the works area constructions".

— CEN (2010), Section 7.2.4: One of the factors that shall be taken into
account, for stability is:

x Construction details of the adjacent structures.

5.3 Structural robustness - functional requirement

A structure shall be designed and con-

structed to withstand accidental ac- r?gtg:‘;r:s's
tions with, depending on the cause,

a reasonable limitation of the dam- Fire
age and other consequences.  Four | resistance
functional criteria have been identi- Collision
fied for structural robustness which are | resistance
fire resistance, collision resistance, ex- | Explosion
plosion resistance and earthquake re- resistance
sistance, see Figure 5.4. Robust- | Earthquake
ness is defined in EN 1991-1-7 - resistance
Actions on structures, CEN (2006a)

as

Figure 5.4: Functional criteria for structural
"Robustness is the ability of a structure robustness
to withstand events like fire, explosions, impact or the consequences of human error,
without being damaged to an extent disproportionate to the original cause."

5.3.1 Fire resistance - functional criterion

The structure should be able to withstand actions from fire during a certain period
of time. Diaphragm walls are underground and the distance between adjacent exits
can be longer than in the average structure. Within that time the evacuation should
be possible as well as rescue operations without collapse of the structure.

e Method of verification: Verify fire resistance of the structure with calcula-
tions assuming loads and load combinations according to codes or adequate
testing methods.
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e Commentary:

— Alén et al. (2006), Section 2.2: "The inner wall of a two layer wall may be
advantageous to function both as a barrier with respect to the external
water pressure and water barrier for chlorides and from fire event".

5.3.2 Collision resistance - functional criterion

In case of impact from a collision the diaphragm wall has to be able to keep its
function as a retaining structure, even if some damage occur, because if a collapse
happens, the consequences can be catastrophic. Since diaphragm walls are retaining
walls, a collapse can cause the surrounding soil to move, which can have effects on
the surrounding structures as well.

e Method of verification: Verify collision resistance of the structure with
calculations assuming loads and load combinations according to codes or
adequate testing methods.

¢ Commentary:

— CEN (2006a), EN-1991-1-7 treats accidental actions caused by impact.

5.3.3 Explosion resistance - functional criterion

In case of an explosion the diaphragm wall has to be able to keep it function as
retaining structure even if some damage occur because if a collapse happens the
consequences can be catastrophic. Since diaphragm walls are retaining walls, a
collapse can cause the surrounding soil to move, which can have effects on the
surrounding structures as well.

e Method of verification: Verify explosion resistance of the structure with
calculations assuming loads and load combinations according to codes or
adequate testing methods.

e Commentary:

— CEN (2006a), EN-1991-1-7 treats accidental actions caused by explosions.

5.3.4 Earthquake resistance - functional criterion

In case of earthquake the diaphragm wall has to be able to withstand actions
generated from the earthquake. Earthquakes generate waves that travel through the
soil. The action from earthquake waves need special consideration when designing
diaphragm walls. The horizontal movements generated from earthquakes need to be
distributed between the panels of diaphragm walls.

e Method of verification: Verify earthquake resistance of the structure with

calculations assuming loads and load combinations according to codes or
adequate testing methods.
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e Commentary:

— Alén et al. (2006), Section 4.1.1: "The usual performance for diaphragm
walls is upright panels with limited internal collaboration. Continuous
reinforcement between these panels are used only in exceptional cases,
for example, for a design that will withstand extreme loads such as
earthquakes".

— Alén et al. (2006), Section 4.3.2.3: "Continuous horizontal reinforcement
becomes necessary only in cases where the load effect perpendicular to
diaphragm walls plan is distributed differently to adjacent panels so that
they risk being separated from each other. Earthquake is an example
of such a load cases and for earthquake resistant buildings, continuous
horizontal reinforcement is required".

— CEN (2004), EN-1998 treats design of structures for earthquake resistance.
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6 Serviceability

Project/Structure

Serviceability

Limited Limited

Tightness Aesthetics deformation vibration

Figure 6.1: Functional requirements for serviceability

Four functional requirements have been identified for serviceability, which are tight-
ness, aesthetics, limited deformations and limited vibration, see Figure 6.1. They
describe the required functions of the structure in the service state. Detailed descrip-
tion of serviceability as a general requirement can be found in Section 4.2

6.1 Tightness - functional requirement

The permeability of the structure should
be limited such that the tightness is Tightness
kept sufficiently high. It is important
to specify how much tightness that is

| Tightness of

required for each project. The tightness cracks
requirement is considered fulfilled, when Tightness of
the tightness is sufficiently high so that | Joints
the serviceability of the structure is not | Tightness of
endangered. The term tightness often concrete

implies water tightness but can also in-

cludes other types of tightness. Tight- Figure 6.2: Functional criteria for tightness
ness requirements can be found in EN-1992-3 - Design of concrete structures, CEN
(2006b). It is also stated as a principle in EN-1997-1 - Geotechnical design, CEN
(2005). Three functional criteria have been identified for tightness, which are tightness
of cracks, tightness of joints and tightness of concrete, see Figure 6.2.

6.1.1 Tightness of cracks - functional criterion

Crack distribution and crack widths should be controlled by reinforcement or other
measures such that the tightness of the wall is kept sufficiently high. The tightness
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depends on the width and amount of cracks in the wall. Crack width becomes
particularly important for walls located under the groundwater table, especially for
high pressure. The position of the reinforcement can vary in diaphragm walls because
of lack of visibility during installation. Inaccurate position may lead to larger cracks.

e Method of verification: Verify tightness of cracks with calculations pre-
dicting crack spacing’s and crack widths under the quasi-permanent load
combination. Crack spacings and crack widths can be measured after con-
struction on the visible parts of the wall. Crack spacings and widths can be
measured in length.

e Commentary:

— There are no specific requirements given in CEN (2010) or DIN (1986) on
crack widths.

— Crack width requirement depends on exposure class of the concrete.

— Additional crack width requirements for corrosion protection of reinforce-
ments in road and railway tunnels in Sweden can be seen in Section

7.1.2.

6.1.2 Tightness of joints - functional criterion

Joints should be designed, detailed and executed properly such that the tightness of
the wall is kept sufficiently high. Diaphragm walls are constructed in panels. Each
panel is cast separately causing limited bond between panels. If the joints are not
executed properly, they can become the crucial factor concerning water tightness of
diaphragm walls, Alén et al. (2006).

e Method of verification: Verify tightness of joints with adequate testing
methods.

e Commentary:

— CEN (2010), Section 7.1.10: "Design shall consider that diaphragm walls
cannot be expected to be completely watertight, since leakage can occur
at joints, at recesses or through the wall material".

— Alén et al. (2006), Section 2.2: The joints in permanent diaphragm walls
should be fitted with a joint tape for enhanced sealing between panels.

— Alén et al. (2006), Section 4.3.2.3: Different types of connection methods
at vertical joints between diaphragm wall panels, see Figure 2.2:
x Steel pipe
x Flat elements
x Precast concrete
x Steel casing, with joint tape
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6.1.3 Tightness of concrete - functional criterion

The permeability of concrete should be limited such that the tightness of the wall is
kept sufficiently high. Permeability is the property that governs the rate of water
or other liquids passing through concrete under a pressure gradient. Factors that
effect the permeability according to Ramachandran and Beaudion (2000) are cement
content, CO4 concentration in the atmosphere, relative humidity and concrete density.
Other factors include aggregates and water cement ratio, Alén et al. (2006).

e Method of verification: Verify tightness of concrete with calculations pre-
dicting the permeability or with adequate testing methods on in-situ or on
drilled samples after construction.

e Commentary:
— CEN (2010), Section 6.3.4: "The water/cement ratio shall not exceed

0.6".

— CEN (2010), Section 6.3.2.2: "The maximum size of aggregates shall not
exceed 32 mm".

— CEN (2010), Section 6.3.3: "The minimum cement content shall be related
to the maximum aggregate size", see Table 6.1.

Table 6.1: Mazimum grain size with respect to minimum cement content, CEN (2010)

Maximum grain size | Minimum cement content
mm kg/m?
32 350
25 370
20 385
16 400

6.2 Aesthetics - functional requirement

The visible parts of the structure should

communicate safety, reliability and be Aesthetics
without disturbing defects to the ob-

server. Therefore the aesthetics require- Limited
ment needs to be fulfilled to meet the | crack widths
serviceability requirements. Aesthetics Appropriate
. . . — concrete
is a philosophical term that governs how surface

we see art, culture or even nature. Ver-

ification of serviceability can be based Figure 6.3: Functional criteria for aesthetics
on aesthetics requirements according to

EN-1990 - Basis for structural design, CEN (2002). Two functional criteria have been
identified for aesthetics, which are limited crack widths and appropriate concrete
surface, see Figure 6.3.
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6.2.1 Limited crack widths - functional criterion

For aesthetic reasons crack widths should be limited such that they are not disturbing
to the observer. One side of the diaphragm wall is visible. Therefore the cracks and
crack width have to be controlled by reinforcement or other measures on that side
to fulfill the aesthetics requirement.

e Method of verification: Verify limited crack widths with calculations pre-
dicting crack widths under the quasi-permanent load combination. They can
be measured after construction on the visible parts of the wall. Crack widths
related to aesthetic demands are measured on their visibility, e.g. how visible
they are to the observer.

e Commentary:

— No specific recommendations for crack widths related to aesthetic demands
were identified. However, it should be noted that recommendations for
crack width limits are relevant for other functional criteria, see Section
6.1.1 and 7.1.2.

6.2.2 Appropriate concrete surface - functional criterion

For aesthetic reasons the concrete surface should be satisfactory and not disturbing
to the observer. Insufficient concrete cover where reinforcement or other cast-in parts
are visible, is not acceptable with regard to aesthetic demands. During construction
of diaphragm walls it can be difficult to monitor the concrete cover due to the lack
of visibility caused by the supporting fluid.

e Method of verification: Verify appropriate concrete surfaces by inspections
on the visible part of the wall. In some cases it is even beneficial to include
additional concrete cover to take possible deviations into account. Sufficient
concrete surface is measured by visible defects on the surface of the wall.

¢ Commentary:

— No specific recommendations for appropriate concrete surface with regards
to aesthetic demands were identified.
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6.3 Limited deformation - functional requirement

The functions of the structure should not —
be disturbed by deformations. The term defL(')Tn':jgon
deformation describes the change in size
and shape of objects. It is caused by load- Limited
. . . permanent
ing or deformations such as shrinkage or —  wall
thermal strain. The requirement is con- deformation
sidered fulfilled, when the serviceability B teﬁ:]";zf:ry
of the structure is not disturbed by de- wall

. . deformation
formations. The requirement governs Limited
therefore the deformations that may oc- — sl

cur under short term and long term load- deformation

ing. Verification of serviceability can be

based on deformation requirements ac-

cording to EN-1990 - Basis for structural Figure 6.4: Functional criteria for limited de-
design, CEN (2002). Three functional formation

criteria have been identified for limited deformation, which are limited permanent
wall deformation, limited temporary wall deformation and limited soil deformation,
see Figure 6.4.

6.3.1 Limited permanent wall deformation - functional criterion

The functions of the structure should not be disturbed by permanent deformations
under the quasi-permanent load combination. Permanent wall deformation is the
permanent change in size or shape of a structure or structural parts. Diaphragm
walls are under sustained loading from the surrounding soil. It is therefore important
to predict the permanent deformation in order to verify the deformation requirement
in the service state.

e Method of verification: Verify limited permanent deformations with cal-
culations assuming quasi-permanent load combination. The development of
permanent wall deformation can be measured with land surveying.

e Commentary:

— CEN (2010), Section 8.2.2.3: "Except where otherwise specified, verticality
of the panels (including their ends) shall be 1% of depth in both transverse
and longitudinal directions".

— DFI (2005), Section 12.1: "Panel joints should be within 6 inches of the
correct position and within 1% of vertical if not specified otherwise".

— Alén et al. (2006), Section 3.2.1: Measured deformation values from
Gotatunnel and Citytunnel projects:

x Gotatunnel: Horizontal displacements in soft clay were less than 10
mm.

x Citytunnel: Deformations in clay were less than 5 mm.
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6.3.2 Limited temporary wall deformation - functional criterion

The functions of the structure should not be disturbed by temporary deformations
with regard to variations in short term load combination. Temporary wall deformation
is the reversible displacement of a structure or structural parts due to variations in
short term loading. During deformation the serviceability of the structure can be
jeopardized even if the deformation is reversible. It is therefore important to limit
the temporary deformation in order to fulfill the deformation requirement in the
service state.

e Method of verification: Verify limited temporary deformation with calcula-
tions with regards to possible short term variation of loading. Temporary wall
deformations can be measured with land surveying instruments.

e Commentary:

— No specific recommendations for limitation of temporary wall deforma-
tion with regards to limited deformation requirement were identified for
diaphragm walls.

6.3.3 Limited soil deformation - functional criterion

The functions of the structure should not be disturbed by soil deformations under
the quasi-permanent load combination. Soil deformation, or soil settlement, is when
soil decreases in volume because of applied stress. The process is time dependent
and should be considered in the design. If the settlements are large and propagate
over the predicted values, they become a problem. Uneven settlement may cause
major problems to the structure and should be avoided.

e Method of verification: Verify limited soil deformations with calculations as-
suming quasi-permanent load combinations. Soil deformation can be measured
with land surveying instruments.

e Commentary:

— CEN (2010), Section 8.5.2: "When a diaphragm wall acts as a vertical
bearing structure, special care should be taken for the cleaning of the
bottom of the excavation".
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6.4 Limited vibration - functional requirement

Vibrations during construction work
must be limited with regard to the ser-
viceability and stability of adjacent struc-
tures, especially unstable ones. Oscil- Limited
lations of objects might cause them to ] v'sli:ztc'ﬁ?;?f
vibrate or move out of their original po-

sition. Such movements can effect the
objects properties function and their sta-
bility. Verification of serviceability can
be based on vibration requirements according to EN-1990 - Basis for structural design,
CEN (2002). One functional criterion has been identified for limited vibration, which
are limited vibration of structures, see Figure 6.5.

Limited
vibration

Figure 6.5: Functional criterion for limited vi-
bration

6.4.1 Limited vibrations of structures - functional criteria

Vibrations should have limited effects on structures, both surrounding structures
and on the construction site. Because of the specific construction technique used
for diaphragm walls the vibrations are minimized. Vibrations from the execution of
diaphragm walls may effect the surrounding panels or adjacent structures. The main
causes of vibrations come from the excavation of the trench in case of rough soil.

e Method of verification: Verify limited vibrations of structures with mea-
surements. Vibrations can be measured with special vibration sensors. The
sensors can be put on nearby structures or in the soil.

e Commentary:

— The limit for vibration is often determined for each project, Swedenborg
(2014-02-21).

— CEN (2010), Section 8.4.2.3: "The use of chisels, other tools, or blasting,
which affect the nearby panels already filled with concrete or harden-
ing slurry shall not be made before the material in panels has sufficient
strength to resist the stresses developed during these construction opera-
tions".
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7 Durability

Project/Structure

Durability

Resistance to
environmental Inspectability
actions

Ease of
maintenance

Figure 7.1: Functional requirements for durability

Three functional requirements have been identified for durability which are resistance
to environmental actions, inspectability and ease of maintenance, see Figure 7.1.
They describe the required functions of the structure in order to achieve durability.
Detailed description of durability as a general requirement can be found in Section
4.3

7.1 Resistance to environmental actions - functional requirement

The structure should safely withstand Mesistance 1o
environmental actions during the design environmental
. . . t'

service life. Degradation processes cause actions

material to loose its performance under | Chemical
environmental actions. Degradation pro- resistance
cesses usually originate from chemical | Corrosion
attacks, corrosion or thermal changes, resistance
Alén et al. (2006). Identification of envi- | Thermal

ronmental conditions is stated as a prin- resistance

ciple in EN-1990 - Basis of structural

design, CEN (2002) and an application Figure 7.2: Functional criteria for resistance
) . .

rule for the estimation of deterioration. to environmental actions

Three functional criteria have been identified for resistance to environmental actions,

which are chemical resistance, corrosion resistance and thermal resistance, see Figure

7.2.
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7.1.1 Chemical resistance - functional criterion

The concrete of permanent diaphragm walls has to be able to withstand chemical
actions during the design service life. In order to achieve this it is important to
identify environmental conditions and possible chemical actions. Chemical actions
can be for example: salt attack, sulfate attack and leaching of calcium, Alén et al.
(2006).

e Method of verification:

Verify chemical resistance by investigating conditions, mechanisms and then
model and calculate to predict the chemical actions. Experience from previous
projects can also be utilised.

e Commentary:

— CEN (2010), Section 7.7.1: "The minimum cover in relation to envi-
ronmental condition and to adhesion shall comply with EN 1992 (all
parts)".

7.1.2 Corrosion resistance - functional criterion

Reinforcement and other embedded steel details in permanent diaphragm walls
should not start to corrode during the design service life. Reinforcement corrosion

can be initiated by several reasons, for example: carbonation and chloride ingress,
Alén et al. (2006).

e Method of verification:

Verify corrosion resistance by investigating conditions, mechanisms and then
model and calculate to predict the corrosion. Experience from previous projects
can also be utilised.

¢ Commentary:

— Alén et al. (2006), Section 4.3.4: Crack width requirements for corrosion
protection of reinforcing steel:
x Swedish road tunnels: w;, = 0.15 — 0.3 mm.
* Swedish railway tunnels: wy = 0.3 mm.
— CEN (2010), Section 7.7.1: "The minimum cover in relation to envi-

ronmental condition and to adhesion shall comply with EN 1992 (all
parts)".

— Alén et al. (2006), Section 2.2: "The inner wall of a two layer wall may be
advantageous to function both as a barrier with respect to the external
water pressure and water barrier for chlorides and from fire event".
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7.1.3 Thermal resistance - functional criterion

The permanent diaphragm wall has to be able to withstand thermal attacks during
the design service life. Thermal damage can be for example: frost damage and fire
damage.

e Method of verification: Verify thermal resistance by investigating conditions,
mechanisms and then model and calculate to predict the thermal actions.
Experience from previous projects can also be utilised.

e Commentary:

— Alén et al. (2006), Section 2.2: "The inner wall of a two layer wall may be
advantageous to function both as a barrier with respect to the external
water pressure and water barrier for chlorides and from fire event".

— Alén et al. (2006), Section 4.2.2: "Air content in the fresh concrete should
be least 2.5% and max 5.0%".

— Hedlund and Wiberg (2013): "Results of freezing tests of the drilled
cylinders show very good frost resistance in all of the sample walls".

— CEN (2010), Section 7.7.1: "The minimum cover in relation to envi-
ronmental condition and to adhesion shall comply with EN 1992 (all
parts)".

7.2 Inspectability - functional requirement

The structure should be designed and

arranged such that it is easy to check Inspectability
and identify unforeseen needs for repair.

Careful inspection should take place dur- Ease of
ing construction and throughout the ser- ~ inspections

vice life to ensure structural performance

and durability of the structure. Compo-

nents and details that are not executed

properly in one stage of the construction, Figure 7.83: Functional criterion  for in-
may affect the performance in another spectability

stage or during the service life of the

structure. It is therefore important that the inspection process is well organized
and as easy to perform as possible. According to EN-1990 - Basis for structural
design, CEN (2002), verification of reliability management can be based on adequate
inspection. One functional criterion has been identified for inspectability, which is
ease of inspections, see Figure 7.3.

7.2.1 Ease of inspections - functional criterion

The structure should be easily inspected, tested or monitored during its design service
life. Diaphragm walls require careful inspection and monitoring. It is important
that this is performed before and during construction to reach the required quality
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of the walls. According to Alén et al. (2006) inspections and testing have to be
performed for permanent diaphragm walls in the excavation phase (supporting fluid
and workmanship) and casting phase (materials and workmanship). The criterion
governs the effort needed to measure the properties of the diaphragm walls before,
during and after construction.

e Method of verification: Verify ease of inspections by evaluating how much
effort has to be undertaken to visually inspect, test and monitor the structure.

e Commentary:

— CEN (2010), Chapter 9: Includes detailed requirements of supervision,
testing and monitoring for the execution of diaphragm walls.

— CEN (2010), Section 9.3: "The following items shall be supervised and
controlled during the various phases of construction:"
* Preliminary work prior to the excavation:
- Location of the wall
- Materials
- Reinforcement cages and other elements to be inserted
x Wall construction:
- Excavation method
- Where appropriate verticality and alignment
- Cleaning the excavation
- Forming the joints
- Placing reinforcement

- Concrete placing record
— Alén et al. (2006), Section 5.1.4: Non-destructive tests:

% Seismic/acoustic methods (UPE, IE, SASW)
x Electromagnetic methods
x Radiographic methods

— CEN (2010), Annex B: Control schedules during execution for diaphragm
walls.
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7.3 Ease of maintenance - functional requirement

The structure should be designed and
arranged such that it can easily be main-
tained during its design service life. All
structures have to be more or less main- Accessibility

tained during its service life. It is impor- to details

tant that this is taken into consideration

during design and construction of the

structure. Proper accessibility to details

that may need maintenance or replace- p wgure 7.4: Functional criterion for ease of
ments are very important. Details that maintenance

can be maintained without or with lim-

ited traffic disruptions are preferable. Verification of durability can be achieved with
intended maintenance according to CEN (2002) - Basis for structural design. One
functional criterion has been identified for ease of maintenance, which is accessibility
to details, see Figure 7.4.

Ease of
maintenance

7.3.1 Accessibility to details - functional criterion

Structure details should be easily accessible to ensure proper maintenance of the
structure or structural parts during the design service life. It is important that details
or sections of the diaphragm walls that may need maintenance are as accessible
as possible. For each project the expected exposure has to be well identified and
analysed to be able to predict the maintenance needed during the design service
life. Special care has to be taken during design in order to ensure accessibility to
important details.

e Method of verification: Verify accessibility to details with a plan for main-
tenance based on service life design principles.

e Commentary:

— Alén et al. (2006), Section 4.4.6: "When the durability (and lifespan)
are not quantitatively determined, i.e. the degradation process is not
known. This makes it difficult to plan for future maintenance and repairs,
unless relatively frequent inspections are undertaken by the construction.
However, if the durability (and lifespan) are quantitatively known, it
is possible to better plan for future maintenance procedures, as the
degradation process is also known".
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8 Sustainability

Project/Structure

Sustainability

Sustainable use
of materials

Figure 8.1: Functional requirement for sustainability

One functional requirement has been identified for sustainability, which is sustainable
use of materials, see Figure 8.1. It describes the required function of the struc-
ture concerning sustainability. Detailed description of sustainability as a general
requirement can be found in Section 4.4.

8.1 Sustainable use of materials - functional requirement

Materials used in the construction of di-
. Sustainabl
aphragm walls shall be as sustainable as usiainan’e use
) . ) of materials
possible and minimise the environmen-
tal effects. Every product causes some Minimise
. tal i tin it fact — hazardous
environmental impact in its manufactur- materials
ing process, during use or in the end Minimise
of its usage. It is therefore important — carbon
footprint

to recognise the environmental impact
of products during their life cycles in Figure 8.2: Functional criteria for sustainable
order to get a sustainable use of ma- use of materials

terials, European-Commission (2014b).

Hazardous and polluting materials shall be avoided unless in absolute necessity. In
those cases the impact on the environment shall be studied to the fullest and all
precautions shall be taken to minimise the environmental effects. This includes all
relevant phases of the construction and the design service life of the structure. The
transportation of the materials shall be considered. Materials that can be acquired
in the surrounding area of construction are usually considered more environmental
friendly than others that need long transportation to the construction site.

A number of environmental legislations are available within the European union,
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European-Commission (2014a). It is the decision of each country to choose, if they
are implemented or not. This will not be discussed here, but rather that there is a
policy called the Integrated product policy which governs sustainable use of materials
within Europe, European-Commission (2014b). Similar policies can be found world
wide, e.g. U.S. equivalent Sustainable Material Management, EPA (2013). Even thou
this has not yet been implemented into the design procedure within the European
union it is well on its way, CEN/TC (2005). It can be added that there exists a basic
requirement in CEN (2002) that states that suitable choice of materials should be
made. Two functional criteria have been identified for sustainable use of materials,
which are minimise hazardous materials and minimise carbon footprint, see Figure

8.2.

8.1.1 Minimise hazardous materials - functional criterion

The use of hazardous materials shall be minimised in construction of diaphragm walls.
Diaphragm walls are placed under ground and the materials will come in contact
with the surrounding soil. Therefore it is of great importance that the materials are
not hazardous to the soil and the groundwater.

e Method of verification: Verify toxicity levels of materials in order to min-
imise the usage of hazardous materials, for example with the BASTA-system,
BASTA (2014).

e Commentary:
— CEN (2010), Section 4.2.1: "special features shall cover, where relevant,

presence of polluted ground".

— The BASTA-system is a Swedish database for toxicity levels in construc-
tion materials. It governs the productions sequence of materials and
evaluates the hazard to the environment, BASTA (2014).

— CEN (2010), Section 11.4: "Nuisance and/or environmental damage that
can be caused by the diaphragm wall work shall be kept to a minimum".

— CEN (2010), Section 11.5: "Such nuisance and/or environmental damage
can be caused by", among others:

*

Ground pollution

*

Surface water pollution

*

Groundwater pollution

*

Air pollution

8.1.2 Minimise carbon footprint - functional criterion

The construction of diaphragm wall shall aim to minimise the carbon footprint. The
origin and every step of the material production should be put into a perspective
when it comes to carbon footprint. For example from the aggregate and cement
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production to the final product i.e. concrete. A definition of carbon footprint was sug-
gested in the report: A Definition of ’Carbon Footprint’, Wiedmann and Minx (2007):

"The carbon footprint is a measure of the exclusive total amount of
carbon dioxide emissions that is directly and indirectly caused by an
activity or is accumulated over the life stages of a product."

e Method of verification: Verify the emission of green house gasses for prod-
ucts in order to minimise the carbon footprint, for example with, Climate
Declaration, a database which describes the emissions of green house gasses
for product’s life cycle and falls under the Environmental Product Declaration,
EPD (2014). It is expressed as carbon dioxide equivalent (COqe).

e Commentary:

— No specific recommendations for carbon footprint were identified for
diaphragm walls.
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9 Buildability

Project/Structure

Buildability

Economic Quality

Accessibility
structure assurance

Figure 9.1: Functional requirements for buildability

Three functional requirements have been identified for buildability which are economic
structure, quality assurance and accessibility, see Figure 9.1. They describe the
required functions of the structure concerning buildability. Detailed description of
buildability as a general requirement can be found in Section 4.5.

9.1 Economic structure - functional requirement

The structure should be designed and

produced such that the cost of the struc- Ei:’un:t’m'g
ture is as low as possible without loosing

the required quality. The cost of influenc- Cost
ing the project grows as it proceeds. It is - efficiency

essential to have well organised planning

from the beginning. Sometimes project

designers favour certain solutions from

the start. This may lead to disregards Figure 9.2: Functional criterion for economic
of the project cost. In such a case the structure

project cost becomes very important and

needs to be estimated with precision. Margins for unforeseen effects and events shall
be included to avoid under- or overestimation. In EN-1990 - Basis for structural
design, CEN (2002), it is stated as a principle that structures shall be designed
and executed in an economical way. One functional criterion has been identified for
economic structure which is cost efficiency, see Figure 9.2.
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9.1.1 Cost Efficiency - functional criterion

The cost of the structure should be kept as low as possible without loosing the required
quality. By estimating the total cost, cost efficiency of structures can be evaluated.
The total cost estimations of the project should be finalised before construction
begins. The total cost should include the capital cost for the construction and also
the operation and maintenance cost.

e Method of verification: Verify the cost for all phases of the structure and
estimate the total cost.

e Commentary:

— Alén et al. (2006), Section 7.1.1: "From a geotechnical point of view,
it will be economically feasible and profitable to perform a relatively
extensive probing in the form of field and laboratory testing".

— Alén et al. (2006), Chapter 8: "The permanent diaphragm wall is an
economically desirable solution compared to the temporary and concrete
structures formed in a conventional manner".

— DFI (2005), Section 16.1: "Payment is usually made on a unit price basis,
as measured by square feet of vertical wall face".

9.2 Quality assurance - functional requirement

In order to minimise the probability of er-

rors and defects the requirement for qual- agﬂf:;‘ée

ity assurance has to be fulfilled. Qual-

ity assurance plays an important role in Design

buildable design. The term goes for all quality

parts of the project, the construction in Execution
whole down to single details. Quality ~ quality

assurance should also help to verify the

intended quality. Application rules for p wgure 9.3: Functional criteria for quality as-
quality management can be found in EN- surance

1990 - Basis for structural design, CEN

(2002). Two functional criteria have been identified for quality assurance which are
design quality and execution quality, see Figure 9.3.

9.2.1 Design quality - functional criterion

Design quality of the structure should be assured in order to fulfil the desired
properties. The design quality relies on careful planning and thorough investigations
on site in order to reach the intended quality of the structure. It can be considered
advantageous to base the design procedures on established solutions. With established
solutions the uncertainties of the end product are minimised.

e Method of verification: Verify the design quality of the structure with
investigations, experience from earlier projects and calculations.
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e Commentary:

— CEN (2010), Section 4.2.1: "Special features shall cover, where available,
previous experience with diaphragm walls or underground works on or
adjacent to the site".

— CEN (2010), Section 7.1.1: "The basic European Standards for the design
of diaphragm walls are EN 1990, EN 1991 (all parts), EN 1992 (all parts),
EN 1997 (all parts) and EN 1998 (all parts)".

9.2.2 Execution quality - functional criterion

Execution quality of the structure should be assured in order to fulfil the desired
properties. The execution phase governs the actual work needed to build any
structure. This has to be performed with precision in order to reach the highest
quality.

e Method of verification: Verify the execution quality of the structure with
previous experience, effective workmanship, established solutions and on-site
testing.

e Commentary:

— CEN (2010), Section 8.8.3.13: Minimum casting speed of 3 m/h to ensure
concrete integrity.

— Alén et al. (2006), Section 3.2.2: Maximum casting speed of 10 m/h, it
is thou recommended to not go over 5 m/h to avoid separation of the
concrete.

— CEN (2010), Section 6.3.6.1: "Concrete used for diaphragm walls shall."
x Have a high resistance against segregation

* Be of high plasticity and good cohesiveness

Flow well

*

*x Be adequately self-compacting
x Be sufficiently workable for the duration of the placement procedure

— CEN (2010), Section 8.8.3: Concreting under a supporting fluid:

* Horizontal travel distance of concrete should be less than 3.0 m.
x Concrete and supporting fluid shall be kept apart in the tremie pipe.

x To start, the tremie pipe shall be lowered to the bottom of the trench,
then raised approximately 0.1 m.

x The tremie pipe shall always be immersed in fresh concrete.

— Alén et al. (2006), Section 4.3.4: Strict requirements on crack widths may
lead to reduced workability of the concrete.

— CEN (2010), See table 1 and 2 for required properties of the supporting
fluid.
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— Alén et al. (2006), Section 4.2.1: "Normally there is 4-6% bentonite in
the supporting fluid".

— CEN (2010), Section 8.8.1.7: "Vibration of the concrete shall not be used."
to avoid segregation and mixing with the supporting fluid.

9.3 Accessibility - functional requirement

The construction site, executed parts

of the structure and complete structure Accessibility
should be accessible during the construc-

tion such that all relevant project tasks Accessibility
can be carried out satisfactory. Acces- on site

sibility is the quality of being available

when needed. It governs how easily an

object can be used, how it influences

other factors and the required effort for p wqure 9.4: Functional criterion for accessibil-
alterations. It is an important factor ity

in construction, both during and after

construction. Accessibility is a major factor in urban areas, both concerning the
construction site as well as the surrounding traffic. Accessibility requirements can be
found in Eurocodes under execution standards, for diaphragm walls in CEN (2010).
One functional criterion has been identified for accessibility which is accessibility on
site, see Figure 9.4.

9.3.1 Accessibility on site - functional criterion

The construction site should be accessible such that all relevant project tasks on the
construction site can be carried out satisfactory. Accessibility on the construction
site is important for the construction of diaphragm walls. It governs how accessible
the site is to undertake the procedures needed to construct the walls. It also governs
the possibility to manage undesirable events.

e Method of verification: Verify accessibility on site with planning and docu-
mentation.

e Commentary:

— CEN (2010), Section 8.3.1.1: "The working platforms shall be stable,
above the water table, horizontal and be suitable for traffic of heavy
equipment and lorries".

— CEN (2010), Section 8.3.1.2: "The working platform and the access ramps
shall be stable under adverse conditions".

— CEN (2010), Section 8.4.3.3: "In situations where significant loss of
support fluid can occur, an additional volume of supporting fluid, and
possibly sealing materials or suitable fill, shall be stored in a readily
accessible area".
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10 Discussion
10.1 Performance-based approach

The structure of the requirements is very important to the users of the require-
ments. It is important that the structure is visible and that each level is described
clearly and thoroughly. Clear distinctions should be made between different levels of
requirements. It should also be kept in mind that the requirements should not in-
clude or favor any type of solution, in order not to limit possible solutions beforehand.

It is important to have few prime requirements expressed at the highest level. They
should be structured as widely as possible and be used to describe and set character
to the lower more detailed requirements. The formulation of the desired performance
should be based on previous experience in the field and the user’s needs. The process
should include constant iterations and evaluations of the functional requirements
and their verification in order to represent the desired performance in the best way
possible. The lowest level of the requirements should include criteria that can be
verified in a reliable way. Otherwise it is impossible to ensure that the requirements
can be fulfilled.

Key factors in formulation of requirements:

e Visible structure of the requirements

Complete descriptions of each level of requirements

Clear difference between levels of requirements

Requirements should not include or favor any certain solutions

Relatively few prime requirements

Identify performance aspects

Constant iterations and evaluation of functional requirements
e Verifying methods for performance factors

After the formulation of principles is finished, the client, the one that desires the
performance, sets limits on the criteria, preferably as widely as possible in order
not to disregards possible solutions. This is however not performed in this report,
since each limit may need to be unique to specific projects. The structure in this
report should rather act as a tool to be used in performance based design of any kind.
Alterations may be needed of the structure of requirements, since it was formulated
around the desired performance of permanent diaphragm walls. This should mainly
concern the functional criteria, which are case specific to permanent diaphragm walls.
The higher levels (general and functional requirements) should be applicable to a
number of different structures.
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Limitations:
The current European legislation is often considered to be an inhibiting factor in the
development of performance based design within Europe, Mathern (2013).

It can be hard to establish the right set of requirements to cover all aspects of the
desired performance of the structure. It can take several attempts and number of
iterations and when it is finalised, it is a possibility that it only suits one type of struc-
tures. This causes further development to be more expensive and time-consuming
than if it was more open.

It is a possibility that only larger contractors are able to participate in functional
based bidding, since large amount of work has to be put in the process of developing
this type of work ethics, Mathern (2013).

From the present study it was clear that it is next to impossible to categorise im-
portant factors without a proper structure and description for different levels of
requirements. Otherwise they become hard to fulfill and miss the attention needed
to secure the required performance of the structure.

10.2 Formulation of functional requirements for diaphragm walls

The proposed requirements were identified on the basis of a thorough investigation of
the performance of permanent diaphragm walls. This was performed with the help
of literature studies, technical reports and by conducting interviews with experienced
persons. The identified performance required to ensure quality of the wall was then
represented in the form of functional requirements. This process included a number
of iterations and evaluation of the requirements against the desired performance,
which eventually led to the establishment of functional criteria, factors that should
be verified in some way.

The requirements should however not be considered to be a comprehensive list, but
rather a working platform or a tool to base further formulation of performance-based
requirements on. One way of developing and formulating appropriate requirements
can be established by applying the proposed requirements to a specific project, (for
example as suggested in Section 3.5.) This might then lead to the identification of
more functional requirements or even general requirements and in some cases reduce
the number of requirements given in this report. There are still some requirements
that are considered to need further studies or that overlap each other in some way.
Those include:

e Concerns related to fire events comes in the form of two criteria in the reports.
This is because they are used to evaluate two different parameters concerning
fire events. Distinctions should be made between them on the basis that one
describes structural failure due to fire (Fire resistance, Section 5.3.1) and
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the other describes reduced durability in the case of fire (Thermal resistance,
Section 7.1.3).

Safety of persons especially safety at the construction site has been increasingly
important as a requirement in modern societies. Safety was however not imple-
mented directly as a requirement in this thesis. This was mainly because safety
of persons can not be regarded as a desired performance of structures. You
much rather should require certain performance of the structure that increases
the safety of persons. This can be for example structural safety, represented in
the load bearing capacity requirement especially during construction. A num-
ber of effects of safety can also be argued for all the other general requirements.
It was concluded that adequate safety should be ensured through fulfillment of
the other requirements.

Only one functional requirement is proposed for sustainability. This might
suggest that there should only be this one. On the contrary, there most
definitely exist additional requirements. During the thesis project a number
of requirements were identified, but the work led to inconclusive expansion of
those requirements. This was due to lack in depth on the matter and partly
due to the time frame given for the thesis work. Three pillars of sustainability
are according to EPA (2011), economy, society and environment. The economy
aspects are covered in some way under the buildability requirement. Society was
not included because of difficulties to determine verifying methods for the society
aspects. The environmental aspect is thought to be covered in comprehensive
depth under the efficient use of materials requirement in sustainability.

For the execution phase there are a number of factors that influence the quality
of the final structure. According to Alén et al. (2006) one of the major factors
that influences the quality of diaphragm walls is effective workmanship. It
is even recommended as a pre-qualification requirement by Alén et al. (2006)
in the bidding process of diaphragm wall projects. It effects the structure in
number of ways and could be established under several of requirements. It
was therefore hard to establish it under one specific general requirement. For
example under:

— Load bearing capacity, since poor workmanship can lead to structural
failure

— Serviceability, since insufficient workmanship can lead to lack of service-
ability

— Durability, since errors and defects caused by insufficient workmanship
can decrease the durability

The conclusion was that it suited best under the buildability requirement, since
that requirement governs the ease of construction, which affects a number of
aspects, including load bearing capacity, serviceability and durability. There it
governs the quality assurance and verifies that the execution is fulfilled.
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11 Conclusion

Diaphragm walls have been accepted as permanent structures by Trafikverket since
2007. However, Trafikverket has not yet used diaphragm walls as permanent struc-
tures, because of little experience in Sweden and uncertainties regarding verification
of the quality, Trafikverket signed a research contract with NCC on the matter.
Part of this research was this thesis work. In this study the desired performance of
permanent diaphragm walls was identified and they were expressed in the form of
functional requirements. The conclusion of this work includes:

e For the desired performance to be represented in the best way a complete
structure of requirements needs to be established beforehand.

e The structure of requirements has to be established in levels, from wide
requirements to specific detailed ones.

e Verifying methods are needed to show that the desired performance is fulfilled.
e The representation of different levels of requirements is proposed as:

— General requirements: Overall performance of the structure.
— Functional requirements: Detailed performance of the structure.

— Functional criteria: Specific performance of the structure that is verifiable.
e Proposal of requirements at different levels:
— Five general requirements were proposed, which should be applicable to

various types of structures.

— Functional requirements were identified under each general requirement.
The functional requirements should be applicable to various types of
structures.

— Functional criteria were identified under each functional requirement. The
functional criteria were identified specifically for diaphragm walls.
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11.1 Further studies

The structure of the requirements was formulated to be applicable for various
types of projects/structures. Since this thesis focused mainly on the permanent
diaphragm walls, it could be interesting to see how it works with other types of
projects/structures. The functional requirements can also be developed further
especially under the sustainability requirement. For permanent diaphragm walls the
functional criteria could be developed further and limitations be identified.

Summation of relevant factors for further studies:

e Apply the proposed structure of requirements to other projects/structures.
e Develop functional requirements further, especially with regard to sustainability.

e Develop specific limits for the functional criteria on permanent diaphragm
walls.
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