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Liebe Teilnehmende,

das Jahr 2020 ist nicht nur durch Einschran-
kungen aufgrund der Corona-Pandemie und
deren Folgen gepragt, sondern auch durch
positive Dynamik in der Unternehmenskultur.
Homeoffice, digitale Konferenzen und Video-
chats gehoren mittlerweile zum Arbeitsalltag
vieler Branchen und erdffnen fast unbegrenzte
Maglichkeiten in der Digitalisierung. Auch wir
gehen neue, digitale Wege und prasentieren
uns im neuen Gewand. Dieses Jahr finden un-
sere Carbon- und Textilbetontage auf virtueller
Bilhne statt. In weniger als zwei Monaten hat
das Organisationsteam Grofartiges geleistet
und ein digitales Format erschaffen, zu denen
jeder von lhnen, egal ob Referent, Aussteller
oder Teilnehmer einen wesentlichen Beitrag
geleistet hat. Besonders stolz sind wir darauf,
dass die Konferenz nicht in irgendeiner digita-
len Umgebung stattfindet, sondern im C3-Er
gebnishaus CUBE. So préasentieren sich die
Aussteller im Foyer des CUBEs und die Vortra-
ge werden in den realen Vortragsraumen ge-
halten. Die Teilnehmenden erhalten somit ei-
nen exklusiven Einblick in das Gebaudeinnere
des weltweit ersten Hauses, das vollstandig
aus Carbonbeton errichtet wird und aktuell auf
dem Campus der TU Dresden entsteht.

Die zukunftsweisende Carbonbeton-Techno-
logie schreitet unaufhaltsam voran und fin-
det bereits Einzug in den Markt. Sowohl im
Neubau als auch im Bereich der Sanierung er
laubt die Alternative zum Stahlbeton eine wirt-
schaftliche, flexible und ressourcenschonende
Bauweise. In den zahlreichen Vortragen aus
den Bereichen des Carbon- und Textilbetons
wird das umfangreiche Repertoire an verschie-
denen Referenzobjekten kurz und pragnant
dargestellt. Zudem gewdahren renommierte
Wissenschaftlerinnen und Wissenschaftler
Einblicke in die neuesten Ergebnisse.
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Der C3— Carbon Concrete Composite e. V. lobt
zum ersten Mal einen ,,BEST PAPER AWARD"
fir Forschende aus, deren herausragender
wissenschaftlicher Beitrag zur Weiterentwick-
lung des Verbundmaterials Carbonbeton oder
der Carbonbeton-Bauweise mafdgeblich bei-
tragen.

Freuen Sie sich auf einen spannenden Aus-
tausch mit Teilnehmenden aus 20 Nationen,
eine Podiumsdiskussion mit erstklassigen Ex-
perten sowie eine abwechslungsreiche The-
menagenda.

(/&Ju/u Yiuka

Prof. Dr.-Ing. Dr.-Ing. E.h.
Manfred Curbach
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CPC-Technologie — die neue Betonbauweise

CPC-Betonplatten basieren auf der «carbon prestressed concrete»-Technologie, die aus einem langjahrigen Forschungsprojekt der Zurcher
Hochschule fiir Angewandte Wissenschaften Winterthur (ZHAW) und der Silidur AG, Andelfingen, hervorging.

Die filigranen und dennoch belastbaren Platten eignen sich fiir zahlreiche Anwendungen im Bauwesen und im Landschaftsbau.
Mit CPC-Platten kdnnen zahlreiche Bauprodukte realisiert werden:

* FuB- und Radwegbriicken

e Verkehrsbriicken

* Briickenbelage

» Balkonplatten

e Treppen

» Bodenplatten

» Fassadenelemente

e Betonmobel

CPC ist robust. CPC ist leicht einzubauen.

CPC ist leicht. CPC ist unterhaltsarm.
CPC ist okologisch. CPC ist kostengiinstig.

E F E Fur die Fabrikation der Carbonbewehrung wie auch der Betonplatten wurden eigene Verfahren und verschiedene

Fertigungsmaschinen entwickelt. Die Herstellung dieser Platten wurde patentrechtlich geschiitzt. In einem eigens
Pat pend eingerichteten Bearbeitungszentrum werden aus diesen Halbfabrikaten beliebige Plattenformate geschnitten und
konfektioniert.

In Deutschland erfolgen die Herstellung und der Vertrieb der CPC-Platten durch die Vetra Betonfertig-
teilwerke GmbH. Diese ist ein 100-prozentiges Tochterunternehmen der Holcim (Deutschland) GmbH.
Kerngeschaft von Vetra ist die Herstellung und der Vertrieb von individuell geplanten und qualitativ hoch-
wertigen Betonfertigteilen fiir den Industrie- und Hausbau sowie den Agrarbau.

BETONFERTIGTEILE

Beratung und Kontakt

Simon Liebl Stefan Gramberg

Holcim (Deutschland) GmbH VETRA Betonfertigteilwerke GmbH
Leiter Business Development Geschaftsfiihrer

(+49) 172 6118814 (+49) 49 549283-10

simon.liebl@lafargeholcim.com stefan.gramberg@vetra.de
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Okobilanz der Carbonbetonbriicke
In Ebingen
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Die erste Carbonbetonbriicke in Deutschland
wurde in dem Jahr 2015 in Albstadt errichtet.
Hierbei wurde anstelle der herkémmlichen
Stahlbewehrung eine Carbonbewehrung ver-
wendet. Diese innovative Bewehrung hat zwei
maligebende Vorteile. Zum einen kénnen Zug-
bruchspannungen von iiber 4000 N/mm? er
reicht werden und zum anderen ist eine hohe
Korrosionsbestandigkeit gegeben. Dank dieser
Eigenschaften konnen geringe Betondeckungen
realisiert und auf die zusatzliche Schutzschicht
verzichtet werden. Dadurch entsteht ein nach-
haltiges Briickenbauwerk, dessen Okobilanz im
Vergleich zu einem aquivalenten Stahlbetontyp
positiver ausfallt.

Die Carbonbetonbricke in Albstadt ist eine 15,6 m
lange Brlicke mit einem 3 m breiten Trogquerschnitt.
Aufgrund der korrosionsresistenten Bewehrung
konnten Wandstarken von 7 cm und eine Platten-
dicke von 9 cm realisiert werden. Fur diese Briicke
wurde eine Okobilanz erstellt. Die Okobilanz wurde
mit einer Stahlbetonbrlicke verglichen. Hierflr wur
den die gleichen Spannweiten und Querschnitts-
typen gewahlt. Aufgrund der erforderlichen Beton-
deckung fur die Stahlbewehrung ergaben sich eine
\Wand- und Plattenstarke von 25 cm.

Bei einer genaueren Betrachtung der beiden Varian-
ten fallt besonders die bendtigte Betonmenge fiir
den Oberbau auf. Wahrend die Carbonbetonbriicke
6,2 m? Beton mit der Giite C70/85 bendtigt, wird fur
die Stahlbetonvariante 18,9 m3 C30/37 verwendet.
Die Masse der Bewehrung kann schwer verglichen
werden, da zwei verschiedene Baustoffe eingesetzt
wurden. Die Stahlbetonvariante benétigt ca. 2.650 kg
Stahlbewehrung und die Carbonbetonbauweise
ca. 210 kg Carbongelege mit Epoxidharztrankung.

Bei der Erstellung der Okobilanz wurde der ge-
samte Herstellungsprozess der untersuchten
Brickenkonstruktionen betrachtet. Dazu gehoren
sowohl der Uberbau als auch die Widerlager und
das Geldnder. Es wurden die Rohstoffgewinnung,
der Transport der Rohstoffe zum Produktionsort
und die Produktionsprozesse bericksichtigt. Des
Weiteren umfassen die Untersuchungen ebenfalls
die vorhandenen Transportwege zur Baustelle. Der
dritte berlcksichtigte Punkt ist die Nutzungsphase
und umfasst die Instandhaltung, die Instandset-
zung, den Austausch und die Modernisierung. Es
wurde ein Zeitraum von 100 Jahren festgelegt. Ab-
schlieBend wurde die Entsorgungsphase (End of
Life) betrachtet und die Abfallbehandlung oder al-
ternativ die Beseitigung integriert. Somit liegt eine
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Okobilanz von der ,Wiege bis zur Wiege” fir die
betrachteten Bauwerke vor.

Die Ergebnisse der Okobilanz sind wie folgt (Bild 1):

= Bei der Betrachtung des ersten 6kobilanziellen
Leitindikators des Treibhauspotentials (GWP)
stellt sich hier heraus, dass Uber den gesam-
ten Lebenszyklus bzw. den 100 Jahre-Betrach-
tungszeitraum bei der Carbonbetonbrlcke ca.
30 % weniger CO, freigesetzt werden als bei
der Stahlbetonvariante.

= Bei der Betrachtung des zweiten 6kobilanzi-
ellen Leitindikators des Gesamtpriméarener-
giebedarfs (PEges) liegt der Verbrauch bei
der Carbonbetonbrlicke tber den gesamten
Lebenszyklus 50 % unterhalb des Stahlbeton-
querschnitts.

Eine Ursache daflr ist der geringere Materialauf-
wand, insbesondere beim Beton, sowohl fir die
Bauwerksgriindung wie auch fir den Oberbau.
MaRgebend sind allerdings die geringeren Instand-
haltungsarbeiten und die dafir notwendigen Ma-
terialien. Hier sollte insbesondere die Asphaltdeck-
schicht erwahnt werden. Nach der Nutzungsdauer
von 25 Jahren wird diese bei der Stahlbetonvariante
erneuert. Das freigesetzte CO, und die Primarener
gie haben einen enormen Einfluss auf die Gesamt-
betrachtung der Okobilanz.

Sergej Rempel studierte
Bauingenieurwesen an der
RWTH Aachen. Anschlie-
Rend war er ab 2011 im In-
genieurblro HS&P in Koin
als Tragwerksplaner tatig.
Ab 2012 arbeitete er als
wissenschaftlicher  Mitar
beiter am Institut fir Mas-
sivbau der RWTH Aachen,
wo er das Tragverhalten und die Zuverlassigkeit von
Textilbetonbauteil untersuchte. Seit 02/2018 ist er als
Projektleiter bei solidian GmbH angestellt und unter
anderem flr die Bemessung von Textilbetonbautei-
len sowie Brlcken verantwortlich. Anfang 2020 er
hielt er den Ruf an die Hochschule Augsburg und ist
dort Professor fir das Lehrgebiet Massivbau.
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Durch den Wiederaufbau des Rosensteinstegs
Il erhalt die Stuttgarter Offentlichkeit eine der
fiir das Stadtbild so charakteristischen Brii-
cken in Leichtbauweise zuriick. Der erstmals
1977 errichtete Seilbindersteg musste im Jahr
2014 dem Ausbau des Verkehrsknotens B10/
B14 am Mineralbad Leuze weichen und konnte
schlieBlich 2019 oberhalb der fertiggestellten
Tunnelsegmente wiederaufgebaut werden. Da
die schlanken Uberbauplatten mit einer Stirke
von lediglich 10 ecm schon etliche Jahre vor ih-
rem Abbau erhebliche Korrosionsschaden auf-
wiesen, entschieden sich Planer und Bauherr
fiir den Wiederaufbau fiir ein Bewehrungsma-
terial ohne Korrosionsrisiko.

Entsprechend der ursprtnglichen Planung in den
1970erJahren wurden die Betonplatten des Uber
baus damals mit gewodhnlicher Stahlbewehrung
und einer Betondeckung von nur 30 mm auf der
Oberseite und 20 mm auf der Unterseite ausge-
bildet. Wie bei zahlreichen Projekten aus jener Zeit
wurde auch hier in den darauffolgenden Jahren
deutlich, dass eine solch geringe Betondeckung
bei weitem keinen dauerhaften Korrosionsschutz
Uber die geplante Lebensdauer sicherstellen kann.
Bis zum Abbau des Steges bildeten sich erhebli-
che Korrosionsschaden mit grof3flachigen Ab-
platzungen an der Bauteilunterseite aus.

Da fur den Wiederaufbau des Steges eines der
alten Widerlager wiederverwendet wurde, sollten
auch die Auflagerbeanspruchungen und folglich
das Eigengewicht des Uberbaus nicht nennens-
wert erhoht werden. Aus diesem Grund wurde als
Alternative zu einer Stahlbetonplatte mit grofierer
Betondeckung auch erstmals ein alternatives Be-
wehrungsmaterial in Erwagung gezogen. In der
Wahl zwischen verzinktem Bewehrungsstahl,
Edelstahlbewehrung und textiler Bewehrung aus
glasfaser oder carbonfaserverstarktem Kunststoff
(GFK bzw. CFK) konnte sich eine textile Mattenbe-
wehrung aus CFK aufgrund der geringen erforder
lichen Betondeckung und eines glinstigen Tragver
haltens in der Platte durchsetzen.

Im Rahmen des Zustimmungsverfahrens wurden
vier Uberbauplatten an der TU Berlin in zerstoren-
der Prifung auf ihre Querkraft- und Biegetragfa-
higkeit sowie die Tragfahigkeit des Gelanderan-
schlusses Uberprift. Die Biegetragfahigkeit wurde
einmal unter statischer Last (Belastung bis zum
Bruch) und einmal unter zyklischer Last (15 Last-
wechsel bis zur Bemessungslast, anschlief3end
Belastung bis zum Bruch) untersucht. Die expe-

| UND TEXTILBETONTAGE 2020

rimentellen Bauteilversuche liefern konservative
Ergebnisse im Grenzzustand der Tragféhigkeit
sowie der Gebrauchstauglichkeit und bestatigen
die in der statischen Berechnung ermittelten Bau-
teilwiderstdnde sowie das angenommene Bau-
teilverhalten [1]. In den Biegeversuchen zeigte
sich weiterhin eine deutlich wahrnehmbare Bau-
teildurchbiegung, welche als ausreichende Versa-
gensvorankindigung gewertet werden kann.

Mit der Carbonbewehrung der Firma solidian und
der Betonage im Werk der Firma informbeton in
Schwepnitz konnte eine durchgehend hohe Quali-
tat der Betonelemente erreicht werden. Der Seilb-
indersteg inklusive aller Betonelemente sowie
Gelander und Berthrschutz wurden innerhalb von
einem Wochenende bei AulRerbetriebnahme der
U-Bahn von der Firma Stahlbau Urfer im Auftrag
des Generalunternehmers Ed. Ziblin AG mon-
tiert. Durch die gute Zusammenarbeit zwischen
dem Bauherrn (Tiefbauamt Stuttgart), den Planern
(schlaich bergermann partner), Prifern (Peter und
Lochner Ingenieure) und Gutachtern (FG Entwer
fen und Konstruieren — Massivbau, TU Berlin)
sowie allen beauftragten Firmen konnten die Ver
gabe, Herstellung und Priifung der Uberbauele-
mente aus Carbonbeton ohne Verzdégerungen im
Gesamtzeitplan durchgeflihrt werden und der
Steg konnte zum Ende des Jahres 2019 er6ffnet
werden.

[1] Rettinger M.; Huckler A.; Anq_elfmger J.: Der Wiederaufbau des
Rosensteinstegs Il in Stuttgart mit Uberbauelementen aus Carbonbeton.
In: Bauingenieur 95 (2020), Heft 7-8, S. 243-253.

Martin Rettinger, M.Sc.
studierte Bauingenieurwe-
sen an der TU Darmstadt
mit einem einjahrigen Auf-
enthalt an der University of
Sheffield, wo er erstmals in
der Lehre mit carbonfaser
verstarkten Kunststoffen in
Kontakt kam. Von 2016 bis
2020 war er als Tragwerks-
planer bei schlaich bergermann partner tatig und
bearbeitete dort unter anderem das in diesem Bei-
trag vorgestellte Projekt. Seit Anfang 2020 ist er
Mitarbeiter am Fachgebiet Entwerfen und Konstru-
ieren - Massivbau an der TU Berlin und forscht tber
modulare Tragstrukuren und Carbonbeton.
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Vorspannung als Mittel zum
wirtschaftlichen und ressourcen-
schonenden Bauen mit Carbonbeton

NN S S IS SIS 1 /S
NN S e S

= NS

W J' LI &
| PR Ty

l']q !

1 4 ‘ Fertigteilbau mit Vorspannung - Foto: Stefan Hornig, Hentschke Bau GmbH



Carbonbeton verspricht extrem dauerhafte und
belastbare Bauwerke, weil die Bewehrung nicht
korrodieren kann. Die hohe Festigkeit des Car-
bons wird oft mit der Erwartung verbunden,
gleichzeitig diinnwandig, schlank bzw. allge-
mein ressourcensparend bauen zu konnen. Die
Konstruktionspraxis zeigt jedoch, dass diese
Erwartungen teils an klare technische Grenzen
stoRen. Anwendungsfille, bei denen die Bau-
teilabmessungen vorrangig aus der erforderli-
chen Betondeckung resultieren, konnen wegen
der geringeren erforderlichen Betondeckung
der Carbonbewehrung nennenswerte Einspa-
rungen bei der Betonmenge realisieren. Dies
gelingt jedoch nur, solange diese Bauteile im
Grenzzustand der Gebrauchstauglichkeit (GZG)
ganz oder tiiberwiegend ungerissen bleiben. Zu
diesen Anwendungsfallen zéhlen diinnwandige
Fassadenelemente, also eher gering belastete
Bauteile.

Bei Anwendungen mit héherer Belastung, bei de-
nen im GZG mit Rissbildung zu rechnen ist, lasst
sich Carbonbewehrung hingegen kaum wirtschaft-
lich ausnutzen. Und auch schlankere Konstruktionen
als mit herkdmmlichen Stahlbetonbeton sind kaum
realisierbar. Dies ergibt sich regelmaRig im Rah-
men der Querschnittsbemessung aus den Grenz-
dehnungen von Carbon und Beton. Versucht man
die sehr hohe Zugfestigkeit der Carbonbewehrung
im Grenzzustand der Tragféhigkeit (GZT) auszunut-
zen, sieht man sich mit sehr grof3en Bauteilverfor
mungen im GZG konfrontiert, die nur in wenigen
Anwendungsféllen akzeptabel sind. Zudem flhren
hohe Dehnungen der Zugzone zur Uberlastung der
dann zunehmend eingeschnlrten Druckzone. Die-
ser Effekt kann durch hochfeste Betone teilweise
kompensiert werden, flhrt aber generell zu einer
nur geringen Ausnutzung der Carbonbewehrung
oder verhindert schlanke Bauteilabmessungen.

Die Anwendung der Vorspanntechnik bietet eine
Losung fur diese Problematik. Vorspannung ermog-
licht eine vollstandige Ausnutzung und damit wirt-
schaftlichere Anwendung der Carbonbewehrung.
Gleichzeitig reduziert die Vorspannung die Verfor
mungen soweit, dass trotz der hohen Materialdeh-
nungen sehr schlanke und damit materialsparende
und elegante Konstruktionen maoglich werden. Da-
bei kann grundsatzlich auf jahrzehntelange Erfah-
rungen mit Spannbeton zurlickgegriffen werden.

Bei der Vorspannung von Carbon muss allerdings
noch geklart werden, wie trotz des spréden und
unangekindigten Versagens von Carbon am Bau-
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teil ein unangekindigtes Versagen vermieden wer
den kann. Denn der Anteil der Vordehnung an der
rechnerischen Bruchdehnung steht fir eine Versa-
gensankindigung nicht mehr zur Verfigung. Die
Vordehnung sollte mindestens so hoch gewahlt
werden, dass die Verformungsgrenzen im GZG
eingehalten werden koénnen. Andererseits sollte
die Vordehnung nur so hoch gewahlt werden, dass
im GZT eine hinreichende Ankiindigung eines dro-
henden Versagens durch eine ausgepragte Rissbil-
dung bzw. Verformung gewahrleistet werden kann,
wobei aktuelle Regelwerke hier keine konkreten,
auf Carbonbewehrung Ubertragbaren Vorgaben
enthalten. Die Vorspannung kénnte z.B. so gewahlt
werden, dass ein Verlassen des Lastniveaus des
GZG durch eine deutlich sichtbare Rissbildung an-
gezeigt wird. Diese Uberlegungen fihren je nach
Anwendung zu einer eher moderaten Vordehnung
in Héhe von nur 20-40 % der Materialfestigkeit.
Dies entspricht dem in Deutschland bisher nur ver
einzelt umgesetzten Konzept der Teilvorspannung.
Um ein Verlassen des GZG sichtbar anzuzeigen,
liegt es nahe, auf eine Oberflachenbewehrung teils
bewusst zu verzichten, was die Wirtschaftlichkeit
einer Carbonbetonkonstruktion signifikant verbes-
sert.

Die wirtschaftlichste Art der Vorspannung ist die
Vorspannung im sofortigen Verbund, weil keine
aufwendigen Ankerkonstruktionen nétig sind. Wie-
derverwendbare, robuste und zuverlassige Veran-
kerungen zur Einleitung der Vorspannkraft voraus-
gesetzt, ermoglicht diese Art der Vorspannung ein
sehr wirtschaftliches und damit automatisch res-
sourcenschonendes Konstruieren und Bauen mit
Carbonbeton.

Dr.-Ing. Frank Jesse
studierte Bauingenieurwe-
sen an derTU Dresden. Die
anschlieffende Promotion
am Institut fir Massivbau
wurde zum Ausgangspunkt
einer intensiven Beschaf-
tigung mit dem vielsei-
tigen Material Carbon-
beton. Spater wechselte er
zu der in Bautzen ansassigen Hentschke Bau GmbH
und arbeitet dort an der praktischen Realisierung
von Carbonbeton unter industriellen Bedingungen.
Das Bauunternehmen konzentriert sich vor allem
auf wirtschaftliche und technologische Aspekte un-
ter den Ublichen Bedingungen einer werkmalfiiger
Herstellung und im Ortbetonbau.
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Innovative Kanalhauben aus Carbonbeton

fur den Warmeleitungsbau
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1 6 Potenzial fuir Carbonbeton - Foto/Grafik: Felix Schmitt, TU Dresden, Technisches Design
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Die Anwendungsmoglichkeiten fir Carbon-
beton liegen beim Neubau in den Bauteil-
gruppen Fassaden, AuBBenwiande, hochbe-
lastete Unterziige und Decken sowie bei
Modulbauten. Des Weiteren finden sich
Anwendungsmadglichkeiten in der Instand-
setzung und Verstarkung bestehender bau-
licher Anlagen. Bautechnologisch scheint die
Fertigteilbauweise besonders pradestiniert fir
schlanke Carbonbetonbauteile zu sein und wird
daher aktuell vorrangig angewendet. Ein Grund
dafiir ist, dass in Fertigteilwerken gleichblei-
bend optimale Rahmenbedingungen (Witte-
rung, Schalung und Riistung, spezialisierte Fer-
tiggruppen) vorliegen, so dass die Herstellung
filigraner und qualitativ hochwertiger Bauteile
mit geringerem Aufwand zu realisieren ist als in
der Ortbetonbauweise.

Fir die vorteilhafte Substitution von Stahlbeton
durch Carbonbeton eignen sich generell Einsatz-
gebiete, in denen hohe Expositionsanforderungen
vorherrschen. Der Fernwarmeleitungsbau ist ein
Anwendungsszenario daflr. Fir den Transport von
innerstadtischer Fernwarme werden u. a. Rohrlei-
tungen eingesetzt, die streckenweise mit einem
Uberdeckenden Bauwerk geschutzt sind. Die Lei-
tungen werden entlang der Trasse mit Kanalhau-
ben, bisher als Stahlbetonfertigteile ausgefihrt,
abgedeckt mit dem Vorteil der Revisionierbarkeit.
Durch den dauerhaften Kontakt mit dem Erdreich
sind die Kanalhauben aus Stahlbeton korrosionsge-
fahrdet. Neben moglichen oberirdischen Nutzungs-
anderungen mit hoheren Auflasten stellt daher
vor allem die Korrosion der Stahlbewehrung ein
Hauptproblem dar. Im Havariefall kénnen flr den
Betreiber hohe Kosten durch die auftretenden
Versorgungsstoérungen und die erforderliche Sa-
nierung der ober und unterirdischen Infrastruktur
entstehen. Deshalb werden bestehende Kanal-
hauben héaufig vorsorglich durch neue Stahlbe-
tonhauben ersetzt. Bei diesen sehr massiven Ka-
nalhauben mit 5 Tonnen und mehr Bauteilgewicht
besteht jedoch erneut die Gefahr der Korrosion.

In einer abgeschlossenen Machbarkeitsstudie —
gefoérdert von der Sachsischen Aufbaubank (SAB) —
wurde die bestehende Bauweise fir Kanalhau-
ben auf das Einsatzpotenzial durch den Einsatz
von Carbonbeton untersucht. Im Vergleich zur
Stahlbetonbauweise ist neben den Kriterien der
Bauteilqualitat, der Ressourceneinsparung, den
Herstellungsbedingungen und dem Arbeitsschutz
die Wirtschaftlichkeit das entscheidende Kriterium
fir den Einsatz von Carbonbeton. Ziel war u. a. die
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Wirtschaftlichkeitsuntersuchung am Beispiel einer
carbonbewehrten Kanalhaube fir nicht begehbare
Fernwarmekanale. Fir die monetare Untersuchung
beider Bauarten war es notwendig, Kostenanséatze
flr Material-, Lohn-, Schalungs- und Geratekosten
zu ermitteln. Grundlage fur die Bestimmung der
Aufwandswerte und Kostenansatze der Stahlbe-
tonbauweise bildeten belastbare Angaben in der
Literatur, validierte Erfahrungswerte und spezi-
fische Vorgaben aus konkreten Angeboten von
externen Leistungserbringern. Fir die Ermittlung
der Lohnkosten waren die Aufwandswerte flr
die herstellungsrelevanten Vorgénge erforderlich.
Aufwandswerte flr die Herstellung von Stahl-
betonbauteilen sind allgemein bekannt. Fir die
Herstellung von Carbonbetonbauteilen wurden
die Aufwandswerte abgeschatzt und unter Zuhil-
fenahme der Ergebnisse aus anderen Forschungs-
projekten validiert. Die Vergleichsbasis stellten in
dieser Betrachtung funktionsgleiche Bauteile aus
Carbon- und Stahlbeton in Fertigteilbauweise dar,
welche fur gleiche statische Lastfalle bemessen
wurden. Bei gleicher Funktionalitat ergaben sich
fUr die Bauteile aufgrund unterschiedlicher Bau-
stoffkennwerte signifikant unterschiedliche Ab-
messungen.

Mit der entwickelten Carbonbeton-Kanalhaube
konnten bei gleicher statischer Tragwirkung ca.
50 % der Bauteilmasse eingespart werden. Im
Wirtschaftlichkeitsvergleich wurde zudem die mo-
netare Vorteilhaftigkeit der Carbonbetonbauweise
nachgewiesen.

Dr-Ing. Jan Kortmann
studierte von 2005 bis
2010 an der TU Dresden
Bauingenieurwesen  und
war im Anschluss als Pla-
nungsingenieur in einem
Consultingblro angestellt.
Seit Mai arbeitet er als
wissenschaftlicher Mit-
arbeiter am Institut fdr
Baubetriebswesen der TU
Dresden und ist dort seit Ende 2019 als Oberassis-
tent tatig. Der Promotionsabschluss erfolgte 2020
zum Thema ,,Recyclingfahigkeit von Carbonbeton’!
Herr Dr. Kortmann ist als Vorhabenleiter fir die For-
schungsschwerpunkte Herstellung, Recyclingfa-
higkeit und Gesundheitsschutz im Zusammenhang
mit Carbonbeton verantwortlich.
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Bruckenverstarkung mit Textilbeton —
Einblick in ein Osterreichisches Pilotprojekt
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In Osterreich gibt es circa 36.300 offentlich ver-
waltete Briicken. 43 % davon wurden zwischen
1960 und 1990 errichtet. Steigende Verkehrsbe-
lastungen, erhohte Dauerhaftigkeitsprobleme
und Veranderungen im Normungswesen stel-
len dabei Erhalter, Ingenieure und Baufirmen
gleichermaRRen vor groRe Herausforderungen.
Es stellt sich die Frage, wie auch zukiinftig ein
sicheres und stabiles Verkehrsnetz garantiert
werden kann. Dabei zeigt speziell die Bauweise
Textilbeton ein groRes Potential, um Betontrag-
werke zeitgemaR zu verstarken und sanieren.
Eine dauerhafte und leistungsfahige Beweh-
rung, ein geringes Konstruktionseigengewicht
und der Einbau mittels praxiserprobter Bauab-
laufe sind besondere Vorteile. Jedoch gibt es in
Osterreich fiir die Bauweise noch kein Regel-
werk. Daher ist der Einsatz bei Pilotanwendun-
gen ein wesentlicher Entwicklungsschritt.

In diesem Zusammenhang wird aktuell anhand einer
Briicke in Osterreich die Verwendung von Textilbeton
zur Querkraft- und Torsionsverstarkung eines Platten-
balken-Tragwerks untersucht. Die Krumbachbrtcke
ist eine dreifeldrige, langs vorgespannte Stahlbeton-
briicke und wurde 1983 fir den Verkehr freigege-
ben. Sie ist eine wichtige Verbindungsbrticke fir den
Tourismusort Damdls in Vorarlberg. Die Briicke liegt
in einem Kreisbogen mit einem mittleren Radius
von 100 m und hat eine Lange von 120 m. Beide
Randfelder, mit jeweils einer Spannweite von 36 m,
sind mit einem 4-stegigen Plattenbalkenquerschnitt
ausgeflhrt. Aktuell zeigen sich dort starke Verfor
mungen und Schragrisshildungen an den Stegfla-
chen. Ziel ist es ein Konzept zu erarbeiten, welches
eine Restlebensdauer von ca. 50 Jahren zuladsst.
Das Konzept zur Aufnahme der Defizite der Platten-
balken besteht in Abhangigkeit der Belastung aus
2 bis 3 cm dunnen Textilbeton U-Schalen. Zusétzlich
wird ein Textilbetonkragen Uber eine Lange von 60
cm, seitlich der Stegflachen, auf der Unterseite der
Fahrbahnplatte weitergefihrt. In Kombination mit ei-
nem Verankerungssystem, bestehend aus einer An-
kerplatte und einem Verbundankersystem, wird so-
mit die Endverankerung des Textils ermdglicht. Eine
Besonderheit bei der Bewehrung selbst ist, dass sie
im Stickprozess hergestellt werden soll. Sie besteht
aus ebenen sowie formangepassten Carbon-Gitter
strukturen.

Die Herstellung der Textilbetonschicht vor Ort
ist lagenweise, im Dichtstrom-Nassspritzverfah-
ren, geplant. Die Entscheidungsgrundlagen eines
solchen Technologie-Einsatzes wurden in unter
schiedlichen Planungs- und Entwicklungsphasen
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erarbeitet. Ausgangspunkt war eine Machbar
keitsstudie. Danach folgten die weiteren Schritte:
Brickenerkundung, statische Nachrechnung, Kon-
zeptentwicklung, Untersuchungen an Klein- und
Grof3bauteilversuchen, Kostenschatzung, Lebens-
zykluskostenermittiung sowie Risikomanagement
mittels Identifikation von Chancen und Bedrohun-
gen. Darlber hinaus wurde ein Variantenvergleich
mit einer konventionell stahlbewehrten Spritzbe-
tonschicht erarbeitet. Die Arbeiten wurden vom In-
genieurblro Prof. Feix Ingenieure GmbH und vom
Arbeitsbereich Massivbau und Brlckenbau der
Uni Innsbruck in den letzten beiden Jahren durch-
geflhrt. Im Zuge der Bearbeitung sind zusatzliche
Schaden und Defizite am Quertragwerk der Fahr
bahnplatte bekannt geworden. Grundsétzlich ha-
ben sich die Projektbeteiligten gemeinsam flr den
Einsatz von Textilbeton auf Basis der Projektausar
beitung entschieden, nun muss jedoch zuerst ein
Lésungskonzept fur das Defizit der Fahrbahnplatte
erarbeitet werden. Sodann soll einer Ausflihrungs-
planung nichts mehr im Wege stehen. Fir den
Einsatz einer neuen Technologie braucht es Mut,
Ehrgeiz und Engagement. Deshalb bedanken wir
uns bei allen Projektbeteiligten flr die tolle Zusam-
menarbeit. Spezielle Anerkennung mochten wir an
die Landesverwaltung Vorarlberg, vertreten durch
die Abteilung StralRenbau (Vllb), Herrn DI Armin
Wachter (Fachbereichsleiter) und Herrn Ing. Nor
bert Plattner (Projektleiter) richten.

Matthias Egger und Chris-
toph Waltl studierten beide |
Bauingenieurwesen.  Ne-
ben  Ingenieurtatigkeiten
in der Praxis arbeiten sie
seit 2014 am AB fir Mas-
siv- und Brlckenbau der
Uni Innsbruck. Zu deren
Forschungsschwerpunkte
zahlen Themen im Bri-
cken- und Textilbetonbau. Seit 2018 sind sie im
FFG Projekt Spin-Off-Fel- s
lowship ,,concreteX” tatig.
Gemeinsam mit Prof. Feix
verfolgen sie das Ziel, die
Voraussetzungen flr ein
FTI (Forschung, Technologie
und Innovation) orientiertes
Unternehmen im Bereich :
des Textilbetonbaus zu |
schaffen. Damit sollen die
gewonnenen Erkenntnisse in der Praxis umgesetzt
werden.
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CUBE: Carbonbeton im Planungsalltag

arén Kupke




In der bisherigen Forschung und Entwicklung
wurde der Nachweis erbracht, dass mit Car
bonbeton tragende Konstruktionen modelliert,
berechnet, und hergestelit werden kénnen. Mit
dem Projekt CUBE stellen wir uns nun den Her-
ausforderungen des offentlichen Baurechts und
der vertragsgebundenen Bauplanung, besonders
der Kostenemittlung, des Tragwerksnachweises
sowie der Ausschreibung von Bauleistungen.

Die Kostenermittlung im Bau stltzt sich Ubli-
cherweise auf allgemein verfligbare Kennwerte,
Erfahrungen des Planers sowie Bieterpreise in der
Angebotsphase. Fir Carbonbetongebadude sind
Kostenkennwerte und Erfahrungen jedoch nicht
verflgbar. Fur die Kostenschatzung wurden deshalb
Kennwerte fir vergleichbare Gebaude mit einem
von uns eingeschatzten prozentualen Aufschlag
versehen und in der Kostenberechnung fir die ge-
planten Carbonbeton-Konstruktionen Materialprei-
se ermittelt sowie Arbeitszeit und Geradteaufwand
eingeschatzt. Nach erfolgter Ausflhrungsplanung
wurden dann erste Bieterangebote eingeholt, in
denen deutlich wurde, dass wir die Risiken einer
nicht genormten Bauweise, besonders in der Ge-
wahrleistung stark unterschéatzt hatten. Durch vor
gezogene Technologietests und genauere Definiti-
on der Anforderungen in Zusammenarbeit mit den
Bietern sollen diese Risiken minimiert und damit
die berechneten Baukosten eingehalten werden.
Nach Abnahme der Bauleistungen stehen erstmals
tatsachliche Baukosten zur Verfligung, die zukUnftig
fur die Planung mit Carbonbeton genutzt werden
kénnen.

Mit der Tragwerksplanung sind die Nachweise einer
ausreichenden Gebéaude- und Bauteilstandsicherheit
zu erbringen, in geltenden Vorschriften und Richtli-
nien werden daflr verbindliche Materialkennwerte
und Berechnungsalgorithmen ausgewiesen. Fir die
Verwendung von Carbon als Betonbewehrung gibt
es bisher keine allgemein gultigen Normen oder
Bewehrungskriterien, auch die Produkte am Markt
weisen unterschiedliche Eigenschaften auf. Fir alle
relevanten Bauteile und Materialien im Vorhaben war
deshalb eine Zustimmung im Einzelfall zu erwirken.
Grundlage dafiir bildeten statische Vorabberech-
nungen, experimentelle Untersuchungen sowie die
Durchfiihrung von Technologietests. Da in der Pro-
jektlaufzeit kein allgemein glltiger Berechnungsalgo-
rithmus zum Querkraftnachweis aufgestellt werden
konnte, wurden alle relevanten Betonquerschnitte
ohne Querkraft-Bewehrung nachgewiesen und
teilweise konstruktiv mit Carbon-Staben als offene
Blgel bewehrt. Um die hohen Zugfestigkeiten des

| UND TEXTILBETONTAGE 2020

Carbons auszunutzen, wurde weitestgehend die Be-
tonfestigkeitsklasse C50/60 gewahlt. Nach Erhalt der
ZiE konnten die statische Berechnung und die Aus-
flhrungsplanung erstellt, bauaufsichtlich geprtft und
zur Ausfihrung freigegeben werden. Mit der gelun-
genen Nachweisflihrung fiir CUBE steht ein Beispiel
flr zukdnftige Planungen zur Verflgung, aufgrund
der Komplexitdt des Baustoffes Carbonbeton aber
noch kein allgemein zugelassenes Bauverfahren.

FUr die Ausschreibung von Bauleistungen werden
Texte des Standardleistungsbuchs oder konkreter
Anbieter verwendet, die auf anerkannten Regeln der
Technik basieren und eindeutige Beschreibungen der
auszufihrenden Leistungen in Menge und Qualitat
ermoglichen. Solche standardisierten Beschreibun-
gen, Normen und Richtlinien liegen fir Carbonbe-
ton-Bauteile nicht vor. Im Projekt wurden deshalb
friihzeitig in einer funktionalen Leistungsbeschrei-
bung Zielkriterien flr die zu erbringenden Bauleistun-
gen formuliert und in der laufenden Projektentwick-
lung mit den Festlegungen aus der Zustimmung im
Einzelfall fortgeschrieben sowie die Bieter fachlich
eingebunden, um technologisch und wirtschaft-
lich umsetzbare Losungen zu erarbeiten. Nach Ab-
schluss der Baumafnahmen werden anhand der
umgesetzten Leistungen Ausschreibungstexte er
stellt, die zukUnftig zur Einholung von Angeboten und
zur Qualitatssicherung in der Carbonbetonbauweise
verwendet werden kénnen.

Dipl.-ing. Marén Kupke
ist Prokuristin bei der AIB
GmbH. Sie ist als Architekt-
in, Energieberaterin, Sach-
verstandige  Nachhaltiges
Bauen und Sachverstandige |
Brandschutz tatig. Seit 2008
arbeitet sie in der Textilbe-
ton-Forschung und -Ent- _
wicklung mit und war von
2009 bis 2010 Managerin des Netzwerks TEXTON.

Dipl.-ing. Hendrik Ritter
ist Tragwerksplaner bei der
ASSMANN Beraten+Planen
GmbH am Standort Dres-
den. Seit dem Studium ist
er ununterbrochen in der
Tragwerksplanung tatig, vor
allem in der Betonfertigteil-
und Hochbauplanung, seit
2014 auch in der Textilbe-
ton-Forschung und -Entwicklung.
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Anwendung von vorgespannten CFK-
Textilien zur Entwicklung dinnwandiger
Betonbautelle

22




Die Erfolgsgeschichte von Spannbeton basiert
auf der Verwendung von hochfestem Spann-
stahl, mit dem groRe Druckkrafte in den Be-
ton eingebracht werden kénnen. Diinnwan-
dige Betonkonstruktionen erfordern jedoch
haufig erhebliche Dicken, um eine Korrosion
der Stahlbewehrung zu vermeiden. In dieser
Arbeit wird die Verwendung von vorgespann-
tem kohlefaserverstarktem Kunststoff (CFK)
als Textilstruktur fiir die Entwicklung dinn-
wandiger Betonbauteile vorgestellit.

Mit vorgespannter CFK-Bewehrung kann die
Haltbarkeit von Betonkonstruktionen erheblich
erhdoht werden. Insbesondere, wenn sie Umge-
bungsbedingungen wie Frost- und Tausalz oder
zyklischen Belastungen ausgesetzt sind. Da die
Betondeckung nur zur Kraftibertragung und
nicht zum Korrosionsschutz bendtigt wird, kon-
nen CFK-bewehrte Betonbauteile sehr schlank
und damit ressourcenschonend sein. Betonele-
mente mit schlaffer CFK-Bewehrung, die einer
Biegung ausgesetzt sind, kédnnen jedoch im All-
gemeinen die hohe Zugfestigkeit von CFK nicht
ausnutzen, ohne grofde Krimmungen und damit
Risse aufzuweisen. Eine elegante Option, um
dem entgegenzuwirken, ist die Verwendung von
Vorspannung. Durch das Vorspannen werden
Verformungen der schlanken CFK-bewehrten
Betonbauteile reduziert und Risse im Gebrauchs-
zustand zumeist vermieden. Darlber hinaus er
moglicht die Verwendung von hochfestem Beton
die EinfUhrung besonders hoher Vorspannkraf-
te. Vorgespannte CFK-Bewehrungen flhren zu
schlankeren und damit wirtschaftlicheren und
dauerhaften Bauteilen.

Im Vergleich zur Vorspannung mit CFK-Stédben
oder -Litzen kénnen durch die Verwendung von
CFK-Textilien die Querschnitte weiter reduziert
werden.

Vorspannungstechnologien wurden flr verschie-
dene Anwendungen wie Platten und doppelt
gekrimmte Betonschalen entwickelt und durch
experimentelle Untersuchungen validiert. Durch
Zusammenarbeit der Projektpartner TU Berlin,
Ginkgo, Solidian und Kneitz wurden mehrere vor-
gespannte Textilbetonbauteile mit unterschied-
lichen Geometrien und Textilien hergestellt.
Infolgedessen wurden an der TU Berlin Belas-
tungstests an Probekoérpern durchgefthrt. Sie
zeigten die erwartete Verbesserung des Verfor-
mungsverhaltens.

| UND TEXTILBETONTAGE 2020

Einige der entwickelten Tragelemente wurden in
realen Bauvorhaben eingesetzt. Ein Beispiel ist
eine Garage, die ILC-Wande (Infraleichtbeton) mit
einem Dach aus Trapezplatten mit vorgespannten
CFKTextilien kombiniert. Das Dach besteht aus 5
Trapezplatten, wobei jedes Element eine Breite
von 1,20 m bei einer Spannweite von 8,71 m und
eine Wandstéarke von nur 4 cm hat. Das gesamte
Bausystem ist leicht zerlegbar, so dass es leichter
zu recyceln ist.

Als weiteres Beispiel wurden HP-Schalen mit
vorgespannten CFK-Textilstreifen hergestellt.
Das Konzept ist grundséatzlich bekannt, da Sil-
berkuhl und Mdller in den 50er bis 70er Jahren
des letzten Jahrhunderts diese Art von Schalen
herstellten. Die Verwendung dieser Elemente er-
folgte hauptsachlich fir Dachkonstruktionen. Die
Besonderheit besteht darin, dass die Spannglie-
der bei HP-Schalen geradlinig verlaufen kénnen
und somit im Spannbett mit sofortigem Verbund
hergestellt werden kdnnen.

Ginkgo produzierte fir die Durchfiihrung von Vor-
versuchen erste HP-Schalen mit einer Spannwei-
te von 4,30 m und einer Dicke von 3 cm. Fur die
Zukunft sollen groRere Bauteile flir den Einsatz in
Aufdenbereichen zum Beispiel in Bahnhofen oder
Bushaltestellen mdglich sein.

Dipl.-Ing. J. P Osman-
Letelier beschaftigt sich
seit 2016 im Rahmen sei-
ner Doktorarbeit mit der
Analyse des Tragverhal-
tens sowie Versuchen an
Flachentragwerken, die
mit Carbontextilien vorge-
spannt sind.

Dipl.-Ing. T. Lenz konnte
bereits 2012 in ersten Ver
suchen die Wirkung der
Vorspannung von Gelegen
in Carbonbetonteilen nach-
weisen. Es wurden dar
aufhin ein Patent fir eine
\orspannvorrichtung far
mehrere  Gelegeebenen
erteilt
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Dunne Verbundwerkstofffassaden in
der Umsetzung im Fertigteilwerk — ein
Erfahrungsbericht.

Die Fassadenbefestigung aus Glasfaserverbundwerkstoff Schock Isolink® ist die energieeffiziente Alternative zu herkémmlichen Edelstahllésungen bei der Verbindung der Betonschalen
24 von kerngedammten Sandwich- und Elementwénden - Foto: Schock Bauteile GmbH



Das Ziel ist es diinne Verbundkonstruktionen in
nahezu gleichen Vorgangen im Fertigteilwerk
wie Standard-Elementbetonwande zu produ-
zieren.

Die Umsetzung einer Elementwand ist heute ein
standardisierter und sehr komplexer Vorgang. Die
Anlagentechnik, hdufig roboterunterstltzt neben ei-
ner hohen Automation und Prozesse, die eine hohe
Qualitatsstufe haben, werden téglich in sehr grofer
Quadratmeteranzahl hergestellt.

Heutige Betonfassaden werden bei Elementwaén-
den ab 70 mm sicher und 6konomisch hergestellt.
Die Elementplanung erfolgt in Programmen der Pla-
nungsabteilungen in den jeweiligen Werken, die mit
der Anlagensteuerung eng verknUpft sind und diese
steuern. Sie stellen den Anspruch und die Messlat-
te dar. Bedingt durch neue Mdglichkeiten und das
Weglassen von Stahl, besteht nun die Moglichkeit,
Vorsatzschalen deutlich in der Dicke zu reduzieren.
Sprechen wir ,,nur” von einer Gewichtseinsparung?
Sicher nicht, da diese Reduktion von Materialdicke
auch einige Konsequenzen zur Folge hat, die sich
sowohl im Umgang mit dem Werkstoff als auch im
Verfahren innerhalb der Produktion ergeben. Neue
Materialien im Fassaden und Elementwandbau er
maoglichen eine Reduzierung des Transportgewich-
tes. Mehr\Wande auf den StraRen zu transportieren
ist effizienter und schldgt sich auch in Kosten und
CO, Eintragen nieder. Dieser Mehrfachnutzen ist
offensichtlich, Materialeinsparung und 6kologischer
Beitrag. Bewahrte beim DIBt zugelassene Veran-
kerungselemente aus Glasfaserwerkstoffen, bei-
spielsweise als Fassadenanker Isolink® aus dem
Hause Schock Bauteile GmbH, sollen mit diinnen
Verbundwerkstoffen aus Carbon und Beton zu
einer neuen Bauweise flihren. Der beim DIBt
und weiteren Zulassungsbehoérden im Ausland
zugelassene Glasfaserverbundwerkstoff Schock
Combar®, eine Entwicklung der Fa. Schock, wird
heute schon millionenfach im Bereich von Fassa-
den aus Beton mit dem Namen Isolink® sowohl
im Elementwand- als auch im Sandwichwand-
markt eingesetzt. Der Isolink® ist die statische
Verbindung und die thermische Trennung der
Fassade mit ihren Dilationen. Die zugelassene
Passivhauskomponente ist die sichere statische
Verbindung zur Tragwand unter geringstem Lam-
bda Wert.

Welche Schritte sind bei der praktischen Umset-
zung notwendig? Der Einbau soll einfach und im
Fertigteilwerk ohne groRRe Stérungen des Umlauf-
betriebes funktionieren, und damit gegen die her

| UND TEXTILBETONTAGE 2020

kédmmliche Bauweise austauschbar werden. Es
handelt sich um eine praktische Umsetzung von ei-
ner Standardanwendung hinzu einer neuen Metho-
de im Fertigteilwerk - von der Idee zur Umsetzung
und letztlich zur Automatisierung. Welche Tragfa-
higkeiten kdénnen bei diinnen Fassadenplatten aus
Carbon-Beton erzielt werden? Wie wirken sich die
dinnen Schalen im Handling eines Fertigungspro-
zesses aus?

Qualitatssicherung im Fertigteilwerk: Die Pull-out-
Tests werden direkt im Werk begleitend durchge-
fahrt, kontrolliert und dokumentiert. Auszugstests
bestatigen die Ausziehlasten und geben Sicherheit
bei der Verarbeitung. Wie verhalt sich die Element-
wand in der Umsetzung bei der Produktion im Fer
tigteilwerk und im folgenden Einbau?

Welche Hurden sind in der praktischen Umsetzung
zu Uberwinden?

= 30-40 mm Vorsatzschalendicke

= Auf der Aufdenseite darf das Verbindungsmittel
nicht sichtbar sein

= Carbon-Gewebe innerhalb des Betons;
Einbringung des Isolink® Ankers mit 13,5 mm
Durchmesser; Lagefixierung des Gewebes in
der Schalenmitte

= Fixierung des Ankers in der Dammschicht

= \\eiterverarbeitung der Auldenschale zu einer
Elementwand

= Transport zur Baustelle

= |n situ Betonage der Elementwand

= Raus aus der Theorie, rein in die laufende
Fertigung eines Bauvorhabens. Die Antworten
auf Fragen erfahren Sie im Vortrag. Viel Spal}
beim Zuhoren.

Dipl. Ing. Architekt An-
dreas Decker Geboren am
12. August 1960 in Stutt-
gart; Schulweg, anschlie-
Rendem Studium mit Diplo-
mabschluss; Eingetragenes

Mitglied der Architekten- .
kammer; Burotatigkeit in Y
Frankfurt und Stuttgart; ‘
Uber 10-ahrige Tatigkeit

in allen Leistungsphasen der HOAI; Projekte im
Bereich offentliche Gebaude, WWohn- und Gewerbe-
bau;Seit 1996 in der Industrie, Kalksandstein Baube-
ratung Bereich Sudwest; Seit 1999 bei der Schock
Bauteile GmbH; Bereiche Produkt- und Key Account
Management
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Tropische Wetterbedingungen stellen eine be-
sondere Herausforderung fiir den in verschie-
denen Anwendungen verwendeten Stahlbeton
dar. Eine der groRten Herausforderungen bei
herkdémmlicher Betonbewehrung ist die Korro-
sion der Bewehrung. Das Problem der Korro-
sion der Bewehrung ist in Landern wie Indien,
mit sehr hoher Luftfeuchtigkeit bis zu 95 % bei
Temperaturen bis zu 50 °C, sehr stark gepragt.
Fasern und textilbasierte Bewehrungen bieten
eine optimale Losung.

Zurzeit werden diese Bewehrungen flr nicht-struk-
turelle Bauteile sowie semi-strukturelle Bauteile ein-
gesetzt. Fasern und Textilien werden fir sehr deko-
rative Architekturfassaden sowie Strallenmaobel und
Toiletten in Indien eingesetzt. Die Anforderungen
an die Bauteile sind komplex. Bei Fassaden wer
den Materialien gesucht, die ca. 15-40 kg pro m?
wiegen, ca. 10-30 mm dinn sind und wo die Be-
wehrung die Kréfte von den Befestigungselemen-
ten tragen kann. Auch bei den Stralsenmébeln sol-
len die Bauteile je nach Grofde max. 100 kg wiegen,
gut transportierbar sein und das Gewicht von 3-5
Personen tragen konnen. Die Bauteile missen ca.
50 Jahre ohne Sanierung oder Instandhaltung aus-
halten.

Faser und Textilbewehrung flhren zu sehr dinn-
wandigen Strukturen sowie keine Bauteilbescha-
digung beim Transport und leichte Bauteile. Die
Berechnung der Menge an Fasern und Textilschich-
ten werden gemeinsam mit den Faserherstellern
bzw. in iterativen Versuchen festgelegt. Virgin AR-
Glas-Fasern und Carbon-Gewebe-Randabschnitte
werden als Bewehrung eingesetzt. Fir bestimmte
Anwendungen werden auch profilierte Polypropy-
len-Fasern eingesetzt. Als Einsatzgebiet im Struk-
turbauteilbereich werden C-Fasermatten flr die
Ummantelung von Betonsaulen verwendet. Weite-
re Anwendungen in Strukturbauteilbereichen wer
den gerade erforscht.

Die technischen Eigenschaften flr die genann-
ten Anwendungen erfordern bestimmte grund-
legende Anforderungen wie eine Druckfestigkeit
von etwa 40 bis 120 MPa und eine Biegefestig-
keit von etwa 20 bis 24 MPa nach 28 Tagen. Die
Wasseraufnahme des Betons wird voraussichtlich
etwa 5-8 % betragen. Neben der Art der Beweh-
rung ist auch die Art der Anwendung von grof3er
Bedeutung. Fir Fasern ist das Verfahren einfach
und eine vorgeschriebene Dosierung kann wah-
rend der Anwendung mit dem Beton gemischt
werden. Bei Textilien und der Anzahl der Schich-
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ten ist dies jedoch kompliziert. Die Vertraglich-
keit der Betonmatrix mit der Bewehrung spielt
ebenfalls eine entscheidende Rolle. Das Hinzu-
figen der Fasern oder Textilien als Verstarkung
sollte die Eigenschaften des Betons aus Sicht
der Verarbeitbarkeit nicht beeintrachtigen. Eine
Betonmischung mit einer Dichte von 2.400 kg/m?
und selbstverdichtenden und selbstnivellierenden
Eigenschaften sowie einem Slump von Uber 600
erfordert eine kalkulierte Dosierung der Fasern,
um mit der zusatzlichen Textilverstarkung kompa-
tibel zu sein. Darlber hinaus spielen die Kosten
eine sehr wichtige Rolle bei der Entwicklung einer
Betonmischung mit Fasern und Textilien. In Indi-
en betragen die konventionellen Betonkosten ca.
90 € pro Kubikmeter und die konventionelle Be-
wehrung ca. 70 € pro Kubikmeter. Diese Kosten
mussen angepasst werden, um nicht korrosive
Verstarkungen verwenden zu konnen.

Unter Bericksichtigung von Kosten, Qualitat und
technischen Anforderungen muss das Betonmi-
schungsdesign flr jede einzelne Anwendung ge-
prift und entsprechend vorgeschlagen werden.

Dr. Mohit Raina absolvier
te sein Studium am IIT Del-
hi in Indien und ging dann
nach Deutschland, um dort
zu promovieren. Hr. Raina
begann ab November 2006
an der RWTH Aachen im
Fachbereich Spinnerei. Ab
Oktober 2010 leitete Herr
Raina die Abteilung Pro-
duktionstechnologien und
Textilmaschinen bei der ITA. Dr. Raina leitete auch
die EU-Forschungskoordination am Institut und war
personlich an einer Reihe von EU- und deutschen
Projekten beteiligt. 2013 hat Hr. Raina auch seinen
Executive MBA an der RWTH Aachen und in St.
Gallen erfolgreich abgeschlossen. Nach dem MBA
arbeitete er als leitender Experte flr fortschrittliche
Verbundbaustoffe — textilbasierte Beton. Im Oktober
2014 kehrte Hr. Raina nach einem etwa 10-ahrigen
Aufenthalt in Deutschland nach Indien zurlick, um
sein eigenes Unternehmen mit dem Namen Raina
Industries Pvt. Ltd. zu grinden. Raina Industries Pvt.
Ltd. stellt vorgefertigten Glasfaserbeton und textil-
verstarkten Beton her. Hr. Raina ist Mitglied des For
schungsbeirats der ITA, RWTH Aachen. Dr. Raina ist
auch in verschiedenen Ausschissen bei NITI Aayog,
Government of India und dem Textilministerium,
Government of India, tatig.
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Carbonbeton im Bruckenbau — aktuelle
/ZIEs beim Verstarken und Neubau
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Experimentelle Priifung eines GroRbauteilversuchs (7 m weitspannendes Bauteil) im Rahmen eines ZiE-Prozesses - Foto: Sebas




Knapp 40.000 Briicken sind aktuell im Bestand
der BundesfernstraBen Deutschlands. Davon
bestehen ca. 85 % aus Stahl- oder Spannbe-
ton. Von allen Bundesfernbriicken konnen tiber
45 % in die Kategorie ,noch ausreichender
Bauwerkszustand” oder schlechter eingestuft
werden, wobei sogar 12 % einen ,,ungeniigen-
den Bauwerkszustand” aufweisen.

Viele der Betonbriicken in Deutschland, die in
eine der unteren Zustandsbereiche eingeordnet
werden koénnen, haben die bekannten Probleme
der Spannungsrisskorrosion bei Spannbetonbrii-
cken mit alteren Spannstahlen oder ein norma-
tives Defizit an Robustheitsbewehrung. Diese
Differenzen entstehen u. a. infolge von Norme-
nanderungen und/oder durch héhere Verkehrslas-
ten und sind durch die Bauherren und Planer
aufgrund der Relevanz der funktionierenden Inf-
rastruktur in kurzer Zeit zu beheben. Viele der bis-
her bekannten BaumaRnahmen zur Ertlchtigung
sind aufwendig, ressourcenintensiven, und hau-
fig auch bestandsschédigend (z. B. Teilabriss und
Neubau). Die konventionellen Mafinahmen zur
Erneuerung und Modernisierung von relevanten
Brlickenbauwerken beeinflussen die Volkswirt-
schaft von erheblichen Mal3.

Eine zukunftsweisende Alternative in diesem Be-
reich bietet der Carbonbeton, sowohl im Gebiet
der Verstarkung als auch im Neubau. Durch die
hohe Tragfahigkeit in Kombination mit der guten
Dauerhaftigkeit der verwendeten Carbonbeweh-
rungen Uberzeugt der noch relativ junge Werk-
stoff gegentiber herkémmlichen MalRnahmen im
Brickenbau schon jetzt. Durch das im Vergleich
zu anderen Baumaterialen noch ,junge Alter”
des Verbundwerkstoffs unterliegt der Carbon-
beton in Deutschland noch keiner normativen
Regelung und somit sind i. d. R. Zustimmungen
im Einzelfall bzw. vorhabenbezogene Bauartge-
nehmigungen noétig. In den vergangenen zwei
Jahren war und ist die CARBOCON an insge-
samt sechs Brlckenbauwerken hinsichtlich der
Planung und experimentellen Nachweisflihrung
beim Neubau und der Verstarkung aus und mit
Carbonbeton beteiligt gewesen. Entsprechend
den gegebenen Randbedingungen (zeitlicher und
monetérer Aspekte) des Projektes und den An-
forderungen der Bauherren sowie der beteiligten
Institute konnten dabei vereinzelt auch schon
Zustimmungen im Einzelfall fir die Anwendung
des Carbonbetons innerhalb weniger Monate
erlangt werden, wodurch die vorgegebene Zeit-
schiene inklusive des ZiE-Prozesses gehalten
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werden konnte. Die Erlangung einer ZiE kann bei
entsprechender Planung in den Bauprozess inte-
griert werden und stellt folglich keine Hirde dar.

Im Rahmen des Vortrages werden die planer
ischen und gutachterlichen Leistungen beim Er
langen und Umsetzen einer ZiE fir die Anwen-
dung des Carbonbetons in Verbindung mit den
beteiligten Projektpartnern gezeigt. Hierbei wer
den neben den Bearbeitungsinhalten bei jetzigen
Planungsprojekten auch auf aktuelle Ausflih-
rungsbeispiele eingegangen.

Dipl.-Ing. Sebastian May
studierte Bauingenieurwe-
sen von 2009 bis 2012 an
der  Bauhaus-Universitat
(B. Sc.) und von 2013 bis
2016 an der TU Dresden
(Diplom). Von 2016 bis
2020 war er als wissen-
schaftlicher Mitarbeiter am
Institut fir Massivbau der
TU Dresden tatig und forschte in den Bereichen
des Neubaus und der Verstarkung mit Carbonbe-
ton. Von 2018 bis 2020 war er als Projektleiter bei
der CARBONCON angestellt. Seit 2020 teilt er sich
mit Dipl.-Ing. Alexander Schumann die Geschafts-
flhrung der CARBOCON.
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Verstarkung von Brucken mit
spannungsrisskorrosionsgefahrdetem
Spannstahl mit Carbonbeton
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Verstarkungsarbeiten an der Briickenoberseite - Foto: Oliver Steinbock




Bis etwa 1993 wurde in Deutschland bei zahl-
reichen Briicken spannungsrisskorrosionsge-
fahrdeter Spannstahl verbaut. Da ein GrofRteil
des Briickenbestandes als Spannbetonkonst-
ruktionen ausgefiihrt sind und in den 1960er
bis 1980er Jahren gebaut wurden, ist eine
groBe Anzahl von Briicken betroffen. Zahl-
reiche dieser Briicken kénnen jedoch durch
die Applikation von Carbonbeton gezielt ver-
starkt und somit weiterhin genutzt werden.

Bei der Spannungsrisskorrosion handelt es sich
bis heute um ein Phdnomen. So zeigen Spann-
stahle, trotz ahnlicher chemischer Zusammen-
setzung, eine unterschiedliche Anfélligkeit hin-
sichtlich Spannungsrisskorrosion. Kritisch ist hier-
bei, dass der Spannstahl infolge einer Versprédung
sukzessive ausfallt und damit die Tragsicherheit
des Bauteils herabsetzt. Im unglnstigen Fall bleibt
der Ausfall des Spannstahls unbemerkt und kann
bei einem entsprechenden Schadigungsgrad zu
einem plotzlichen Versagen des Tragwerks flhren.
In diesem Fall spricht man von einem Bauteil ohne
ausreichendem Anklndigungsverhalten. Infolge
von Schadensfallen in den 1960er und 1970er Jah-
ren im Hochbau sowie der Tatsache, dass diese
Tragwerke ein Sicherheitsrisiko darstellen, wur
de mit der sogenannten -Handlungsanweisung
Spannungsrisskorrosion- seitens des BMVI in den
1990er Jahren ein erstes Konzept flr die rechne-
rische Bewertung der Tragsicherheit von Bricken
mit spannungsrisskorrosionsgeféahrdeten Spann-
stahl entwickelt und stetig fortgeschrieben. Das
rechnerische Verfahren sieht vor, dass sich der
Ausfall von Spannstahl durch Rissbildung an der
gezogenen Randfaser des biegebeanspruchten
Bauteils zeigt, bevor eine vorgeschriebene Min-
desttragsicherheit unterschritten wird.

Dabei wird bei diesem Verfahren rechnerisch
die Spannstahlflaiche soweit reduziert, bis die
Zugfestigkeit des Betons bei einer Ublichen Ver
kehrsbelastung Uberschritten wird. Die beginnen-
de Rissbhildung kann somit bei Inspektionen im
Rahmen der Bauwerkspriifung erkannt werden.
Die Tragfahigkeit des geschadigten Querschnittes
wird anschlief3end einer erforderlichen Tragfahig-
keit gegenlbergestellt und das Sicherheitsniveau
ermittelt (Riss vor Bruch-Kriterium). Neben der
verbleibenden Spannstahlflache wird hierbei die
Betonstahlbewehrung als zusatzlich tragendes
Element angesetzt. Die zeitgendssischen Ausfih-
rungen von Spannbetonkonstruktionen jener Zeit
als voll vorgespanntes Tragwerk, beziehungsweise
das Fehlen einer normativen Forderung nach einer
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schlaffen Mindestbewehrung bei der Ausfihrung,
fuhrten meist mit zu geringen Bewehrungsgraden.
Die Resttragfahigkeit ist hdufig nicht in allen Nach-
weisquerschnitten gegeben. In einem zweiten
Schritt sind weiterfihrende Nachweise auf System-
ebene mit stochastischen Betrachtungen mog-
lich, doch flr zahlreiche Tragwerke ist auch damit
kein ausreichendes Anklndigungsverhalten nach-
weisbar. Das fehlende Ankuindigungsverhalten
aufgrund zu geringer Bewehrungsmengen in Ver
bindung mit einem unbemerkten Spannstahlaus-
fall, kann durch die Applikation einer Carbon-
betonverstarkung kompensiert werden.

Im Rahmen des Beitrages wird die erstmalige
Anwendung einer Carbonbetonverstarkung an
Spannbetonbricken mit spannungsrisskorrosions-
gefahrdetem Spannstahl zur Sicherstellung eines
ausreichenden AnkUndigungsverhaltens vorge-
stellt. Das Bauvorhaben befindet sich aktuell in
der Umsetzung. Im Konkreten handelt es sich um
zwei Teilbauwerke mit jeweils drei Feldern und ei-
ner Gesamtlange von etwa 66 m. Fir die Sicher
stellung eines ausreichenden Anklndigungsver
halten werden die Spannbetonlberbauten in den
Randfeldern sowie im Stiitzbereich mit Carbon-
beton verstarkt. Durch die geringen Schichtdicken
der Verstarkung sind die Einschrankungen fir den
Raum unter den Bauwerken minimal — an den
Oberseiten kann die nur wenige Zentimeter dicke
Verstarkungsschicht ohne Gradientenanhebung
unter dem Fahrbahnaufbau integriert werden.

Dipl.-Ing. Oliver
Steinbock seit 11/2014:
Wiss.  Mitarbeiter am
Institut  fir  Massivbau
der TU Dresden so-
wie seit 09/2018: Pro-
jektleiter  bei  Curbach
Bdsche  Ingenieurpartner
Beratende Ingenieure
PartG mbB

Prof. Dr.-Ing. Thomas
Bosche seit 2005: Part-
ner bei Curbach Bosche
Ingenieurpartner Beraten-
de Ingenieure PartG mbB
sowie seit 2017: Professor
HTW Dresden — Lehrgebiet
Stahlbeton und Spannbe-
ton; Zuvor: 1997-2004: Pro-
jektleiter bei Kohler+Seitz
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Neue Carbonfaserbewehrung fur
Beton-3D-Druck und andere digitale
Betonbauverfahren



Der 3D-Druck mit zementgebundenen Mate-
rialien erfordert geeignete Losungen fir die
Integration der Bewehrung wéahrend des Her
stellungsprozesses. In diesem Tagungsbeitrag
wird eine neue Technologie vorgestellt, die
mineralisch impragnierte Carbonfasergarne
(engl: mineral-impregnated carbon-fibre, IVICF)
fiir diesen Zweck verwendet.

Die Basis flir mineralisch getrankte Carbonfaser
garne bildet das Carbongarn SIGRAFIL von der
SGL:-Group mit 50.000 Einzelfilamenten, welches
durch ein eigens entwickeltes Trankungsverfahren
behandelt wird. Die Trankungsmatrix setzt sich
aus Feinstzement, Mikrosilika-Suspension, Was-
ser und FlieRmittel, bei einem WasserBindemit-
tel-Wert von 0,8 zusammen. Zur Stabilisierung der
Bewehrungsform erfolgt eine Umwindung des
frisch getrankten Materials mit Formgebungsgarn,
bevor der Carbonstrang auf eine Spule aufgewi-
ckelt wird. Die Verarbeitungszeit eines derart her
gestellten Faserstranges betrédgt ca. 4 Stunden.
Diese neue Art der nicht korrosiven Bewehrung
weist hervorragende mechanische Eigenschaften,
hohe Nachhaltigkeit und Dauerhaftigkeit auf. Ent-
scheidend ist jedoch, dass MCF eine extrem hohe
technologische Flexibilitat bietet, da sie im frischen
Zustand leicht geformt und vollautomatisch verar
beitet werden kann. Diese vollautomatische Integ-
ration von Bewehrungselementen in den 3D-Druck
mit Beton ist eine SchlUsselfrage flr die Technolo-
gie um eine entsprechende Marktdurchdringung zu
ermoglichen. Bisherige Ansatze mit einer nachtrag-
lichen Applikation von herkdmmlicher Stahlbeweh-
rung oder moderner textiler Strukturen erscheint in
Hinblick auf Aufwand und Kostenstruktur wenig ziel-
fuhrend. Daher lag der Fokus der Untersuchungen
auf einer im Betonstrang integrierten Bewehrung
was folgende Vorteile mit sich bringt:

= Druck- und Bewehrungsprozess sind vereint,
was zu einer bautechnologischen Zeitersparnis
fUhrt;

= die Bewehrung wird vollstandig umschlossen,
es liegt ein ausgezeichneter Verbund vor;

= die Fuge/Interphase wird ausschlielich flr den
Verbund der Betonstrange genutzt und nicht
durch die Bewehrungslage gestort.

Fir die mineralisch getréankten Carbonfasergarne
konnte eine DruckdUse entwickelt werden, welche
bis zu 6 Faserstrange in einen Betonstrang integrie-
ren kann. Aus dem Carbonbetonbereich bekannte
Prifverfahren wurden auf das neuartige Verfahren
angepasst, um das Zug- und Biegeverhalten von
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gedrucktem Carbonbeton sowie die Qualitdt des
Verbunds zwischen Bewehrung und Beton zu be-
urteilen. Hierfir wurden neben 3-Punkt Biegever
suchen angepasste Dehnkorper mit jeweils 3 Car
bonfasergarnen als auch Auszugskdrper mit einem
Faserstrang und verschiedenen Einbindelangen
untersucht. Die Untersuchungen zum Biegetragver
halten wurden insbesondere als Vergleichsuntersu-
chungen zu innerhalb des Betonstrangs bewehrten
Prifkérpern gegenliber zwischen den Betonstréan-
gen bewehrten Prifkérpern durchgefihrt. Neben
der deutlich hdheren Ubertragbaren Kraft bei inline
bewehrten Proben wurde eine Veranderung des
Versagensmechanismus vom Versagen im Bereich
der Betonstrangverbundzone hin zu einem aus dem
klassischen Stahlbeton bekannten Schubversagen
beobachtet. Im Bereich der Dehnkoérperuntersu-
chungen ergab sich ein gleichméfiges Rissbild mit
Rissabstanden um die 30 mm und stabilen Einzel-
rissoffnungen. Faserstrangauszugsversuche erga-
ben einen mittleren Verbundfluss zwischen 75 und
80 N/mm, was in der GroRenordnung aktueller tex-
tiler Strukturen mit vergleichbarer Filamentanzahl
im Faserstrang liegt. Zusammenfassend ergaben
die mechanischen Prifungen eine mechanische
Leistung des gedruckten Betons, die mit der von
Textilbeton aus kunststoffgetrankten Carbonfasern
vergleichbar ist. Die prasentierte Forschung hat die
Machbarkeit und das sehr hohe Potenzial der neuen
Technologie in Bezug auf die Digitalisierung und Au-
tomatisierung des Betonbaus nachgewiesen.

Tobias Neef ist wissen-
schaftlicher Mitarbeiter am
Institut fUr Baustoffe an
der Technischen Universitat
Dresden. Er schloss 2020
sein Studium des Bauinge-
nieurwesens auf dem
Gebiet des konstruktiven
Ingenieurbaus mit der Spe-
zialisierung Baustoffe ab.

Steffen Miiller is a re-
search assistant at the
Institute of Building Ma-
terials at the TU Dresden
since 2011. His field of
research is alternative re-
inforcement materials for
the construction industry,
such as high-performance
short fiber concretes (HP-
FRC) or textile reinforced concrete (TRC).
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CARBOCON ist ein fiihrender Dienstleister, wenn es
rund um das Thema Carbonbeton geht. Durch
unabhédngige und neutrale Beratung erhalten Sie die
beste Carbonbetonlésung. Seien es spezielle Fragen
der Entwicklung und Zulassung innovativer und
technischer L6sungen oder Patentanmeldungen.

Wir begleiten die Projekte von der ersten Analyse
bis hin zur spateren Anwendung. Das Spektrum
an Projekten reicht von der ganzheitlichen
Beratung beim Einsatz von Carbonbeton bis hin
zur ,klassischen* Planung bei der Verstarkung
von Bestandsbauteilen, Neubauten und anderen
Bauwerken mit Carbonbeton.



Wenn Sie einen Partner an lhrer Seite suchen,
der lhnen mit liber 10 Jahren Erfahrung im
Bereich des Carbonbetons lhre Projekte von
der ersten Machbarkeitsstudie an, liber die
Entwicklung und Begleitung von Versuchs-
programmen bis hin zur sicheren Zulassung
und spateren Uberwachung der Produkt-
anwendung unterstiitzt, dann sind wir der
Richtige fiir Sie.
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Die in diesem Tagungsband zugrundeliegenden
Vorhaben des C3-Projekts wurden mit Mitteln des
Bundesministeriums fir Bildung und Forschung gefordert.
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Sarah Bergmann, M.Sc.
Institute of Structural Concrete,

Dipl.-Ing. Sebastian May
CARBOCON GmbH
Dresden, Germany

X may@carbocon-gmbh.de

structures made of CRC.

Contact: sbergmann@imb.rwth-aachen.de

RWTH Aachen University, Aachen, Germany

X sbergmann@imb.rwth-aachen.de

Her main research area is the load-bearing behavior of reinforced concrete
structures strengthened with carbon reinforced concrete.

His research interests include the material behavior of CRC in strengthening
existing concrete structures and the development of new and thin large-scale

Many existing reinforced concrete (RC) structures, especially in bridge construction, have been planned
for lower loads and have been dimensioned according to former design regulations. Therefore, deficits in
shear capacity may exist. In order to achieve a cost and time saving extension of the design working life,
strengthening with carbon reinforced concrete (CRC) can be an option. This study presents the results
of large-scale tests using different strengthening configurations and gives a short outlook regarding the
recalculation of the tests with an existing strut-and-tie model.

Keywords: carbon reinforced concrete (CRC); textile reinforced concrete (TRC); shear strengthening;

shear capacity; large-scale tests; recalculation.

The use of non-metallic, high-strength reinforce-
ment materials minimizes the dimensions of the
strengthening layers und contributes to a resource
efficient and durable strengthening concept. Al-
though carbon reinforcement is not necessarily
anchored in the compression zone, high load in-
creases can be achieved.

Previous studies have already proven the
effectiveness of the strengthening with carbon re-
inforced concrete and calculation approaches for
the shear capacity have already been derived [1, 3,
5, 6]. However, the load-bearing behavior and fail-
ure mechanisms of RC components strengthened
with CRC have not yet been fully investigated.

At present, there is no generally valid or even
approved calculation model for the design of RC
components strengthened with CRC that accu-
rately describes the shear capacity. This hinders
the use of this innovative strengthening method
in construction practice.

Experimental investigations were carried out to
investigate the influence of the strengthening
layer on the shear load-bearing behavior, the failure
mechanisms and the load increase. This paper
refers to experimental tests that have been
described in detail in [7, 8].

Two RC cross-sections were investigated: a
slim Tbeam (sT) and a compact T-beam (cT). The
dimensions of the cross-sections are shown in
Figure 1. The RC T-beams were reinforced with
grade B500B rebar steel and contained transverse
reinforcement (stirrups). The concrete had a cylin-
der compressive strength of 30 to 40 MPa.

The strengthening layers consisted of an impreg-
nated grid-like carbon reinforcement and a spray-
able fine-grained concrete. The shotcrete Pagel
TF10 is approved for the strengthening of RC
components.



6012 6012
o L~ Jroezs o [ < O\ Jresizs
st l-@6/25 | 6/25
E S
|_-4025 @
15, 25 15 e—o=>6025
55
D S —

215,17 , 215
60 [cm]

Figure 1: Cross-sections of RC T-beams: (a) compact; and (b)
slimT-beam | graphic: Sarah Bergmann

In this study, SITgrid040, a polyacrylate (PA) based
impregnated carbon reinforcement, and solidian
GRID (Q85/85-CCE-21, an epoxy (EP) resin
impregnated  carbon  reinforcement,  were
used. The cross-sectional area of the PA-grid is
141 mm?/m in warp direction (0°) and 28 mm?%m
in weft direction (90°). The biaxial EP-grid has a
cross-sectional are of 85 mm?/m in both directions.
The average tensile strength of the EP-grid was
3377 MPa (weft direction) and the average ten-
sile strength of the PA-grid was 3160 MPa (warp
direction). The given directions correspond to the
orthogonal to the longitudinal axis of the speci-
mens, if the grids have an alignment of 0°/90°.

The strengthening layers were applicated be-
tween the support areas and applied in a laminat-
ing process using shotcrete. Every layer of shot-
crete had a thickness of almost 5 mm. As a re-
sult, the strengthening layers had a thickness of
10 mm with one layer of carbon reinforcement and
15 mm with two layers.

The test specimens were tested in fourpoint
bending tests (Fig. 2). The shear slenderness A
was 3.3 in order to minimize the direct shear load
transfer via the compression struts. Convention-
al measurement technology, such as inductive
displacement transducers and ARAMIS, a
measuring system based on digital image corre-
lation, was used.

In total, 12 compact Tbeams and 14 slm T
beams were tested. The test series included un-
strengthened specimens (reference/Ref), speci-
mens strengthened with CRC and with unreinforced
shotcrete (SC). Two test specimens with the same
configuration were tested in each case. In addition
to the RC Theams (cT/sT), the type of carbon rein-
forcement grid (EP/PA), the number of reinforcing
layers (1/2), the shape in cross-section (ll/U), and the
alignment of the grids in relation to the longitudinal
axis of the specimen (90/45) were varied.

| UND TEXTILBETONTAGE 2020

a b a
|
T-beam a b | d r=a/d
compact 150 50 390 45.75 3.3
slim 200 70 510 60.75 3.3

Figure 2: Schematic of test set-up | graphic: Sarah Bergmann

Load increases of up to 40% were achieved in the
tests. The test specimens were characterized by
sufficient warning before ultimate failure, such as
large deformation and wide cracks. Due to the steel
reinforcement, the failure was much less brittle
compared to components made entirely of CRC.
As expected, the strengthened T-beams were stiff-
er than the reference T-beams and had a much finer
crack pattern and smaller crack widths. Even an un-
reinforced shotcrete layer leads to a load increase
(Fig. 3b, sT-1I-SC-a/b). Not all test specimens failed
due to shear forces (see section 4.2). The load de-
flection curves are presented in Figure 3.
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Figure 3: Load-deflection curves for (a) compact; and (b) slim
T-beams | graphic: Sarah Bergmann
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Different crack patterns and failure mechanisms
were observed during the tests. Examples are
given in Figure 4. Many test specimens failed
as planned on shear by a failure of tension struts
and crushing of concrete in the flexural compres-
sion zone. In a few cases the critical shear crack
did not lead to failure, but the web cracked at the
underside, starting from the support area, and the
concrete thus failed on transversal tension. Start-
ing from the critical shear crack, delamination
often occurred, so that the concrete cover of the
strengthening layer spalled. Delamination also
occurred in some cases below the flange. In
addition, some test specimens also failed un-
planned due to bending. The main failure
mechanism of each test is listed in [1].

Figure 4: Failure mechanisms observed in this study: (a) crus-
hing of concrete in the flexural compression zone; (b) rupture
of tension strut; (c) transversal tension failure of the web at the
underside; (d) delamination | graphic: Sebastian May, Alexander
Schumann

Brlckner presented a strut-and-tie model for RC
components strengthened with CRC under shear
load in [1]. In this paper the recalculation of the
experimental tests is done only for this model.
The shear capacity of a strengthened RC element
V. is composed of the shear contribution of steel
stirrup reinforcement V, -according to Eurocode 2
and the contribution of the carbon reinforcement
V, . The shear contribution of the carbon reinforce-
ment is indicated in eq. 1,

where a is the cross-sectional area of the carbon
reinforcement; f, is the tensile strength; b, is the

width of the tension strut and «, is the angle of
the carbon reinforcement to the longitudinal axis
of the component. The width of the tension strut
depends on geometric parameters and bond prop-
erties of the textile reinforcement.

The recalculation is limited to the tests with shear
failure. A few results are shown as an example
in Figure 5. The shear capacity of the (unstrength-
ened) reference T-beams is clearly underesti-
mated with the formula according to Eurocode 2.
The total shear capacity of the strengthened
T-beams is usually slightly underestimated by the
model according to Brlckner. The difference for
the compact T-beams is greater than for the slim
T-beams. An exception is the slim T-beam, which
was strengthened with a single layer of PA-grid
(sT-1I-PA-90-1-b). In this case, the calculated shear
capacity is greater than the shear capacity deter
mined in the test. The reason for this is the much
larger cross-sectional area per unit length com-
pared to the EP-grid.
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Figure 5: Shear capacity acc. to Brickner compared to the test
results | graphic: Sarah Bergmann

Comparing the calculated contribution of steel stir
rup reinforcement of the strengthened test spec-
imens with the experimental shear capacity of
the reference specimens, it is noticeable that the
calculated contribution is clearly underestimated.
The calculated contribution of steel reinforcement
is therefore clearly overestimated.

Furthermore, the contribution of steel stirrup re-
inforcement is lower than the calculated shear
capacity of the reference Theams. This is due to the
additional carbon reinforcement, which leads to
steeper compression struts and a smaller width of
the tension strut.



In order to capture the contribution of carbon rein-
forcement more realistically, a reduction factor for
the tensile strength according to [9] could be add-
ed. The critical shear crack usually does not cross
the fibre strands orthogonally. The fibre strands are
therefore at an angle to the load direction and a
lower tensile strength can be assumed. The
angle between fibre strand and load direction is
determined by the shear cracks, that cross the
fibre strands, and the alignment of the grids in re-
lation to the longitudinal axis of the specimen. If
the formula in [9] can be transferred, the contribu-
tion of carbon reinforcement would be reduced by
about 30%.

If either a tensile failure of the carbon reinforce-
ment or a composite failure between the carbon
reinforcement and the fine-grained concrete is
decisive for the failure of the strengthening layer,
either the tensile strength or the existing bond
length of the fibre strands limits the capacity of
the strengthening layer. With increasing stress in
the fibre strands, the related anchoring length in-
creases. This influences the strut-and-tie model of
the carbon reinforcement. If the anchorage length
is considered in relation to the tensile stress, an
iterative calculation is necessary.

Since the project did not include extensive investi-
gations on the tensile strength of the fibre strands
at different load directions and bond properties of
the used carbon reinforcements, the proposals can-
not be verified at present.

In this paper, experimental investigations on RC T-
beams strengthened with carbon reinforced con-
crete were carried out. The main parameters of
the RC-beams and the strengthening layers were
varied. Due to the reinforced strengthening layers,
fine crack patterns and smaller crack widths oc-
curred. High load increases up to 40% could be
achieved. Therefore, a high activation of the car
bon reinforcement can be assumed. Both carbon
reinforcements, the PA-grid and the EP-grid, are
suitable for the strengthening of RC components.

The recalculation showed that the load increase
cannot yet be described accurately. In particular,
the model shows deficits in the shear contribu-
tion of steel stirrup and carbon reinforcement. The
consideration of additional contributions to the
shear capacity must be investigated. Moreover,
the model does not consider a possible transverse
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tension failure of the concrete at the bottom of
the web. This failure mechanism must be appro-
priately considered.

Further investigations are necessary to derivate
a sufficiently accurate engineering model for the
calculation of shear capacity of RC-components
strengthened with CRC, which appropriately con-
siders both the different failure modes and the
shear contributions. In further tests the transverse
reinforcement ratio and the dimensions of the RC
beam as well as the slenderness should be var
ied, since these parameters have also a major in-
fluence on the main failure mechanism and the
activation degree of the steel stirrups and the car
bon reinforcement. Even if it is associated with a
high effort, the use of a fibre optic strain measure-
ment system would be very suitable for investi-
gating the activation degree in order to carry out
continuous strain measurements directly on the
two reinforcements.
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1 Abstract
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The structural design in the serviceability limit state represents a major hurdle for a broader application of
carbon reinforced concrete in the construction praxis. The bond between various carbon reinforcements
and concrete was intensively investigated by means of pull-out tests. On this basis, an engineering design
model for the serviceability limit state was developed. It enables a purposeful design of the end anchorage
length and limitation of crack widths for the serviceability limit state.

Keywords: Carbon Reinforcement, Textile, Concrete, Crack Width, End Anchorage

2 Introduction

Crack widths in the concrete cover exhibit hard-
ly any influence on the durability of carbon con-
crete due to an outstanding chemical resistance
of carbon reinforcement against corrosive media
[1]. However, both water tightness and optical re-
quirements demand a limitation for crack widths
in carbon concrete components with respect to
the serviceability limit state [2]. In addition to the
consideration of the crack widths, the end anchor-
age length must also be designed in such a way
that no slippage occurs at the ends of reinforcing
elements.

3 Materials and experimental
program

The materials under investigation were two poly-
mer-bonded and two mineral-bonded carbon re-
inforcements, see Figure 1 and Table 1. The two
mineral-bonded reinforcements varied in the
water-to-binder ratio of the fine cement-based im-
pregnating suspension used, see also [3], [4]. All
composite specimens were made with the high-

strength self-compacting fine-grained concrete
BMK-30-200-2 developed in the framework of the
project Carbon Concrete Composite — C3 [5].

Figure 1: Carbon reinforcements under investigation: a) Epoxy (EP),
b) Acrylic based polymer (ACR) and c) two mineral-bonded carbon
reinforcements (MIN-60 and MIN-80) | photos: Kai Schneider

The uniaxial tension tests were performed on the
specimens had a width of 120 mm and a thick-
ness of 12 mm. The strain of the composite was
determined by means of displacement gauges
and the crack development by photogrammetric
measurements over a length of 270 mm. Five
specimens were tested for each type of rein-
forcement.
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Impregnation material of the Acronym | Reinforcement | Size [mm] | Reinforcement content
carbon reinforcement : | content [tex] | in tension tests [tex]
Epoxy EP 6500 . 55x19 5 X 6500
Acrylic based polymer ACR 3200 32x1,5 9 x 3200
Ultra-fine cement suspen-
sion with W/B of 0.6 L=t | e |
3450 — 9 x 3450
Ultra-fine cement suspen- ‘ i
sion with W/B of 0.8 MIN-80 034
Table 1: Overview of the carbon reinforcements under investigation
4000
IIIa, IIb |
3500 47—

For the pull-out tests, an original setup developed
by Schneider [4] was used, see Figure 2. The an-
chorage length x in the pull-out tests ranged be-
tween 10 mm and 40 mm. Nine specimens were
tested per reinforcement and chosen embedment

length.
,T\ F =1(s)
Strain sensor
¢ «—— Upper specimen holde
Concrete block
T for bond evaluation
/| \
o
o
L \ | /
Reinforcement
o Concrete block
@ for fixing
~— Lower specimen holde

\1/ F=f(s)
80

Figure 2: Used pull-out test | graphic: Kai Schneider

The composite specimens were tested in uniaxial
tension. The tensile force was related to the net
carbon fiber cross-section. Figure 3 shows the
typical fiber stress-strain relationships for various
types of fiber. The composite behavior is charac-
terized by a steep ascend of the stresses. This ini-
tial region before the formation of the first crack,

EP

Fiber Stress [MPa]
N
o
o
o

1500 ACR
1000 MIN-60
MIN-80

= = = Reinforcement

0 5 10 15 20
Strain [mm/m]

Figure 3: Fiber stress-strain relationship of the composite spec-
imens in uniaxial tension tests and of a fictive reinforcement
specimen with a modulus of elasticity of 220 GPa | graphic: Kai
Schneider

the so-called state |, is determined by the stiff-
ness and tensile strength of the concrete matrix.
State | is followed by the crack formation stage,
state lla, and ends in a completed crack pattern,
the state IIb. The state Ilb is characterized by a lin-
early ascending curve which slope is defined by
the stiffness of the reinforcement.

The surrounding concrete matrix contributes only
little by tension stiffening. A straight line for a fic-
tive carbon reinforcement with a modulus of elas-
ticity of 220 GPa is added to the fiber stress-strain
diagram as a reference indicating the stress-strain
behavior of the carbon fiber reinforcement.

Figure 4 shows the mean crack width as a func-
tion of the crack density for the selected strain
levels of 2, 4 and 8 mm/m. The mean crack width
was calculated from the sum of all crack widths
divided by the number of cracks.
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Figure 4: Mean crack width in the composite specimens as a
function of the crack density for the strain levels of 2, 4 and
8 mm/m in the uniaxial tension tests | graphic: Kai Schneider

The crack width w_can also be estimated from
the average crack distance s, the strain of the
reinforcement ¢, and the factor for the tension
stiffening of the concrete matrix k,, using Eq.1:

WF:SFXEkal .

Since the determined sum of the crack widths
approximately corresponds to the measured
deformation of the composite specimen, it can
be concluded that the concrete strain tends to
zero and thus can be neglected in the following
considerations. Furthermore, it can be assumed
that the deformation (strain) measured at the
composite specimen approximately equals the
deformation (strain) of the reinforcement. This
considerations are also in line with the results by
Buttner [6]. Consequently, the crack width can be
expressed as the product of the crack distance
and the strain of the reinforcing element or rather
the strain of the composite material, see Eq.2:

Note that this is not a general statement on tensile
stiffening effects which should be considered sepa-
rately in each specific case. Here, the very small
strain stiffening of the concrete matrix allows for a
conclusion that the bond behaviour has an almost
negligible influence on the strain behaviour of the
specimen and the sum of crack widths in the com-
posite. Nevertheless, the bond behaviour is impor
tant with respect to the cracks patterns and the
resulting individual/average crack widths.

The transfer of shear forces between the reinforc-
ing element and the surrounding concrete matrix
ensures that the strain states of the two com-
ponents of the composite are equalized. In the

regions with equal strain states of the reinforce-
ment and concrete, further cracks may develop
when an increase tensile loading causes stresses
exciding local tensile strength of concrete. For a
completed crack pattern in state llb, the theoreti-
cal crack distance s_s in the range between the
single and double load transfer length 1, [2], [7],
according to Eqg. 3 with the theoretical minimum
s and maximum S o crack distance in the com-

min

pleted crack formation state:

s =1 <s <2x1. =35
I'min ef r ef 'max

Figure 5 schematically illustrates the two extreme
values of the ideal crack spacing.

(3
€ /\ °
| — | = | | — |

ef ef

Figure 5: Schematic representation of the idealized crack dis-
tances (between the single and double load transfer length 1 ) in
the closed crack pattern (with € being the strain of concrete) |
graphic: Kai Schneider

The load transfer length determining the crack
spacing can be set equal to the anchorage length
in the pull-out tests. By systematically changing
the anchorage length and measuring the begin-
ning of the pull-in, it is possible to predict the theo-
retical slip progress, see Figure 6.
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Figure 6: Slip progress flow estimated using Eq. (4) and the valu-
es obtained from the pull-out tests | graphic: Kai Schneider

The slip progress flow L describes the bond con-
dition when a continuous slippage begins over the
entire bond length. The slip progress flow is de-
termined from the mean values of the respective
pull-out forces at the start of the pull-in F__inrela-
tion to the anchoring length x of the pull-out test
performed, see Eq. 4:
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The load transfer length depends directly on the
initial cracking force F_ of the enveloping concrete.
By dividing the initial cracking force by the slip pro-
gress flow, a theoretical load transfer length is ob-
tained, see Eq. 5:
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The first-crack force was read from the stress-
strain relations obtained in the uniaxial tension
tests on the composite specimens, see Figure 7.
Table 2 shows the results of the evaluation. The
reduction in the first crack force for the specimens
with EP reinforcement when compared to the
other reinforcement materials can be explained by
the larger weft yarns acting as flow and predeter
mining failure cross-sections.

Under the assumption of a maximum crack dis-
tance of the double load transfer length, the maxi-
mum crack width wrmaxis given by Eq. 6:

Wrmaxzleefxsbxkl n

z

=

[0]

5 EP

(e] —

L
4 ——ACR
2 ——MIN-60

——MIN-80

04 . . . .

0,0 0,5 1,0 1,5 2,0 2,5 3,0
Strain [mm/m]

Figure 7: Force-strain curves in showing transition from the un-
cracked state to cracked state of composite specimens | graphic:
Kai Schneider

| UND TEXTILBETONTAGE 2020

Figure 8 shows both the measured maximum
crack widths and the calculated maximum crack
widths. The prediction accuracy by Eq. 6 is over
80%. The ratio of the measured mean crack
widths to the maximum crack widths averaged
over all tests is 0.63 and agrees well with the ratio
of 0.6 determined by Fillsack [2].
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Figure 8: Comparison of maximum measured crack width and
the calculated maximum crack width | graphic: Kai Schneider

Figure 9 shows the comparison of the measured
mean crack widths and the calculated mean crack
widths. The mean crack width w_was calculated
by multiplying the maximum crack width by the
scaling factor k, of 0.63, see Eq. 7:

r 'max 2

The formation of new cracks with increasing ten-
sile load leads to a reduction of the load transfer
length. While a tendency to overestimating the
crack width was observed for a strain level of
2 mm/m by using above formulas, this trend re-
verses for a strain level of 8 mm/m. This can be
traced back to the crack spacing decrease with
increasing load and stress level. At the strain level
of 4 mm/m, the prediction accuracy of the maxi-
mum crack width is the best, with nearly 87% re-
liability. This leads to a conclusion that the force

Reinforcement Slip progress flow [kN/mm]

First crack
force composite
specimen [kN]

Calculated load
transfer length [mm]

First crack force
per reinforcing
element [kN]

EP 0,040 15 37,7
ACR 0,026 1 38,8
MIN-60 0,069 1 14,5
MIN-80 0,060 1 16,8

Table 2: Overview of the carbon reinforcements under investigation
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introduction length depends on the load level and
thus should be considered as its function in order
to increase the prediction accuracy.
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Figure 9: Comparison of mean measured crack width and the
mean calculated crack width | graphic: Kai Schneider

Lorenz [8] chose the ultimate limit state as a cri-
terion for the design of the required end anchor
age length and used the maximum bond flow as
the design base. The deformations occurring prior
to reaching the maximum force were not consid-
ered. In the serviceability limit state, the design of
the end anchorage length is basically defined by
the absence of slip at the end of the anchorage.
By using the experimentally determined slip pro-
gress flow k. the required minimum end anchor
age length 1 ... for the service load F,, can be
determined using Eq. 8:

FGZG
lerf,GZG = T E

le

Figure 10 shows the schematically the design ap-
proach for the end anchorage length in the ser
viceability limit state by using slip progression
measurements in comparison to the ultimate limit
state according to Lorenz [8]. The maximum force
is limited by the tensile load capacity of the rein-
forcing element.
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Figure 10: Suggested approach for the design of the end an-
chorage length in the serviceability limit state including the end
anchorage length in the ultimate limit state and the initial crack
force for the design of crack width | graphic: Kai Schneider

The slip progress flow describes the bond condi-
tion when a continuous slippage begins over the
entire bond length. With the help of the experi-
mentally determined slip progress flow, it is basi-
cally possible to carry out designs in the service-
ability limit state, in particular, the design of crack
widths in the structural element and the design
of the end anchorage length of the reinforcement
element in the serviceability limit state.
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The bond between reinforcement and cemen-
titious matrix is of utmost importance for the
functionality of a reinforced structure. Due to the
wide variety in terms of mechanical as well as
geometrical properties of textile reinforcements,
a direct transfer of the design rules for steel-rein-
forced concrete to textile-reinforced concrete
(TRC) is not possible. The bond behavior of this
novel material has therefore always been one of
the main research topics since the beginning of
textile reinforcement development.

In the past, investigations on the bond behavior
of TRC usually dealt with the inner bond between
the single filaments [1, 2] and the bond performan-
ce between the cementitious matrix and the fiber
strand [3-5], where in the latter several possible in-
fluencing parameters could be identified (e.g. the
surface roughness, knitting yarn...). The failure cri-
teria for the pull-out of the fiber strand in this case
is defined by the maximum value of the bond force
transmitted between the two phases. The main
bond mechanisms in this case were adhesive bond
(before pull-out) and friction (after pull-out) [6].

With the development of fiber strands with a
high yarn count (Heavy Tows) because of econo-
mic reasons [7], which are additionally impreg-
nated with a stiff coating material (e.g. epoxy re-
sin) in order to increase the effectiveness of the
reinforcement, a new failure mechanism due
to spalling of the concrete cover was observed
[8-11]. The splitting failure is characterized by longi-
tudinal cracking induced in the concrete once the
maximum bond force is reached, leading to a pro-
gressive loss of the bond performance, which also
affects the structural behavior [12, 13].

In contrast to steel-reinforced concrete, where
longitudinal cracking is avoided by minimum valu-
es of concrete cover or a minimum amount of
shear reinforcement overlapping the longitudinal
reinforcement, such detailing would oppose the
design philosophy of TRC of thin-walled filigree
structural components. The focus therefore should
be the consideration of possible longitudinal crack-
ing by means of appropriate design models.



Longitudinal cracking is caused by high splitting
tensile stresses occurring in the concrete. The
magnitude and distribution of these stresses
are mainly influenced by the geometric proper
ties of the fiber strand, whereas the influence of
the transverse fiber strand by knot resistance on
splitting crack formation can be neglected [14].
This cracking behavior has often been observed in
structural elements with textile reinforcement in
which the fiber strands in weft and/or warp direc-
tion exhibit a pronounced regularly repeating vari-
ation in cross-sectional dimensions. In these ca-
ses a mechanical interlock is achieved in between
the fiber strands and the cementitious matrix,
leading to a high bond performance with simul-
taneous high stress concentrations [9, 14]. Additi-
onally, a strong influence can be attributed to the
cross-sectional shape of the fiber strands. Due to
the manufacturing process, textile reinforcement
often exhibits a flat elliptical shape amplifying the
splitting tensile stresses in direction orthogonally
to the reinforcement, resulting in the main occur
rence of longitudinal cracking in the layer of the
textile reinforcement [15]. This cracking behavior
is further intensified by the fact, that the splitting
tensile stresses in the layer of the textile rein-
forcement between adjacent fiber strands are in-
versely aligned and therefore are partly cancelling
each other [5], whereas this is not the case for
splitting tensile stresses orthogonally to the layer
of the fabric (if there is only one layer of fabric).

5 5
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Transverse roving

Intersection
-5 -5
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Figure 1: Cross section (left) and longitudinal section (right) of a
typical fiber strand [14] | graphic: Philipp Preinstorfer

Based on optical measurements of various types
of textile reinforcements the geometric characteri-
stics of different fiber strands were depicted in the
cross section as well as the longitudinal section
(see exemplarily Figure 1). By comparing the dif-
ferent fiber strands, four geometric parameters —
(a) the cross-section geometry, (b) the regularly
repeating variation of cross-sectional dimensions,
(c) the dominant direction of the regularly repe-
ating variation of cross-sectional dimensions and
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(d) the waviness of the fiber strand — were identi-
fied and first described by Preinstorfer [15], which
predominantly influence the magnitude and distri-
bution of splitting forces in TRC. These parameters
are briefly summarized in this section, as they are
of importance for the understanding of the me-
chanical model in Section 4.

To describe the cross-sectional shape a parameter
k. is introduced. Starting off with k_ equaling 1.00
the fiber strand has a perfectly round cross-secti-
onal shape. With an increasing k_ the fiber strand
changes into an elliptical shape. Parameter k. is
calculated using Eq. (1):

kF=U%r

with U, being the circumference of the cross sec-
tion of the fiber strand and U, being the circumfe-
rence of a circle with an identical cross-sectional
area as the fiber strand A = A .

The regularly repeating variation of the cross-sec-
tional dimensions is described using parameter k,,
relating the cross-sectional area at midspan (typi-
cally maximum in size) to the cross-sectional area
at the intersections with the transverse strands
(typically minimum in size), see Eq. (2):

A

ky = ==
Ar,K

If parameter k, is 1.00 in size the fiber strand exhi-

bits no variation in cross-sectional dimensions,
while for bigger values the variation increases.

To describe in which direction the regularly repe-
ating variation of cross-sectional dimensions is
more pronounced (thickness or width), parameter
kp, which relates the change of thickness to the
change of width per half mesh-width (midspan to
the intersection), is introduced, see Eq. (3):

_ (dr,F - dr,K) - (br,F - br,K)
(dr,F - dr,K) + (br,F - br,K)

kp
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If k, is 0.00, the regularly repeating variation ap-
pears uniform, while for values -1.00 < k, < 0.00
or 0.00 < kp < 1.00 the variation is dominant in
direction of the width or thickness, respectively.

A possible waviness of the fiber strand is descri-
bed using the parameter k,,, which relates the de-
viation of the longitudinal axis of the fiber strand
per mesh-width f (e.g. from midspan to the inter
section) to the centerto-center distance of the
transverse fiber strands e, see Eq. (4):

-

If parameter k  is 0.00 the fiber strand is straight
in longitudinal direction, while for increasing valu-
es of k , the waviness becomes more pronounced.

In the following section a mechanical model,
which firstly was introduced by Preinstorfer in [15]
is described, which allows for the calculation of
the size and magnitude of the splitting forces in
TRC, see Eqg. (5) and (6). The model was estab-
lished on the base of experimental and numeri-
cal studies, which were described in detail by the
authors in a different publication [14]. The various
terms in the equations can be directly linked to the
geometric parameters introduced in Section 3. It
is mentioned here, that this model is limited to
fully impregnated fabrics with no porosity occur
ring between the single filaments. The fabric can
therefore be considered as a homogeneous solid.
This is often the case e.g. for epoxy impregnated
textiles [2].

Fpy = ap-sing-tanf - F

Fp,=(1—ap) cosgp-tanf - K

with:
a

ar = (a+Db)

H ==

and a and b being ellipse axis (where a > b; see
also section 4.1.1)

The presented research in this paper focuses on
fiber strands exhibiting a pronounced regularly
repeating variation in cross-sectional dimension.
The variation acts as a flat rib consequently en-
abling a mechanical interlock between the fiber
strand and the surrounding concrete. Similar to
steel-reinforced concrete [16] a concrete com-
pression strut originates where the thicker part
of the fiber strand gets pulled out of the smaller
concrete channel, see Figure 2.

Oy

F.
0 FW »ux,A
Ti,x - 1, Fx

Figure 2: Resulting concrete compression strut and tensile split-
ting force thereof. | graphic: Philipp Preinstorfer

Due to the flat shape of the ribs, the concrete
compression strut originating from the textile rein-
forcement is likely to have a steep angle. The split-
ting tensile stresses can be calculated according
to Eq. (8).

FE, = tan6 - F E

Within the range of 1.20 <k, < 1.80, typical for stan-
dard textile reinforcement, the concrete compres-
sion strut was calibrated in numerical calculations
to have an angle of 60° (see also subsection 4.2).

With increasing flatness of the fiber strand (ellipti-
cal shape), a decisive rise in the splitting stresses
in direction of the smaller axis of the ellipse (b < 3;
see Figure 3) was noticed.
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Figure 3: Simplified distribution of tensile splitting stresses for
different cross-sectional geometries | graphic: Philipp Preinstorfer



By simplifying the concrete tensile stresses, as
pictured in Figure 3, the non-uniform distribution
of the splitting tensile stresses can be expressed
by the factor a,, see Eq. (9) and (10). This factor
stands for the relation of the width of the fiber
strand to the sum of its width and thickness (Eq. 6).

Fpy = ap - Fyp

Esp,z =(1—ap) P;p

a, can be directly linked to parameter k, by Eq. (11):

a=b-(§-/12+§-1 15-12—1-1)

RN
o
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Figure 4: Influence of cross-section shape on the splitting tensile
stresses [15] | graphic: Philipp Preinstorfer

In Figure 4 the non-uniform distribution of the ten-
sile splitting stresses due to the elliptical shape of
the strand is depicted for values 1.00 < k, < 1.40.

In Figure 4 it is clearly visible, that the tensile split-
ting stresses increase in direction of the smaller
ellipse axis with the rising parameter k..

Additionally to the influence of the cross-sectional
shape on the non-uniform distribution of the ten-
sile splitting stresses, the dominant direction of
the regularly repeating variation also plays a key
role in this context. Figure 5 depicts this effect,
with the area in light grey symbolizing a dominant
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thickening (left) or a dominant widening (right) of
the fiber strand respectively.
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Figure 5: Distribution of splitting tensile stresses due to a thickening
or widening of the fiber strand | graphic: Philipp Preinstorfer

In Figure 6 a segment of a fiber strand between
m and /2 is visualized. The area between function
f (max. cross-sectional dimensions) and function
g (min. cross-sectional dimensions) describes the
widening between midspan and the intersection.

Foy /2

Figure 6: Inclination ¢ of splitting tensile force | graphic: Philipp
Preinstorfer

In the following it is assumed that the resulting
tensile splitting stress in this segment is orientated
to the center of gravity of the widened part of the
fiber strand (dark grey area between f and g). The
inclination of the resulting splitting tensile force can
therefore be calculated according to Eq. (13).

2 2

_ as - bg—ag-bg .
Ly S =
Thus the splitting tensile stresses are calculated by:
Fpy =Fp -sing
P;p,z = P;p “cos @

The inclination ¢ can be directly linked to parame-
ter kp, as this parameter is dependent upon the
dimensions of the fiber strand at midspan as well
as at the intersections. In Figure 7 the influence of
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the dominant direction of the regularly repeating
variation is depicted in terms of parameter k, in
the range of -1.00 < k, < 1.00.

1 - - - 1

0.8}

0.2 10.2

kp [-]

Figure 7: Influence of dominant direction on the splitting tensile
stresses [15] | graphic: Philipp Preinstorfer

Even though it is not as decisive as the cross-sec-
tional shape a clear influence of the dependency
of the fiber strand dimensions is noticeable.

The influence of the waviness of the fiber strand
has been extensively investigated by Lorenz (e.g.
[17]). Optical measurements of the different inves-
tigated fiber strands showed that all used samples
of textile reinforcement were almost straight in
longitudinal direction, therefore allowing for a dis-
regard of the influence of the waviness. For higher
values of the waviness the authors would refer to
the calculation of the deviation forces by Lorenz
[17] which can be taken into account additive to
the splitting forces calculated using Eq. (5) and (6).

In this subsection the tensile splitting forces in
y-direction calculated using Eqg. (5) are compa-
red with the results of a numerical study of fiber
strands within the range 1.00 < k, < 1.40 (step size
0.1),-1.00 < kp < 1.00 (step size 0.5) and k, = 1.50.
The numerical model was established and cali-
brated based on experimental data (for detailed
information see [14]). By comparing the results
according to the SF-model with the results of the
numerical study a good correlation, as shown in
Figure 8, can be stated.
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Figure 8: Calculated splitting forces according to SF-model in re-
lation to the numerically calculated results [15] | graphic: Philipp
Preinstorfer

The deviation of the results with increasing tensile
splitting stresses in the y-direction can be addres-
sed to uncertainties in the elliptical shape descrip-
tion of the fiber strand, as no exact values of the
circumference of an ellipse exist. With increasing
flatness of the ellipse the results of Eq. (11) beca-
me less accurate.

The bond behavior of TRC is still a major part of
research due to the wide variety of mechanical
and geometrical properties of the existing and ne-
wly launched textile reinforcements. For certain
types of fiber strands a splitting failure due to high
splitting tensile stresses could be observed. With
regard to this effect following conclusions can be
drawn from the research presented in this paper:

Four geometric parameters -k, k,, k,, and k|
are introduced describing specific geometric
properties of the fiber strands that were iden-
tified to play a key role in the magnitude and
distribution of the tensile splitting stresses.

A mechanical model is introduced, which
allows for the calculation of the splitting tensile
stresses in direction of the layer of the textile
reinforcement as well as in direction orthogo-
nally to the layer of the textile reinforcement.
The parameters k,, k,, k, are directly linked to
the mechanical model taking into account the
influence of those certain geometric proper
ties on the tensile splitting stresses.



In comparison to a broad numerical study,
where the parameters k, k,, k, were varied

in a wide range, the calculation of the tensile
splitting stresses by the SFmodel yields
sufficient results.

The calculation of the splitting tensile stresses
occurring between the fabric and the cemen-
titious matrix enables a way to account for a
longitudinal cracking in TRC. By comparison
with experimental data it is shown in [14] and
[18], that the SF-model is capable of realistical-
ly estimating the magnitude and distribution of
the splitting tensile forces.

The SF-model described in Section 4 was establis-
hed on the base of fiber strands impregnated with
a stiff coating material. According to studies the
stiffness of the coating material also plays a key
role in the bond behavior. For this reason the in-
fluence of the stiffness of the coating material will
be investigated in the near future in order to adopt
the SFFmodel in terms of this parameter.

With the introduced SF-model it is possible to cal-
culate the magnitude and distribution of the ten-
sile splitting stresses. To assess the initiation of a
longitudinal cracking due to high splitting tensile
stresses it is necessary to investigate the con-
crete resistance. This topic will be the focus of
further research in the future.

The authors want to express their sincere gratitu-
de to solidian GmbH for their support during this
research and to Prof. Benjamin Kromoser for the
intensive scientific dialogue in the past years.

The data will be made available by the authors on
request.
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Textile reinforced concretes (TRCs) have been
used for new constructions and load-bearing
structural members [1-4]. The aforementioned
advantages eliminate the need for large concre-
te covers, allowing the creation of thin, modular
structures and slender concrete members [5,6].

Despite a significant number of works addres-
sing the load-bearing behavior of full TRC beams
under bending can be found in literature, [5-9],
these have mainly focused on the calibration of
design methods considering different types of
textile, beam geometries and reinforcing ratio. In
fact, the existing approaches are usually based on
cross-section analysis (moment-curvature) adap-
ted from design models available for RC, incorpo-
rating the influence of the different bond characte-
ristics between matrix and reinforcement through
the use of efficiency factors [7].

Some studies have found that the use of sand-
epoxy impregnation can enhance mechanical

bond strength, frictional resistance and stiffness
[10-18], thus improving member bearing. This is
due to the increased surface roughness intro-
duced by sand, reducing the slip between fibers
and matrix [14] and making the forces between
constituents to be transferred more effectively.
Moreover, crack pattern is improved by reducing
crack width and spacing. On the other hand, the
strong bond strength may lead to a simultaneous
abrupt fracture of all filaments comprising the tex-
tile, which characterizes a brittle failure [16].

Hybrid fiber reinforced composites consisting
of strain-hardening based-cement composite
(SHCC) matrices and continuous textile reinforce-
ment yield a better crack control with a pronoun-
ced multiple cracking behavior [15-23]. Research
papers [10, 17 23] have reported an increase in
composite strain capacity and mechanical proper
ties when simultaneously applying textiles and
short fibers as reinforcement in cementitious ma-
trices in comparison to ordinary TRC. Conversely,
other authors [11, 17, 24] have reported no gain in
ultimate strain. In addition, the use of the SHCC



matrices results in high inelastic deformations, lea-
ding to a ductile behavior along with higher energy
dissipation [18, 19].

The main goal of this research is to investigate the
performance of Carbon-TRC beams considering
different material conditions: plain TRC, sand-co-
ated TRC and hybrid TRC-SHCC. An experimental
investigation is carried out and the results such as
failure modes, load-deflection curves and cracking
patterns are reported.

A flexible carbon textile coated with styrene-buta-
diene rubber (SBR) resin supplied by the company
V.FRASS denominated SITgrid017KB was used in
the study. It is a bidirectional mesh with openings
of 10 and 8.5 mm and widths of 4.2 and 2.7 mm
in the warp and weft directions, respectively.
Details of the warp yarns that form the textiles
were observed using a Nikon stereo microscope
model SMZ800N and a cross-sectional area of
3.32 mm?2 and a perimeter of 9.1 mm were mea-
sured. Santos [25] performed uniaxial tension test
in the same carbon warp yarn. It was obtained an
average tensile strength ff = 1140 MPa and a mo-
dulus of elasticity Ef = 189 GPa, referred to the
measured cross-section area.

For coated carbon textiles, the filament yarns are
firstly coated to allow the fabric to be structured
as well as for an improved force transfer between
outer and inner filaments within the yarn. In the
present work, the used textile consists in carbon
filaments fully impregnated with SBR. Therefore,
in order to improve the bond between textile and
matrix, an extra impregnation with epoxy resin
(Sikadur®-32 ) and sand with the same grain size
as the sand used as fine aggregate in the matrix
(1.18 mm) — hereafter referred as rigid impregna-
tion — was applied over the yarns. The impreg-
nation process was performed manually at least
24 hours before sample preparation. Epoxy resin
was impregnated first, followed by sand pulveriz-
ation. Throughout the work, the specimens made
with textile with and without a rigid impregnation
were denominated ST (sand-epoxy impregnation)
and RT (plain SBR-coated reference textile), res-
pectively.
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Figure 1: Carbon Textile: no coating (left) and sand-coated (right) |
photos: Kissila Botelho Goliath

Two different types of matrices were used in this
study, the plain concrete and the strain-hardening
cement-based composite (SHCC) with 2% in vo-
lume of PVA fibers (Polyvinyl Alcohol), designed
M1 and M2 respectively. The Kuralon® REC15 fi-
bers used, supplied by Kuraray™, had a length of
12 mm and an average diameter of 40 pm.

Properties M1 M2

Compressive 76.0£2.6 37.8+2.8

strength [MPa]
Compressive | 00033 | ( 0.0038
strain at peak

[mm/mm]

YoungsMo- | 255408 231+04
dulus [GPa]

Table 1: Main compressive properties

The plain concrete was designed for a cement-ba-
sed composite reinforced with textile, adapted
from previous studies [11]. The SHCC matrix was
chosen based on its ability to improve ductility of
TRC [17-21]. For the composition of the mixture
of the SHCC matrix, an adaptation of the dosage
adopted by Curosu [22] was used. The main com-
pressive properties are presented in Table 1 and
mechanical response of the concrete matrices in
compression test shown in Figure 2.

The normal strength SHCC is intended to impro-
ve the ductility and load-bearing capacity after
first crack formation under uniaxial tensile loads.
Although from the structural point of view it acts
as the matrix, the SHCC is already a composi-
te, being highly sensitive to its composition. The
energy absorption and high strain-capacity are
due to the occurrence of multiple cracking and the
controlled crack opening [26]. To obtain this beha-
vior and ensure the initiation of cracks, a restric-
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Figure 2: Mechanical response of the concrete matrices in com-
pression test. | graphic: Kissila Botelho Goliath

ted particle size distribution is necessary, obtained
with fine-grained material [22]. It is important to
highlight the post-peak behavior of the M2 matrix
(Figure 2). The SHCC shows a smooth drop after
the maximum peak load which strongly contribu-
tes to ductility of the composite.

Carbon-TRC beams were tested in fourpoints
bending test to assess their flexural performance
in three different conditions: with reference textile
and plain matrix (RT-M1), with sand-epoxy impreg-
nation and plain matrix (ST-M1) and with reference
textile and SHCC (RT-M2). Three 2000 mm long
beams having I-sections with 80 mm of flange
width, 180 mm of depth and 12.5 mm of thick-
ness for both web and flange were fabricated, one
sample for each aforementioned condition.

Strain gage l
Speckle pattern
for DIC

The beams were cast using a steel formwork with
the desired final dimensions. Care was taken to
place the textile in the middle of the entire sample
thickness, i. e. flanges and web. The warp direc-
tion was positioned longitudinally to the beam.
The reinforcement assemble cage was put in the
formwork before the concrete was cast horizon-
tally. The beams were removed from the form-
work after 48 hours and kept in a humid chamber
until a day before testing. They were tested at 28
days of age at room temperature.

The beams were tested in a fourpoint bending
configuration over an 1800 mm span and with a
shear span of 750 mm. A hinge was placed over
the load distribution beam to ensure equal forces
to be applied at the loading points. Testing was
conducted using a servo-controlled hydraulic actu-
ator with load capacity of 500 kN under displace-
ment control at a rate of 1 mm/min. The deflection
was measured with a displacement transducer
placed at the mid-span and a strain gage was in-
stalled at the top of the beam mid-span to capture
the compressive strain evolution throughout the
test. An overview of the test setup and a detailed
scheme is presented in Figure 3.

The bearing behavior of carbon-textile-reinforced
concrete I-section beams was evaluated through
fourpoint bending tests and compared to theo-
retical results. Table 2 summarizes the main re-
sults obtained experimentally.The tested beams
presented different failure modes as seen in Tab-

Hinge

Load distribution beam

Displacement transducer 80
P I

180

750

t=125
750

[ 3

2000

Figure 3: Fourpoint Bending Test: scheme and detailed dimensions (in mm) | graphic: Kissila Botelho Goliath



Samples RT-M1 | ST-M1 RT-M2
Failure mode Shear Flexural Crushing of
concrete
‘Fmax, exp [kN] | 135 |- 161 | 127
Fmax,exp/ | 083 | 085 - -
Fmax, theo
smax[mm] | 362 | 255 562

Table 2: Summary of results

le 2. Figure 4 shows the front and back beams
at failure. RT-M1 exhibited three macro-cracks
in the region between load application, i.e., the
constant moment region. However, its failure
was governed by shear between support and
load application, causing the beam to fail pre-
maturely before reaching its flexural capacity.
The shear stress, characterized by the formation
of critical diagonal crack and longitudinal tearing
along web-to-flange junction, is shown in Figure
4a.

The yarns that connected the web to the flan-
ges had low penetration into the matrix which
could lead to failure. This is enhanced by the
poor adherence of strands to the SBR coating,
which does not occur in other cases. For the
RT-M2 beam, the PVA fibers helped the load
transferring between web and flange while the
ST-M1 beam the weft yarns coated have better
adherence and could provide a better transfer of
load between web and flange.

In the case of the reinforced beam with surface
treated textile, the failure mode was characte-
rized by rupture of longitudinal yarn. The impro-
vement in bonding between matrix and fabric
modified the rupture shape, making ST-M1 failu-
re by bending, as presented in Figure 4b. Finally,
the beams with SHCC matrix (RT-M2) failed due
to the crushing of concrete because of its lower
compressive strength. RT-M2 rupture occurred
near at the load application zone, forming a wed-
ge mechanism (Figure 4c). It is also possible to
observe in Figure 4c a network of micro-fibers
formed in this beam.

The load-deflection curves of TRC beams, which
were measured with displacement transducers,
are shown in the Figure ba. It can be noticed
the ST-M1 presented the highest peak load, i.e.
an increase of 19.5 % with respect to RT-M1.
For both beams, an approximately linear elastic
behavior was obtained for both beams, with a
similar mid-span deflection at failure of 25 mm,
followed by an abrupt failure (Table 2). The re-
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sults therefore show there was an improvement
in the flexural behavior in terms of strength and
stiffness after sand-coating.

Figure 4: Failure mode of the (a) RT-M1, (b) ST-M1 and (c) RT-M2
beams | photos: Kissila Botelho Goliath
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Figure 5: Load-deflection curve to fourpoint bending test (a) and
initial loading stages (b) | graphic: Kissila Botelho Goliath

The RT-M2 presented behavior similar to ST-M1 at
initial loading stages before the first crack and du-
ring the beginning of crack formation (Figure 5b). It
is possible to observe better load transfer and gre-
ater deflection of the beam with short fiber in the
matrix. For beam RT-M2, there is a loss of linearity
after a deflection of approximately 20 mm and the
final load was 5.6% smaller than RT-M1, but with
a final deflection of 56.2 mm, i.e. % greater than
RT-M1.The SHCC matrix has high tensile strength,
enhanced crack control and improved stiffness in
crack state compared to plain matrix beams; ho-
wever, it has lower compressive strength. The
ductility of RT-M2 in this case is associated to the

greater capacity of matrix to dissipate energy both
in tension and compression. Differently from the
other beams, RT-M2 did not fail abruptly after ben-
ding test.

A model based on plane section analyses was
developed. The constitutive laws of concrete ma-
terials and textile reinforcement should be firstly
known regardless of cross-section shape. These
constitutive laws are experimentally determined
in compression and yarn tensile tests [25]. Thus,
diagrams can be converted into idealized models
for a theoretical prediction as showed in Table 2.
The difference between the experimental and the-
oretical results for RF-M1 may be due to their she-
ar failure. The extra impregnation found in ST-M1
was not considered in this model. Other aspects,
such as tension stiffening and adherence between
materials was not taken into account. RT-M2 theo-
retical data also is still under analysis.

In the present work, the bending behavior of car
bon-reinforced textile concrete I-beams for struc-
tural applications was studied. From the experi-
mental results, the following conclusions can be
drawn:

1) SBR-impregnated carbon fiber textiles were
compared to those additionally treated with
sand-coating. The effectiveness of the treatment
was confirmed by the stiffer and stronger interfa-
ce obtained after SBR impregnation.

2) the use of SHCC matrix did not affect signifi-
cantly the bond performance between carbon-tex-
tile and concrete. The addition of fibers in matrix
was able to improve ductility and crack pattern in
carbon-TRC elements, yet it has not increased
their load-bearing behavior. Slight changes during
the uncracked stage was observed. However, af-
ter cracking, the use of fibers increased the stiff-
ness of structural members and contributed to
reduce crack spacings and openings.

3) the extra impregnation and the SHCC matrix
changed the failure mode from shear to flexu-
re-governed and crushing of concrete, respecti-
vely;

4) finally, the improved bonding resulted in in-
creases in load-carrying capacity and stiffness of
treated beam with respect to reference and the
use of the hybrid reinforcement was efficient to
improve ductility of the carbon-TRC beams.
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Despite the high corrosion resistance of carbon reinforced concrete, the use of carbon resp. CFRP can
lead to completely new corrosion problems. Carbon is electrically conductive and forms an electrochemical
potential in agueous media (and thus also in damp concrete). This potential is very high in common media
compared to unalloyed and also stainless steels. When contacting carbon fibres with such steels, e.g. with
built-in parts, anchors and dowels, there is — at least in theory — the risk of bimetal corrosion. This was ex-
amined in the project C3-V3.4 in the frame of the research initiative ,, Carbon Concrete Composite — C3’ the

findings of which are to be presented here.

Keywords: Carbon reinforced concrete, metal built-in parts, corrosion, bimetallic corrosion, renovation

Amongst other aspects, carbon reinforced con-
crete (or short ‘carbon concrete’) is used due to
its high corrosion resistance. Nevertheless, the
use of carbon in concrete can also lead to com-
pletely new corrosion problems. Carbon fibres are
electrically conductive and form an electrochemi-
cal potential in aqueous media (and thus also in
damp concrete). In conventional aqueous electro-
lytes, this is very high compared to the potential
of unalloyed steels up to that of stainless steels.
In the case of direct contacting of carbon fibres
with such steels, there is — at least in theory — the
risk of contact corrosion resp. bimetal corrosion.
Such contacts are often unavoidable and can often
be expected, e.g. in the following cases:

A) New structures/components made of carbon
concrete or hybrid constructions made of concre-
te, metal and carbon:

Use of built-in parts or fixings made of higher
alloyed stainless steels, e.g. anchors, dowels,
connecting or prestressing elements,

B) Repair or strengthening of steel reinforced
concrete (RC) structures (e.g. due to carbonation,
contamination with chloride, change in use ...)
using carbon reinforced concrete:

Introduction of stainless steel built-in parts into
the renovated system, e.g. anchoring of the re-
inforcing layer,

Unintended contact of reinforcing steel and car
bon fibre when applying a rehabilitation system
to the exposed and derusted reinforcing steel
of the old concrete.



The danger of bimetallic corrosion on metallic
components in contact with the electrochemically
much nobler carbon fibre is already well known
from machine, aircraft and automobile construc-
tion ([1]-[6]). The carbon fibre always acts as the
cathode and the base metal acts as the anode,
on which the metal dissolution takes place. The
corrosion damage always occurs on the base
metal, in the case of hybrid design on the built-
in parts made of stainless steel or in the case of
the repair on the reinforcing steel in (carbonated)
old concrete. In contrast to the known corrosion
phenomena in the areas mentioned, only a few
investgations into the risk of bimetal corrosion on
built-in parts in carbon concrete or in renovation
solutions.

For bimetallic corrosion to occur at all in carbon
concrete, the following requirements must be met:

A sufficient potential difference between the
carbon fibre and the steel of >560 mV in the me-
dium in question, i.e. in damp (alkaline, carbon-
ated and/or chloride-contaminated) concrete,
An electrically conductive contact for electron
transfer between the materials,

An aqgueous medium (electrolyte) connecting
the two materials with a sufficiently high con-
ductivity for ion transport, and

A sufficiently large ratio of the surface areas
from cathode to anode.

In practice, the actually flowing corrosion current
or the resulting corrosion current density are more
important than the potential difference between
the materials in the corresponding medium. How-
ever, this depends crucially on the surface area
between the cathode (carbon fibre) and the anode
(stainless steel components or unalloyed reinforc-
ing steel). Bimetal corrosion only occurs if the ac-
tive surface of the cathode is significantly larger
than that of the anode. Since the carbon reinforc-
ment used are always impregnated, they gener
ally do not have as large an effective surface as
one might expect from their spatial expansion in
carbon concrete.

Nevertheless, there are pores and micro cracks
in the impregnation layer, and further cracks can
form due to mechanical stress when installing
the reinforcement in the concrete or mechanical
stress during use. In addition, the carbon fibre fab-
rics can be cut during subsequent drilling of holes
for installing of stainless steel built-in or add-on
parts such as e.g. dowels or anchors in the carbon
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concrete structure, thus exposing numerous car
bon fibres for bimetal corrosion processes. In [7],
[8] it was recently shown that an epoxy resin im-
pregnated carbon fibre fabric as an intermediate
layer in conventional reinforced concrete can even
be used as an external current anode for the pre-
ventive cathodic corrosion protection of the steel
reinforcement. Sufficient protective current densi-
ties were thus achieved for the reinforcing steel
at standard supply voltages. The active surface of
the carbon fibre fabrics in the carbon reinforced
concrete does not seem to be so small that bimet-
al corrosion processes can a priori be excluded.

In principle, the following reactions take place in
the case of bimetal corrosion between the carbon
fibre and the steel:

Cathode (carbon fibre): 2 H,0 + O, + 4 > 4 OH'
Anode (steel): 2 Fe > 2 Fe?* + 4%

It can be seen that for the cathodic partial reaction
(oxygen reduction) there must be a sufficiently
large supply of oxygen and moisture (electrolyte)
in the concrete. When using high-strength and
very dense concretes, which are mainly used for
carbon reinforced concrete, this is probably only
the case near the surface. However, cracks in the
concrete and holes for built-in parts represent
relevant weaknesses. The corresponding relation-
ships are very complex and the actual situation in
real, media-stressed carbon concrete elements is
difficult or impossible to predict. For this reason,
the problem of possible bimetallic corrosion be-
tween carbon fibre and stainless steels and unal-
loyed reinforcing steel in repair applications (old
concrete) was examined in detail in the joint re-
search project C3-V3.4. In addition to exemplary
electrochemical tests in aqueous concrete elu-
ates, a large number of test specimens made of
carbon reinforced concrete were produced and
subjected to different exposures.

The C3 reference textile SITgrid 040 [9], Figure 1,
was selected as textile reinforcement for all tests.
In the main bearing direction, the yarns have a
fineness of 3200 tex and therefore a reinforce-
ment cross-section of 141.02 mm?/m; the centre
distance between the yarns is 12.7 mm. In the
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cross direction, the centre distance is 16 mm,
the yarn fineness 800 tex and the reinforcement
cross-section 28.02 mm?/m. The carbon grid is
penetrated and impregnated with an aqueous
film-forming polymer dispersion based on poly-
acrylate. The polymer mass proportion of the con-
solidated textile was approx. 30%.

In addition to the investigations on whole grids,
for the potential difference measurement with
metallic components, three carbon rovings with a
fineness of 3200 tex and different polymer mass
fractions of 0%, 15% and 30% were used.

main direction

M v

cross direction

4 »
< L

Figure 1: C3 reference textile SITgrid 040 | graphic: Institut fur
Massivbau, TU Dresden

For the electrochemical investigations, high-alloy,
stainless steels from the A4 area were selected,
which are usually used for anchors and fastening
elements in conventional RC and are therefore
also interesting for carbon concrete components.
Table 1 shows the corresponding steels and their
composition.

Material Composition

1.4571 - X6CrNiMoTi17-12-2
1.4462 X2CrNiMoN22-5-3
1.4404 X2CrNiMo17-12-2
1.4529 X1NiCrMoCuN25-20-7
Reinforcing steel B500 St52

Table 2: Stainless steels and unalloyed reinforcing steel B500 for
electrochemical investigations

Extensive electrochemical tests in aqueous
eluates of the Pagel TF 10 [10] mortar were carried
out on these materials. These eluates were adjust-
ed to pH 13 on the one hand with sodium hydrox-
ide solution (original concrete), and on the other

hand brought to approx. pH 7 by introducing CO,
(carbonated concrete). Both variants were used as
media for the electrochemical experiments both
without additional chloride and after adding 3 g/l
NaCl. In these media, the comparative determi-
nation of the resting potentials of the individual
materials was first carried out (potential differ-
ence for possible bimetal corrosion processes). In
a second step, ections from the three differently
impregnated carbon rovings were each electrically
conductively contacted with another material and
the short-circuit currents in the four eluates were
measured. The surface ratio of carbon fibre (cath-
ode) to steel (anode) was always 1:1. The size of
this short-circuit current allows conclusions to be
drawn about the possibility of bimetal corrosion
occurring in a real structural element. The greater
the measured corrosion current, the more likely
is bimetal corrosion between the corresponding
material pairing.

The core of the project were tests on the corrosive
stressing of test specimens (prisms and plates)
made of carbon reinforced concrete with focus on
special repair measures or in combination with old
(carbonated) reinforced concrete. Rods and an-
chors made of stainless steels were introduced
into the test specimens during production or by
subsequent inserting anchors in holes, which re-
sulted in cut carbon fibre inside the samples. The
following stainless steels were selected for this:

1.4404, 1.4462 und 1.4571.

The following concretes were used for the test
specimens (the mechanical properties acc. to [11],
[12] were determined on prisms after 28 days
storage (7 days wet followed by 21 days in stand-
ard climate)):

For all new build variants:

High-performance concrete C3-B2-HF-2-145-5
[8], compressive strength: 136 MPa, porosity:
8.38 vol.%, pore media diameter D50: 0.026
um,

High-performance concrete C3-B2-HF-2-145-5,
modified via significantly increased water/bind-
er value and additives*: compressive strength:
65 MPa, porosity: 171 vol.%, pore median di-
ameter D50: 0.036 pm;



For all repair variants:

Normal-strength concrete C20/25 as old con-
crete, produced in the Otto Mohr laboratory,
Technische Universitat Dresden

Fine-grained concrete Pagel TF 10 [9], com-
pressive strength: 90,5 MPa, bending tensile
strength: 8,25 MPa

Fine-grained concrete Pagel TF 10, modified via
significantly increased water/binder value and
additives*, compressive strength: 40,2 MPa,
bending tensile strength: 4,45 MPa,

* Simulation of the worst case, significantly increased water, chloride and
CO, uptake (carbonatisation).

As common steel reinforcement, steel rods with
6 mm diameter were used.

The experimental tests were carried out with two
different test specimen geometries. For the cor
rosion tests in the climatic chamber, 50 prisms
with a length of 160 mm, a width of 40 mm and
a height of 40 resp. 50 mm were produced in five
different variants, which are shown schematically
in Figure 2. Variants A to D represent different sce-
narios of strengthening of an existing RC element
with carbon concrete with two embedded layers
of carbon textile. Variant N reflects the new con-
struction situation.

=01 1 0 0
, ;

I A ‘B C ‘D [T
normal- strength concrete C20/25
’—-| fine-grained concrete Pagel TF 10
high-performance concrete C3-B2-HF-2-145-5
_ reinforecing steel
[ stainless steel

carbon grid

Figure 2: Different test specimen variants of the corrosion tests
in the climate chamber | graphic: Maximilian May

In variants A and B, the influence of different
concrete covers was investigated. The differ
ent concrete covers of the steel reinforcement
should reflect the influence of different degrees
of pretreatment and exposure of the aggregates
in the old concrete. The old concrete surface on
the strengthening side was produced as exposed
aggregate concrete (Figure 3). Prior to the appli-
cation of the strengthening layer, one half of the
base bodies were subjected to a 17-day rapid car
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Figure 3: Concreting of the strengthening layer, variants A and B |
photo: Maximilian May

bonation process. The other basic bodies were
subjected to chloride stress during the same pe-
riod.

Variants C and D represent the situation of repair
ing an exposed and oxidized steel reinforcement.
The reinforcement steel was blasted bright before
concreting. Variant C represents the case that the
carbon grid was pressed into the concrete up to
the existing reinforcement when the reinforce-
ment layer was applied. In variant D, however,
there is a separating concrete layer.

Specimens for variant N were produced with
three layers of carbon fabric and the high-strength
concrete using the casting method.

For the corrosion tests under open-air conditions
(Figure 4), 19 plates in four different variants were
produced. The 13 rectangular test specimens for
the variants B — strengthening (number of sam-
ples n = 4), C — rehabilitation (n = 4) and N — new
construction (n = 5) were 40 cm long, 20 cm wide
and 6 cm thick.

{ 1

B c N =

j normal-s:trength concrete C20/25
fine-grained concrete Pagel TF 10

‘7 high-performance concrete C3-B2-HF-2-145-5

N reinforcing steel

[T stainless steel

Figure 4: Schematic of the outdoor weathering samples | graphic:
Maximilian May

In addition to the stainless steels already em-
bedded in concrete, standard A4 stainless steel
sleeve anchors were subsequently inserted into
the panels. The holes for the anchors were drilled
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in such a way that a contact was created between
the anchors and the existing textile and steel rein-
forcements.

In addition to the 13 plates, 6 square test speci-
mens with an edge length of 30 cm and a height
of 3 cm were produced for a variant of a facade
panel. Here, commercial facade anchors and their
auxiliary reinforcement were cast with 3 layers of
the carbon fabric in contact with the high-strength
concrete variants. As can be seen in Figure 5,
there was direct contact between the exposed
carbon fibres and the anchor elements in the ar
eas where the grids for the stainless steel compo-
nents had to be cut through.

T

4 \

Figure 5: Arrangement of the facade anchors with the carbon
grids | photo: Maximilian May

To ensure permanent contact between the in-
dividual reinforcing and connecting elements,
they were fixed with stainless steel wire before
concreting. The carbon grids were grinded at in-
dividual contact points in order to investigate the
influence of the polymer impregnation and to il-
lustrate the case of a subsequent installation of
the stainless steel elements. In comparison, stain-
less steel elements were also placed in the test
specimens without any contact and at a certain
distance from the carbon reinforcment. Further
more, all test specimen variants for the investi-
gations were manufactured and tested with the
normal concrete/mortar compositions as well as
in the modified variants.

The test specimens were exposed to different
stresses. In a modified pollutant gas climatic
chamber, a part of the test specimens was sub-
jected to rapid carbonation by exposure to CO,-

and cyclical humidity. In other samples, chloride
exposure was carried out by cyclical outsourcing
attempts in 2 molar NaCl solution. The target val-
ue was approx. 1.0% CI by mass of cement at a
depth of approx. 1 cm. The test specimens thus
prestressed were then exposed to either outdoor
weathering or a defined climatic chamber stress.

The 50 concrete prism variants were exposed to
corrosion in a climate chamber with a specially de-
velopedclimate program for 7 months, see Figure 6.
They were then exposed to outdoor weathering in
Dresden for 3 months in the winter.
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Figure 6: Cyclic climatic chamber program for stressing the car
bon concrete prisms over a period of 7 months | graphic: Jirgen
Triebert

The 19 concrete plate variants were subjected
to corrosive exposure in the outdoor weathering
facility at the Dresden Institute for Corrosion Pro-
tection (see Figure 7). So far, 8 plates have been
obtained and examined after an exposure period
of 14 months. The exposure of the remaining 11
plates is to be extended to 2 years beyond the end
of the project.

Figure 7: Carbon concrete slabs with built-in parts on the free
weathering stand of the Institute for Corrosion Protection in
Dresden | photo: Jirgen Triebert



4 Results
4.1 Electrochemical investigations

The electrochemical tests in various agueous
concrete eluates showed a potential difference,
which is in principle sufficient for bimetal corro-
sion between carbon fibres and different stainless
steels as well as in particular to the unalloyed rein-
forcing steel B500 (see Table 2).

| Quiescent potential in [mV]
Material ' against Saturated Calomel
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Carbon § :
fibre* 3147 | +15
1.4571 | 250 |65
1.4462 | 240 75
1.4404 305 -10
1.4529 | 355 70
Reinforcing | §
steel B500 | 0 | 695

* Carbon fibre roughened, with 30% impregnation

Table 2: Determined rest potential for the investigated materials
in selected concrete eluates

Furthermore, in the event of short-circuit contact-
ing of these material pairs in the various concrete
eluates, contact currents (corrosion currents)
were measured, see Figure 8.

It can be seen from Table 2 that a combination in
particular seems to be very critical: the contact
between carbon fibre and unalloyed reinforcing
steel B500 in carbonated concrete (eluate with pH
7.0). The potential difference is over 700 mV. This
would affect possible repair solutions for steel re-
inforced concrete with carbon concrete.

From Figure 8 it can be seen that the contact pair
carbon fibre-reinforcing steel B500 shows very
high corrosion currents, particularly in the neutral
eluates. This is related to the lack of passivation
of the reinforcing steel at pH 7 and illustrates the
problem with the repair of reinforced concrete
with carbon concrete. In contrast, the stainless
steels in electrical contact with the carbon fibre
show only very small, hardly measurable corro-
sion currents. These pairings are obviously rather
uncritical.

Figure 8: Measured corrosion currents for contact pairs made of
carbon fibres and various steels (see Tab. 1, averages) in concrete
eluates | graphic: Jirgen Triebert

4.2 Carbon concrete prisms in climatic
chambers

None of the new construction variants N with
concrete B2 original or modified with CO,- and/
or chloride exposure showed even rudimentary
bimetal corrosion between carbon fibres and the
different stainless steels, not even in the variants
with extra-ground abraded carbon fibres, see Fig-
ure 9.

Figure 9: Opened test specimen of one variant N (B2 Hf modified
and CO,) after exposure in the climatic chamber: no corrosion bet-
ween carbon fibre grid and stainless steel insert | photo: Jirgen
Triebert

For the repair variants A and B, which are based
on a limited removal of the damaged concrete
surface, the remaining of the reinforcing steel
in the carbonated (realkalization) or moderately
chloride-contaminated old concrete and the
subsequent application of a carbon concrete
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layer for reprofiling and/or strengthening, the
following results were obtained:

= All test specimens showed very strong corro-
sion on the unalloyed reinforcing steel B500
over the entire circumference and the entire
length. This reinforcing steel was in contact
with the coated (partially grinded) carbon fibre
fabrics via stainless steel rods. These result are
supported by the electrochemical tests, which
had shown a high contact current between car
bon fibres and the unalloyed reinforcing steel,
especially in carbonated concrete, for these
renovation variants in the aqueous concrete
eluate. Figure 10 illustrates this finding.

Figure 10: Refurbishment variant B after breaking the test spe-
cimen; the carbonated normal strength RC can be seen after
removing of Pagel TF 10 layer; typical picture with very strong
corro-sion on the unalloyed reinforcing steel B500, most-ly over
the entire circumference and the entire length | photo: Jirgen
Triebert

= The bars made of the three stainless steel
grades 1.4404, 1.4462 and 1.4571 contacted
with the B500 often showed locally limited,
rather low and extensive corrosion, no (pro-
nounced) pitting corrosion directly at the con-
tact point with the unalloyed reinforcing steel.
On the one hand, it could be caused by the cor
rosion products of the B500 in that extraneous
rust on the surface interferes with the passive
layer formation on the stainless steel. On the
other hand, this could also partly be crevice cor
rosion (see Figure 11).

Figure 11: Typical contact point between stainless steel rod and
corroded B500 reinforcing steel, low local, only surface corrosion
on stainless steel | photo: Jirgen Triebert

= The depth of the corrosive attack at the contact
points of the stainless steel bars is only small
and amounts to a maximum of a few pm. Pit-
ting corrosion was only found using SEM in two
cases. There was very limited local presence.
The pitting corrosion is illustrated in Figure 12.
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Figure 11: Typical SEM image of a pickled contact point with cor
rosion on a stainless steel insert to-wards the rebar B500; the
attack depth is very low | graphic: Jiirgen Triebert

= In no single repair variant A or B, corrosion was
found at the contact points between the car
bon fibre grids and the three different stainless
steels.

The following results were obtained for the reno-
vation variants C and D, which simulate a com-
plete exposure and rust removal of the corroded
reinforcement steel and the subsequent applica-
tion of a strengthening layer made of carbon con-
crete:

= When using the original Pagel TF 10 mortar,
the steel concrete blasted to Sa 2% (stand-
ard degree of purity) [13] showed only very
little, locally limited corrosion, which could



be attributed to cracking conditions in ad-
dition to bimetal corrosion. The stainless
steel rods used here showed no corrosion.

When using a modified Pagel mortar TF 10
with significantly lower strength and greater
porosity, the reinforcing steel B500 blasted to
Sa 2% showed very strong corrosion over the
entire circumference and the entire length.
This was particularly strong at the direct con-
tact points between the carbon fabric and the
B500 (variant C).

The stainless steel built-in parts showed, as
with the renovation variants A and B, only at
the direct contact points to the B500 a locally
limited, only nearsurface, flat corrosion and no
pitting corrosion.

In no variant corrosion was found at the con-
tact points between the carbon fibre and the
three stainless steels.

In the new construction variants N with modified,
less solid and more porous concrete B2 Hf and
CO, or chloride effect, all inserts made of three
stainless steels 1.4404, 1.4462 and 14571 as
well as the subsequently installed A4 heavy-duty
sleeve anchors were completely free of corrosion.
This is also confirmed by the results of tests with
concrete prisms in climate chambers, which also
showed the principle feasibility of this combina-
tion, Figure 13.

Figure 13: Carbon concrete slab, variant new con-struction with
concrete B2 Hf modified and carbonated, after 14 months free
weathering after cutting; the shown A4 heavy duty anchor and all
other stainless steel components in contact with carbon are not
corroded | photo: Jirgen Triebert
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In the case of modified concrete B2 Hf and
relatively high chloride contents of approx.
1.6-2.4 wt% Cl-/cement, pitting corrosion of the
stainless steel near the concrete surface (there is
sufficient O, and water available) was observed in
the simulated facade panels with A4 facade panel
anchor systems. However, even in these cases no
bimetallic corrosion between the carbon fibre and
the stainless steel was detected. The internal con-
crete components and the A4 auxiliary reinforce-
ment were completely free of corrosion.

In the case of the renovation variants B and C, as
with the concrete prisms in the climate chambers,
the unalloyed concrete steels B500 corroded very
strongly in all the variants investigated (see Fig-
ure 9). The stainless steel bars did not show any
corrosion at the contact points to the carbon grid
in any single place. At the points of contact with
the B500 reinforcing steel, as with the concrete
prisms in the climatic chamber, slight corrosion
occurred on the stainless steel rods (extraneous
rust, disturbed formation of the passive layer,
splitting conditions).

Figure 14. Carbon concrete plate after 14 months
of chloride exposure after cutting, renovation vari-
ant C, fine concrete Pagel TF 10 modified; view
from below (reinforcing steel): 0-1 cm: 3.1 wt%
Cl-/cement, 1-2 cm: 1.4 wt% Cl-/cement

The following was also found for renovation vari-
ant C (old concrete removed, corroded reinforc-
ing steel exposed and derusted, carbon fibre fine
concrete Pagel TF 10 applied) with modified fine
concrete and chloride application:

Near the surface of individual plates, some of
which were cracked, some stainless steel com-
ponents showed corrosion which was relatively
far away from the carbon fibre layers and the
reinforcing steel B500 (see e.g. Figure 14).
This was not bimetallic corrosion, but chlorine-
induced pitting corrosion.
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Electrochemical tests with contact pairs of coated
carbon fibres and various stainless steels of the
A4 range in aqueous concrete eluates already
showed very low corrosion currents both at pH 13
and pH 7 (carbonated), with and without chloride
exposure. This already indicated that this pairing
in carbon reinforced concrete could be rather un-
critical.

Completely different results were obtained with
contact pairs of coated carbon fibres and un-
alloyed reinforcing steel B500. Very high corrosion
currents were measured especially in concrete
eluates which were brought to pH 7 by introduc-
ing CO, (carbonated concrete) and those which
additionally contained chloride. This rather pointed
to corrosion problems to be expected in such pair
ings, for example in the renovation of reinforced
concrete with carbonated concrete.

These results of the electrochemical tests were
confirmed by real tests with 50 different variants
of carbon concrete prisms and 19 concrete slabs,
which on the one hand were exposed to corrosive
attack in climate chambers and on the other hand
in outdoor weathering at the Dresden site. In both
cases, not a single test specimen showed bime-
tallic corrosion between the carbon fibre layers
and the stainless steels 1.4404, 1.4462 and 1.4571.

In contrast, intense corrosion was found on the
unalloyed reinforcing steel B500 in all rehabilita-
tion variants. This was either directly in contact
with the carbon fibre layers or indirectly connect-
ed to them via the stainless steel rods. This was
predominantly bimetallic corrosion, in some cases
intensified by crevice and chloride-induced corro-
sion. The distance to the concrete surface was at
least 2.0 cm in all cases for the B500 reinforcing
steel, which is considered realistic in the tests car
ried out.

In some chloride-contaminated variants, corro-
sion began to appear on individual stainless steel
components near the concrete surface. Both the
bimetallic corrosion and the chloride-induced pit-
ting corrosion require oxygen and moisture for the
cathodic partial reaction, which is more likely to be
present near the surface than inside the concrete.
The literature ([14]-[16]) does not contain clear val-
ues for chloride limit concentrations that cause pit-
ting corrosion, since these depend on a number of
parameters in each individual case. Nevertheless,

the following ranges are given for non-cracked re-
inforced concrete with sufficient concrete cover:

unalloyed reinforcing steel: approx. 0.4-1.0 (2.0)
wt% Cl-/cement [14]-[16],

stainless, austenitic CFNi-Mo steels: approx.
1.5 wt% Cl-/cement, depending on certain con-
ditions even up to 4-5 wt% Cl-/cement [16].

With reference to the carbon concrete prisms
and plates of the presented study, this means
that some test specimens, especially those with
cracked concrete, with approx. 1.7-3.5 wt% Cl-/
cement were already in the range of the critical
chloride content which causes pitting corrosion. In
the project, values of around 1.0 wt% Cl-/cement
were targeted as planned. In these cases, it can
therefore be assumed that the corrosion phenom-
ena described on the stainless steel near the sur
face are mainly or exclusively due to the influence
of the chlorides and not to bimetallic corrosion.

The following summarizing findings result from
the previous project status after 14 months of
outdoor weathering or 7 months of exposure in a
climatic chamber including another 3 months of
outdoor weathering:

From a corrosion point of view, fasteners, built-
in and add-on parts made of austenitic, stain-
less steels comparable to the qualities 1.4404,
14462 and 1.4571 or higher tested here can
be used with a high degree of safety in newly
erected carbon-concrete structures. The prere-
quisite for this, however, is the use of a very
dense, pressure-resistant and low-pore special
concrete such as B2 Hf developed in the C3
project and, in the case of built-in parts close to
or penetrating the surface (see fagade panel an-
chor), the avoidance of high chloride contents in
the concrete (< 1.0 wt% Cl-/cement).

In the case of repair solutions for reinforced con-
crete, great importance should generally be at-
tached to avoiding contact of the unalloyed rein-
forcing steel with the carbon reinforcement and
also with built-in parts made of stainless steel.
Indirect contact between carbon fibres and rein-
forcing steel, e.g. through subsequent insertion
of stainless steel anchors/plugs into the structure,
will also lead to corrosion problems sooner or
later. This applies particularly to carbonated and/
or chloride-contaminated old concrete or fine con-
crete. This problem can only be counteracted with
insulating measures on the installed parts.



The authors point out that the conclusions are
based only on the results obtained from the mate-
rial combinations examined. A transfer, for exam-
ple, to normal samples cannot be made. The in-
fluence of a combined stress from environmental
conditions and acting mechanical loads was not
investigated.

The project on which this report is based was fund-
ed by the Federal Ministry of Education and Re-
search (BMBF) under the funding code 03Z2Z0334.
The authors are responsible for the content of this
publication. The project partners thank the BMBF
and the Project Management Organisation Jilich
(PTJ) for funding the project.
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Reinforcing bars made of fibre-reinforced poly-
mers (FRP) represent an alternative to conventi-
onal reinforcing steel, as corrosion issues can be
excluded and the application limits extended. Pro-
ducts range of FRP rebars available on the mar
ket includes a variety of fibres (especially carbon,
aramid and glass) and type of resin used as well
as surface textures. To ensure the safety of an
FRP reinforced load-bearing structure, extensive
investigations of the durability of FRP rebars are
required. Yet limited research seems to have been
carried out and there exists a lack of experimen-
tal long-term studies owing to the high effort and
the long duration of the testing [1, 2]. The lack of
real-time performance data, the international va-
riations in approach and the product diversity of
FRP rebars result in the absence of an internati-
onal agreement on the methods and appropria-
teness of FRP durability tests. Although national
guidelines and design codes exist for instance in
Norway, Canada, Japan and the USA, they relate
to different approaches to the experimental deter

mination of long-term properties of FRP rebars [3].
Current guidelines generally suggest immersing
the FRP rebar in an alkaline solution and the sub-
sequent testing of the residual tensile strength
to investigate the durability behaviour. However,
this approach does not consider the synergetic
effect of simultaneous attack due to mechanical,
physical and chemical exposure of the rebar, as
would typically occur in the real installation situati-
on in concrete [4]. Thus, a test method combining
an alkali resistance test and a creep rupture test
was developed, in which the FRP rebar is subjec-
ted to a constant uniaxial tensile load until failure
occurs. At the same time, the rebar is embedded
in watersaturated, highly alkaline concrete. The
ambient temperature can be controlled e.g. room
temperature (23 °C), 40 °C or 60 °C to analyse the
effect of temperature on the degradation mecha-
nism of the FRP rebar [5].

This paper aims to compare the current state of
the art with the state of research and to identify
essential differences between the known test
methods.



In international comparisons, the Canadian and
American standards have the most important si-
gnificance.

In the United States of America, the standards pub-
lished by Committee 440 of the American Concrete
Institute (ACI) specify the manufacture, design and
dimensioning of FRP reinforced concrete struc-
tures. ACI 440.1R-15 "Guide for the design and
construction of structural concrete reinforced with
fiberreinforced polymer (FRP) bars” defines stan-
dards for design and construction [6]. ACI 440.3R-12
. Guide Test Methods for FiberReinforced Polymer
(FRP) Composites for Reinforcing or Strengthening
Concrete and Masonry Structures” describes test
methods for investigating the mechanical and ther
momechanical short- and long-term properties as
well as durability issues [7].

The Canadian Standards Association Group (CSA
Group) develops standards in several areas, in-
cluding construction materials. The relevant do-
cuments for the manufacture, design and const-
ruction of building structures with fibre-reinforced
polymers are CSA S806-12 (reaffirmed 2017) and
CSA S807:19 [8, 9]. CSA S807:19 “Specification
for fibre-reinforced polymers” is intended to ensu-
re product quality by setting requirements for the
manufacturing process and provides methods for
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classification as well as for determining mecha-
nical, physical and durability properties [8]. CSA
S806-12 (R2017) ,,Design and construction of buil-
ding structures with fibre-reinforced polymers”
defines rules for design, execution and testing of
FRP reinforced concrete components [9]. In the
following chapters, the methods of ACI 440.3R-12
and CSA S806-12 (R2017) for determining alka-
li resistance and creep behaviour of FRP rebars
are compared and the main contents are summa-
rised. In particular, differences in approaches are
highlighted.

The test methods for alkali resistance of FRP re-
bars are defined by ACI 440.3R-12 Chapter B.6
"Accelerated test method for alkali resistance of
FRP bars” and CSA S806-12 (R2017) Annex M
“Test method for alkali resistance of FRP rods”

The test method of ACI 440.3R-12 and CSA S806-
12 (R2017) specifies the test requirements for
evaluating the alkali resistance of FRP reinforcing
bars by subjecting to an alkaline environment at
60 °C, with or without stress, and then measu-
ring tensile capacity retention and the mass ch-
ange. The alkaline environment can be provided
by a concrete cylinder in which the rebar is locally
embedded or by an aqueous alkaline solution. The

Document

ACI 440.3R-12

CSA S806-12 (R2017)

Masses

Test method for alkali resistance of FRP rebars

Specification of three procedures A to C

A) Immersion without load

B) Immersion under sustained tensile load

C) Embedding in moist concrete under
sustained tensile load

Length > 40x the (effective[10])
diameter of the FRP rebar

Load-induced tensile strain in glass FRP
rebars of 2000 microstrain (or higher)

At the beginning and after the test; during testing
at least every 5 days and adjusted if necessary

Drying according to Procedure D
of ASTM D5229/D5229M

100 mm < Length < 40x the nomi-
nal diameter of the FRP rebar

Load-induced tensile strain in glass FRP
rebars of 3000 microstrain (or higher)

Table 1: Differences in approaches of the American and Canadian standard for alkali resistance of FRP rebars
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concrete cylinder shall have a diameter of 150 mm
and a length of 200 mm (according to Fig. B.6.6.3
[71, and Fig. M.1 [9]). The recommended composi-
tion of alkaline solution is 118.5 g of Ca(OH),, 0.9 g
of NaOH, and 4.2 g of KOH in 1 L of deionized
water [7 9]. The alkaline solution is representing
the alkaline milieu of the pore water in concrete
environment. During immersion, evaporation of
water and absorption of atmospheric CO, must
be prevented. In order to avoid the infiltration of
solution via the ends of the rebars, both ends
should be coated with epoxy resin. The specified
temperature for conditioning should be 60 + 3 °C
[7 9]. The level of sustained tensile stress should
be based on the expected stresses caused by the
dead loads, and any part of the live loads that is
sustained. If service live conditions are unknown,
the stress level should be set to induce a tensi-
le stain equal to 2000 [7] or 3000 [9] microstrain
(see Table 1). Higher levels of sustained stress
can be used as an accelerating condition. After
conditioning, the rebar is tested in residual tensile
strength to failure.

The weight-change test is carried out on speci-
mens which are immersed in aqueous alkaline
solution without sustained tensile stress. Before
immersion, the rebars are dried and weighed until
the mass remains constant (WO0). After immersion
in the alkaline solution, the specimens are was-
hed with water [9] or deionized water [7], dried
with tissue paper, and then immediately weighed
(W1). According to the Canadian standard the spe-
cimens are then dried and weighed a second time
until the mass remains unchanged (W2).

The calculation of the mass change separately for
an increase respectively decrease is performed
according to the equations (1) to (3).

According to American and Canadian standards:

Mass gain (%) = M=% . 100 (7, 9]

Wy '
According to the American standard ACI 440.3R-12:
Wo—W;
Mass loss (%) = % 100 [7]
0
According to the Canadian standard CSA S806-12:

Mass loss (%) = % 100 [9]
0

Annex H of CSA S806-12 (R2017) defines the test
method for determining the creep properties of
FRP rebars [9], whereas the ACI 440.3R-12 refers
to ASTM D7337/D7337M " Standard Test Method
for Tensile Creep Rupture of Fiber Reinforced Po-
lymer Matrix Composite Bars” by ASTM Internati-
onal (American Society for Testing and Materials)
[7 11].

This test method is used to measures the load-in-
duced, time-dependent tensile strain under con-
trolled environmental conditions and load rates.
By testing different stress levels, a correlation bet-
ween the applied load and time-to-failure can be
derived. The specimen has to be anchored at both
ends for testing. The level of sustained load is ba-
sed on the short-term tensile strength of the FRP
rebar. According to CSA S806-12 (R2017), the load
ratio is specified as 20-80% [9], and ASTM D7337/
D7337M refers to the fibre architecture and fibre
volume fraction, which is why the load ratios have
to be determined specifically for each rebar [11].
The tests should include multiple (four [11] or five
[9]) load ratios with at least 5 specimens per load
ratio. The ASTM specifies the stress limits based
on the time-to-failure, whereby four out of five
specimens’ ruptures at a time of greater than 1 h
at the highest stress level, and the lowest stress
level should be determined so that one of the five
specimens subjected to this load ratio ruptures at
a time of greater than 8000 h [11]. The CSA speci-
fies that the test results should span three deca-
des of time (such as 1 h, 10 h, 100 h, and 1000 h)
[9]. The axial deformation of the FRP rebar should
be recorded over the whole test duration.

Civil engineering structures have to resist not only
mechanical loads but also chemical and biological
attacks as well as environmental influences th-
roughout the intended service life. Therefore, the
durability of an FRP-reinforced structure should be
guaranteed considering the simultaneous stres-
ses present in the load-bearing structure [12].
The test method should be designed so that on
the one hand the real installation situation of the
FRP rebar is simulated in the laboratory and on
the other hand an aggressive test environment is
generated with regard to the endurance-limiting



influencing parameters. Four parameters have
been identified: the mechanical tensile stress, the
alkaline environment of the concrete, moisture,
and the ambient temperature (see Figure 1).

Physical effects Environmental effects
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Figure 1: "Effects on durability of GFRP bars"” [4] | graphic: TU
Kaiserslautern

The failure values of the investigated FRP rebars pro-
vide important information regarding the use of FRP
as internal reinforcement in concrete structures.

The test stand is used to investigate the long-term
performance of straight FRP rebars. The rebars are
tested in tensile stress until failure occurs. In order
to simulate the installation situation of a FRP rein-
forcing bar in the laboratory, the tensile and bond
stresses should be represented as realistically as
possible. The investigated rebar is thus embedded
locally in a concrete cylinder (see Figure 2). The
cylinder is 220 mm long and measures 75 mm in
diameter. The concrete provides the alkaline milieu
for the rebar with pH above 13 by using a CEM |
with a Na,O content of 1%. Fine aggregates of 0-2
mm are used and the water/cement ratio ranges
between 0.56 and 0.6. In order to transmit the
mechanical stress into the reinforcing bar, the GRP
rebar is anchored at both ends in concrete abut-
ments with the dimensions 600 x 400 x 250 mm.
The size of the concrete abutments has to be ad-
apted in accordance with the geometry of the ex
amined rebar in order to ensure the anchoring of
the bar.

PRI _
Figure 2: “FRP rebar embedded in concrete abutments with
cylinder” | graphic: TU Kaiserslautern
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The sustained tensile stress is applied by two hy-
draulic cylinders (see Figure 3). Both are aligned
vertically and horizontally so as to subject the
rebar to axial stress. Since the cylinders are hy-
draulically coupled to each other, the load can be
controlled and pressure-related imbalance can be
avoided. The level of sustained load depends on
the hydraulic cylinders used and can therefore be
adjusted as required by the choice of the cylin-
ders. In addition, the residual tensile strength of a
specimen can be determined in a test stand if no
failure occurs even after a long test duration.

During the whole test duration, the elongation
of the FRP rebar due to the applied sustained
load is measured by a displacement transducer
(LVDT), which is installed between the concrete
abutments above the rebar. To ensure that the
initial elastic elongation and the creep elongati-
on of the rebar under load can occur unhindered,
one of the two abutments has to be supported
with low adhesion to the substrate.

A water basin placed below the concrete cylin-
der is used to ensure permanent contact of the
lower third of the cylinder with water. At regular
intervals, a control unit measures the water le-
vel within the basin and adjusts if necessary, so
that the level is kept at a consistent level throug-
hout the test duration. Immediately after the ap-
plication of the sustained stress, the concrete
cylinder cracks perpendicular to the direction of
loading as a result of the initial elastic elongati-
on of the rebar.

Due to the capillary action of these cracks, the
water gets to the rebar, creating a moist en-
vironment. By tempering the water (e.g. room
temperature, 40°C, 60°C or higher) in the basin
by the temperature device, the deterioration can
be accelerated.

Water supply
control unit

Hydraulic
cylinders

Displacement
transducer

Temperature
device

Figure 3: Test setup | photo: TU Kaiserslautern
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Comparing the presented test methods and
approaches, the following can be stated:

Previous studies have already shown that immer
sing the bare FRP rebar directly in an aqueous al-
kaline solution at elevated temperatures to acce-
lerate aging leads to a conservative prediction of
service life as the test conditions are excessively
harsh and cause premature deterioration of the
rebar [1, 3]. This is because in the real load-bea-
ring structure, mechanical stresses, environmen-
tal conditions, as well as chemical and biological
attacks, lead to a decrease of the alkaline milieu
of the concrete.

The tensile stress required to cause an axial elong-
ation of 2000 [7] or 3000 [9] microstrain when tes-
ting alkali resistance under sustained load varies
depending on the properties of the rebar, but is
generally rather low because of the high Young's
modulus of FRP compared to reinforcing steel. The-
refore, the long-term tensile strengths determined
cannot be directly transferred to higher load levels
and lead to an overestimation of the load capacity.

While multiple steps are required to determine the
alkali resistance of a rebar according to Canadian
or American standards, whereby influences due to
the handling of the specimen cannot be excluded,
the combined test stand allows to evaluate the re-
sidual tensile strength without changing the positi-
on of the rebar.

Regular measurement of the pH value according
to the American standard ensures that the reser
voir has to be accessible during testing. It should
be considered whether the air changes associated
with the checks require readjustment of the pH
value for long test durations.

In relation to the glass transition temperature, drying
of the FRP rebar for the determination of the weight
change at 105 + 1 °C according to the Canadian stan-
dard [9] is to be evaluated critically.

When investigating creep behaviour, the number
of specimens and time-to-failure depending on the
level of sustained load are important, as statistical
analysis of the test data demands a certain amount
of valid tests. The examination of several decades
was found to be a reasonable approach to predict
the long-term properties of FRP rebars.

The simultaneous testing of alkali resistance and
creep rupture provides a more realistic representati-
on of the in-service conditions of the reinforcement
in concrete structures. In addition, the test method
takes up the main specifications of the international
standards, including creating a moist, highly alkaline
environment, the consideration of temperature ef-
fects, the testing under sustained tensile load etc.

In this study, the current test methods for determi-
ning alkali resistance and creep behaviour of FRP
rebars of the American (ACI 440.3R-12) and Canadi-
an standard (CSA S806-12 (R2017)) were discussed
and compared. In addition, an approach combining
an alkali resistance test and a creep rupture test was
presented.

The American and Canadian test methods are very
similar and offer e.g. several procedures to deter
mine the alkali resistance of FRP rebars: with or
without permanent load, embedded in concrete or
immersed in an aqueous alkaline solution. In the
combined test, the rebar is embedded locally in wa-
tersaturated concrete and simultaneously subjected
to long-term tensile stress.

The quantitative evaluation of the test methods is
complicated due to the limited number of experi-
mental endurance studies, the wide range of pro-
ducts available on the market, and the diversity and
variety of raw materials (fibres, matrix systems), and
surfaces.

Currently, comparative tests are being carried out
at the TU Kaiserslautern to evaluate the influence of
the test procedure in relation to the bar environment
generated in the laboratory on the residual tensile
strength.
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Thin TRC slabs show high application potential in high-rise construction as well as for secondary structural
systems in bridges. In both cases, combinations of moment and shear with normal forces might occur,
e.g. through external bracing loads, temperature gradients, and shrinkage. The effect of separation cracks
and tension forces on shear capacity has been investigated with a newly developed setup. Shear capacity
decreases with increasing axial tension, but vertical pre-cracking did not diminish ultimate load.
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The resistance to corrosion and the superior me-
chanical characteristics of non-metallic reinforce-
ment are perfectly suited for applications with se-
vere combined exposition to moisture, frost and
de-icing salt. Constructions for infrastructure, such
as bridges [1-3], and structural applications for hy-
draulic engineering, e.g. pipes, channels, piers etc.
are typical examples for such expositions [4, 5].
Shear resistance may govern the design in those
applications if cross-sections with small effective
depth are subjected to high concentrated loads.

When slabs are cast in-situ, e.g. for replacement
of defective steel-reinforced elements, normal
forces and cracks due to restrained shrinkage or
temperature gradients might occur. Other typical
examples for tension in slabs are bracing loads
or loads through activation of subordinate slabs
in the tension zone of continuous beams. Those
situations call for appropriate design models co-
vering the interaction between normal force, she-
ar force and moment. For combinations of com-

pressive normal forces and shear, investigations
for textile reinforced concrete (TRC) exist [6, 7].
This is the typical case for prestressed systems.
Interaction of normal load and bending moment
is investigated in [8]. However, for tension forces
and full separation cracks, systematic studies for
TRC with shear failure are amiss. Investigations
for steel-reinforced concrete [9-12] and current
discussions for new Eurocode 2 design provisions
show that this topic is still relevant also for con-
ventional reinforced concrete. This study presents
a test setup to investigate interaction of shear,
normal force and moment as well as the influence
of separation cracks. A series of slab segments
was tested with different configurations of tensi-
on force and crack states.

The test setup (Figure 1) is suitable for testing
thin slab segments with various combinations
of normal and shear loading and corresponding



moment. Vertical and axial loads are controlled by
two different hydraulic circuits. The normal load
is transferred over the full width of the specimen
by two steel bolts which pass through steel pi-
pes in mid-depth of the specimen. Longitudinal
reinforcement passes over the pipes and is fully
anchored in the projecting cantilever sections of
the slab segment. Thus, transfer of normal force
to the reinforcement is achieved solely by bond
to surrounding concrete without clamping stress.
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Figure 1: Test setup for interaction of moment, shear and normal
load in slab segments | graphic/photo: Jan Bielak

From the offset between the axis of the normal
force and the two reinforcement layers result split-
ting forces which need to be covered either by
additional vertical reinforcement in the cantilever
section or, as in the test series presented here,
solely by concrete tensile stress. The chain of hin-
ges formed by rod ends, crossbeams and hydraulic
jack prevents unintended eccentricities in load in-
troduction. A shear span of a = 220 mm (a/d = 4)
was chosen to avoid direct shear strutting to the
supports.
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3.2 Instrumentation and test procedure

The deflection at mid-span was measured with
two linearvariable displacement transducers. To
trace crack width and crack propagation throug-
hout the test, a 3D digital image correlation (DIC)
system with two cameras was utilized. Two dif-
ferent loading scenarios were applied: For series
V1-V3, in part A of the test the normal load N was
increased with 5 to 15 kN/min until the specimen
showed a saturated vertical crack pattern at a load
level of x75 kN, approximately 30% of the tensile
capacity of the reinforcement. After complete un-
loading, part B of the test was started. There, the
axial load was increased up to the target level (O,
15 or 30 kN) and subsequently the vertical load
was increased with T mm/min up to failure. Series
V4-V6 were tested directly according to part B of
the test procedure, as shown in Table 1.

No. NpartA | NpartB N, d
[kN] [kN] [kN] [mm]
V1-1 76,4 0 54 57,6
V12 71,8 0 38 57,3
V13 75,7 0 45 57,9
v2-1 77.1 15,6 52 58,9
v2-2 75,6 14,8 42 55,2
V3-1 76,8 30,7 51 58,6
V3-2 76,1 303 43 57,0
va-1 0 0 - 56,4
V4-2 0 0 - 57.8
V5-1 0 14,9 - 57,0
V5-2 0 14,9 - 56,6
V6-1 0 30,0 - 56,6
V6-2 0 30,1 - 57,2

Table 1: Test specimen matrix
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3.3 Reinforcement

The carbon fibre-reinforced polymer (CFRP) rein-
forcement utilized for all tests was a bi-directi-
onal warp-knitted grid (Figure 2) with a filament
cross-sectional area of 95 mm?2/m per layer and
per direction. The modulus of elasticity and ulti-
mate tensile strength in test direction (0°, warp)
are 244,835 MPa and 3,221 MPa, respectively.
Further material properties are given in [13].

To secure the positioning in mid-span, the rein-
forcement projected beyond the formwork and
was slightly prestressed before concreting. Thus,
spacers affecting first-cracking load in the shear
span could be avoided. A low variation of effec-
tive depth d of the bottom reinforcement layers
was determined on saw cuts in the critical section
(Table 1).

knitting
yarn
0°
90°

Figure 2: CFRP reinforcement | photo/graphic: Henrik Becks

3.4 Concrete

A self-compacting concrete (d = 4 mm) spe-
cifically designed for the requirements of TRC
was employed. The mix design is given in [13].
The mean modulus of elasticity (of cylinders,
d/h = 150/300 mm) was 41,750 MPa, while
mean compressive strength reached 123 MPa for
150 mm cubes and 107 MPa for cylinders at the
same day of testing the slab segments. A data-
base evaluation of all batches cast at IMB of this
concrete mix revealed a mean conversion factor
of 1.19 between cubes and cylinders of age 7 to
60 days. Splitting tensile strength determined on
cylinders was 4.8 MPa. The mean stress at first
full vertical cracking in the span of V1-V3 was
N_/(b-h)=3.4 MPa (Table 1). It corresponds well
with the lower 5% quantile of the uniaxial tensile
strength of the concrete (~ f =07-09-48

ctk;0,05
= 3.0 MPa, calculated according to Eurocode 2).

4 Results
4 1 Failure mechanisms and failure load

All specimens failed in shear through reduction of
the compression zone by the critical shear crack

and subsequent concrete compression failure
(shear compression failure). In series V2, V3 and
specimen V1-3, a typical S-shaped shear crack for-
med from one of the pre-loading cracks, as shown
exemplarily for specimen V2-1 in Figure 3. In tho-
se specimens, at least one part of the vertical
separation crack was incorporated in the critical
shear crack.
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Figure 3: DIC analysis of principal strain and crack width of critical
shear crack for specimen V2-1 at preloading, peak- and post-peak
load and final crack pattern | graphic: Jan Bielak

For specimens V1-1 and V1-2, linear shear cracks
led to failure, which ran between two vertical se-
paration cracks (Figure 4) and were not influenced
in their shape by part A of the test.

In Series V4-V6, shear cracks formed from ben-
ding cracks, which led as well to shear com-
pression failure. Those shear cracks were either
S-shaped or linear, but the middle part of the S
was typically more inclined and less straight than
for pre-cracked specimens. Figure 4 (center and
bottom) compares the crack shape of two speci-



mens which differ only in pre-loading. The shear
crack in V2-1 is edgy and supports a higher load
without failure, as the critical shear crack formed
on the other side, as shown in Figure 3. For V5-1,
the shear crack it is rounder, and the vertical part
is slightly inclined towards the center of the spe-
cimen. This crack was critical and led to failure at
a comparatively lower load. It is comparable in its
shape to that of V1-2, which might explain the si-
milar ultimate resistances of those specimen. For
some specimen, shear crack shape differs from
one surface to the other, indicating a 3D-crack to-
pology in between.

vertical separation

.V1;\g/ crackT \

critical shear
__ crack

vertical separationgacks

Figure 4: Crack shape and corresponding crack load for specimen
with and without separation cracks | graphic: Jan Bielak

The ultimate shear resistances V,  ~shown in Fi-
gure 5 include self-weight. The vertical component
resulting from deviation of normal loading in mid-
span was subtracted from test load, as it does
not contribute to shear load in the shear crack.
Calculation of this reduction was performed with
measured mid-span deflection assuming a polygo-
nal deflection figure. Shear failure occurred at the
first significant drop of load (see black circles in
Figure 6). In some instances, secondary reallocati-
on allowed load increase after initial shear failure,
which led to formation of secondary shear cracks
and new load paths, for example in V2-1 (Figure 3,
bottom). This mechanism depends on local inter
locking effects, e.g. of the concrete wedge in the
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compressive zone which is constricted in its rota-
tion by the vertical load introduction, and occurs
randomly. As it would not necessarily persist af-
ter unloading (path dependency), it was not taken
into account in evaluation of ultimate resistance.
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Figure 5: Ultimate shear resistance of specimens with different
tension load | graphic: Jan Bielak and Henrik Becks

4.2 Shear load-deflection behavior

Specimens without separation cracks show distin-
ctive drops of load at formation of bending cracks.
Their stiffness, however, is similar to pre-cracked
specimens (Figure 6). Both ultimate load and cor
responding deflection are higher for pre-cracked
series for specimens with normal loads of 15 and
30 kN.
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Figure 6: Load-Deflection behavior of slab segment series V2
with and V5 without separation cracks | graphic: Jan Bielak and
Henrik Becks
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The initial assumption that axial normal forces re-
duce shear resistance of textile-reinforced slab
segments seems justified, as a decreasing trend
with increasing normal load in Figure 5 indicates.
This effect should be incorporated in design mod-
els, just as for conventional steel-reinforced con-
crete.

Vertical separation cracks in this test program did
not reduce shear resistance. The corresponding
moment present in the tests closed the cracks in
the compression zone completely (Figure 3) and
allowed to transmit inclined compressive forces.
Interestingly, pre-loading up to saturated vertical
crack pattern increased resistance, as seen for Se-
ries V2 and V3 with normal loads of 15 and 30 kN.
This effect might be attributed to different shear
crack shapes. The form of the critical shear crack
has major influence on shear resistance, espe-
cially for small slabs with high-strength concrete
where cracks run through the aggregates and thus
aggregate interlock is limited. Here, mechanical
interlock of crack interfaces allows for transfer of
shear stress. As vertical cracks induce more edgy
S-shaped shear crack forms and an inner 3D topol-
ogy of the shear crack, global rotation of specimen
halves along the shear crack, which is necessary
for further reduction of compression zone and sub-
sequent failure, is more effectively hindered. One
alternative explanation for increase of shear resist-
ance might be the early activation of dowel action
also in the top reinforcement layers, which could
also influence shear crack evolution. A significant
contribution of dowel action to shear resistance of
thin slabs has been identified in previous studies
on TRC at IMB of RWTH Aachen [14].

Vertical cracks in constrained elements occur ran-
domly (or not at all, depending on the evolution
of tensile strength during hardening), and their
position does not necessarily coincide with the
section critical for shear. Thus, potential positive
effects should not be taken into account in design.
However, no negative effect on shear resistance
for slab segments with shear and corresponding
moment could be observed, either. Future stud-
ies should clarify if this is also valid at points of
contraflexure where no moment is active, and if
the finding can be generalized to different mem-
ber depth. With a larger database, calculation ap-
proaches considering the effect of tension loads
on shear resistance of thin TRC slab segments
could be developed.
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after fire exposure, focusing on the influence of the surface treatment of the textiles and the thickness
of the concrete cover. The results show that polymer coatings negatively influence the fire resistance
while uncoated fibers maintain their stiffness for temperatures up to 500 °C. Also, increasing the cover
by 4 mm can keep the specimen unaffected for temperatures up to 300 °C.

Keywords: CarbonTextiles, Concrete Cover, Fire Testing, High temperature, Textile Coating, Textile Reinforced

Concrete, Textile Reinforced Mortars.

In the past decades, Textile Reinforced Concrete
(TRC) has become increasingly popular in scien-
tific studies and in practice, because it offers the
potential to create lightweight, strong, durable
and easily tailored structural elements. The most
commonly used textiles are made of AR-glass, ba-
salt or carbon fibers. One of the main advantages
of carbon fibers with respect to glass is their re-
sistance to high temperatures.

This temperature resistance at the level of the
fiber however does not directly imply the good
performance of a carbon-TRC (CTRC) element in
case of a fire. Firstly, the damage of thin CTRC ele-
ments under fire might be severe due to spalling.
Additionally, the carbon fibers' heat resistance is
hindered when they are exposed to oxygen: car
bon fibers’ strength degrades significantly after

exposure to 500 °C or higher in an oxidizing envi-
ronment [1, 2]. However, when heated at inert at-
mospheric conditions the carbon fibers do not de-
grade and might even present a strength increase
at 1000-1600 °C [3]. Nevertheless, in the case of
a heated and cracked TRC element, part of the re-
inforcement might be exposed to oxygen, thus,
the element degrades severely [2,4]. Finally, the
performance of the composite can be hindered
by the degradation of the matrix-to-reinforcement
bond, especially in the case of textiles with coat-
ing which might be burnt off and, thus, deterio-
rate the bond. Consequently, early failure of CTRC
specimens has been observed for temperatures
below 500 °C [2], [4-7]. However, studies in this
area are limited, and available experimental data is
not adequate to quantify the effect of each param-
eter that affects this behavior. To obtain general
degradation laws and design guidelines, more re-
search is required.



This paper discusses an experimental campaign
investigating the effect of fire exposure on the re-
sidual capacity of CTRC. The effect of temperature
is quantified by exposing the specimens to three
fire tests with varying duration and, thus, varying
target temperatures (approximately 200 °C, 300 °C
and 500 °C). Tensile tests on fully fire exposed
specimens reinforced with coated or uncoated
textiles, showed the effect of the coating. The ef-
fect of the concrete cover is studied by bending
tests on specimens with uncoated textiles only.
In this case the specimens are exposed only from
one side, leading to non-uniform heating.

3 Materials and methods
3.1 Matrix and reinforcement

The textiles that were used for this study are the
following:

(i) Uncoated (dry) carbon textile with a weight of
170 g/m? and 12 mm axial distance of the rovings.

(ii) Epoxy coated carbon textile with the same
geometry as the uncoated, manually imp-
regnated with epoxy resin in the laboratory.
The average resin content was 34% of the un-
coated weight (standard deviation 6%).

(iii) Styrene-Butadiene-Rubber (SBR) coated carbon
textile with a weight of 516 g/m? (before coating)
and 12.5 mm axial distance of the rovings.

All textiles have equal distribution of their fibers in
two perpendicular directions and a square mesh.
Tensile tests on textile samples gave the following
results of tensile strength and elastic modulus:

(i) Uncoated: o =2231MPa, E = 212.5 GPa
(ii) Epoxy coated: o, = 4062 MPa, E = 203.5 GPa
(i) SBR coated: o, = 1444 MPa, E = 235.0 GPa

A commercial cementitious mortar with short poly-
mer fibers, quartz sand and other additives has been
used in this study. The compressive and flexural
strength are equal to 68.2 MPa and 71 MPa re-
spectively, as obtained from tests on prisms of
40x40x160 mm, according to EN12190 and EN196-1.

3.2 Layups definition: geometrical
details and nomenclature

The following figure summarizes the geometry of
specimens (Figure 1a) as well as the cross-sec-
tional details of the tension specimens (Figure
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1b) and of the flexure specimens (Figure 1c). The
nomenclature of the layups is also shown in this
figure.

DRY_C (v, =0.84 %)

2 layers of
dry carbon

2 layers of
epoxy carbon

1 layer of
SBR carbon

2 layers of
dry carbon

24

2 layers of
dry carbon

< 70 mm »

2 layers of
dry carbon

2 layers of
dry carbon

Figure 1. Geometrical properties and nomenclature of layups;
(a) dimensions of specimens; (b) cross-sections of tension
specimens; (c) cross-sections of flexure specimens | graphic:
Panagiotis Kapsalis
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All specimens were manufactured by hand layup
and the curing was done by wrapping the speci-
mens with wet fabrics and plastic foil for 28 days.
After the 28 days and before the fire test, all speci-
mens were dried in an electric furnace for 4 days.

The fire tests were conducted following the ISO834
standard fire curve, using the Fire Testing Facility
at the University of Patras (see Figure 2). As seen
in Figure 2c, since the flexure specimens were ex-
posed only to one side, the other sides were insu-
lated with mineral wool. The exposed side was the
same that was subjected to tension during bend-
ing. Therefore, the fibers that were closer to the ex-
posed surface were the ones at the effective depth
of the specimens during bending.

The temperature was monitored by thermocou-
ples that were embedded in the specimens during
casting. Three thermocouples per specimen were
placed: for the tension specimens one at each
surface and one in the middle; and for the bend-

t e g WS s §

Figure 2: (a) positioning of tension specimens in the furnace;
(b) positioning of flexure specimens in the furnace | photos:
Panagiotis Kapsalis

ing specimens one at the exposed surface, one
at the level of the effective depth and one at the
unexposed surface. However, as insufficient sen-
sors were available to monitor all specimens, the
temperatures of some specimens are estimated
based on the temperatures of their neighboring
specimens.

The tension specimens were tested with the
“clevis type” set up (see Figure 3a) which has
been well described in [8]. The deformation was
measured by video-extensometers monitoring the
two borders of the specimen’s free length. Thus,
the stress-strain curves were obtained.

The flexure specimens were tested in 4-point
bending as shown in Figure 3b. From the bending
tests the load vs. mid-span displacement curves
were obtained.

Free length
(380 mm)

Figure 3: Mechanical tests set-ups: (a) “clevis-type” set-up for
tension; (b) 4-point bending set-up | photos: Panagiotis Kapsalis

Three fire tests have been conducted with dura-
tions of 7 19 and 28 minutes. The times were not
predefined; the fire tests stopped when the tar
get temperature at the tension specimens were
achieved. The temperature evolution during fire
exposure is indicatively given in Figure 4 for a ten-
sion coupon and a flexure specimen of DRY_C
layup during fire test 3. As observed in Figure 4a,
the temperature of the coupon was practically
uniform through its thickness. This was observed
for all specimens (to be tested in tension), in all



fire tests. The maximum temperature in the speci-
mens (to be tested in bending), however, not only
differs at each measuring position, but it is also
reached at different time (Figure 4b). However, in
this study the maximum temperatures are of inter-
est since the residual properties of the specimens
are investigated (the degradation of the materials’
properties is assumed to be irreversible).

The temperatures of the tension specimens and
the maximum temperatures of the flexure spec-
imens are given in Table 1, where it can be ob-
served that due to the non-uniform distribution of
the temperature in the furnace, the temperatures
have sometimes significant differences in the
same fire test.

Note that the EPX_C specimens for tension were
not tested in fire test 3 (28 minutes) since pre-
vious experience showed that severe damage is
expected even at low temperature. The reason is
that severe spalling occurs, caused by the evapo-
ration of the heated resin. The other specimens
did not suffer any spalling in any test. Only minor
cracks were formed at the exposed surfaces,
which are attributed to the thermal stresses.
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Tension coupon DRY_C - fire test 3
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Figure 4: Temperature evolution during fire test 3 (28min.) of an
indicative: (a) tension specimen; (b) flexure specimen | graphic:
Panagiotis Kapsalis

Tension specimens (°C) Flexure specimens (°C)
DRY_C EPX_C SBR_C DRY_C-4mm DRY_C-8mm

Fire test 1 (7 min) 238 179 179 exposed surface 264 226
effective depth 168 151
unexposed surface 137 96

Fire test 2 (19 min) 302 314 305 exposed surface 291%* 291
effective depth = -
unexposed surface - 134

Fire test 3 (28 min) 496 - 514 exposed surface 587 587
effective depth 494 444
unexposed surface 303 313

Table 1: Measured and estimated(*) maximum exposure temperatures of all specimens during the fire tests

As comparison of the tensile stress strain curves
for DRY_C, EPX_C and SBR_C in Figure 5 shows,
the different textile surface treatments, as well as
the different amount and distribution of fibers have
a significant influence on the residual mechanical
behavior after exposure to fire. It is noteworthy that
in all cases failure occurred due to pull out as there
was no fiber rupture observed. It is also reminded
that the SBR_C layup did not only differ on the sur
face treatment with respect to the other layups but

also to the amount and distribution of the fibers.
Hence, a direct comparison with the other layups
should be done cautiously.

The uncoated carbon layup presents a typical
3-stage behavior as defined from the ACK theory
[9] for TRC. The fibers have suffered almost no deg-
radation at all, for temperatures up to 300 °C, thus,
the post-cracking stiffness of the composite is the
same as for ambient temperatures. The ultimate
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stress has a minor decay, caused by the drop of
the first cracking stress, thus, it is attributed to the
degradation of the mortar. It is also observed that
the transition between the three stages becomes
smoother with increasing temperature. This is the
result of the pre-cracked mortar due to fire expo-
sure before the tensile testing. The crack pattern
was the same in all cases, with the number of
cracks varying between 9-12. A significant loss of
ultimate stress (x43%) was observed for exposure
at 500 °C while the stiffness was still intact. This
is mainly attributed at the oxidation reaction of the
carbon fibers which initiates at this temperature.
However, it could also be attributed to the degra-
dation of the textile-to-matrix bond, caused by the
mortar degradation and the developed cracks due
to the fire exposure (see Figure 6a).

The epoxy coated carbon layup presents a similar
tensile behavior to the DRY_C layup up to 300 °C.
At ambient conditions, the load-bearing and defor
mation capacity of this layup was superior to the
DRY_C, since the epoxy resin enforces the activa-
tion of more filaments. The degradation due to ex
posure at 179 °C seems to be minor and the drop
of the tensile strength is mainly caused by the drop
of the first cracking stress. The specimens exposed
at 314 °C present a small decay in the post cracking
stiffness, which is attributed not only to the resin
burn off but also to the development of cracks that
resembled a form of delamination at the level of the
reinforcement layers (see Figure 6b). This was the
result of the epoxy resin burn off, which as a ther
moset material, evaporates without going through
a melting phase, which, causes severe spalling.
This effect was less pronounced near the edges
of the specimens which were partially protected
between mineral wool that was used to keep the
specimens in a vertical position (see Figure 2a).
Thus, it was possible to clamp the specimens and
perform the tensile tests.

The SBR_C layup presented a much weaker behav-
jor with respect to the other layups, even though
the fiber volume fraction was higher. These speci-
mens hardly showed a 3-stage behavior. They
failed at much lower stresses and higher strains
and they had only 2-3, very wide cracks (see Fig-
ure 6¢). This means that the bond between the
reinforcement and the matrix was weak and the
rovings were being pulled out, thus, the inner fila-
ments were less activated. As a result, the shape
of the SBR_C curves at 20 °C, indicates a short
“stage 2" behavior and then a “stage 3" which
is mainly controlled by the pull-out properties.

16
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2 3
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» 20°C
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2 302°C
496 °C
0
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— 15
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=3
2 10
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&
5 20°C
——— 179°C
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\\
20°C
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305 °C
514 °C
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Figure 5: Stress-strain curves of ambient and fire exposed TRC
layups: (a) DRY_C; (b) EPX_C; (c) SBR_C | graphic: Panagiotis
Kapsalis

However, the curves at 179 °C and 300 °C, apart
from the earlier cracking of the mortar and more
severe load drops, also indicate a “Stage 3" which
is characterized by continuous load drops without
forming more cracks, meaning that the pull-out
properties are different. The difference probably
lies on (i) the partial evaporation of the coating,
which weakens the bond even more, and (i) the



Figure 6: (a) Specimen of DRY_C layup after tensile testing with
visibly cracked mortar due to tension and due to fire exposure at
4960C; (b) Specimen of EPX_C layup after exposure to 3140C,
before tensile testing, with visible longitudinal delamination at
the level of the reinforcement; (c) Specimen of SBR_C layup, not
exposed to fire, with visible wide cracks while tested in tension |
photos: Panagiotis Kapsalis

partial melting of the coating and absorption by
the inner filaments or the surrounding mortar. The
second phenomenon enhances the tensile behav-
ior which might explain why the maximum stress
level did not drop significantly and might also be
a reason why spalling due to evaporation was not
observed to this layup. Finally, the specimens ex-
posed to 514 °C were severely damaged and they
had practically no residual strength. As observed
by visual inspection after the tensile tests, the
coating was completely burnt off and the bond
between the textile and the mortar was practically
lost (the rovings could be pulled out by hand).

It is noted that the total mass of the SBR poly-
mer in a specimen was almost half than the total
mass of epoxy resin at the EPX_C specimens. This
fact, as well as the melting of the SBR polymer (in
contradiction to the epoxy resin) before evapora-
tion, pose a possible explanation why there was
no spalling in this layup.

The DRY_C layups were also tested in flexure with
4 mm or 8 mm of concrete cover (see Figure 7).
The flexural behavior is similar to the tensile be-
havior since they both present three stages, while
the transition between them becomes smoother
with increasing temperature. Both cases suffered
increasing decay of maximum force and stiffness
with increasing exposure time. In the 7-minute ex-
posure (fire test 1), no degradation was noticed
since the achieved temperatures were rather low.
The temperature at the most stressed fibers (ef-
fective depth) is less than 170 °C and as it can be
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deduced from the tensile stress-strain behavior at
that temperature in Figure 5a, their degradation is
minimal. At the same time, the temperature at the
non-exposed surface (mortar in the compressive
area during bending) is less than 140 °C. For com-
mon cementitious mortars no severe degradation
is yet observed at such temperatures.

Fire exposure for 19 minutes (fire test 2) de-
graded only the DRY_C-4mm layup (maximum
load decayed by 13% and post-cracking stiffness
decayed by 17%) while the DRY_C-8mm did not
suffer any load or stiffness loss, indicating the pro-
tection that a thicker concrete cover can offer, by
reducing the temperature at the effective depth.
Both layups degraded considerably after the
28-minute fire exposure (fire test 3). Specifi-
cally, the maximum load dropped by 28% for
both layups while the post-cracking stiffness of
DRY_C-4mm dropped by 30% and the stiffness
of DRY_C-8mm dropped by 25%.

In this study, the results of an experimental cam-
paign investigating the effect of the textile coat-
ing (by tensile tests) and the concrete cover (by
bending tests) of fire exposed CTRC layups have
been presented and discussed. The tests were
conducted on layups with uncoated (dry) or coat-
ed (epoxy or SBR) carbon textiles and the target
temperatures were approximately 200 °C, 300 °C
and 500 °C.

The conclusions are summarized here:

(i) The uncoated carbon fiber layups maintained
their stiffness for temperatures up to 500 °C.
They suffered minimal decay of strength for
temperatures up to 300 °C while at 500 °C the
strength dropped by 43%.

(ii) The epoxy impregnation of the fibers signifi-
cantly improves the performance of the spe-
cimens in ambient conditions but causes ad-
ditional degradation of the properties of the
heated specimens due to spalling caused by
the resin’s evaporation.

(iii) The SBR coating does not lead to severe de-
gradation for temperatures up to 300 °C when
exposed to fast heating rates (as in this study).
However, the residual performance is almost
negligible when exposed to 500 °C.
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Figure 7: Residual flexural behavior of ambient and fire exposed
DRY_C layups | graphic: Panagiotis Kapsalis

(iv) The flexural behavior of uncoated carbon TRC
after fire exposure can be related to its 3-stage
tensile performance, remaining unaffected for
surface temperatures of the exposed side up
to 260 °C. For exposed surface temperatures
up to 590 °C, degradation in the order of 25-
30% is expected for the load bearing capacity
and the stiffness.

(v) Increasing the concrete cover by 4 mm delays
the temperature increase at the reinforcement
by 50 °C after 28 minutes of fire exposure.
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The establishment of textile concrete depends on the provision of useful methods for the integration of
reinforcements. In this study, mineral-based positioning aids with concrete-like properties were developed
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Due to its resource-saving properties, textile con-
crete is a promising alternative to conventional re-
inforced concrete [1-4]. However, the practical use
is currently still associated with many obstacles
[5-7]. One difficulty, for example, is the exact po-
sitioning of the textile reinforcement grid, which
can be facilitated by special positioning aids. The
user-specific requirements for such elements are:

Functionality, especially for different grid types,
Availability in large quantities,

Low price,

Easy handling even for “builders’ hands’

No creation of weak points and no negative
impact on the load-bearing capacity of the
concrete component, and

Low rigidity gap as well as good interface
connection between element and concrete
matrix.

Currently, there is no all-encompassing solution
for all these requirements, but several approaches
are available [8]. The practical and economic de-
mands can be met by using series production pro-
cesses such as injection moulding and a suitable
structural design. For the implementation of these
substantial requirements, mineral-based materials
offer promising properties [9].

In this study, wollastonite phosphate cements
(Wo-PC) and mineral filled plastic (MFP) compos-
ites with a high degree of filling were selected as
mineral-based materials for the positioning aids
and corresponding designs as well as production
methods were developed in order to meet the
above-mentioned challenges. These two materials
were chosen because of their concrete-like prop-
erties and favourable raw material prices.



The Wo-PC was made from a mixture of 60%
phosphoric acid with aluminium and zinc additives
as well as the partially calcined powder Wollas-
tonit F (Mineralmihle Leun, Rau GmbH & Co.KG)
with an acid/powder ratio of a/p=1.2. Injection
moulding, transfer moulding and powder infiltra-
tion were tested as suitable forming processes for
the Wo-PC.

The temperature-dependent pot life t., (sol-gel
transition) was determined with the help of a
HAAKE MARS Ill rheometer with a 20 mm diam-
eter parallel plate setup and a gap of 1.5 mm in
oscillation mode with a frequency of 1 Hz.

The true density of the Wo-PC was determined
with a helium pycnometer. Three-point bending
strength tests were carried out in accordance
with DIN EN 843-1 on a ZMART.PRO with a 100 N
load cell, a preload of 0.5 N and a test speed of
0.2 mm/min. The span was 30 mm, the radius of
the supports 2 mm and the radius of the bending
punch 3 mm. The samples were produced with a
specially manufactured injection moulding tool. 37
samples were tested for the statistical evaluation
using Weibull statistics according to DIN 843-5.

Different MFP composites were produced and
investigated. The matrix material used was PP
Moplen HP 500 V Natural with 2% TPPP 8012
GA as coupling agent. The coupling agent is a PP,
functionalised with maleic anhydride, which acts
as an adhesion promoter and improves the me-
chanical properties. Marble powders from sh min-
erals GmbH with different grain sizes and barytes
from Sachtleben Minerals GmbH & Co. KG were
used as fillers. The filler content was varied in the
range from 50 to 62% mass. The compounds are
listed in Table 1. The compounding was carried out
with the help of a twin-screw compounder ZSC
25 / 44D (Noris Plastic). For the determination of
the characteristic values, test specimens of type
A were manufactured according to DIN EN ISO
32167 with an ARBURG All Drive 370 injection
moulding machine with an appropriate mould
(Axxicon). Tensile tests according to DIN EN ISO
527 were performed with a Zwick / Roell Z010 uni-
versal testing machine and impact tests according
to DIN EN ISO 179 with an instrumented Zwick
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HIT25P pendulum. Furthermore, the melt index
MFR (Melt Flow Rate) was examined according
to DIN EN ISO 1133-1 with a MeltFlow@on plus.

Proportion in %
Filler i e ——
by mass | by volume
PP/T-S50 | Saxolith S2HE 50 | 247
| (up to 13 pm) |
PP/T-SE50 | Saxolith extra 70 | 50 1247
i (up to 200 pm) I
PP/T-SC50 | Saxocarb 200 | 50 1247
i (up to 200 pm) |
PP/T-BX50 | Baryt CH1013 | 50 117
! (up to 34 um) i
PP/T-Bx62 | Baryt CH1013 | 62 | 247
! (up to 34 pm) |

Table 1: MFP compounds

Based on the material and userrelated design re-
quirements as well as the test results obtained,
various designs for the two types of positioning
aids were created and iteratively adapted. The
positioning aids for basic testing were initially
produced on a laboratory scale using specially
manufactured tools (Wo-PC) or 3D printing (MFP).
In this way, knowledge of material and application
properties was obtained and the design was suc-
cessively improved.

In order to test the application properties of the
positioning aids and to examine the effects on
the load-bearing capacity of the textile concrete,
carbon concrete slabs including single-layer textile
grids with and without fixation were produced (see
Figure 1). The dimensions of the slabs were 50 cm
x 50 cm. The slabs for the Wo-PC positioning aids
included solidian GRID Q85/85-CCE-21 and had a
height of 2 cm, whereas the slabs for the MFP el-
ements included solidian GRID Q142/142-CCE-25
and had a height of 4 cm. The concrete mixture
is summarised in Table 2. It was mixed using an
EIRICH RO5/T intensive mixer.

Fourpoint bending (4PB) tensile test samples with
LxW=50 cmx10 cm were cut from the hardened
slabs using a tile cutting machine. The tests were
carried out on a ZwickRoell Z250 in accordance
with DIN EN 12390-5 at a test speed of 2 mm/min.
The distance between the supports and the
span width were 45 cm and 15 cm, respectively.
Six samples, each with two MFP or six Wo-PC
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Component kg/m3

CEM152.5 449

SFA 150

Silica Fume 47

Quartz sand 0/2 1267

Dolomite powder 150

Water 196
Superplasticizer 12

w/b 0.39

wi/c 0.44

Table 2: Concrete mixture

positioning aids in the load area were tested. In
addition, samples without positioning aids in the
load area were tested, too. After failure, the frac-
ture surfaces were examined by light microscopy
in the area of the interface between concrete and
positioning aids in order to assess the connection.

T

|

Figure 1: (a) Prepared formwork for MFP carbon concrete slab
indicating the positions of the 4PB samples with and without po-
sitioning aids in the load area and (b) Wo-PC carbon concrete slab
indicating the location of the 4PB samples and of the positioning
aids | graphic: K. Mandel

4 Results and discussion
4.1 Material properties

Material and processing properties of Wo-PC de-
pend heavily on temperature and pressure during
the entire processing procedure. The results of the
rheological measurements of Wo-PC mixtures of
raw and calcined powder are presented in Figure 2.
The diagram shows that the pot life can be adjusted
from minutes to seconds by using special powder
compositions with specific amounts of calcined
powder and/or with the help of specific temperature
control. At temperatures above 40 °C the flowability
of the calcined Wo-PC is completely lost and a very
fast setting of the cement can be expected.

140 T T T T T T

120 - Calcined powder
i - Raw powder ]

0 5 10 20 30 40 50
Tin°C

Figure 2: Pot life tg of different Wo-PC mixtures at different pro-
cessing temperatures T | graphic: K. Mandel
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Figure 3: Weibull distribution of the bending strength of the
Wo-PC samples - failure probability P, at different stresses o |
graphic: K. Mandel

Figure 3 shows the results of strength tests of
Wo-PC with a mixture of 50% raw and 50% cal-
cined powder. The characteristic bending strength
IS 0.506,=19-4 MPa with a Weibull modulus of
m,..=9.9, which is a typical value for brittle mate-
rials. However, the determined bending strength
roughly corresponds to that of concrete. The den-
sity of the material is, with p_ =1.73 g/cm? for the
geometrical density and p, ,=2.6 g/cm for the true

density, slightly lower than that of concrete.

All' MFP mixtures showed good compound-
ability. The MFR measurements (see Figure 4)
revealed good flow properties in the range of
73<MFR<110 g/10min for all MFP compounds.
This indicates good processability in the injection
moulding process. Barytes as filler material led to
even higher flow rates than the marble powders,
both at the same mass and volume fraction. Addi-
tionally, with regard to the durability of compound-
ing and injection moulding tools, barytes should
be preferred as filler material due to its lower abra-
siveness in comparison to marble powders.



120 Marble powders Barytes 1
100 4

80-
60-
40-
20-

in

MFR in g/10m

.
© & & F &
® & R & f

)

Figure 4: Melt Flow Rate MFR of the MFP (mean values and
standard deviations) | graphic: K. Mandel

Selected results of the tensile tests of the MFP
are shown in Figure 5. In general, the tensile
strength o decreases and the tensile modulus in-
creases with an increasing proportion of filler and
increasing particle size of the powder. The marble
powder compound PP/T-S50 delivers the highest
tensile modulus with up to E=3330+36 MPa.
The compound with a similar volume content of
barytes PP/T-Bx62, E=3280+16 MPa shows a
slightly lower mean value. The impact strengths
of the MFP compounds with marble powders are
in the range of 6.4 kJ/m?<a_ <8 kJ/m? and there-
fore comparatively low. In contrast, the MFPs
with barytes show higher values in the range of
10.6 kd/m?<a <14.2 kJ/m2. Hence, a less brittle
composite behaviour can be expected and bar
ytes filled MFP should be favoured. In order to
achieve a high degree of filling and appropriate
material properties, the compound PP/T-Bx62 was
selected for the production of positioning aids.
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Figure 5: Influence of filler type and proportion on tensile
strength o_ and strain at tensile strength o_ (mean values and
standard deviations) | graphic: K. Mandel
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4.2 Design and production processes

The different designs of the Wo-PC positioning
aids considered are shown in Figure 6. In practice,
they were produced with specially manufactured
plastic tools. The production process was initially
carried out by manual injection moulding (design
(a)). Due to the difficulties encountered, such as
inadequate mould filling and material leakage at
undesired locations, the further development was
switched to a transfer moulding process (designs
(b) and (c)). The ring-shaped variants (a) and (b)
should allow undisturbed concreting of the grid
intersection and are free of undercuts. However,
there was a lack of fixation of the grid and an ex-
treme susceptibility to breakage of the Wo-PC ele-
ments. The probability of fracture, which is due to
the brittle behaviour of the Wo-PC, can be reduced
by using small and compact shapes, see variants
(c) and (d). Small series of these positioning aids
were produced in a partially automated process
using a temperature-controlled PEEK mould. Vari-
ant (c) showed good performance characteristics,
but required a tool with slides. The final design
(d) can be produced with a slide-free tool and is
also break-resistant due to its compact shape.
Furthermore, it is possible to use this mould in an
infiltration process for the production of Wo-PC
elements.

16.5 mm 20 mm 12 mm 14 mm

Figure 6: Mould designs for the Wo-PC positioning aids | graphic:
H. Strobel, K. Mandel

The development of the mould designs of the
MFP positioning aids is shown in Figure 7 3D
printed models enabled the evaluation and initial
application tests of the design variants. After the
last iteration, all defined criteria were met and the
final design was established as shown in Figure
7. right image. A small series of 10,000 pieces of
these positioning aids was produced by injection
moulding on an Arburg 270 C with a double-cavity
mould using the composite material PP/T-Bx62.
The injection pressure was 650 bar at 250/500
bar holding pressure, the nozzle temperature
240+10 °C and the cycle time 25 s.
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Figure 7: Selected design steps for the MFP positioning aids |
graphic: H. Strobel, K. Mandel

A comparison of the developed positioning aids
is shown in Table 3. Both the Wo-PC and the MFP
positioning aids can be fixed to the textile grid
via a snap mechanism, the shape is free of un-
dercuts. The Wo-PC elements exhibit one point
of contact to the concrete surface and a compact
round shape in order to enable an even concrete
flow. In contrast, the MFP elements exhibit four
contact points and a large circular opening in the
middle to allow for undisturbed concrete areas.

‘ Wo-PC | MFP

- @

Outside dimension @14 mm

33 mm diagonal

Roving width | 2-3mm | 6-8mm
Concrete coverage 6.48 mm 5.8 mm
| Injection

Production process | Infiltration | :
3  moulding

| Temperature | Cost efficiency

Special advantage | resistance i Flexibility

Table 3: Design and production features of the developed posi-
tioning aids

4.3 Integration behaviour

The developed positioning aids could be easily in-
tegrated into carbon concrete and showed good
handling and fixing properties. The results of the
strength tests are summarised in Table 4.

f in MPa f,in mm
Slab height 20 mm
Wo-PC 117220 1201217
Without positioning aids 9.9+0.3 20.0+£3.5
Slab height 40 mm
MFP 272115 8.5+1.4
Without positioning aids | 22.9+1.7  6.6+1.4

Table 4: Results of the 4BP tensile tests of the carbon concrete
slabs

As expected, the thicker plates show higher
strength values f_ and lower deflection f, than the
thin plates. An increase in strength can be seen
for both the Wo-PC and MFP variants, including
positioning aids. Thus, the positioning aids seem
to have a favourable influence on the load-bearing
capacity of the concrete. Indeed, the differences
are in the range of the standard deviation for \Wo-
PC. In contrast, the MFP concrete slabs show a
significant increase in strength. This is probably
due to the favourable combination of properties
of the MFP especially toughness, and the good
adhesion to the concrete, which results from the
high mineral filler content. Nevertheless, a larger
number of samples should be tested for both vari-
ants to prove these tendencies.

Figure 8 shows sections of the optical deflec-
tion analysis with Aramis on typical 4PB samples
shortly before the final failure. In addition to the
absolute values of deflection, the analysis clarified
the crack initiation points in the tensile zone of the
samples and the crack deflection through the re-
inforcement grid.

Figure 8: (a) Deflection in mm and failure of carbon concrete slabs
with (a) Wo-PC and (b) MFP positioning aids in the 4PB tensile test |
graphic: T. Albrecht, K. Mandel

With regard to the fracture behaviour, all Wo-PC
positioning aids failed due to the break through
the Wo-PC, see Figure 9 (a). The MFP elements
failed due to a mixed fracture characterized by
detachment from the concrete matrix and frac-
ture through the positioning aids, see Figure 9
(b). Figure 10 shows photo-optical micrographs
of the interface between positioning aids and con-
crete. The pictures illustrate that there is no gap
between the two materials, which suggests good
adhesion of the elements to the concrete. This
is due to the comparatively rough surface on the
one hand and the chemical and structural similar
ity of the materials on the other. While the Wo-PC
is completely inorganic like concrete, the MFP is
partly organic, but has a high mineral filler content
and the coupling agent improves the adhesion.



Figure 9: Positioning aids in carbon concrete after fracture (a)
Wo-PC and (b) MFP | photos: K. Mandel
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Figure 10: Photo-optical micrographs of the interfaces between
concrete and (a) Wo-PC and (b) MFP | photos: K. Mandel

5 Conclusions

In this study, positioning aids made of two different
materials were developed and examined in detail.
For this purpose, an extensive construction devel-
opment was carried out and the material as well
as the application properties were comprehen-
sively characterised. As a result, positioning aids
made of Wo-PC as well as positioning aids made
of MFP are now available with adapted properties
for different applications.
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Due to the continuous development of the innovative composite material carbon reinforced concrete, the
knowledge of design models in the ultimate limit state is of great importance. In this context, deficits have
been identified especially in the subject of verification of discontinuity areas.

Hence, experimental investigations on nodes of deep beams of carbon reinforced concrete members were
carried out and evaluated. The test results and first conclusions are presented in this paper.

Keywords: Strut-and-Tie-Models, CCT-Nodes, Carbon fibre reinforced polymer (CFRP), Experimental inves-

tigation, Discontinuity area.

Experimental investigations presented in the pa-
per are related to Strut-and-Tie-Models in carbon
reinforced concrete members. The research find-
ings were obtained in context of investigations
from the research project C3-L6. In this context,
deficits in knowledge have been identified espe-
cially in the subject of verification and design of
discontinuity areas [1].

In general, Strut-and-Tie-Models have a great im-
portance in the context of design equations in the
ultimate limit state (e.g. shear design, punching,
torsion) as well as generally for design of compo-
nents with no continuous flow of forces in discon-
tinuity areas (e.g. support area) [2].

Structures can be divided into continuous and dis-
continuity areas. Areas with nonlinear strain distri-
butions are known of discontinuity areas [2]. For
these areas design models based on Strut-and-Tie-
Models exist, whereby stress fields are combined

to resultant forces [2,3]. This simplification allows a
simple design and has several advantages.

Strut-and-Tie-Models can be divided into three
components: Compression struts, tension ties and
nodes. These elements can be designed by differ-
ent formulas. Steel reinforced concrete members
can be designed by Eurocode 2 [3]. For compres-
sion struts, Eurocode 2 uses a reduction factor that
depends on the crack formation [3]. Nodes are rep-
resenting highly stressed areas and are divided into
compression nodes (CCC), tension nodes (TTT) and
combined nodes (CCT or CTT) [4,5]. The CCT node
in context of investigations of anchorage behavior
occurs in several structural elements. Results of
anchorage failure without lateral stresses of carbon
fibre polymer reinforcement exist so far [6,7].

In the CCT node stress peaks occur in the support
area, whereby a complicated force flow occurs in
the anchorage area due to the transverse pressure
of the support [8,9]. Figure 1 shows a typical CCT-
Node.
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Figure 1: Example of a CCT-Node | graphic: Schulze-Ardey

Experimental investigations on ten test specimen
are done to investigate the load-bearing behaviour
of nodes of deep beams. The results of mentioned
tests help to understand strut-and-tie models of
carbon reinforced concrete members. Due to the
chosen depth to length ratio, the test body can
be characterized as a deep beam and therefore an
investigation of discontinuity regions can be ex
plored. There is no specific anchorage length pre-
scribed by manufacturer for each specific concrete
strength but it is known from other experimental
investigations that the estimated anchorage length
is bigger than the available anchorage length in the
experimental test described in this paper.

The ten test specimens with identical dimensions
(height/length/width: 30 cm / 60 cm / 10 cm) dif-
fer in the number of reinforcement bars and in
the reinforcement material. Five test specimens
are concrete members reinforced by Thyssen
Krupp Carbon4ReBAR carbon fibre polymer bars
Q.85 mm. Five test specimens are reinforced
by steel bars @ 14 mm (B500) reinforcement for
comparison. The test matrix of the test specimens
V1-V10 is shown inTable 1.

| UND TEXTILBETONTAGE 2020

Test | Barmaterial | No.ofBars | Bar-0

L [ H mm
Vv Steel 1 14
va-vs Steel 2 14
Ve-ve Carbon 1 8,5
Vo-vIo Carbon 2 8,5

Table 1: Test Program

Each test specimen is a simple span deep beam
with a span length of 55 cm. The two supports
are given by roller bearings with steel plates
(50 mm x 100 mm). An image of a test specimen
is shown in Figure 2.

Figure 2: Image of test setup | photo: Schulze-Ardey

The load is transmitted by a steel plate (100 mm
x 100 mm) on the top of the test specimen and
the test load is applied in the middle of the beam
by a single force through a deformation-controlled
servo-hydraulic cylinder. In addition to the load
from the cylinder, the deflection in the middle of
the field and the slip of the reinforcement bars are
measured with linear variable displacement trans-
formers (LVDT). The slip is measured on the pro-
jection of the reinforcement bar against the head
side of the concrete specimen. Each reinforce-
ment bar has a vertical concrete cover of 30 mm.

The schematic test setup and the position of the
reinforcement bars are shown in Figure 3.
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Figure 3: Dimension of specimens | graphic: Schulze-Ardey

4.2 Materials

According to the manufacturer the carbon fibre rein-
forced polymer bars Thyssen Krupp Carbon4ReBar
have a maximum tensile strength of 1650 N/mm?
[10]. Carbon bars are shown in Figure 4.

Figure 4: Carbon reinforcement bar | photo: Schulze-Ardey

Each test specimen uses the same concrete mix.
The concrete mix has a ratio of water to cement
(CEM 1 32,5 R) of w/z = 0.4 with a maximum grain
size of 8 mm. All test specimen as well as the con-
crete material samples were stored in a dry place
at room temperature (20 °C). The material proper-
ties of concrete on the day of testing is shown in
Table 2.

Test T— C fewe | Eq
[] [MPa] . [MPa] | [MPa]

Vivs 8,2 L4770 29200

V6V10 | 7,9 {462 29100

Table 2: Concrete Strength and Stiffness
4.3 Test Results

To illustrate the connection between forces and slip
only the larger slip of one head side of test body is
presented in this chapter (2 bars: mean value of slip
of two bars on one head side).

The number of bars and the maximum load as well
as the maximum slip at maximum load level for V1-
V5 (steel bars) are shown below.

Test | F.. | No.ofBars | SlipatF,
[ [kN] [ [mm]
Vi 97,7 1 036
V2o 14,6 1 0,37
Vi 92,9 1 0,01
V4 187,2 2 0,37
Vs 189,9 2 033

Table 3: Test Results V1-V5 (steel bars)

The maximum load, slip value at maximum load
and number of carbon bars are shown in Table 4.

Test | F. | No.ofBars | SlipatF,_
S [kN] o0 mm
Ve 71,8 1 000
V7 62,2 1 0,01
ve 88,0 1 0,08
Voo 121,3 2 0,02
vio | 97,9 2 0,47

Table 4: Test Results V6-V10 (carbon bars)

The ratio of mean values of maximum loads be-
tween tests with two and those with one bar is
higher for steel bars (185%) as for carbon bars
(148%). The standard deviation of tests with car
bon bars is higher than for tests with steel bars.

The force-slip relationship of the steel reinforce-
ment of V1-V5 is shown in Figure 5, the rela-
tionships of the carbon reinforced members are
shown in Figure 6.
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Figure 5: Force-slip relationship of V1-V5 | graphic: Schulze-Ardey
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Figure 6: Force-slip relationship of V6-V10 | graphic: Schulze-Ardey

It can be observed that all test specimens have
a diagonal crack through the test specimen on at
least one side. An exemplary image of a crack pat-
tern is shown in Figure 7.
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Figure 7: Image of crack pattern from side and head side view of
V4 (steel bars) | photo: Schulze-Ardey

The goal of the experimental investigations is a
comparison between concrete members with
steel and those with carbon fibre reinforced poly-
mer reinforcement depending on number of rein-
forcement bars.

The maximum load in each type of reinforcement
material exceeds for 2 bars the values of the
tests with one bar. Therefore, it can be assumed
that there is a connection between the reinforce-
ment ratio and the maximum force.

Based on the force-slip-relationship it can be seen
that the behavior of steel reinforced specimen
with two bars differ from the behavior of those
with 1 steel rebar. The increase of the slip in the
tests with two steel bars differ from the force-slip-
curves of tests with one bar where the load also
decreases between a slip of 0 mm - 0.7 mm.

The force-slip-curves of the test with carbon re-
inforcement with one and two rebars don’t show
a difference in the form of the force-slip-relation-
ship in comparison to the tests with steel bars.
Due to the higher force and the different force-
slip-relationship it can be assumed that the tests
show the influence of dowelling effect of the

| UND TEXTILBETONTAGE 2020

rebars. It seems that the effect of dowelling in
steel reinforcement is greater in specimens with
steel bars than with carbon bars.

Due to the fact that no reinforcement bar in each
test specimen is broken during the tests a tie
failure can be excluded. In each test specimen
at least one diagonal shear crack as well as verti-
cal or horizontal cracks above the support of one
head side occurred (see Figure 7). It can be con-
cluded that large lateral stresses are present in
the compression strut as well as in the CCT node
of the test specimen. Relating to the cracking
pattern of the test specimens and the slippage of
bars a combined strut and anchorage failure can
be assumed.

Based on to the different effect of dowelling ac-
tion of steel bars in comparison to carbon bars,
the theory of strut-and-tie models cannot simply
be adopted to design carbon concrete members
without any modifications with current design
equations.

Due to the fact that the force doesn’t decrease
suddenly to zero after reaching the maximum
bearing capacity and that the measured slip value
was higher than 0.4 mm it can be assumed that
in the tests with steel reinforcement as well as in
the tests with carbon bars a combined concrete
and anchorage failure mode occurred.

So far there is a deficit of knowledge in the field
of Strut-and-Tie-Models of carbon reinforced con-
crete. In this paper the main results of experimen-
tal investigations on deep beams are presented.
On the one hand, a comparison is made between
reinforcement of carbon bars and conventional
steel reinforcement and, on the other hand, the dif-
ference in load transfer due to different number of
bars has been investigated.

[t is not yet possible to derive a design model from
the tests, but the work provides a first step in the
design of discontinuity areas in carbon reinforced
concrete construction and delivers initial results. For
an investigation of all components (tension strut,
compression strut and nodes) further experimental
tests are necessary to develop a design model.
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In the future, the load-bearing behavior in detail
should be analyzed with more tests and in further
work the failure of tension strut, compression strut
and nodes should also be investigated in general.
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The material carbon reinforced concrete finds more and more acceptance in construction. Compre-
hensive research results are at hand already for the use of carbon reinforcements in the form of mats
concerning their tensile and bond behavior. However, many research activities are still urgently required
regarding the use of carbon rebars, particularly in view of the bond behavior of the bars in concrete.
For this reason, different carbon rebars with varying surface profiles have been tested in a number of
experimental tests for their bond behavior. The influence of the concrete strength on the bond behavior

was additionally tested at a preferred rebar.
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The material carbon reinforced concrete has ex
perienced an astonishing development. Carbon
reinforced concrete has become more than an al-
ternative to traditional steel-reinforced concrete.
In particular, comprehensive research results and
practice projects have been made for the use of
carbon mats, e.g. [1]. However, this statement
does regrettably not apply to components rein-
forced by carbon rebars. Although there are a
few publications in hand concerning the tensile
strength of carbon rebars, e.g. [2], or about carbon-
concrete components with mixed reinforcement
(carbon rebars and mats), e.g. [3]-5], but no suf-
ficient knowledge has been obtained regarding the
general bond behavior between the rebars and the
concrete. For safe and efficient designing, calcula-
tion and dimensioning however, the bond behavior
and its influencing factors must be known.

For this reason, experimental bond tests have
been made for carbon rebars with varying surface
profiles in concrete, as described in the follow-
ing. The influence of the concrete strength on the
bond behavior was additionally tested for a select-
ed preferred rebar.

The materials used in the experimental tests are
described below. For more details, please refer to
[6]-[9].

Eight different carbon bars (fig. 1) and a conven-
tional steel bar (fig. 2) were used as reinforcing
bars. The carbon bars used were made of differed
source materials, in particular their impregnation,
and had varying surface profiles.
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Figure 1: Used carbon rebars | graphic: Alexander Schumann

Figure 2: Used steel rebar (rebar 9) | graphic: Alexander Schumann

In the first test series (touch test series), a high-
strength concrete developed in the C2® project,
maximum grain size 5 mm and compressive
strengths >90 N/mm?2, was applied. For further
details to the concrete used, please refer to [7].

To investigate the influence of the concrete
strength on the bond behavior, two normal-
strength concretes (NC 1 und NC 2) and an ultra-
high strength concrete (UHPC) were applied in
addition to the high-strength concrete (HC). The
mixture formulations of the regarding concretes
are given in [9].

The tests were prepared in the Otto-Mohr-Labo-
ratory of the Technische Universitat Dresden. Two
different test specimens were used for the touch
test series. Fig. 3 b) shows the specimen defined
as standard for the touch test series. It was used
for almost all tests. Just for the investigation of
the bond behavior of rebar configuration 6, the
smaller specimen showed in figure 3 ¢) had to be
applied, caused by the length of the carbon rebar,
which was limited because of production reasons.
Furthermore, when compared to specimen 1, the
bond zone had to be positioned in the center of
specimen 2, because of technological manufactur-
ing aspects for this geometry.
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In the second test series, the specimen shown in
figure 3 d) was generally applied.

In all tests, the bond length uniformly correspond-
ed to the five-fold of the rebar diameter (5 d).
Only in the test series using the steel rebar, the
bond length had to be reduced to 2 d, to avoid
any yielding of the steel rebar in the bonding test,
as high-strength concrete was used in it. To intro-
duce the test force into the carbon rebar without
damaging the bar, steel sleeves were glued to the
end of the carbon rebars, see figure 3.
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Figure 3: Used test setup and specimens | graphic: Alexander
Schumann

In test series 1 (touch tests), the bond test speci-
mens were fabricated in recumbent position, and
in test series 2 in upright position. After manufac-
ture, the specimens remained covered in their
shuttering for three days. Afterwards the speci-
mens were stripped and stored at room temper
ature and 65% relative humidity under a plastic
membrane until the date of the test. In the touch
test series, the tests were made after approx. 14
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days, and in the test series 2 after approx. 28 days.
During the execution of the tests, the slip of the re-
bar at the unloaded bar end and also the tool path
and the test force were permanently measured.
The force was applied deformation-controlled at a
test speed of 0.01 mm/sec.

For each test series, three concrete prisms of the
dimensions 40 x 40 x 160 mm?® were additionally
fabricated in accordance with DIN EN 196-1 [10],
and tested on the bond testing date to determine
the bending tensile strength and the compressive
strength. Deviating from DIN EN 196-1 [10], the
prisms were stored analogously to the bond test
specimens.

4 Results of the touch test series

The individual test series for the different rebar
variants have been evaluated and compared by
means of the bond-stress—slip ratio. For trace-
ability reasons, table 1 shows a list of all relevant
parameters.

A rebar configuration to be applied for further
bond investigations shall be determined by means
of the tests made. To determine a preferred vari-
ant, fig. 5 shows a comparison of the mean value
curves of the regarding rebar variants.

It can be seen from figure 4 that the transferable
bond stresses significantly depend on the surface
profile. It is further shown that the steel rebar
(rebar configuration 9) reaches the highest bond
stresses. Additionally, the steel rebar has the high-
est bond rigidity, best demonstrated in fig. 4 b).
Based on the experimental bond tests, it can be
further stated that rebar configuration 7 (profiling
by milling) can transfer maximum bond stresses,
reaching the ones of the steel rebar. Concerning
the comparison of the two variants, it has to be
mentioned that the bond tests with the steel re-
bar had to be carried out with a bond length of
2 d, to avoid any yielding of the reinforcement;
whereas all carbon rebars had a bond length of
5 d; indicating that the bond stresses at the steel

Term Rebar I, m d, mm Ad wax MPa Somax MM f_ . MPa f.ma MPa
V-1-1 ‘ 1 L40 8 10 43 i 0.2 © 1073 10.4
V-1-2 1 40 8 10 43 i 0.3 f107.3 10.4
V-2-1 2 40 8 14 8.1 i 0.2 © 1082 1.2
V-2-2 2 40 8 14 6.9 i 0.2 i 1082 ! 1.2
V-2-3 2 40 8 14 10.7 i 0.3 © 1082 1.2
V-3-1 3 45 9 11 6.0 i 10.9 © 1087 i 10.0
V-3-2 3 45 9 11 7.4 i 10.8 © 1087 10.0
V-3-3 3 45 9 11 5.8 : 5.7 i 1087 10.0
V-4-1 4 30 6 12 20.0 i 5.7 o124 9.8
V-4-2 4 30 6 12 21.5 1 4.2 L1124 9.8
V-4-3 4 30 6 12 19.9 i 10.2 o124 9.8
V-4-4 4 40 8 12 21.2 1 6.1 i 1124 9.8
V-4-5 4 40 8 12 21.1 i 5.3 L1124 9.8
V-4-6 4 40 8 12 21.2 i 6.7 1124 9.8
V-5-1 5 30 6 11 215 i 6.5 ©1087 10.0
V-5-2 5 30 6 11 28.9 i 2.6 © 1087 10.0
V-6-1 6 50 10 12 29.1 i 1.1 o124 9.8
V-6-2 6 50 10 12 26.8 i 1.4 D2 9.8
V-6-3 6 50 10 12 28.9 i 0.9 o124 9.8
V-7-1 7 40 8 13 36.0 i 0.5 L sen 10.1
V-7-2 7 40 8 13 38.1 1 0.6 150 10.1
V-8-1 8 46 | 93 | 12 1.7 i 2.3 i 1115 9.9
V-8-2 8 46 93 12 11.0 1 1.7 SIS 9.9
V-8-3 8 46 | 93 | 12 11.2 i 1.8 P 1115 9.9
V-9-1 9 20 | 0 1 38.0 i 0.3 © 1087 i 10.0
V-9-2 9 20 10 11 40.1 i 0.4 © 1087 10.0
V-9-3 9 20 ! 10 11 40.0 i 0.3 © 1087 ! 10.0
1, ... bond length; A ... specimen age at test day; T, ... max. bond strength

Somax -+ SHP AL T

f . ... mean compression strength tested at prism

foma - Mean flexural tensing strength tested at prism

Table 1: Results of Serie 1:
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Figure 4: Results of series 1 | graphic: Alexander Schumann

rebar of 2 d_are overestimated in comparison to

5d,. Thus, when applying the formulae of [11], this
results in a decrease of approx. 15% for the con-
version of the bond values from 2 d_to 5 d, so
that the maximum bond stresses of rebar con-
figurations 7 and 6 are already in the range of the
steel rebar or even above. As in construction, the
bond rigidity and thus also the slip development
are of essential importance, fig. 4 d) additionally
shows the slip values s, related to the maxi-
mum bond stress T . Because the maximum
bond stresses in some rebar configurations oc-
cur at slip values of higher than 5 mm only, and
these ranges are of minor importance in con-
struction, the x axis of the diagram has been lim-
ited to the value of 5 mm for simplified presenta-
tion. Based on figure 5 d), it can be concluded
that all rebar configurations that have a distinct
form closure or no profiling at all (smooth bar,
rebar configuration 1) reach maximum bond
stresses below the slip value of 1 mm, indicat-
ing good bond rigidity. For the other rebar vari-
ants, the bond stresses rise continuously with
increasing slip value up to the maximum bond
stress at a very large slip s, . For in contrast to
the rebars with a high bond rigidity, the rebars
with a low bond rigidity do not show a distinct
form closure, with the result that the failure of
these carbon rebars in the bond test happens
successively and finally at high slip values only.
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Further evaluations for finding a preferred vari-
ant are given in [9]. Here, end anchoring lengths
and derived from them mean bond stresses were
calculated for each rebar configuration by apply-
ing gradual integration on the basis of the experi-
ments. Based on this and on fig. 4, the rebar con-
figuration 7 (fig. 5) was determined as preferred
variant for further bond tests.

Figure 5: Selected preferred variant | photo: Alexander Schumann

The influence of the concrete strength on the
bond behavior was studied in the second test se-
ries. Four different concretes were used for this
purpose, which shall cover a possible application
range of the carbon rebars. For this reason, con-
crete No. 1 (NC 1) should purposefully have low
strengths, as it can be considered as the lower
limit, and concrete No. 4 (UHPC) should have ex-
tremely high strengths to represent a possible
upper limit. Below, the two other concretes (NC
2 and HC) should reflect the strength ranges in
between. In the following, the obtained bond re-

105



106

a)NC1

9 f =207 MPa
g foms =4.0 MPa

bond stress T [MPa]

c)HC

f,=119.1 MPa
f,.,=10.6 MPa

0 \ \ \ \
0 1 2 3 4 5
slip s [mm)]

Figure 6: Bond-strain-slip relations for different concrete
strengths | graphic: Alexander Schumann

sults in dependence on the concrete strength are
shown and compared to each other.

Figure 6 a) - d) shows the bond-strain-slip curves
for the different concretes. The diagrams addition-
ally contain the mean values of the bending ten-
sile and compressive strength tests obtained at
the mortar prism after approx. 28 days.

As can be seen from the diagrams, the maxi-
mum bond stresses rise with increasing concrete
strength. For example, the test series with the
lowest concrete strength (NC 1, fig. 6 a)) shows
the lowest bond stresses, and the test series with
the highest concrete strength (UHPC, see fig. 6 d))
the highest maximum bond stresses. In the test
series with the normal-strength and high-strength
concretes (NC 1, NC 2 and HC), the failure was
marked by the extraction of the carbon rebar from
the specimen. When UHPC was used, the speci-
men was split after the maximum bond stress had
been exceeded (see fig. 7), as can be seen from
the steep drop in the bond-stress—slip curve in fig.
6 d) As the splitting happened after the maximum
bond stress was exceeded only, the values can be
used for the comparisons given below. After the
tests had been made, the specimens of all series

b) NC 2

0 \ \ \ \
0 1 2 3 4 5
slip s [mm)]
d) UHPC
50
25 f =159.7MPa
e f,.,= 142 MPa
&35
230 -
225
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were split to measure the real bond length and
to determine the failure mechanism. Fig. 8 shows
pictures of the failures after the end of the tests.

In this connection, it could be stated that the fail-
ure in concrete 1 (NC 1) was caused by a com-
plete shearing of the concrete consoles between
the FRP ribs (see fig. 8 b)).

Figure 7: Splitting failure at UHPC | photos: Frank Schladitz

But fig. 8 a) also shows that some slight traces
of scratching from the carbon rebar can be seen
at the concrete. With rising strength, the failure
changes from a pure shearing of the concrete con-
soles to a combined failure, a shearing of the con-
crete consoles and a shearing of the FRP profiles.
This is shown in fig. 8 c) - d) and 8 e) - f) by the
larger carbon residuals at the concrete. In the test
series with UHPC, the failure is clearly character
ized by a full-surface shearing of the FRP profiles
from the carbon rebar (see fig. 8 g) and h)).



a)NC 1 b) NC 1

c)NC 2

e) HC

g) UHPC h) UHPC

Figure 8: Failure mechanisms in dependence on the concrete
strength; 1st line: NF, 2nd line: NF 2; 3rd line: HF; 4th line: UHPC
| photos: Alexander Schumann

Caused by the complete shearing of the FRP pro-
filing from the rebar core when applying UHPC,
the splitting of the specimen can be traced back
to the high bond stresses, on the one hand, and
on the famous ,wedging effect’ which happens
only in the case of a complete shearing of the FRP
reinforcement.

Figure 9 a) shows the mean value curves of the
bond-stress—slip relations obtained in the different
series. Analogously to steel-reinforced construc-
tion, the carbon rebars develop higher bond values
and a more rigid bond behavior with increasing
concrete strength. For better comparability of the
test results, the curves in fig. 9 b) and ¢) are re-
lated to the mean concrete compressive strength
f . and the bending tensile strength f_ ..

The bond curves related to the concrete compres-
sive strength show similar values, with decreas-
ing maximum related bond stresses at increasing
concrete compressive strength. In contrast to
that, no definite dependence can be seen for the
related bond stresses with regard to the bending
tensile strength (see fig. 9 ¢)). These findings can
be substantiated by fig. 9 d) and e).
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As shown in fig. 9 d), an almost linear connection
between the maximum bond stress and the con-
crete compressive strength can be proven for the
reference rebar up to the compressive strength
of approx. 160 N/mm? tested in this study. When
a quadratic regression function is applied instead
of the linear connection, the influence of the con-
crete compressive strength on the maximum
bond stresses can be described more exactly, as
the maximum bond values proportionally decrease
at high concrete strengths. When the maximum
bond stresses are applied in relation to the tensile
strength of the concrete (see fig. 9 e)), no clear
tendency can be derived from the test results. To
characterize the bond rigidity in dependence on
the concrete strength, fig. 9 f) includes the slip
values s, related to the maximum bond stress.
It can be seen that the slip values s decrease
with increasing concrete strength, caused by the
higher bond rigidity at a higher concrete compres-
sive strength. Fig. 9 g) and h) additionally show
the bond stresses at a slip of 0.1 mm (t,,) and
0.2 mm (t,,) in relation to the compressive
strength and the bending tensile strength of the
concrete. They can be applied to prove the state-
ments made above that the description of the
influence between the concrete compressive
strength and the bond behavior leads to more
conclusive results, as there is an almost linear
relation between the concrete strength and the
bond values t,, and t,,.

In this study, several carbon rebars with different
surface profiles were tested for their bond behav-
ior in concrete. By means of the first test series
(touch tests), it could be proven that the surface
profiling has a significant influence on the bond
behavior and the maximum transferable bond
stresses. In conclusion of the test results, the
milled carbon rebar was chosen as the preferred
variant for further bond investigations. In a second
test series with the milled rebar, the influence of
the concrete strength on the bond behavior was
studied. It was found that, for this carbon rebar,
the concrete strength has a significant influence
on the maximum bond stresses and the bond
rigidity. It was further stated that the concrete
strength at the carbon rebar also has an influ-
ence on the form of the failure. With low-strength
concretes, the concrete consoles between the
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Figure 9: Comparison of the test results | graphic: Alexander Schumann
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carbon ribs were sheared off, whereas the car
bon ribs were completely destroyed when UHPC
was used. In the range between the failure forms,
mixed failures occur, a partial destroy of the car
bon ribs and a shearing of the concrete consoles.
The results obtained show that for the carbon
rebar the maximum bond stresses increase with
increasing concrete strength, as it is known from
steel-reinforced concrete. Therefore the findings
obtained are transferable, when sufficient data
quantities are at hand.

Based on these results it is intended to study fur
ther factors of influence on the bond behavior, in-
cluding the rebar batch, the bond length and the
maximum grain size as well as the composition of
the concrete. The results shall be used to develop
a number of approaches for the description of the
influence factors, to describe the bond behavior of
structural components made of carbon concrete
in greater detail.
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The European construction industry including
buildings contribute to 9 percent in European Un-
ion's GDP [1], but is also held accountable for 90
percent of used mineral resources, 40 percent of
consumed primary energy, and 35 percent carbon
emissions [2]. A dedicated pathway to sustainable
construction, built materials, and design is thus
essential to diminish negative effects on the nine
planetary boundaries [3], in particular in cities [4].
Currently, climate change and circular economy is
attracting the most attention, e.g. European Parlia-
ment announcing its “Green Deal” following its
call for a “climate neutral Europe by 2050" [5].

Circular economy allows environmental strategies
along nine “Rs"” [6] e.g. with options for raw mate-
rial savings (“R2 Reduce”), remedial maintenance
("RO Refuse”) or closed material loops (“R8 Re-
cycle”). For decision-makers in the built industry,
the question is to what extend innovative building
materials can help achieving Sustainable Develop-
ment Goals #9 to #13 [7].

In this article, carbon concrete composite (CCC)
is examined as new type of textile reinforced
concrete with promising beneficial raw material
savings [8,9] surpassing the “existing range of ap-
plication specific properties” [10] of mature ‘top
dog’ technologies like steel reinforced concrete



(SRC). CCC is hereby understood as cement-
based carbon fiber reinforced composite using a
fine-grained concrete [11] and mesh-like textile re-
inforcements or carbon fiber rods [12]. We wiill use
‘carbon concrete’, respectively CCC, as synonym
for similar types in this article.

Two German collaborative research centers in
Dresden and Aachen, 528 and 532, [13] and the
succeeding joint research project “C3 — Carbon
Concrete Composite” [14] have intensively stud-
ied and tested its mechanical behavior. However,
little is known about its impacts on dimensions
of sustainability over its entire life cycle. CCC still
needs to showcase whether its application is en-
vironmentally, socially and financially viable [15].
In case of significant benefits, regulators might re-
duce impeding market entry barriers to accelerate
its dissemination [16].

To close that research gap, we developed a sus-
tainability assessment framework and applied it to
variants of a partly or fully prefabricated sandwich
wall system of either CCC or SRC. Our research
aims to identify hotspots for carbon concrete
from a sustainability perspective. Our research is
guided by:

1. What impacts (hotspots) are characterizing com-
pared wall systems?

2. What level of energy and resource depletion is
embodied in the CCC life cycle?

3. Is substitution of SRC with CCC an eligible eco-
nomic measure?

An initial systematic review revealed that, to the
best of our knowledge, this study adds to the
empirical research landscape with an unpreceded
sustainability assessment of wall systems made
of carbon concrete including company data (see
Sect. 3). There is, furthermore, a lack of coherent
knowledge about single assessment tools, e.g.
life cycle assessment (LCA), applied to building
components made of CCC.

For scholars, this article will add insights to exist-
ing research dialogues on sustainability assess-
ments in the built industry. For practitioners,
signaled hotspots along the value chain of CCC
should direct attention to iterative redesign strate-
gies [17]. For civil engineers, material or technol-
ogy choices within the design process are sug-
gested to improve sustainability at early stage. For
city planners, the feasibility and scale for climate
mitigation strategies is relevant. The next section
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describes applied methods and used material. Re-
sults and discussion follow in Sect. 4. Conclusions
are drawn in Sect. b.

We began our scoping stage with a systematic
literature review following Fink [18] to safeguard
rigor evidence-based research practices (Tranfield
et al., 2003) and to identify comparable datasets.
We then modelled an LCA using GaBi software
and a spreadsheet based LCC approach.

First, we applied a systematic literature review to
explore and synthesize relevant standards, guide-
lines, and studies on sustainability assessments
for CCC or the construction industry in general.
Methodological details cannot be presented here.
We conclude that a holistic sustainability assess-
ment methodology based on the triple bottom
line concept is well established in national and
international standards. Recommended practice
covers the environmental, economic, and social
dimension of sustainability based on technical/
functional equivalence, e.g. DIN EN 15643-1:2010
or ISO 15392:2008. Common assessment tools
encompass LCA, life cycle costing (LCC), and so-
cial life cycle assessment (S-LCA). Nevertheless,
the application of complex sustainability assess-
ment frameworks is not trivial: academic research
is engaged in discussing aggregation schemes,
understanding impact paths, and evaluating trade-
offs between all dimensions [19-23].

Second, we systematically screened previous
studies for pertinent cases on sustainability, LCA,
LCC or S-LCA with respect to CCC or related fiber
reinforced composites within construction. For
LCA, the majority refers to automotive or railway
lightweight design based on thermoplastics, i.e.
carbon fiber reinforced plastics (CFRPs) [24-26],
different to our understanding of CCC. LCC is
often applied to bridges [15] often only including
user costs as type of social impact.

In an attempt close to our research objectives, Wil-
liams Portal et al. [27] studied various reinforce-
ment technologies, among them SRC and CCC.
They quantified its “environmental sustainable
potential” with cradle-to-gate LCA. CCC yielded
the lowest total environmental impacts. Other
projects use glass fibers as base material instead
but add economic assessment: Hilsmeier et al.
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U-value -0.27 - W/mK
Sound insulation 76-77 71-73 dB

Table 1: The functional unit for the four sandwich wall variants (own illustration) | graphic: E. Mindecke und K. Schultze

compare design variants of unwearing facade el-
ements made of glass fiberreinforced concrete,
SRC, wood and brick by means of cradle-to-
grave LCA [28]. CCC performed better than SRC
in terms of global warming (-13 kg CO,-eq/m3),
but worse than a wood framed construction
(+115 kg CO,-eq/m?).

They also showed that an optimized multifunc-
tional vacuum-insulated facade element made of
glass fiberreinforced concrete was outperform-
ing the standard CCC panel (-74 kg CO,-eq/m3).
Our study close these research gaps with non-
disclosed company data, updated materials for
CCC, and integrating data from cases on recycling
potentials of CCC or related recycling processes
e.g. pyrolysis [29,30].

We initially started dimensioning four variants of
sandwich wall systems: two each made of SRC
(Variants A-A), respectively CCC (Variants B-B’).

They were designed as non-stiffening sandwich
outer walls with load-bearing inner shell, thermal
insulation, and non-load-bearing outer shell with
total dimensions 6x2.8 meters for a 3-storied
building. For SRC, the inner shell was supple-
mented by in situ concrete according to a com-
mercially available Syspro thermowall. Variant A
used C25/30, Variant A C50/60 resulting in slightly
different thickness of the wall layers. For CCC, Var-
iant B was fully prefabricated, Variant B" used in

situ concrete supplement C80/95. Our reference
functional unit was defined as 1 m2 of such partly
prefabricated sandwich wall. Functional equiva-
lence had high priority (see Table 1); only sound
insulation differed slightly.

A glance at the material weight of all 4 variants
reveals: concrete fraction is reduced with CCC
(max. -192 kg/m?). Weight of steel reinforcement
is 16-22 times that of carbon fiber fabric. Net total
weights of SRC variants differ by up to 242 kg/m?
(max. +37%).

The system boundaries of our cradle-to-grave
LCAs encompass all life cycle stages except the
use phase. We followed the nomenclature of DIN
EN 15804:2014 for life cycle stages. For base sce-
nario, service life is assumed 50 years as suggest-
ed by German regulatory bodies [31]. Currently,
there is no long-term service life scenario above
50 years implemented — that is an opportunity for
further research. For use phase, no conversion
scenarios, no replacement cycles or maintenance
activities were expected. Component layers sub-
ject to wear (e.g. paint coats) are not considered,
too. As base scenario for end-of-life, we assumed
that the building is somewhere in a German major
city, the wall is demolished, the building materials
are separated and transported to dedicated plants
for further processing with pyrolysis. Based on
large-scaled experimental data in research sub-
project V1.5 of C2 [32,33], we assumed that 95
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Figure 1: Hotspot analysis for the manufacturing stage of carbon fibers (left) and the end-of-life stage of CCC (right) in (PE = primary
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Figure 2: Cradle-to-grave analysis for all wall variants SRC and CCC: differences in global warming (GWP) and abiotic depletion (ADPfos) |
graphic: J. Schitz und C. Scope

reference area Germany. We used GaBi software
and different datasets of GaBi databases. The
dataset for special fine-grained concrete mix “C3-
B2-HF-2-145-5" similar to C80/95 and carbon fiber
rovings was based on research subprojects within
C3 [35]. We used non-disclosed data of a manufac-

percent of initial carbon fiber fabric was reclaimed
after separation for material reuse in glass fleece
production [34]. We credited avoided production of
primary glass fleece for the recycled carbon fibers.

Regarding cut-offs, we excluded plants, machines,

and infrastructure necessary for manufacturing
and construction. The LCA was mostly set-up for

turer of carbon fiber fabrics and concrete plants.
The dataset for reinforcing steel was based on pub-
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lished EPD-BS-10.2 [36], data for stainless steel was
sourced from GaBi. We are aware that different data
sets exist for reinforcing steel — that is an opportu-
nity for further research. The life cycle impact as-
sessment was based on CML:2015 method. LCA fol-
lows DIN EN ISO 14040:2009 [49] and DIN EN ISO
14044:2018 [50], respectively recommendations of
DIN EN 15643-2:2011 and DIN EN 16757:2017.
concrete
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4 Preliminary results

We discuss preliminary results of cradle-to-grave
LCA, then its economic pendant LCC, and our
limitations.
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Figure 3: Cost assigned to basic materials over the life cycle for two wall variants A (SRC left) and B’ (CCC right) | graphic: K. Schultze
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Figure 4: Cost and carbon emissions combined for wall variant B" made of CCC | graphic: C. Scope

3.4 LCC approach

We follow the review of Ilg et al. [15] and DIN EN
15643-4:2012 by assorting costs and revenues
along harmonized life cycle stages for described
wall variants. We apply a building contractor’s per
spective: procurement of base materials covers
the life cycle stage A1-A2, currently neglecting
external costs there. We collected costs data di-
rectly from manufacturers and databases [37]. At
present, discounting is not included.

4.1 LCA hotspots

First, we refer only to base materials starting with
carbon fibers (see Figure 1): the precursor and its
succeeding production processes, e.g. oxidation,
carbonization and graphitization annealing (named
“PAN fiber”), are by far the largest influencing fac-
tor with only a mass fraction of approximately 50
percent. Power mix used follows second place.
Manufacturing companies should strengthen effi-
ciency programs and increase the share of renew-



ables in their power mix along all upstream activi-
ties [26] fostering circular economy strategies
“R2 Reduce” [6]. Alternatives to petroleum-based
PAN, e.g. lignin, is another valuable strategy for
“R0O Refuse” [6]. Low-carbon transition paths for
concrete, the other main driver of our LCA results,
are published [38,39].

At first glance: current recycling technologies for
carbon fiber fabric in CCC offers a true circular
economy “R8 Recycle” [6] path. At second sight,
the results are dissatisfying: pyrolysis is dominat-
ing the total environmental impacts due to its en-
ergy intensity. In all but one (i.e. AR acidification
potential) impact category, the crediting for the
glass fleece production has a negative net effect.
From an environmental point of view, this is far
from ideal though better than current difficulties
faced for wind turbines [40].

When looking at embodied carbon emissions (only
life cycle stages A1-Ab), CCC shows better envi-
ronmental performance: between 13.9-19.7 kg
CO,-eq./m? less than SRC variants. Results of the
cradle-to-grave life cycle impact assessment il-
lustrate a close-up race between CCC and SRC.
Exemplary, we illustrate the difference in ADPfos
(abiotic depletion potential), and GWP scores for
each considered life cycle stage (see Figure 2). We
state: it depends. Each square meter of variants
made of CCC (B and B’) either leads to slightly low-
er or higher carbon emissions (-2.4 or +2.8 kg/m?)
compared to SRC. Effects of modelled alterna-
tive scenarios could increase the environmental
advantage to 9.3-24.3 kg CO,-eqg/m2. In any case,
CCC is characterized by higher abiotic depletion
(+267-314 MJ/m?). Apparently, the value chain of
CCC and its carbon fiber fabric uses low-carbon
power generation as compared to steel. When cal-
culating specific carbon emissions, CCC performs
better with regard to M.x (outer shell): 6.6 versus
of 6.8 CO,-eq./kN/m? for SRC.

Current preliminary economic hotspot analyses
show the impact of each base material for total life
cycle costs (see Figure 3). A fair third of total costs
cannot be directly linked to material choices (cat-
egory “All others”). This include transport, wages,
etc. For companies, this refers to organizational or
technological efficiency along the value chain.
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Most surprisingly, the share of costs assigned to
reinforcement materials differ not so much be-
tween CCC and SRC: roughly a quarter of total
costs refer to either steel or carbon fiber fabric.
The concrete fraction is responsible for 29%.
Above all, purchasers could improve contractual
agreements to lower purchasing prices, e.g. for
special fine-grained or C80/95 concrete, and car
bon fiber fabric, as those are driving the overall
costs.

Absolute life cycle costs and related carbon emis-
sions are illustrated in Figure 4. For non-disclosure
purposes, these costs are neither complete nor
correct in size. We observe that, currently, mate-
rials with high specific carbon emissions are not
sanctioned with market prices. The latter do not
reflect externalities related to global warming. For
carbon fiber fabric, one spends 3.35 €/kg CO,-eq.
as compared to 1.36 €/kg CO,-eq. for in-situ con-
crete C80/95.

Although we applied a scientifically rigor meth-
odology, (model) choices were made with effects
on overall results. Subsequently, we present se-
lected limitations.

First, we did not quantify the use of lignin-based
PAN to substitute for high purity PAN. There is
promising research that illustrates lignin as fu-
ture, more sustainable sourcing of PAN for ther
moplastics [41]. Other alternatives to PAN, e.g.
based on algae or waste cotton linter are rather
at an experimental stage [42,43] but could also
lower geopolitical risks in the value chain. Second,
natural fiber materials, e.g. flax, jute or bamboo
are not examined as alternative [44]. Third, green
concrete [45] encompassing strategies of reduc-
ing the share of cement, namely Portland clinker,
was not separately modelled in scenarios within
our LCA.The special fine-grained concrete applied
is an already optimized mix [35]; all other types of
concrete are standard industry averages. Fourth,
recycled aggregate concrete [46] or other types
of concretes with recycle materials were not ex-
plicitly modelled in our end-of-life scenarios. This
could be a feasible option for both comparing wall
systems. So we did not consider that. Fifth, we
did not model effects of digitalization, e.g. 3D
printing or additive manufacturing [47] although
results partly support precasting structural ele-
ments of CCC. Sixth, the choice of sandwich wall
systems as object of analysis was based on mar
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ket analyses within C2 [14]. Other structural ele-
ments with specific environmental circumstances
might be more eligible for the deployment of CCC:
in cities close to seaside, where a combination of
high salt content and steady moisture triggers
severe corrosion in SRC. Seventh, our assess-
ment is preliminary in nature. We further add un-
certainty analyses. Scenarios are the only but yet
unsatisfactory measure. We are planning to apply
uncertainty propagation [15,48]. Eight and at last,
this article did not yet present results of assessing
the social dimension.

In this article, the sustainability potential of carbon
concrete in comparison to conventional SRC was
assessed. Sustainability was hereby limited to as-
sessing the environmental and economic dimen-
sion by applied comparative LCA and LCC. Our
research aimed to identify existing comparative
advantages for new, innovative building materials
like carbon concrete from these two perspectives.

This article was guided by three research ques-
tions. First, we show that the manufacturing
stage, in particular of carbon fiber and concrete,
as well as recycling technologies in end-of-life
stage are dominating the environmental impacts
for both wall systems. Second, we quantified
embodied carbon emissions for each material
life cycle. In base scenario, difference amounts
to 13.9-19.7 kg CO,-eq./m? in manufacturing and
construction stages. Results for cradle-to-grave
carbon emissions are much closer: intervall varies
between -2.4 or +2.8 kg CO,-eq/m2. Alternative
scenarios may increase the environmental advan-
tage for CCC up to 9.3-24.3 kg CO,-eq/m2. Third,
we illustrated economic feasibility for two vari-
ants. Currently, CCC faces challenges in its cost
structure typical for innovations with little econo-
mies of scale in comparison to mature technolo-
gies like SRC. Market prices also do not reflect
externalities, therefore not sanctioning the use of
materials like concrete in SRC variants.

In summary, our assessment indicates that the
carbon concrete uses less material that could lead
to lower total carbon emissions, but depends on
design variants for CCC itself. Thus, carbon con-
crete may improve the climate mitigation potential
of buildings. Building professionals and planners
should study the new material CCC and start pi-
loting building projects, in particular in exposed
environments. This study's limitations were exten-

sively discussed in Sect. 4.3. Above all, we recom-
mend to apply presented method to other building
components of CCC and to extend the scope to
all dimensions of sustainability. In short-term, fu-
ture research will improve the existing LCA and
LCC model by adding uncertainty analyses and
analyzing data quality effects. In the long run, we
would love to engage in a dialogue with a wider
scholarly community for a more holistic sustain-
ability assessment and plausibility checks with
practitioners. Carbon concrete faces the challenge
of non-selection (“overlooked” [27]) because of
comparing higher upfront research and develop-
ment and manufacturing costs with respect to
technological incumbents like SRC.

The authors thank the German Federal Ministry of
Education and Research for funding the program
“Twenty20 — Partnership for Innovation” and the
entailed project “Carbon Concrete Composite”
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Von Hochleistungsbetonen Uber selbstver-
dichtende Betone bis hin zu Faserbetonen -
Der Intensivmischer KKM liefert heraus-
ragende Mischergebnisse.

Durch seine konische Bauform bringt der
KKM weitere Vorteile mit sich:

Sie ermdéglicht das Mischen von Kleinst-
mengen, eine restlose Entleerung inner-
halb weniger Sekunden, eine einfache und
schnelle  Reinigung von Hand oder
automatisiert sowie schnelle Produkt-
wechsel wie zum Beispiel Farbwechsel.
Weiter kann die Mischgeschwindigkeit
stufenlos geregelt und somit optimal an die
erforderliche Mischqualitdt angepasst
werden.

Mit Anlagen in Uber 35 Landern weltweit
ist KNIELE Ihr kompetenter Partner in
Sachen Mischen, Dosieren und Férdern.

Besuchen Sie uns online auf kniele.de und
kontaktieren Sie uns noch heute.

Wir freuen uns auf Sie!

ANZEIGE

MASTERS OF BLENDING

(© KNIELE

blending ¢ dosing ¢ conveying - Made in Germany

FON: +49 7582 9303-0
Mail: info@kniele.de
www.kniele.de

Kniele GmbH ¢ Gemeindebeunden 6 « 88422 Bad Buchau kniele.de



lhre Zufriedenheit durch unsere Qualitat
und Zuverlassigkeit.

Seit mehr als vier Jahrzenten bestimmt die
Firma PAGEL’ Spezial-Beton GmbH & Co. KG,
Essen, die Entwicklung von Verguss-,
Reparatur- und Spezialmérteln. Dabei sind
insbesondere die PAGEL" Verguss-Mértel-
systeme mit der bekannten Marke V1° sowie
die PAGEL’ Betoninstandsetzungs-Mértel fiir
ihre gleichbleibende und stets héchste
Qualitdt bekannt - und das weltweit seit
mehr als 45 Jahren!

Verguss

» Standardverguss
> Schnellverguss
» Hochfestverguss

» Sonderanwendungen

Betoninstandsetzung
» Korrosionsschutz und Haftbriicke
» Konstruktive Instandsetzung
» Instandsetzung
Abwasser
Trinkwasser
Oberflachenschutz

Industrieb6den und Verkehrsflachen
» Industrieboden-Haftbricke

» Industrieboden

» Reparaturbeton

Bauprodukte
» Blitzmortel

Reaktionsharze
» Epoxidharz-Mortel

PAGEL

Spezial-Beton

VERGUSS

BETONINSTANDSETZUNG
INDUSTRIEBODEN & VERKEHRSFLACHEN
BAUPRODUKTE

REAKTIONSHARZE

PAGEL Spezial-Beton GmbH & Co. KG

Tel. +49 201 68504 0
Fax +49 201 68504 31

Wolfsbankring 9 - 45355 Essen
www.pagel.com - info@pagel.com

ANZEIGE

AN




H Adolf Wiirth GmbH Co. KG

U b e r S I Ch-t d e r _ 2<Iali3ngc::jt;\'/-IVUrth—Stra&e 12, 74653 Kiinzelsau

Liselotte-Herrmann-StralRe 4, 02625 Bautzen

3 B Albani Group GmbH & Co. KG
= a rt n e r Steinerne Furt 44, 86167 Augsburg
B ALHO Systembau GmbH
Hammer 1, 51598 Friesenhagen

B Assmann Beraten + Planen AG
Reichenbachstrale 55, 01069 Dresden

B Augel GmbH
Windkaulweg 1, 56745 Weibern

B BARG Betontechnik u. -instandsetzungs
GmbH & Co. KG
Potsdamer Strale 23/24, 14163 Berlin

M Bauhaus-Universitat Weimar,
F. A. Finger-Institut fir Baustoffkunde
CoudraystraRe 11, 99423 Weimar

H Baustoffpriflabor Miiller & Lobisch GmbH
Am Gewerbepark 8, 04860 Suptitz

B Bauunternehmen Torsten Sperling
In der Lache 11, 63697 Hirzenhain

B Bautenschutz Miiller GmbH
An der Jagerbéak 2, 18069 Rostock

B Bauwerke - Management - Systeme AG
Sohlweg 76, 41372 Niederkrichten

H BCS Natur- und Spezialbaustoffe GmbH
Hammerweg 25, 01127 Dresden

B Betonwerk Oschatz GmbH
Muhlberger StraRe 17-19, 04758 Oschatz

B BNB Beton- und Naturstein Babelsberg GmbH
Walter-KLauschstraRRe 17a, 14482 Cottbus

B Brandenburgische Technische Universitat
Cottbus-Senftenberg, Lehrstuhl Massivbau
Konrad-Wachsmann-Allee 2, 03046 Cottbus

B Bundesanstalt fiir Wasserbau — Referat
Baustoffe
KuRmaulstraflde 17, 76187 Karlsruhe

B CARBOCON GmbH
Ammonstrafte 72, 01067 Dresden

B CHT Germany GmbH
Postfach 1280, 72002 Tibingen

H Clement Germany GmbH
Grubenstrafie 48, 18055 Rostock

B DBF Deutsche Basalt Faser GmbH
Carl-Rabe-Strake 11, 06526 Sangerhausen

B Deutscher Ausschuss fiir Stahlbeton e. V.
(DAfStb)
Budapester Strafse 31, 10787 Berlin

H Deutscher Beton- und Bautechnik-Verein e. V.
KurfirstenstraRe 129, 10785 Berlin

B Deutsches Zentrum fiir Luft- und Raumfahrt
e. V. - Institut fiir Bauweisen und
Strukturtechnologie
Pfaffenwaldring 38-40, 70569 Stuttgart

H Dipl. Ing. H. Bendl Hoch- und Tiefbau GmbH & Co.
KG Sebnitz
KreuzstraRe 3a, 01855 Sebnitz




M Dlubal Software GmbH
Am Zellweg 2, 93464 Tiefenbach

B dresden | exists
01062 Dresden

M DreBler Bau GmbH
Mullerstrafie 26, 63741 Aschaffenburg

M DuraPact 2.0 Kompetenzzentrum Faserbeton
GmbH
BussingstraRe 4, 42781 Haan

B DYWIDAG-Systems International GmbH
Siemensstrafie 8, 85716 UnterschleiRheim

B EBF Dresden GmbH
Clara-Zetkin-StrafRe 31, 01159 Dresden

W EIPOS GmbH
Freiberger Strale 37, 01067 Dresden

B EK Bauwerkabdichtung von Glasenapp GmbH
Salmdorfer StraRe 1, 85540 Haar

W EurA AG
Am Koéhlersgehau 60, 98544 Zella-Mehlis

B Evonik Ressource Efficiency GmbH
Rodenbacher Chaussee 4, 63457 Hanau

B Fachhochschule Miinster
CorrensstraRe 25, 48149 Minster

B Fachvereinigung Deutscher Betonfertigteilbau
e. V. (FDB)
Postfach 21 02 67, 53157 Bonn

H Filmaton
Karl-Liebknecht-StraRe 133, 04275 Leipzig

B Fischer Bauabdichtung GmbH
Bahnhof Frauendorf 3, 04654 Frohburg

B Fraunhofer-Institut fiir Angewandte
Polymerforschung IAP, Forschungsbereich
Polymermaterialien und Composite PYCO
KantstraBe 55, 14513 Teltow

B Fraunhofer-Zentrum fiir Internationales
Management und Wissensokonomie Gruppe
Geschaftsmodelle: Engineering und Innovation
Stadtisches Kaufhaus, Neumarkt 9-19, 04109 Leipzig

B GINKGO Projektentwicklung GmbH
An der Pikardie 6, 01277 Dresden

B Goldbeck Ost GmbH
Zum Bahndamm 18, 08233 Treuen

B GQ Quadflieg Bau GmbH
Schumannstrafte 18, 52146 Wirselen

B Groz-Beckert KG
Parkweg 2, 72458 Albstadt

B Grotz GmbH & Co. KG
Jahnstr. 19, 76571 Gaggenau

B Gustav Gerster GmbH & Co. KG,
Geschaftsbereich Gerster TechTex
Memminger Stra3e 18, 88400 Biberach/Riss

B Halfen GmbH
LiebigstraRe 14, 40764 Langenfeld

B HANDLE GmbH Maschinen und Anlagenbau
Industriestral’e 47, 75417 Mihlacker

B HEBAU GmbH
Postfach 1308, 87517 Sonthofen

B HeidelbergCement AG
Oberklamweg 6, 69181 Leimen

B Hentschke Bau GmbH
Zeppelinstral3e 15, 02625 Bautzen

B Hering Bau GmbH & Co. KG
Neuldnder 1, 57299 Burbach

B HFB Engineering GmbH
Zschortauer Straflse 42, 04129 Leipzig

B Hitexbau GmbH
Steinerne Furt 44, 86167 Augsburg

B Hochschule fir Technik und Wirtschaft Dresden,
Fakultat Bauingenieurwesen/ Architektur
Friedrich-List-Platz 1, 01069 Dresden

B Hochschule fiir Technik, Wirtschaft und
Kultur Leipzig
Karl Liebknecht StraRe 132, 04277 Leipzig

H Holcim (Deutschland) GmbH
Willy-Brandt-Stral3e 69, 20457 Hamburg

B Hornig Bauwerkssanierung GmbH
Magnolienweg 5, 63741 Aschaffenburg

B HUESKER Synthetic GmbH
FabrikstraRe 13-15, 48712 Gescher

H IAB - Institut fiir Angewandte Bauforschung
Weimar gGmbH
Uber der Nonnenwiese 1, 99428 \Weimar

B ICL Ingenieur Consult Dr.-Ing. A. Kolbmiiller
GmbH
Diezmannstrafde 5, 04207 Leipzig

B Implenia Construction GmbH, Baustofftechnik
Martin-Luther-Ring 13, 04109 Leipzig

B Implenia Instandsetzung GmbH
ZielstattstraBe 19, 81379 Minchen

M InformationsZentrum Beton GmbH
Hannoversche StraRe 21, 31319 Sehnde

M Ingenieurbiiro Grassl GmbH
HertzstraRe 20, 13158 Berlin

M Ingenieurbiiro Roland Fink
Blumenstral3e 16, 01445 Radebeul

H Ingenieurbiiro Sabisch
Spinnereistrale 7, 04179 Leipzig

M INROS LACKNER SE
Sachsendorfer Stralle 2, 03051 Cottbus

M Institut fir Korrosionsschutz Dresden GmbH
Gostritzer Straflde 65, 01217 Dresden

B Johne & GroR GmbH
Kamenzer StaRe 18, 01936 Schwepnitz

B JORDAHL GmbH
Nobelstrafl’e 51, 12057 Berlin

B kahnt und tietze ug (haftungsbeschrankt)
Anna-Kuhnow-StraRe 39, 04317 Leipzig

B KARL MAYER Technische Textilien GmbH
Mauersbergerstrafde 2, 09117 Chemnitz

H Klaus Raps Beteiligungs GmbH
HohenmarkstraRe 116a, 61440 Oberursel (Taunus)

M Klebl GmbH
Kéthener Stalde 40, 06388 Sudliches Anhalt

M Kniele GmbH
Kéthener Stral3e 40, 06388 Stidliches Anhalt

B Kordes + Ziegenhorn Partner
Emil-Ueberall-Stral3e 5, 01159 Dresden
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B Laumer Bautechnik GmbH
Bahnhofstrafie 8, 84323 Massing

B Lefatex Chemie GmbH
StiegstraRe 64, 41379 Briggen

B Leibniz-Institut fiir Polymerforschung
Dresdene. V.
Hohe StralRe 6, 01069 Dresden

M Leichtbau-Zentrum Sachsen GmbH
MarschnerstaRe 39, 01307 Dresden

M LISt Gesellschaft fiir Verkehrswesen und
ingenieurtechnische Dienstleistungen GmbH
Ernst-Thalmann-Str. 5, 09661 Hainichen

M Materialforschungs und -prifanstalt an der
Bauhaus-Universitat Weimar
Postfach 2310, 99404 Weimar

B Max Bogl Bauservice GmbH & Co. KG
Max-Bogl-Str. 2, 07546 Gera

B maxit Baustoffwerke GmbH
Brandensteiner Weg 1, 07387 Krdlpa

B MeiRner Hoch-, Tief- und StraRenbau GmbH
Olbergstrafte 4-6, 53840 Troisdorf

B MFPA Leipzig GmbH
Postfach 74 11 06, 04323 Leipzig

M Miuller Fugensysteme GmbH
Niederdorfstralte 57, 01877 Rammenau

M NU Informationssysteme GmbH
BahnhofstraRe 4, 01587 Riesa

B OPTERRA Karsdorf GmbH
StralRe der Einheit 25, 06638 Karsdorf

B PAGEL Spezial-Beton GmbH & Co. KG
Wolfsbankring 9, 45355 Essen

H PAULSBERG OHG
Loschwitzer StralRe 56, 01309 Dresden

B Photonion GmbH
Hagenower StraRe 73, 19061 Schwerin

B Planning GmbH
Eichertstraflse 10, 56745 Weibern

B pmp Projekt GmbH, Gesellschaft fiir
Projektentwicklung und Generalplanung mbH
Domlinden 21, 14776 Brandenburg

B Podobnik Bohr und Sage GmbH
Elly-Beilhorn-Str. 2, 69214 Eppelheim

M Prignitz Mikrosystemtechnik GmbH
Margarethenstral3e 61, 19322 Wittenberge

M Qpoint Composite GmbH
Breitscheidstral3e 78, 01237 Dresden

H Reisch Ingenieure GmbH
ProllstralRe 14, 86157 Augsburg

B Rekers Betonwerk GmbH & Co. KG
PortlandstralBe 15, 48480 Spelle

B Ruhr-Universitat Bochum, Fakultat Bau- und
Umweltingenieurwissenschaften, Lehrstuhl
Baustofftechnik
Universitatsstrafde 150, 44801 Bochum

B RWTH Aachen, Institut fir Massivbau
Mies-van-der-Rohe-Strafde 1, 52074 Aachen

B RWTH Aachen University, Institut fir
Bauforschung, Lehrstuhl fiir Baustoffkunde
SchinkelstralRe 3, 52062 Aachen

B Sachsisches Textilforschungsinstitut e. V. (STFI)
Annaberger StralRe 240, 09125 Chemnitz

B SAERTEX GmbH & Co. KG
Brochterbecker Damm 52, 48369 Saerbeck

B SCALE GmbH
DonaustraRe 7, 85049 Ingolstadt

M Schill + Seilacher ,, Struktol” GmbH
Moorfleeter Stral3e 28, 22113 Hamburg

M schlaich bergermann und partner.sbp gmbh
SchwabstraRe 43, 70197 Stuttgart

W Schlatter Deutschland GmbH & Co. KG
Dahlweg 105, 48163 MUnster

M Schock Bauteile GmbH
Vimbucher StraRe 2, 76534 Baden-Baden

B SC Tiefbau GmbH
Austr. 6, 72320 Kirchheim unter Teck

B SGL Carbon GmbH
Werner-von-Siemens-StrafRe 18, 86405 Meitingen

B Sika Deutschland GmbH
Kornwestheimer Strafse 103-107, 70439 Stuttgart

W SKZ-KFE gGmbH
Friedrich-Bergius-Ring 22, 97076 Wrzburg

M Solidian GmbH
Sigmaringer StraflRe 150, 72458 Albstadt

M Specht Kalleja & Partner GmbH
KeplerstraRe 8-10, 10589 Berlin

B Staubli GmbH
Theodor-Schmidt-StraRe 19, 95448 Bayreuth

M steinbeisser GmbH
Max-Planck-Ring 8, 06188 Landsberg/OT Queis

B STL Heizsysteme GmbH
Florian-Geyer-Straf3e 7, 01307 Dresden

B Synthomer Deutschland GmbH
WerrastralRe 10, 45768 Marl

B Syspro-Gruppe Betonbauteile e. V.
Hanauer StraRe 31, 63526 Erlensee

B TARKU S IngenieurSanierung GmbH
Hochbergweg 2, 12207 Berlin

B Technische Universitat Berlin, Fachgebiet
Entwerfen und Konstruieren — Massivbau
Gustav-Meyer-Allee 25, 13355 Berlin

M Technische Universitat Chemnitz, Fakultat
Maschinenbau, Institut fiir Strukturleichtbau,
Professur Strukturleichtbau und
Kunststoffverarbeitung
Reichenhainer Strafse 31/33, 09126 Chemnitz

M Technische Universitat Darmstadt,
Ernst-Berl-Institut fiir Technische und
Makromolekulare Chemie
Alarich-Weiss-StralRe 8, 64287 Darmstadt

M Technische Universitat Darmstadt,
Fachgebiet Massivbau
Franziska-Braun-Strafse 3, 64287 Darmstadt

M Technische Universitat Dresden, Fakultat
Bauingenieurwesen, Institut fiir Massivbau
01062 Dresden

M Technische Universitat Dresden, Fakultat
Bauingenieurwesen, Institut fiir Statik und
Dynamik der Tragwerke
01062 Dresden



B Technische Universitat Dresden, Fakultat
Bauingenieurwesen, Institut fir Baustoffe - IfB
01062 Dresden

B Technische Universitat Dresden,
Fakultat Bauingenieurwesen, Institut fir
Baubetriebswesen
01062 Dresden

H Technische Universitat Dresden, Fakultat
Architektur, Institut fiir Bauklimatik
01062 Dresden

B Technische Universitat Dresden, Fakultat
Wirtschaftswissenschaften, Lehrstuhl fir
Betriebliche Umweltékonomie
01062 Dresden

B Technische Universitat Dresden, Fakultat
Maschinenwesen, Institut fiir Textilmaschinen
und Textile Hochleistungswerkstofftechnik - ITM
01062 Dresden

B Technische Universitat Dresden, Fakultat
Maschinenwesen, Institut fiir Leichtbau und
Kunststofftechnik — ILK
01062 Dresden

B Technische Universitat Dresden, Fakultat

Maschinenwesen, Institut fir Verfahrenstechnik

und Umwelttechnik, Arbeitsgruppe
Mechanische Verfahrenstechnik
01062 Dresden

B Technische Universitat Dresden, Fakultat
Maschinenwesen, Institut fir Werkzeug-
maschinen und Steuerungstechnik - IWM
01062 Dresden

B Technische Universitat Dresden, Fakultat
Elektrotechnik und Informationstechnik,
Institut fiir Nachrichtentechnik, Lehrstuhl
Hochfrequenztechnik
01062 Dresden

H Teijin Carbon Europe GmbH
Kasinostrafie 19-21, 42103 Wuppertal

H textone. V.
Alte Dresdner StraRe 99, 01108 Dresden

H thones® Dichtungstechnik GmbH
Zeppelinstralde 15, 01665 Klipphausen

H thyssenkrupp Carbon Components GmbH
Frankenring 1, 01723 Kesselsdorf

B ToPAS GmbH
Oskar-Roder-Strae 12, 01237 Dresden

B TORKRET GmbH
LangemarckstraRe 39, 45141 Essen

B TUDAG
Freiberger Strafse 37, 01067 Dresden

B TUDALIT e. V.
Freiberger StraBe 37, 01067 Dresden

B TUDATEX GmbH
Freiberger Strale 37, 01067 Dresden

B UNGER Bau-Systeme GmbH
Donauworther StraRe 2, 09114 Chemnitz

B Universalbeton Heringen GmbH & Co. KG
Nordhauser StraRe 2, 99765 Heringen

B Universitat Rostock, Institut fiir Chemie,
Abteilung Analytische und Technische Chemie
Dr.-Lorenz-Weg 1, 18059 Rostock

B Universitat Stuttgart, Institut fiir Leichtbau,
Entwerfen und Konstruieren - ILEK
Pfaffenwaldring 14, 70569 Stuttgart

W VDZ gGmbH
Postfach 30 10 63, 40410 Dusseldorf

B VETRA Betonfertigteilwerke GmbH
IndustriestraRe 6, 26802 Neermoor

B Weber Betonwerk GmbH
IndustriestraRe 3-5, 97258 Ippesheim

B WILHELM KNEITZ Solutions in Textile GmbH
Holzwiesenweg 17, 95028 Hof/Saale

B Wilhelm Wallbrecht GmbH & Co. KG
Adelheidstral3e 24, 30171 Hannover

B WTM Engineers GmbH
Johannisbollwerk 6-8, 20459 Hamburg

W Zeisberg Carbon GmbH
Voltmerstrafte 65, 30165 Hannover

M Ziegelwerk Arnach GmbH & Co. KG
Ziegeleistralie 1, 88410 Bad Wurzach

Stand: August 2020
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Wegweiser
fur den
Baustoff

EE
[=]

build solid.

Wir sind Experten fur nicht-metallische Bewehrungen aus solidian steht fir Innovation, Technologie und erstklassigen
Carbon-, Glas-, oder Basaltfasern. Mit einem eigenen Service. Mit einem Team, bestehend aus 270 Mitarbeitern
Entwicklungslabor und der engen Zusammenarbeit mit an zwei Standorten, erarbeiten wir fr unsere Kunden
fuhrenden universitaren Forschungseinrichtungen arbeiten praxisrelevante Losungen flr Bauwerke und Konstruktionen
wir an innovativen Losungen fur die Baubranche. von Morgen.

Unsere nicht-metallischen
Bewehrungen haben zahlreiche Vorteile:

Y @ 9 ¢

Leicht bis zu 7x starker Nicht Starke
als Stahl atzend Verbindung
g,
I()—Oi @ $ -
Niedrigere Einfache Niedrigere Chlorid
Transportkosten Handhabung Instandhaltungskosten  bestandig
solidian GmbH Kelteks d.o.o.
Q Sigmaringer StraRe 150 Q Dr. Slavka Rozgaja 3
72458 Albstadt, Deutschland 47000 Karlovac, Croatia
=« info@solidian.com =4 info@solidian-kelteks.com
solidian @ www.solidian.com @ www.solidian.com
% Kkelteks O P +49 743110-3135 O P +385 47 693 300

QO F +49 743110-63135 QF +385 47 434 203
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Herzlichen Dank an unsere Unterstiitzer:

GEFGRDERT VOM

o Ay TECHNISCHE DEUTSCHES
Bundesministerium UNIVERSITAT -
@ Pt g ‘ 50 GWT ™ DRESDEN HYGIENE-MUSEUM

PARTNERSCHAFT FUR INNOVATION

125



126



| UND TEXTILBETONTAGE 2019

Notizen

127



128



Umschlag ist als sepa-
rate Datei angelegt!!!




C3 Comadte TUDALIT

com pOSlte Leichter bauen — Zukunft formen

www.bauen-neu-denken.de www.tudalit.de




