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lll. Abstract

Steel fibre reinforced concrete (SFRC) has the potential to be used for versatile applications
in a cost-efficient and resource-saving way. One of the biggest obstacles for further application
at present is that the fibre content, fibre distribution and fibre orientation cannot be determined
exactly. Although the global fibre content can be calculated from total fibre addition in the
manufacturing plant, local differences regarding the fibre content within the material arising
from formwork geometry or other factors remain difficult to quantify. Moreover, only
assumptions can be made regarding the distribution and orientation of fibres. As a
consequence, high partial safety factors have to be applied for the static design of structural
elements, which prevents an economic use of steel fibre concrete in many cases.

To address this challenge, the main objective of this thesis was the development of an easy-
to-use measurement approach that enables the determination of the above-mentioned
parameters. Based on an in-depth literature review, the electrical resistivity measurement was
identified as a promising approach for the measurement methodology. After identifying the
decisive influencing factors from the measurement principle and the material SFRC, a
prototype test setup for cubic specimens was developed and tested. Following an extensive
parameter study to optimize the measurement system, the setup was extended to include
cylindrical specimens, allowing for the examination of drilling cores.

Using a two-electrode setup with an alternating current application in a frequency range of 1 to
10 kHz, the electrical resistance measurements yielded positive outcomes. Lower frequencies
led to time-dependent measurement errors, which can be attributed to a polarisation at the
electrodes. To analyse the measurement results, it is necessary to convert the measured
electrical resistances into geometry-independent electrical resistivities. Geometry factors for
specific electrode arrangements can be obtained with help of FEM simulations, coupled to a
multiphysics-software. By comparing the electrical resistivities of the SFRC with a plain
reference concrete, the steel fibre content can be determined with sufficient accuracy. The
estimation of the fibre orientation was possible by the relation of different measuring directions
of a sample.

The greatest challenge for the further development of the measurement system was identified
with the need for a reference concrete or knowledge of its electrical resistivity. The focus of
future investigations must therefore be on the creation of a material parameter-dependent
database so that an analysis of structural concretes can be realised. In addition, it is necessary
to transfer the prototype measuring system into a system with well-defined coupling and
measuring conditions. After the successful development and adaptation of these factors, the
measurement methodology may be transferred to a general guideline and/or standard in order
to be able to realise new static design principles with lower partial safety factors. This will
enable material-efficient design principles for steel fibre reinforced concrete in the future.
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IV. Kurzfassung

Stahlfaserbeton weist das Potential auf, kosteneffizient und recourcenschonend fir vielseitige
Anwendungen eingesetzt zu werden. Eines der groften Hindernisse fur die weitere
Anwendung besteht zurzeit darin, dass der Fasergehalt, die Faserverteilung und die
Faserorientierung nicht exakt bestimmt werden konnen. Zwar lasst sich der globale
Fasergehalt aus der gesamten Faserzugabe im Herstellwerk berechnen, aber lokale
Unterschiede im Material, die aus der Schalungsgeometrie oder anderen Faktoren resultieren,
sind jedoch nicht messbar. Bezlglich der Verteilung und Orientierung kénnen zudem nur
Annahmen getroffen werden. Dies hat zur Folge, dass flr die statische Bemessung hohe
Teilsicherheitswerte angesetzt werden muissen, was den effizienten Einsatz von
Stahlfaserbeton in vielen Fallen nicht ermoglicht.

Um dieser Herausforderung in Zukunft zu begegnen, war das Hauptziel dieser Dissertation die
Entwicklung eines einfach zu handhabenden Messverfahrens, was die Bestimmung der oben
genannten Parameter ermdglicht. Hierzu erfolgte aufbauend auf einer umfangreichen
Literaturrecherche die Auswahl der elektrischen Widerstandsmessung als vielversprechender
Ansatz der Messmethodik. Nach der Identifizierung der malRgebenden Einflussfaktoren aus
dem Messprinzip und dem Werkstoff Stahlfaserbeton wurde ein prototypischer Messaufbau
fur wirfelformige Prifkorper entwickelt und erprobt. Nach der Optimierung des Messsystems
durch eine umfangreiche Parameterstudie wurde der Aufbau fir zylindrische Proben erweitert,
um die Analyse von Bohrkernen zu ermdglichen.

Die Messung der elektrischen Widerstande zeigte gute Resultate bei der Nutzung eines Zwei-
Elektroden-Aufbaus mit einer Wechselstrombeaufschlagung in einem Frequenzbereich von
1 bis 10 kHz. Geringere Frequenzen fuhrten zu zeitabhangigen Messfehlern, die auf eine
Polarisation an den Elektroden zurlckgefuhrt werden kénnen. Zur Analyse der
Messergebnisse ist die Umrechnung der gemessenen elektrischen Widerstande in
geometrieunabhangige spezifische Widerstdnde notwendig. Die hierzu bendtigten
Geometriefaktoren fur definierte Elektrodenanordnungen koénnten mit Hilfe einer FEM-
Simulation in Kombination mit einer Multiphysik-Software durchgefiihrt werden. Uber den
Vergleich der ermittelten spezifischen Widerstdnde des Stahlfaserbetons mit einem
unbewehrten Referenzbeton kann der Stahlfasergehalt ausreichend genau ermittelt werden.
Die Abschatzung der Faserorientierung war durch die Relation unterschiedlicher Messrichtung
einer Probe mdglich.

Als grofite Herausforderung fiir die Weiterentwicklung des Messystems wurde das Erfordernis
eines Referenzbetons bzw. die Kenntnis dessen spezifischen Widerstands identifiziert. Der
Fokus zukunftiger Untersuchungen muss daher auf der Erstellung einer materialparameter-
abhangigen Datenbank liegen, damit eine Analyse von Bauwerksbetonen realisiert werden
kann. Zudem ist die Uberfiihrung des prototypischen Messsystems in ein System mit
definierten Ankopplungsbedingungen und Messbedingungen notwendig. Nach der
erfolgreichen Entwicklung und Adaptierung dieser Faktoren kann die Messmethodik in eine
allgemeine Richtlinie oder Norm Uberfuhrt werden, um neue statische Bemessungsprinzipien
mit geringeren Teilsicherheitsbeiwerten realisieren zu kénnen. Dies wird in Zukunft eine
Material-effizientere Bemessung erméglichen.



V Table of Contents VI

V. Table of Contents

l. Preface. .....oooiiiiieeee e I
Il ACKNOWIEAGEMENT ... . [l
L PO LY o1 = T SR v
V. KUFZFQSSUNG ...ttt Vv
V. Table Of CONENTS......uiiiiiiiiieiiiitittt ettt asennnes VI
VI LISt Of PAPEIS ..t e e e e e ettt e e e et e e e e et eeaees X
[V L B ) o B 1= o] [ PP OPTRRPRTRRRRRRN XIl
VI List Of FIQUIES....cooiiiieieeeeeeee e XVI
1 INEFOAUCTION ...ttt eeees 1
Tl MOTIVALION. ... 1
1.2 Structure of thisS TheSIS........uuiiiiiii e 1

2 Theoretical BackgroUnd............ooooiiiii e eaeans 4
2.1 Electrical RESISHIVILY......cociieii e 4
211 GBNEIAL ... 4
2.1.2 Electrical ReSISHVILY.......iiiieii e 4
213 [ g 01T o E=T oLt = S0 5

2.2  Steel Fibre Reinforced CONCrete ..........coooiiiiiiiiiiiiiiiiiie e 6
2.2.1 Mechanical Properties and Applications ............coeiiiiiiiiiiiiiiiiie e, 6
2.2.2 Influence of Fibre Content ... 8
223 Influence of Fibre Orientation ... 10
224 INFIUENCE Of FIDrE TYPE. e 15

2.3 Determination of Fibre Content and Orientation ..., 16
2.3.1 Test-Setups for the Analysis of Steel Fibre Reinforced Concrete .................... 16
2.3.2  Evaluation of the Different Test-Setups ..., 26
233 Influencing Parameters for Electrical Resistivity Measurements...................... 27

24 Summary Of LIHErature ...........oooviiiiiiiiiiiiiiiiiiieiiiiiiieeeeeeeeeeeeeeeeeeeeeee e 35

3 Initial Investigations on Concrete Cubes............ooovvviiiiiiiiiiiiiiiee 36
3.1 ADSITACE. .. 36

K 02 | 011 e T [T 1o o I PP PP PPPPPPPPPPI 36
3.3  Materials and Methods ...........ccoiviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e 39

3.3.1 1Y =Y (= g = £ TP 39



V Table of Contents VII

3.3.2 Experimental Methods. ...... ..o 41
3.3.3 Resistivity Measurements ............ooouiiiiiiiiiiiicee e 43
34 RESUIS ..ottt 44
3.4.1 General Results of the Evaluation ................oooiiiiiie e 44
3.4.2 Effects of Single Parameter Variations in Concrete Composition..................... 46
3.4.3 Effects of Variation of Steel Fibre Type ... 51
3.4.4  Effects of Concrete Age and Storage Medium...............cccoiiiiiiiiiiiiiiiiiiiiiiiineens 54
3.5 DISCUSSION ...ttt ettt e e e e e e e e e e e e e e e e 56
K G I O o o (o3 U1 o] o = F PP PPPPPPPPPP 59
4 Advanced Investigations on Concrete Cubes ..........coovviiiiiiiiiii e 60
g B N o1 1 =T 60
4.2 INTFOTUCTION ..ttt 60
4.3  EXperimental Programi....... ... . e et 62
4.3.1 MAEETIAIS ... 62
G B - =] S T=1 (U o PR 63
4.4 ResSuUlts and DiSCUSSION .......uuuuuuuiiiiiiiiiiiiiiiiiiiiiii e aeneeeeneeneennnees 65
441 Correlation between Electrical Resistivity and Fiber Content........................... 65
44.2 Influence of Frequency and Measuring Time..........ccoovvviiiiiiiiiiiiiiiiiieieeeeeeeeee 66
443 Influence of AMPIIUAE..... ..o 70
444  Influence of SPECIMEN AQE......coooiiiiiiiiiiiiieeeeeeee e 70
445  Statistical Verification ... 71
4.5 Development of a Prediction Method..............coiiiiiiiiiice e 73
451 BaSiC APPIrOGCK ... .o 73
45.2  Extension to Different Concrete AgeS..........oovvveviiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeee 74
T ©7o] o Tod (V=70 o 1 J S 75
5 Investigations on Concrete CYlNAErs .........oooovviiiiiiiiiiiiiiiiieeeeeeeeee 77
5.1 ADSIrACE. ..o 77
5.2 INIrOAUCTION ...ttt e e 77
5.3 Materials and Methods ............ooiviiiiiiiiiiiiiiiiiiiiiiieeeeee e 78
5.3.1 Concrete MiX DeSIGN .....ooiiiiiiiiiiiee e 78
5.3.2 Experimental Setup ..., 79
5.3.3  Modelling of CUrrent FIOW...........cooiiiiiiiiiii e 80

534 Evaluation of the ReSUILS.....c.oe e e 82



V Table of Contents VIl

5.4  ReSuUlts and DiSCUSSION .........ceiiiiiiiiiiiiiiiiiiiiiiiiiiet ettt 83
5.4.1 Validation of the Test Setup .....cccooeiiiiiiii e, 83
5.4.2 Estimation of the Fibre Content ... 89
5.4.3  Estimation of the Fibre Orientation ............ccccoiiiiiii 90
TR T O7o o (o1 011 o] o = J PP PPPPPPPPPP 91
6 Investigations on Concrete Drilling COres ... 93
6.1 ADSIrACE. ... 93
6.2 INIFOAUCTION ...ttt e e e e e e e e e e e 93
6.3 Materials and Methods ............oooviiiiiiiiiiiiiiiiii e 94
6.3.1 Concrete MiX DESIGN ... i 94
6.3.2 EXperimental SEtUP .......oovueiii 95
6.3.3  Modelling of the Current FIOW...........oooiiiiiiiiiiicc e 97
6.3.4 Evaluation of the ReSUItS............ooooo 99
6.4  Results and DiSCUSSION ..........ceuiiiiiiiiiiiiiiiiiiiiiiiieeie ettt 100
6.4.1 Tests on Concrete Cubes as Additional Specimens ............c.ccevvciiiiiiienienene, 100
6.4.2  Testing of Drilling Core Samples ..........ceiiiiiiiiiiiicce e 104
S I ©7o o [od 011 o T o - F PP PPPPPPPP 113
7 Conclusions and OULIOOK. ........uuuuiiiiiiiiii e 115
7.1 Summary of the Optimum Test Setup.....cccoovvriiiiii e, 115
7.2  Limitations of the Developed Test Method............ccccooiiiiiiiiiii 116
7.3  Summary of Additional Test ReSUS...........ccoovviiiiiiiiiiiiiiiiiiiiiieee 116
T4 CONCIUSIONS. ...ceiiieieite ettt e e e e e et e e e e e e e e e e e e e e e aaaaa 118
45 T © TV o o PP PPPPPPPPP 118
D G = =T =T o[ T XXII
X.  Annex A — Influence of Fibre Orientation on Single Fibre Pull-Out Strength ......... XXXIX
o TeSt Program ... XXXIX

. RESUILS o XL

Xl.  Annex B — Influence of Fibre Content on 3-Point Bending Strength.......................... XLII
. TeStProgram ... XLII
TR =TT U PRSP XLII

Xll.  Annex C — Influence of Fibre Content and Orientation on Mechanical Properties....XLIV

. TeSt Program ... XLIV



V Table of Contents IX

. RESUIS o XLVI
Xlll. Annex D — Further Analysis by Use of Computed Tomography...........ccccccevvveneee. XLVII
o Materials ... XLVII

. MEBENOAS ... e e XLVII
. RESUILS e L
a. Results of the Electrical Resistivity Measurements................ccoooviiiieiic i, L

b.  Results Of CT-SCaANNING .......uuuiiiiiiiiiiiiiiiiiiiiiiii bbb eeeaeaaee LIl

c. Results of the Optoanalytical Investigation .............cccccoeceiii i, LVI

XIV. Annex E — Tables and FIQUIES .......c.cuuiiiiiiii et e e e e e LVII



VI List of Papers X

VI. List of Papers

The thesis contains four published papers, which are listed below and presented in sections 4
to 6.

1.) Cleven S, Raupach M, Matschei T. Electrical Resistivity of Steel Fibre-Reinforced Concrete
- Influencing Parameters. Materials. 2021; 14(12):3408
https://doi.org/10.3390/ma14123408

2.) Cleven S, Raupach M, Matschei T. Electrical resistivity measurements to determine the
steel fiber content of concrete. Structural Concrete. 2022; 23(3):1704-1717
https://doi.org/10.1002/suco0.202100832

3.) Cleven S, Raupach M, Matschei T. A New Method to Determine the Steel Fibre Content of
Existing Structures — Test Setup and Numerical Simulation. Applied Sciences. 2022;
12(2):561 https://doi.org/10.3390/app12020561

4.) Cleven S, Raupach M, Matschei T. A New Method to Determine the Steel Fibre Content of
Existing Structures—Evaluation and Validation. Applied Sciences. 2022; 12(1):454
https://doi.org/10.3390/app12010454

Further relevant Publications by the author

5.) Brameshuber W, Cleven S, Uebachs S, Kerkhoff H. Stahlfaserbeton fur Tlbbings: Eine
Alternative zur Stahlbewehrung? BFT international. 2015; 81(2):188-189

6.) Cleven S, Raupach M, Gerguri V. Prifmethoden zur Beurteilung der Leistungsfahigkeit von
Stahlfaserbeton - Beurteilung der gangigen Verfahren und vergleichende
Untersuchungen. Beton, Verlag Bau + Technik GmbH, Erkrath. 2018; 68(6):220-224

7.) Cleven S, Janissen L, Raupach M. Prifmethoden zur Beurteilung der Leistungsfahigkeit
von Stahlfaserbeton - Beurteilung der gangigen Verfahren und vergleichende
Untersuchungen. FSKB: Am Puls der Betontechnologie — aktuelle Erkenntnisse,
2019:3:1-26

8.) Wolf S, Cleven S, Vlasak O. Early age shrinkage crack distribution in concrete plates
reinforced with different steel fibre types. Fibre reinforced concrete: improvements and
innovations: RILEM-fib International Symposium on FRC (BEFIB). Serna P, Llano-
Torre A, Navarro-Gregori J. 2020; 24-34 https://doi.org/10.1007/978-3-030-58482-5 3



VI List of Papers Xl

9.) Hunger M, Bokern J, Cleven S, Vrijdaghs R. Creep in FRC: from material properties to
composite behavior. Fibre reinforced concrete: improvements and innovations: RILEM-
fib International Symposium on FRC (BEFIB). Serna P, Llano-Torre A, Navarro-Gregori
J. 2020; 402-413 https://doi.org/10.1007/978-3-030-58482-5_37



\ll List of Tables Xl
VIl. List of Tables
Table 2.1 Geometry factors of different electrode configurations (Edwards, 1977,
REICHIING, 2014 ).ttt e e e e et a e e e nreeeaean 25
Table 2.2 Overview and comparison of the most important test setups for the
analysis of fibre content and orientation in concrete (Wichmann et al., 2013) ......... 26
Table 2.3 Electrical resistivities of different fibre materials (Banthia et al., 1992) ........... 34
Table 3.1 Characterisation of the cements and supplementary cementitious
MALEITAIS. ...t e e e e e e e e e e 39
Table 3.2 Parameters of the used fibres................uiiiiiiiiiiiiiiiiis 40
Table 3.3 Concrete mix design of the basic concrete ............cocveeeiiiiiiiiiici e, 41
Table 3.4 Statistical concrete matrix with combined variations ................ccccccciiiiiiinnnns 42
Table 3.5 Initial composition of synthetical pore solution ............cccccceeeei i, 43
Table 3.6 Effect of the single parameters on the electrical resistivity of SFRC............... 57
Table 4.1 Concrete MIX AESIGN ... .cci i eeeeeaaaas 63
Table 4.2 Parameters of the resistivity analyzers................cccuvviiiiiiiiiiiiiiiiiiis 65
Table 5.1 Concrete mix design of the basic concrete ...........ccocvveeeiiiiiiiiiie e, 78
Table 6.1 Concrete mix design of the basic concrete .............eeiiiiiiiiiiicii s 94
Table A.1 Test matrix of single fibre pull-out testing...........cccccoooiiiiiie XXXIX
Table A.2 Mortar composition for single fibre pull-out testing ...............cciiiiiiiiiiiiininnns XL
Table B.1 Concrete composition for 3-point bending tests ...........ccccceciiiiiiiinnnnns XLII
Table E.1 Concrete mix designs for the variation of the water/cement ratio ................ LVII
Table E.2 Concrete mix designs for the variation of the binder content....................... LVII
Table E.3 Concrete mix designs for the variation of the cement type.......................... LVII
Table E.4 Concrete mix designs for the variation of the content of GGBS ................. LVIII
Table E.5 Concrete mix designs for the variation of the steel fibre type .................... LV
Table E.6 Concrete mix designs for the multiple parameter variation—part 1 ............ LVIII
Table E.7 Concrete mix designs for the multiple parameter variation—part 2............... LIX
Table E.8 Concrete mix designs for the multiple parameter variation—part 3 .............. LIX
Table E.9 Concrete mix designs for the multiple parameter variation—part 4 .............. LIX
Table E.10 Results of the resistivity measurements of the basic concrete mixture
(B2-60-300-00).... . eeeeeeeieeieee et e e e et e e e e st e e e e et e e e e e e e e e e e e e e e e e e e anraeaaeaannaaeas LX
Table E.11  Results of the resistivity measurements of the concrete mixture
32-55-300-00 .....ueiiiieeeti it a e et e e e e e e e e e anraeaaeeannaeeas LX
Table E.12 Results of the resistivity measurements of the concrete mixture

32-65-300-00 ....ceieeeiiiitt e e e e e e e LX



Wl List of Tables X1
Table E.13 Results of the resistivity measurements of the concrete mixture
32-60-270-00 ... LXI
Table E.14 Results of the resistivity measurements of the concrete mixture
32-60-330-00 ... LXI
Table E.15 Results of the resistivity measurements of the concrete mixture
42-60-300-00 .....ceeeeeeeieiiiiiiiieieeeee ettt et e — e — et et —————— e e raaaraeaeeaeees LXI
Table E.16  Results of the resistivity measurements of the concrete mixture
52-60-300-00 ... LXII
Table E.17 Results of the resistivity measurements of the concrete mixture
32-60-300-35 ... oo LXII
Table E.18 Results of the resistivity measurements of the concrete mixture
32-60-300-65 ... LXII
Table E.19 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2.... oo LXIII
Table E.20 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F 3. ..o LXIII
Table E.21 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F 1 ..o LXIV
Table E.22 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2.... e LXIV
Table E.23 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F 3. .. LXV
Table E.24 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F 1 .. e LXV
Table E.25 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2... .o LXVI
Table E.26 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F3... .o LXVI
Table E.27 Results of the resistivity measurements of the concrete mixture
B2-05-270-35 ... LXVI
Table E.28 Results of the resistivity measurements of the concrete mixture
32-85-330-05 ... e LXVII
Table E.29 Results of the resistivity measurements of the concrete mixture
1T X 10 0O R LXVII
Table E.30 Results of the resistivity measurements of the concrete mixture
1O A 4 0T CT LXVII
Table E.31 Results of the resistivity measurements of the concrete mixture
42-65-300-35 ....oeiiiiiiiiiiiiiii ettt ateaataaatar e taaaaaaaaes LXVIII
Table E.32 Results of the resistivity measurements of the concrete mixture

52-55-300-65 ... LXVII



VI List of Tables XV

Table E.33 Results of the resistivity measurements of the concrete mixture
52-60-330-35 ....ceiiieeeiiiiie e e e e e e e e e taaae e e e e nrraaaaaaens LXVII

Table E.34 Results of the resistivity measurements of the concrete mixture
52-65-270-00 ....ceeeeeeeiiitee et LXIX

Table E.35 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 7 days for the investigations of possible
[acChing EffECtS .. ..o LXIX

Table E.36 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 14 days for the investigations of possible
leaChing €ffECtS.. ..o LXIX

Table E.37 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 28 days for the investigations of possible
[eaching ffeCtS......ccooi i LXIX

Table E.38 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 56 days for the investigations of possible
[€aChING EffECES .. .uei e LXX

Table E.39 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 91 days for the investigations of possible
[eaching ffeCtS......ccoo o LXX

Table E.40 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in H2O for 185 days for the investigations of possible
[eaching €ffeCtS.....cccc e LXX

Table E.41 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH), for 7 days for the investigations of
possible leaching effeCtS......... ... i LXX

Table E.42 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH). for 14 days for the investigations of
possible leaching effeCtS........ ... e i LXX

Table E.43 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH). for 28 days for the investigations of
possible leaching effeCtS......... ... LXXI

Table E.44 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH). for 56 days for the investigations of
possible leaching effeCtS.........ooouiiiiii e LXXI

Table E.45 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH). for 91 days for the investigations of
possible leaching effeCtS......... ... i LXXI

Table E.46 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in Ca(OH). for 185 days for the investigations of
possible leaching effeCtS........ ... LXXI



VI List of Tables XV

Table E.47 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 7 days for the
investigations of possible leaching effects.............ccccooiis LXXI

Table E.48 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 14 days for the
investigations of possible leaching effects...........ccccoieeiiiiiiic . LXXII

Table E.49 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 28 days for the
investigations of possible leaching effects.............cccccoiiis LXXII

Table E.50 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 56 days for the
investigations of possible leaching effects...........ccccovieeeiiicc . LXXII

Table E.51 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 91 days for the
investigations of possible leaching effects.............ccccciiiiis LXXII

Table E.52 Results of the resistivity measurements of the concrete mixture
32-60-300-00 after storage in synthetical pore solution for 185 days for the
investigations of possible leaching effects...........ccccovveeeiiiiiiici e, LXXIII

Table E.53 Geometry factors k for the validation tests of the test setup, calculated by
Comsol, with an electrode array with angular distances of 180 ° and the
electrical conductivity of the electrodes in Comsol model of titanium of
2.5 X 108 S/M .ot LXXII

Table E.54 Geometry factors k for the validation tests of the test setup, calculated by
Comesol, with an electrode array with angular distances of 90 ° and the electrical
conductivity of the electrodes in Comsol model of titanium of 2.5 x 10® S/m .....LXXIV

Table E.55 Geometry factors k for the drilling core analysis, calculated by Comsol
with an electrode array with angular distances of 90 ° and electrical conductivity
of the electrodes in Comsol model of stainless steel: 1.4 x 108 S/m................... LXXV

Table E.56 Geometry factors k for the drilling core analysis, calculated by Comsol
with an electrode array with angular distances of 90 ° and electrical resistivity of
the electrodes in the Comsol model of concrete: 100 QM ..........coovviiiiiiiiennenene, LXXV



VIl List of Figures XVI

VIII. List of Figures

Figure 1.1 Structure of the investigations inside this thesis..............ccciiiiii . 2
Figure 2.1 Impedance in Gaussian plane (Thannberger, 2002) ...........ccoovvviiiiiiiiiiiiieennnne. 6
Figure 2.2  Effect of fibre reinforcement in concrete (Holschemacher et al., 2006) ............ 7

Figure 2.3  Tension-CMOD-curve of fibre reinforced concrete (Leutbecher, 2007,

Lehmberg, 2018) ....ue e 8
Figure 2.4  Critical fibre content Vit (MUller, 2014) ... 9
Figure 2.5 Influencing parameters on the fibre orientation in fibre reinforced concrete
...................................................................................................................... 10
Figure 2.6  Possible orientations of fibres in concrete (Grunert, 2006)..................cevvueee.. 11
Figure 2.7  Influences of the concrete element itself on the fibre orientation (Mdller,
20T ) ettt e e e e as 11
Figure 2.8  Influence of the fibre orientation on transmissible force between concrete
and fibres (left: low strength fibre, right: high strength fibre) (Breitenblcher,
20 TR RSP 12
Figure 2.9 Transmissible tensile tension depending on the fibre orientation
(Lehmberg, 2018, van Mier, 1997) ... 13
Figure 2.10 Tensile behaviour of fibre reinforced concrete depending on the fibre
orientation (Frettlohr, 2011) ... 13
Figure 2.11 Bending tensile strength, after first cracking of concrete, depending on the
fibre orientation factor (Zhou & Uchida, 2017)........ccovvviiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieeeeeee 14
Figure 2.12 Interpretation of the fibre orientation factor (Leutbecher, 2007) according
to a) Lin, 1996 b) Markovic, 2006 c) Pfyl, 2003 .........cooviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee 15
Figure 2.13 Optoanalytical investigation of fibres in concrete (Wille et al., 2014)............... 17
Figure 2.14 Schematic figure of inductive testing (Wichmann et al., 2011) ...........cccceee 17
Figure 2.15 Microwave analysis with a) FSM method, b) Coaxial method (Jamil et al.,
2013 and Franchois et al., 2004) ... 18
Figure 2.16 Schematic overview of a CT-scanning process (Pittino et al., 2011)............... 19
Figure 2.17 Test setup for pulsed thermal ellipsometry(Maldague & Fernandes, 2013)
...................................................................................................................... 20
Figure 2.18 Basic elements in the vector diagram (Hoffmann-Walbeck, 2017) ................. 22
Figure 2.19 Representation of a RC element in the Nyquist plot (Reichling, 2014) ........... 22
Figure 2.20 Bode plot to present test results (Sauer, 2006)..............coumimemiiiiniiiiiiiiiinnnns 23
Figure 2.21 Schematic structure of the 2-point method (Rei14) ..........cooooiiiiiiiiiiiinns 24
Figure 2.22 Schematic structure of the test method according to Wenner (Reichling,
20T e e e et et e e e e e e reaaeas 24

Figure 2.23 Influence of the electrode distance on the electrical resistance (Banthia,



VIl List of Figures XVII

Figure 2.24 Influence of water saturation on electrical resistivity (Gjgrv et al., 1977) ........ 30

Figure 2.25 Influence of the cement on the electrical resistivity (Elkey & Sellevold,

1L ISP 31
Figure 2.26 Influence of granulated blast-furnace slag on electrical resistivity (Hope &

Ip, 1987, Whiting & Nagi, 2003) .....ccceiiiiiieiiiiiee e e e 32
Figure 2.27 Influence of aggregate size on resistivity (Sengul, 2014) ........ccccoeeiriiiiininnnnnn. 33
Figure 3.1  Shapes of the used fibres (left: fibre 1; middle: fibre 2; right: fibre 3).............. 40

Figure 3.2  Test setup for conductivity measurements, schematical setup (a) and
photo of test setup with investigated specimen (b).............ccccooiiiiiiiiiis 43

Figure 3.3  Effect of different frequencies of alternating current on the global electrical
resistivity of SFRC as function of the fibre content in the basic concrete mixture
(a) and main effect plot with 95 % confidence interval of different frequencies of
alternating current on the global electrical resistivity of SFRC calculated by
Minitab based on all experimental data (b) ............cccccoeeiiiiiic 45

Figure 3.4  Effect of the fibre content on the global electrical resistivity of SFRC in the
basic concrete mixture (a) and main effect plot with 95 % confidence interval of
the fibre content on the global electrical resistivity of SFRC calculated by Minitab
based on all experimental data (b)............ccooiiiiiii 46

Figure 3.5  Effect of the water/cement ratio on the global electrical resistivity of SFRC
as a function of fibre content (a) and main effect plot of the water/cement ratio
on the global electrical resistivity of SFRC calculated by Minitab (b)....................... 47

Figure 3.6  Effect of the binder content on the global electrical resistivity of SFRC as
a function of fibre content (a) and main effect plot of the binder content on the
global electrical resistivity of SFRC calculated by Minitab (b).............cooovvvvvivinnnn. 48

Figure 3.7  Effect of the cement type on the global electrical resistivity of SFRC as a
function of fibre content (a) and main effect plot of the cement type on the global
electrical resistivity of SFRC calculated by Minitab (b)............cccoiiiiiiiiiiiiii, 49

Figure 3.8  Effect of the addition of GGBS on the global electrical resistivity of SFRC
as a function of fibre content (a) and main effect plot of the addition of GGBS
on the global electrical resistivity of SFRC calculated by Minitab (b)....................... 50

Figure 3.9 Main effect plot of the concrete composition on the global electrical
resistivity of SFRC calculated by Minitab based on the mixtures of the multiple
PAramMeEter Variation ..............u i e e 51

Figure 3.10 Effect of the steel fibre type (geometry) on the global electrical resistivity
of SFRC as a function of fibre content (a) and main effect plot of the steel fibre
type (geometry) on the global electrical resistivity of SFRC calculated by Minitab
() SRR PPPPRSSRP 52

Figure 3.11 Effect of the steel fibre type (geometry) on the electrical resistivity in
horizontal direction of SFRC as a function of fibre content (a) and main effect
plot of the steel fibre type (geometry) on the electrical resistivity in horizontal
direction of SFRC calculated by Minitab (b) ... 53



Vi List of Figures XVIII

Figure 3.12 Effect of the steel fibre type (geometry) on the electrical resistivity in
vertical direction of SFRC as a function of fibre content (a) and main effect plot
of the steel fibre type (geometry) on the electrical resistivity in vertical direction
of SFRC calculated by Minitab (B) .......coooiiiiiiee e 54

Figure 3.13 Effect of the concrete age on the global electrical resistivity of SFRC
depending on the fibre content based on nine specimens.............cccccccveeeeeieeenninnn, 55

Figure 3.14 Effect of the storage conditions on the global electrical resistivity of SFRC
depending on the fibre content based on nine specimens..............ccccccvveeeeieeennnn, 55

Figure 3.15 Main effect plot of the concrete age on the global electrical resistivity of
SFRC calculated by Minitab based on nine specimens (a) and main effect plot
of the storage conditions on the global electrical resistivity of SFRC calculated
by Minitab based on nine specimens (b).............ooiiiii 56

Figure 4.1 Shape of the electric field of two parallel electrodes..............coovvviiiiiiiennnnnne. 64

Figure 4.2  Scheme of the test setup (a) and photo of the test setup (b) for conductivity
=T T =T 0 aT=T o £ PR 64

Figure 4.3  Correlation between electrical resistivity, respectively, conductivity and
fiber content, resistivity analyzer: Extech Instruments LCR200.............ccvvvvvveeeeeee. 66

Figure 4.4 Effect of varying measuring time on the electrical resistivity of PC,
resistivity analyzer: Gamry Instruments 1010E ...........coooo i, 67

Figure 4.5 Effect of varying frequency on the electrical resistivity of concrete,
resistivity analyzer: Gamry Instruments 1010E ...........ccooi i, 68

Figure 4.6  Effect of varying frequency and measuring time on the electrical resistivity
of PC, resistivity analyzer: Gamry Instruments 1010E ...............ooooiiiiiiiiieeeeeees 69

Figure 4.7  Effect of varying frequency and measuring time on the electrical resistivity
of SFRC with a fiber dosage of 80 kg/m?, resistivity analyzer: Gamry
INSTrUMENES TOTOE . ... . ettt nnneenennnes 69

Figure 4.8  Effect of varying amplitudes on the electrical resistivity of SFRC, resistivity
analyzer: Gamry Instruments 1010E...........ccc i 70

Figure 4.9  Effect of specimen age/storage duration on the electrical resistivity,
resistivity analyzer: Extech Instruments LCR200 ..............c.ooiiiiiiiiiiiiiiceee e, 71

Figure 4.10 COV of the electrical resistivity in measurements at specimen age of 7

days, resistivity analyzer: Extech Instruments LCR200.............ccceevviiiiiiiiiiiiiiennnn. 72
Figure 4.11 COV of the electrical resistivity in measurements at specimen age of 56

days, resistivity analyzer: Extech Instruments LCR200.............ccceeeeveiiiiiiiiiiiieeeeenn. 72
Figure 4.12 Correlation between fiber content and increase of conductivity...................... 73
Figure 4.13 Prediction method of fiber content based on increase of conductivity ............ 74
Figure 4.14 Extension of the prediction method to different concrete ages....................... 75

Figure 5.1 Breadboard for the connection of the LCR meter and different electrodes......79



VIl List of Figures XIX

Figure 5.2 PVC formwork with 12 MMO grid electrodes at three height levels with
angular distances of 90 ° (a) and MMO grid electrodes with notches for the

Figure 5.3 FEM model for cylindrical specimens consisting of a concrete cylinder
(grey) and twelve electrodes (40 x 10 mm?) at three height levels and with
angular distances of 90 °C (blue) (a) and grid model to simulate current flow
with an extremely fine grid (B).........cooeviiiiiiiiiie 81

Figure 5.4  Resulting iso-surfaces, calculated by Comsol, for angular distances of the
electrodes of 90 ° (@) 180 ° (B)....cceviiiieiiiieee e 82

Figure 5.5  Electrical resistivity in the horizontal direction depending on the frequency
and fibre content at a specimen age of 9 days and an electrode array with
angular distances 0f 90 © ... .o e 84

Figure 5.6  Electrical resistivity in different directions depending on fibre content at a
specimen age of 9 days and an electrode array with angular distances of 180 °.....85

Figure 5.7  Electrical resistivity in different directions depending on fibre content at a
specimen age of 38 days and an electrode array with angular distances of 180 °

Figure 5.8  Electrical resistivity in different directions depending on fibre content at a
specimen age of 9 days and an electrode array with angular distances of 90 °....... 87

Figure 5.9  Electrical resistivity in the vertical direction with different combinations of
electrodes depending on fibre content at a specimen age of 9 days and an
electrode array with angular distances of 180 °...........oovviiiiiiiiiiiiiieee, 88

Figure 5.10 Electrical resistivity in the vertical direction with different combinations of
electrodes depending on fibre content at a specimen age of 9 days and an
electrode array with angular distances of 90 °............coiiiiiiii e 89

Figure 5.11 Calculated fibre content of the concrete specimens with different electrode
arrays depending on fibre content and frequency of the alternating current at a
specimen age Of Q daYS.....cooviiiiiii 90

Figure 5.12 Calculated fibre orientation of the concrete specimens with different
electrode arrays depending on fibre content at a specimen age of 9 days............... 91

Figure 6.1  Schematic figure of the arrangement of the drilling cores in the concrete

Figure 6.2  Test setup for conductivity measurements, schematical setup (a) and
photo of a test setup with the investigated specimen (b) by Cleven et al., 2021...... 96

Figure 6.3  Cylindrical frame with 12 stainless steel electrodes on three height levels
with angular distances of 90 ° (a) and electrodes with covering and isolation (b)

...................................................................................................................... 97
Figure 6.4  Resulting isosurfaces, calculated by Comsol with different simulated
electrical conductivity/resistivity of the electrodes. (a) electrical conductivity of
electrodes: 1.4 x 10° S/m; (b) electrical resistivity of electrodes: 100 Qm................ 99

Figure 6.5  Electrical resistivity of the concrete cubes in different ages.............ccc....... 100



VIl List of Figures XX

Figure 6.6  Calculated fibre content of the cubic specimens at varying frequencies of
the alternating current depending on the age of the concrete and the actual fibre
content of the samples (dotted lines represent the fitted trend lines according to
the equations given in the corresponding graph) .........ccceeiiiiiiiiiiiccie e, 101

Figure 6.7  Calculated fibre content of the cubic specimens at varying frequencies of
the alternating current of the samples with a fibre content of 80 kg/m?® (dotted
lines represent the fitted trend lines according to the equations given in the
€orresponding Graph).....uuu oo e e e eaaae 102

Figure 6.8  Calculated fibre orientation of the cubic specimens with a fibre content of
40 kg/m?3, based on the electrical resistivity measurements on specimens with
different concrete ages at a frequency of the alternating current of 1 kHz............. 103

Figure 6.9  Calculated fibre orientation of the cubic specimens with a fibre content of
80 kg/m?, based on the electrical resistivity measurements on specimens with
different concrete ages at a frequency of the alternating current of 1 kHz............. 104

Figure 6.10 Calculated electrical resistivity of PC drilling cores in different electrode
configurations, simulated with the conductivity of steel ..............cccccciiiei, 105

Figure 6.11 Calculated electrical resistivity of PC drilling cores in different electrode
configurations, simulated with the resistivity of concrete .............ccccoooiieeii 106

Figure 6.12 Calculated electrical resistivity of drilling cores depending on the fibre
o] 01 (T o | S USEPUPPPRR 107

Figure 6.13 Coefficient of variation of the calculated electrical resistivity of drilling
cores depending on the fibre content.............ccoo o 108

Figure 6.14 Calculated fibre content of the drilling cores as a function of the actually
added fibre content ... 109

Figure 6.15 Calculated fibre content of the drilling cores depending on the fibre content
by use of the adjusted fibre aspect ratio.............cccccvuemiiiiiiiiiiiies 111

Figure 6.16 Calculated fibre orientation of the drilling cores with a fibre content of

L0 (e 3 OO URP P PPRPP 112
Figure 6.17 Calculated fibre orientation of the drilling cores with a fibre content of

B0 KO/ M et et e e et et e e e e a e e e e anees 113
Figure A.1  Specimen dimension for single fibre pull-out testing ..............cccccccninnnes XXXIX

Figure A.2 Maximum transmissible tensile force in dependence of the different
embedding angles of the fibres ... XL

Figure B.1  Strength-CMOD-curves as results of the 3-point bending tests of fibre
reinforced concrete beams with fibre contents of 40 kg/m® and 80 kg/m? (Cleven
B AL, 2018 e e XL

Figure C.1  Prepared specimen for wedge splitting test ............cccccois XLIV

Figure C.2  Orientation of the wedge splitting test, in casting direction, turned 90 ° and
BUINEA 180 e e e e e ettt e e e e e e e rr e aaaeaaanaa XLV

Figure C.3  Schematic load distribution in wedge splitting test (Nordon, 2005).............. XLV



VIl List of Figures XXI

Figure C.4 Load-displacement-curves as result of wedge splitting test on steel fibre
reinforced concrete cubes with a fibre content of 40 kg/m? in dependence of the
testing dIr€CHON .......oiiiiiiiiiiiiiiiiie XLVI

Figure C.5 Load-displacement-curves as result of wedge splitting test on steel fibre
reinforced concrete cubes with a fibre content of 80 kg/m?® in dependence of the

teStiNG AIFECHION ... e XLVII
Figure D.1  Surfaces to be analysed via MiCrOSCOPY ............uuuummmmimmmmiiiiiiiiiiiiiiiiiiiiiieas XLIX
Figure D.2  Electrical resistivity results — S1 (macrofibre — vibrating table)........................ L
Figure D.3  Electrical resistivity results — S2 (macrofibre — internal vibrator)...................... LI
Figure D.4  Electrical resistivity results — S3 (Microfibre) ..., LIl
Figure D.5 CT image of specimen S1 —40 Kg/M?3..........cccooiiiimiiiiiiiiiiieeees LIl
Figure D.6 CT image of specimen S1 =70 Kg/m3........coooiiiiiiiiiiiccee e, LIl
Figure D.7 CT image of specimen S2 — 10 Kg/M?3..........ccoiiimiiiiiiiiiees LIV
Figure D.8 CT image of specimen S2 — 30 Kg/M>3........coooiiiiiiii e, LV
Figure D.9 CT image of specimen S3 — 40 Kg/M?3..........ccoiimiiiiiiiiiiieees LV
Figure D.10 CT image of specimen S3 — 70 Kkg/m3.........oooriiiiiiiiicee e, LVI

Figure E.1  Interaction plot of the effects of the concrete composition on the global
electrical resistivity of SFRC calculated by Minitab based on the mixtures of the
multiple parameter variation.............c.oooiuiiiiiii LXXVI

Figure E.2  Main effect plot with 95% confidence interval of the w/c ratio on the global
electrical resistivity of SFRC calculated by Minitab based on all experimental
data (a) and main effect plot with 95% confidence interval of the binder content
on the global electrical resistivity of SFRC calculated by Minitab based on all
experimental data (B).........ooooiiiiiiii e LXXVI

Figure E.3  Main effect plot with 95% confidence interval of the cement type on the
global electrical resistivity of SFRC calculated by Minitab based on all
experimental data (a) and main effect plot with 95% confidence interval of the
GGBS content on the global electrical resistivity of SFRC calculated by Minitab
based on all experimental data (b)................uuuiiiiiiiiiiiiiis LXXVII

Figure E.4  Electrical resistivity in different directions depending on the fibre content
at a specimen age of 38 days and an electrode array with angular distances of
00 LXXVII

Figure E.5 Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 9 days and an electrode
array with angular distances of 180° ... LXXVIII

Figure E.6  Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 9 days and an electrode
array with angular distances of 90° ... LXXVIII



VIl List of Figures XXII

Figure E.7  Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 38 days and an electrode
array with angular distances of 180° ... LXXIX

Figure E.8 Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 38 days and an electrode
array with angular distances of 90° ... LXXIX

Figure E.9  Calculated fibre content of the concrete specimens with different electrode
arrays depending on the fibre content and frequency of the alternating current
at a specimen age of 38 days ... LXXX

Figure E.10 Calculated fibre orientation of the concrete specimens with different
electrode arrays depending on the fibre content at a specimen age of 38 days .LXXX



1 Introduction 1

1 Introduction
1.1 Motivation

Concrete can be described as easy to use and free mouldable material for many applications.
With an annual production of more than 32 billion tons it is the most used building material in
the world (de Brito & Saikia, 2013). In combination with short fibre reinforcement, commonly
by use of steel fibres, a ductile composite material can be created, which is able to resist
compressive as well as tensile stresses (Di Prisco et al., 2009, Ding et al., 2019, Ferdosian &
Camodes, 2021, Kachouh et al., 2019, Lehner et al., 2020, Shan & Zhang, 2014). In order to
use the material, some limitations still apply due to the inhomogeneity and possible anisotropy
of the material itself as well as the handling process. In ordinary steel reinforced concrete
(SRC) the reinforcement is placed before the casting process of the concrete and thus can be
monitored by structural engineers. In contrast to SRC, the local fibre content and orientation
of fibres in steel fibre reinforced concrete (SFRC) are hard to determine and only the total
added fibre content can be assessed easily. For this reason, the monitoring mechanisms for
SFRC are more complicated than for SRC and larger safety factors must be applied for static
calculations (Cugat et al., 2020, Herrmann et al., 2019, Molins et al., 2009, Tarawneh et al.,
2021).

The objective of this thesis is the development of an easy-to-use test to determine the steel
fibre content as well as the fibre orientation of SFRC. This test should be applicable in a non-
destructive way. It is based on electrical conductivity and an adjusted prediction model to
analyse freshly casted SFRC structures as well as precast elements and existing structures in
case of rehabilitation processes. This way, it presents a good alternative to common alternative
testing approach e.g., analysing drilling cores via crushing or specialised, expensive CT-
scanning tests. In order to achieve meaningful results a wide range of concrete compositions
has been investigated in the course of this study. The proposed test setup covers laboratory
and field applications and is inexpensive to install.

1.2 Structure of this Thesis

The thesis is structured in seven sections. After the introduction, the second section
summarises the state of the art concerning the impact of fibre content and orientation on the
performance of SFRC. In addition, relations to the mechanical behaviour of SFRC are derived.
Different known test-setups for the determination of those parameters are presented and
discussed.

A schematic summarising of the experimental investigations is presented in Figure 1.1. In total
4 scientific papers, presented by sections 3 to 6 and supplementary investigations were
prepared and serve as base for the development of a test procedure for SFRC.
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Investigations in Scientific Papers Supplementary Investigations
Paner 1 Identification of influencing factors on / \
P electrical resistivity of concrete Influence of Fibre Orientation on
Develop tofModeI i Bond Behaviour in Mortar
P Correlation between electrical Validation ofthe Motivation
P resistivity and fibre content in SFRC and Necessiffpf the Thesis
Influence of Fibre Content and
Basic Prediction Model for Cubic Orientation on Composite Mechanical
Specimens Adjusted Behaviour of SFRC

Development of a prediction method Dependency of Mechanical
for the calculation of fibre content and Properties of SFRC Validated
orientation in SFRC

Comparison of Different Test-Setups

Test Setup and
Numerical

Evaluation and
Validation Orientation in SFRC

Simulation
D Invasive Analysis of Concrete @ \ Test Setup and Model Validated /
K Structures with Basic Model /

Figure 1.1 Structure of the investigations inside this thesis

to Determine Fibre Content and

Paper 1 (section 3) identifies relevant test parameters and assesses the influence of the
concrete composition on the electrical resistivity of SFRC. For this purpose, various SFRC
compositions have been evaluated by variation of single parameters, like w/c ratio, cement
content, use of ground granulated blast-furnace slag, and fineness of cement. The tests were
performed with a simple and easy-to-use test setup on cubic concrete specimens, to achieve
reproducible results.

Paper 2 (section 4) deals with an in-depth evaluation of the electrical resistivity to identify a
prediction method for the fibre content based on electrical resistivity measurements. The
prediction method was deduced by the analysis of six series of cubic specimens, produced
with the same concrete composition and varying fibre content. Additional factors like the
amplitude of the alternating current, the frequency, and the age of the specimens were
considered.

In papers 3 and 4 (sections 5 and 6) the prediction method has been compared to a literature
model and was further optimized for different geometries like cylindrical specimens (paper 3)
and drilling cores (paper 4). Therefore, a FEM-model of the current flow in different directions
has been set up and further optimized. This enables the calculation of the electrical resistivity
of concrete in more complex geometries by use of the adopted easy-to-use test setup. It has
been shown, that with the model a statistically satisfying estimation of the fibre content and the
orientation of concrete structures is possible with some limitations.

Section 7 summarises and discusses the main results of the four papers to identify open
questions concerning necessary supplementary investigations. Subsequently some overall
conclusions were derived and an outlook towards further research needs is given.

All investigations were performed using the same steel fibres. Based on the applied use cases
the range of fibres will vary throughout the thesis. In most of the investigations an ordinary
steel macrofibre with a length of 60 mm was used. Additionally, in paper 1 (section 3), shorter
micro- and macrofibres with a length of 8 mm and 35 mm, respectively, were used.
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Similar to the fibres, also the concrete compositions differ in agreement with the focus of the
investigations. Concretes with only ordinary Portland Cements with strength classes of 32.5 R,
42.5 R and 52.5 R, all from the same cement plant, were used in combination with different
water/cement ratios and partially combined with supplementary cementitious materials and
hence different mechanical properties were produced.
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2 Theoretical Background
2.1 Electrical Resistivity
211 General

While electrical resistance measurement methods are widely used in electrical engineering,
there is still a need to establish those in the field of cementitious materials (Blrchler, 1996,
Reichling et al., 2014). For construction materials, the reliable determination of the electrical
resistance is often difficult in practice, as it is influenced by numerous parameters. In the case
of reinforced concrete, the electrical properties have therefore been increasingly researched,
especially in the field of structural diagnostics during the last decades (Reichling et al., 2014).
In the following section state-of-the art concerning the electrochemical methods for civil
engineering applications are explained. Furthermore, influencing parameters and test setups
related to SFRC are elaborated.

21.2 Electrical Resistivity

In a conductor, free electrons form the electric current. The movement of the electrons is
restricted by heat movements of the atoms in the crystal lattice (Fischer, 2019). This
relationship is called electrical resistance. Under the assumption of the arrangement of a
conductive medium between two electrodes, the electrical voltage can be calculated by
(eq. 2-1).

P~ P
U=f E*ds=f —x*ds (eq.2-1)
pt Pt o

with:
E Electrical field strength in V/m
J Current density in A/m?
o Electrical resistivity in S/m

The boundaries of the integral are formed by any two points on one of the two electrodes. The
course of the current lines originates in the positive electrode and ends in the negative one.
From this it can be concluded that the electric current |, that is flowing from an enveloping
surface A around the two electrodes, must be the opposite direction but equal in value. This
fact is shown in (eq. 2-2).

I=i#]*dA (eq. 2-2)
A

Since the current density changes only in terms of magnitude at different voltages, the direct
proportionality between U and | can be derived for a fixed electrode geometry. The
proportionality constant is commonly referred to as the electrical resistance R with the unit Q
(Leone, 2018). This relationship was already investigated in 1827 by the physicist Georg Simon
Ohm (Harriehausen & Schwarzenau, 2020). Accordingly, (eq. 2-3) is called Ohm's law.

R =

U
7 (eq. 2-3)

The reciprocal value is known as the conductance G with the unit Siemens (S = 1/Q). In
addition to the electrical resistance, the electrical resistivity p, which is a geometry-independent
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parameter, has proven helpful. The calculation of the electrical resistivity can be described by
(eq. 2-4).

p=k=xR (eq. 2-4)

The variable k represents a geometry factor that differs depending on the geometry of the
electrodes as well as on the test setup (Layssi et al., 2015). The electrical conductivity o, which
was already used in (eq. 2-1), in the analogue way represents the reciprocal value of the
electrical resistivity (Clausert et al., 2014).

The electrical conductivity of a material can be classified into conductors of 15t and 2" order
regarding the electrical charge transport. While the transport of conductors of 15t order is based
on electron transport, for example in a metal lattice, the electrolyte conductivity is the decisive
factor for conductors of the 2™ order. Here, dissolved ions are transported in a fluid. The special
factor of the composite material fibre reinforced concrete is that the combination of concrete
and metal fibre covers both conditions. The capillary-porous material concrete belongs to
conductors of 2" order and the metal fibres to conductors of 1%t order (Reichling, 2014).

213 Impedance

Examining the electrical resistance of concrete allows conclusions about its condition.
However, Ohm's law, which is the basis for the above explanations, only applies to ideal
electrical resistances. Thus, the considerations are always independent of frequency
(Reichling, 2014). If an alternating current is considered, the equations for the voltage and the
current must be adapted. In this case, the amplitude, the angular frequency, and the phase
angle must be considered. A sinusoidal alternating voltage with the frequency w = 2nf results
in a likewise sinusoidal current (see (eq. 2-5) and (eq. 2-6)) (Funke, 2002).

U(t) = Uy * sin(wt + ¢y) (eq. 2-5)

I(t) = I * sin(wt + ¢;) (eq. 2-6)
with:
Uo, Io Amplitude of voltage respectively current in V, A
¢u, ¢ Phase angle in rad

Analogous to Ohm's law, an electrical resistance, the so-called impedance, can be defined,
which now is dependent on the frequency (eq. 2-7).

Z(w) = —= (eq.2-7)

To reduce the computational effort with this parameter, it has proven helpful to represent it in
the complex notation. Through mathematical transformations, the amount of the impedance
can be calculated by (eq. 2-8).

= = =2y pi(Pu—9D) — ¢ 2-
Iy * eilwt+ey) Iy * el Pr Iy *e |Z] + e (eq. 2-8)

In a further step, Euler's formula e? = cos(¢) + i * sin(¢) can be applied to (eq. 2-8), which
enables a representation of the impedance as a pointer in the Gaussian plane. The axes are
formed by the real and imaginary parts of the impedance (Thannberger, 2002).
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Z =cos(¢p) +i*sin(p) = Re(Z) +i* Im(g) (eq.2-9)

= |Z| = \/ (Re(g))2 + (Im(g))2 (eq. 2-10)

= arct Re(g) 2-11
= ¢ = arctan (1m(§)> (eq. 2-11)

The amount of the impedance |Z| is called apparent impedance (eq. 2-10), which can be
represented under the phase angle ¢ (eq. 2-77). The real axis of the complex representation
is called active resistance and the imaginary part reactive resistance or reactance
(Harriehausen & Schwarzenau, 2020). Figure 2.1 shows these relationships graphically.

| 12| - cos(¢)

12| - sin(¢)

>
Re (2)

Figure 2.1 Impedance in Gaussian plane (Thannberger, 2002)

The measurement and evaluation of the impedance is called impedance spectroscopy. By
applying an alternating current of different frequencies to a substance, it is possible to obtain
information about the condition of a substance. The evaluation is usually done in the Nyquist
plot, which is based on the pointer diagram mentioned above. The frequency spectrum of a
measurement can range from 0.01 Hz to 100 kHz (Heins, 2015, Hoffmann-Walbeck, 2017,
Layssi et al., 2015). The procedure as well as the evaluation and interpretation of impedance
spectroscopy are explained in more detail in section 2.3.1.7.

2.2 Steel Fibre Reinforced Concrete
221 Mechanical Properties and Applications

Compared to other building materials, the advantage of concrete is its ability to withstand
compression. In contrast, the tensile strength is lacking, which leads to brittle failure of the
matrix under load. To prevent concrete from cracking when its ultimate load-bearing capacity
is exceeded, fibres are added in the case of fibre reinforced concrete (Muller, 2014). The
principle of the crack-bridging effect of fibres is shown in Figure 2.2.

In addition to the avoidance and retardation of macro-cracks, the use of SFRC is associated
with further objectives. On the one hand, an improvement of the post-fracture behaviour,
accompanied by an increase in ductility and durability, is to be aimed for, on the other hand,
an optimisation of the fire resistance (Holschemacher et al., 2006). Influencing parameters for
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the composite material behaviour are, in addition to the concrete tensile strength, the bond
between fibre and matrix, the fibre geometry, strength, ductility, content, and orientation
(Mdller, 2014).

Plain concrete Fibre reinforced concrete

‘\ .t‘| ‘\ .“l
Q\,._'-.,! oed g! !

Aggregates Matrix Fibre

Figure 2.2  Effect of fibre reinforcement in concrete (Holschemacher et al., 2006)

With increasing crack width, fibres must absorb greater tensile forces. In the cracked state,
only the fibres must bear these forces. Due to this fact, the decisive failure modes for steel
fibre reinforced concrete are the pulling out of the fibre from the matrix or the fracture of the
fibre itself (Holschemacher et al., 2006).

The load-bearing capacity of the composite material mainly depends on the bond between
fibre and matrix. The interaction of the two components is comparable to conventional
construction with reinforcing steel. The higher the bond, the greater the pull-out resistance of
the fibre. The composite behaviour can be assigned to a total of three different mechanisms:
Adhesion, friction, and form bond (Muller, 2014).

In the case of chemical adhesion, an elastic bond prevails over the entire embedment depth
during the so-called fibre activation phase (Leutbecher, 2007). Fibre and concrete form a
cohesive body in this phase, which under load is deformed together (Muller, 2014). When the
adhesive bond strength is exceeded, the fibre slowly begins to detach from the matrix. In this
intermediate phase, the adhesive and frictional bonds are present at the same time (Jungwirth,
2006). The transition between fibre activation and fibre pull-out is called "fibre effectiveness".
At the same time, this is the point where the maximum stress between fibre and matrix is
transferred (Leutbecher, 2007).

After reaching the highest stress, the fibre gradually detaches relative to the matrix (Muller,
2014). The bond strength at the moment of fibre pull-out is based only on friction in the contact
zone and depends on the roughness strength. With increasing fibre extraction, the friction
decreases steadily due to the lower bonding depth (Leutbecher, 2007).

The relationship between the stress and the existing crack opening is shown in Figure 2.3. The
course of the stress, which is almost exclusively absorbed by the matrix at the beginning,
initially increases linearly until the initial crack stress o is reached. At this point, the
maximum tensile strength of the concrete f.: has already been exceeded. Subsequently, the
stress decreases slightly. At the moment when the bond between fibre and matrix carries all
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the stress, the crack opening begins. As already explained, the maximum stress O is
measurable at the point between fibre activation and fibre pull-out. After reaching this point,
the stress drops continuously. When the fibre is half extended, which is the case for an
optimum position of the fibre in a crack, the stress absorption tends towards zero. (Leutbecher,
2007)

O Fibre activation Fibre pull-out

Stress-CMOD-relation

Wy If/2

Figure 2.3  Tension-CMOD-curve of fibre reinforced concrete (Leutbecher, 2007,
Lehmberg, 2018)

2.2.2 Influence of Fibre Content

In general, a variation of the fibre content can positively or negatively influence both the fresh
and hardened concrete properties. Regarding the fresh concrete properties, the fibre content
affects the consistency, the air content, and the workability of the fresh concrete. The
consistency of the plain concrete normally becomes stiffer as a result of the fibre addition and
the fresh concrete is therefore more difficult to process or compact (Dahms, 1979). Regarding
the fresh concrete consistency, a reduced spread of 10 to 15 cm can be expected, depending
on the used fibre content. In practice, SFRC with a very soft consistency and a slump flow of
490 to 550 mm is predominantly used (Breitenbicher, 2012, Mdller, 2014, Schulz, 2000a,
Schulz, 2000b). The possible maximum fibre content of concrete is largely influenced by the
concrete composition. In general, a finer grading curve of the aggregates results in the ability
to add more fibres to the concrete. The workability of the fresh concrete behaves anti
proportionally to the existing fibre content. At high fibre contents fibre agglomerations can
occur. These can impair the strength development of fibre reinforced concrete and already
occur depending on the concrete composition and compaction at fibre contents of 1.0to 1.25 %
by vol. For this reason, maximum fibre contents of between 2.0 and 2.5 % by vol. have proven
effective in practice for addition to normal concrete by use of suitable SFRC compositions
(Mdaller, 2014). With special methods, such as the so-called SIFCON (slurry infiltrated fibre
concrete), higher fibre contents of up to 20 % by vol. can be realised (Mdller, 2014, Schulz,
2000a, Schulz, 2000b).

With increasing fibre content, the air content of the concrete also increases, which leads to an
increase in the compaction effort. With fibre contents of 3 % by vol. and more, vibro-compaction
is therefore no longer sufficient. Above a fibre content of 3.5 % by vol., fibre reinforce concrete
is no longer completely compactable (Dahms, 1979, Schulz, 2000a, Schulz, 2000b).
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Regarding the influence of the fibre content on the hardened concrete properties, it can be
stated that the effectiveness of the steel fibres increases with increasing fibre content. The
fibre content therefore has a decisive influence on the deformation behaviour and crack
distribution of the concrete, so that SFRC can absorb increasingly higher loads with increasing
fibre content in the cracked state. In general, an increase in compressive strength of maximum
20 % and an increase in tensile strength of maximum 50 % can be expected. The elongation
at break increases accordingly by a maximum of 30 % (Holschemacher et al., 2006, Mller,
2014, Schulz, 2000a, Schulz, 2000b).

There is a correlation between the fibre content and the transferable tensile stress of the
composite. A so-called critical fibre content Vit can be defined according to (eq. 2-12)
(Holschemacher et al., 2006), which specifies the fibre content that is at least necessary to
maintain the maximum tensile strength of the plain concrete. Lower fibre contents increase the
ductility of the material, but do not lead to an increase in the maximum tensile stress that can
be absorbed.

k
Verie = %lfdf (eq. 2-12)
with:
Ocor Transmittable tensile tension in concrete cross-section in N/mm?
ds Fibre diameter in mm
T Mean compound tension in N/mm?
l¢ Fibre length in mm

Fibre contents can therefore be categorized in the subcritical, critical, or supercritical range.
Figure 2.4 shows the effects of the different ranges of fibre content on the load-bearing
behaviour of the concrete using the example of the flexural and tensile load-bearing behaviour
of fibre reinforced concrete.

Deflection &

Figure 2.4  Critical fibre content Vit (MUller, 2014)

The critical fibre content Vit is comparable to the minimum reinforcement of steel reinforced
concrete construction. The forces released as a result of the formation of an initial crack can
still be absorbed by the existing fibres. A further increase in load is not possible. A subcritical
fibre content, on the other hand, initially leads to a drop in stress after the formation of an initial
crack, which then stabilises depending on the pull-out behaviour of the fibres. With a
supercritical fibre content, a direct load increase is already possible after initial crack formation.
The fibres can completely absorb the tensile forces released by the cracking of the concrete
matrix and enable a further load increase by higher possible deformation (Breitenbicher, 2012,
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Holschemacher et al., 2006, Mdller, 2014). The critical fibre content can therefore be
determined as a function of the existing fibre slenderness A as well as the transferable bond
stress Tm and the crack energy. With decreasing fibre length or a lower fibre slenderness, a
higher critical fibre content can be expected accordingly.

Furthermore, the critical fibre content is also influenced by the strength properties of the
concrete matrix and the type of loading (Mdiller, 2014). Both factors determine the size of the
released crack energy. The concrete strength additionally affects the bond. Furthermore, the
critical fibre content is also influenced by the existing fibre orientation. In practice, common and
easy-to-process fibre contents are usually in the subcritical range with up to 80 kg/m?® or
1.0 % by vol.

2.2.3 Influence of Fibre Orientation
2.2.31 General Influences

In addition to the fibre content, their distribution in the matrix also exerts an influence on the
properties of the fibre reinforced concrete. The fibre distribution refers to the number of fibres
in a specific concrete volume. A homogeneous and uniform concentration per unit (Ni / Vi =
constant) is to be aimed for. The fibre distribution is mainly dependent on the production
process. More precisely, the direction of concreting, the consistency of the fresh concrete, the
compaction process, the mixing process, the geometry of the formwork and, if applicable, the
installation parts respectively additional reinforcement have an influence on the distribution.
(Ackermann, 2010, Rosenbusch, 2004)

Without external disturbing influences, the fibres theoretically are initially distributed ideally
three-dimensional and randomly in space after the mixing process. However, this is not
automatically the case after insertion into the formwork. The casting method, the geometry of
the formwork, especially the effect of formwork sides and free surfaces, as well as the use of
vibration for impaction have an influence on the distribution and orientation of the fibres in the
concrete (Figure 2.5). (Edgington & Hannant, 1972, Lin, 1996, Maidl, 1991)

Geometry of the
formwork

Casting method Impaction method

Fibre orientation

Fibre content
properties

Figure 2.5 Influencing parameters on the fibre orientation in fibre reinforced concrete

However, the arrangement of the fibres is also influenced by the choice of the largest grain
within the concrete mixture. Large grain sizes can lead to uneven distribution of fibres between
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aggregates. Grain sizes that exceed the average fibre spacing of the material can be seen as
an obstacle to the distribution (Holschemacher et al., 2006, Miiller, 2014).
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Figure 2.6  Possible orientations of fibres in concrete (Grunert, 2006)

The fibre distribution, however, only has significance regarding the arrangement in the volume
element, the fibre orientation, on the other hand, refers to the spatial orientation of the fibres
(Hadl & Tue, 2016). As previously explained, fibres are intended to bridge cracks that occur
perpendicular to the tensile stress. Consequently, their effectiveness is greatest when the main
tensile stress is in the longitudinal direction of the fibre. In space, a distinction is made between
different fibre orientations, which are shown in Figure 2.6. In the left cube, the fibres are
oriented three-dimensionally. There is a uniform orientation and distribution. This is the aimed
condition when using fibre reinforced concrete. In the middle cube, a two-dimensional
orientation is shown. Almost all fibres are oriented in one plane and their angles to the
horizontal are almost zero. Such an arrangement is found, for example, in the use of fibre
reinforced shotcrete. In the last model, a one-dimensional alignment is presented. The fibres
are evenly distributed as in the first case. However, their alignment is limited to one axis.
Practical examples of this case are extruded concrete products (Ackermann, 2010, Grunert,
2006).

The previously mentioned influences for the fibre distribution can be applied equivalently to the
fibre orientation (Rosenbusch, 2004). Studies have shown that fibres prefer to be oriented
perpendicular to the direction of compaction. About 40 % are located each on the x- and y-axis
at an angle of 90 ° to the compaction direction, while only 20 % are oriented parallel to it
(Breitenbucher & Rahm, 2009).

Geometrical
conditioned

: orientation of
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: Fibre reinforced concrete edges
i element :

random,
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Figure 2.7  Influences of the concrete element itself on the fibre orientation (Muller, 2014)
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Geometric constraints, for example due to the formwork or additional reinforcing bars, lead to
a disturbance of the three-dimensional orientation. In a zone whose width corresponds to the
fibre length, fibres only align two-dimensionally due to the existing barrier. This in turn leads to
the compound material properties being disturbed at the edges. This problem plays a decisive
role especially for slim components. A schematic representation of the problem can be found
in Figure 2.7. (Hadl & Tue, 2016, Leutbecher, 2007, Mller, 2014)

(Bonzel & Schmidt, 1984, Empelmann et al., 2009, Hilsdorf et al., 1985, Teutsch &
Empelmann, 2008) investigated the influence of the casting direction on the distribution and
orientation of steel fibres in the surrounding concrete matrix. They have produced beams
conventionally in the horizontal direction (lying) and vertically (standing). The post-cracking
tensile strength of the upright beams was only about 55 % to 65 % (Empelmann et al., 2009)
respectively about 2/3 (Bonzel & Schmidt, 1984) of the horizontal beams, because the fibres
were mainly oriented perpendicular to the concreting direction, i.e., horizontally.

(Blanco et al., 2015, Hadl et al., 2015, Svec et al., 2013) considered the orientation of the fibres
regarding the flow movement of concrete. For slab-like components, they have found out that
the fibres align orthogonally to the flow direction under the permission that the orientation is
not restricted by formwork surfaces. The fibres are therefore pushed in front of the concrete
like a kind of largest grain. (Griinewald & Wallraven, 2004) also detected this behaviour in the
investigation of tunnel elements.

For a single fibre, the orientation in relation to the tensile stress direction plays a major role in
terms of the maximum transmissible load (Breitenblcher, 2014). Here, a higher embedding
angle tends to lead to a higher transmittable load, under the prediction that the fibres have a
sufficiently high tensile strength. From an angle of approx. 60 °, the high necessary deformation
of the fibres, which leads to a pull-out of the fibre, no longer leads to an increase in the
transmissible load, but increasingly to fibre breakage, as can be seen in Figure 2.8. Thus, for
a single fibre, an embedding angle of about 45 ° to the tensile stress is ideal to enable high
load transmission even over long distances.
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Figure 2.8  Influence of the fibre orientation on transmissible force between concrete and

fibres (left: low strength fibre, right: high strength fibre) (Breitenblcher, 2014)

The global fibre orientation in the component in turn leads to other correlations than described
above. For example, according to DAfStb, 2015 the mechanical performance is determined on
beams and adopted for plate-like components, while for other components (walls, columns) a
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lump-sum reduction of 50 % is made. Reduction factors according to Fehling et al., 2013 for
prisms and beams manufactured upright compared to those manufactured horizontally are
with values 0.662 and 0.796 even higher.

The decisive difference to pure fibre extraction is the globality of the fibres. While a single fibre
bridges a defined crack best when it is bound at a 45 ° angle, a multitude of fibres crossing the
crack relatively perpendicularly leads to the highest load transfer, since in this case the
probability is highest that many fibres simultaneously take up the load. In the case of a
deviating fibre orientation, a single fibre can take more load, but fewer fibres don’t take part in
load transfer and thus the total possible load transfer is lower.

6
Fibre pull-out angle:

0°
5 22,5°

Tensile tension ¢, [MPa]

0 0,1 0.2 03 0,4 0,5
deformation [mm]

Figure 2.9  Transmissible tensile tension depending on the fibre orientation (Lehmberg,
2018, van Mier, 1991)

In fibre reinforced components, it can be observed that a global fibre orientation in the direction
of the tensile stress leads to a significantly increased maximum transmissible tensile stress.
Figure 2.9 shows the dependence of the transmissible tensile stress in a uniaxial tensile test
on a notched specimen dependent on the fibre pull-out angle. Furthermore, it can be seen that
this is no linear relationship. Thus, the difference in tensile stress between 0° and 22.5° is
significantly greater than the difference between 67.5° and 90° in view of the maximum
deformation (van Mier, 1991).
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Figure 2.10 Tensile behaviour of fibre reinforced concrete depending on the fibre orientation
(Frettldhr, 2011)
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Similar results can also be seen during the tensile stress-crack opening relationship in
Figure 2.10 (Lehmberg, 2018).

Zhou investigated the influence of the fibre orientation on the post-crack bending tensile
strength in his work. The linear curve describing this behaviour can be seen in Figure 2.11
despite relatively large scatter. He concludes that the load capacity of the material to tensile
stress increases with increasing fibre orientation value. (Zhou & Uchida. 2017)
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Figure 2.11 Bending tensile strength, after first cracking of concrete, depending on the fibre
orientation factor (Zhou & Uchida, 2017)

2.2.3.2 Orientation Factor

Like already seen in Figure 2.11, the fibre orientation best can be described by a so-called

orientation factor or orientation coefficient. In literature, there are several ways of calculating,
based on different principles.

According to Lin, 1996, the coefficient is defined as the ratio between the actual fibre length
and all fibre lengths projected in the tensile stress direction (Thomée, 2005). Accordingly, an
orientation value of one corresponds to a one-dimensional alignment of the fibres in the
direction of tensile stress. A value of zero, on the other hand, corresponds to the opposite case

(Holschemacher et al.,, 2006). The exact calculation is done according to (eq.2-13)
(Leutbecher, 2007):

N
n= %* cosa; (eq. 2-13)
i=1
with:
N Number of fibres crossing the observed surface
a Angle between fibres and observed area in °

In addition, Pfyl, 2003, derived an approach based on Lin's work. From N parallel fibres on the
crack plane An, the fibre orientation value for different angles 6 can thus be determined with
the help of (eq. 2-14) (Leutbecher, 2007).

n=Nx*cos6 (eq. 2-14)
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When determining the value according to Markovic, 2006, mainly crack surfaces are examined.
Here, the cut surfaces of all fibres crossing the crack are considered. The more perpendicular
the fibres run through the crack, the more the sectional view resembles a circle. At shallower
angles it becomes an ellipse. The orientation coefficient of a single fibre can be determined
according to (eq. 2-15) (Leutbecher, 2007).

dy
n =cosa = —— (eq 2-15)
dpr,
with:
a Angle between fibres and tensile force in °

dr Fibre diameter in mm
dp Diameter of the projected fibre in the cross-section of the crack in mm

The sketches illustrating the respective derivation and angular relationships can be found in
Figure 2.12.
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Figure 2.12 Interpretation of the fibre orientation factor (Leutbecher, 2007) according to
a) Lin, 1996 b) Markovic, 2006 c) Pfyl, 2003

224 Influence of Fibre Type

The fibre geometry and tensile strength of the used fibres are decisive for the properties of the
concrete. Several geometric parameters are decisive for the composite effect (Holschemacher
et al., 2006).

First of all, the surface quality of the fibre should be mentioned. Rough fibres, such as chip
fibres, are particularly suitable for low deformations. The roughness leads to a significant
increase in the adhesive bond compared to smooth surfaces. However, the fibre pull-out that
begins when the fibre activation is overcome can hardly be influenced by profiled surfaces.
Thus, in pull-out tests with corresponding materials, there is an abrupt drop in the force that
can be absorbed. (Miller, 2014)

Constructively deformed fibre ends such as end anchors help to limit the pull-out of the fibre
(Mdiller, 2014). In the non-cracked state, these do not lead to any significant change in the
load-bearing behaviour compared to conventional concrete, but they are activated by even the
smallest displacements and lead to a significant increase in the pull-out strength
(Holschemacher et al., 2006). This advantage is offset by the often-difficult workability. Due to
the end hooks, mixing in of those fibres is significantly more difficult than with smooth fibres
(Mdaller, 2014).
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To achieve the necessary strength, the so-called aspect ratio of the fibres must also be
considered. This is the ratio of fibre length to fibre diameter, also known as the fibre
slenderness. It is well-known that a high fibre slenderness is associated with a high post-crack
strength (Schepers, 2008). However, to prevent the tensile strength of the fibre from becoming
too low and the failure of the concrete thus occurring through the tearing of the fibre, fibre
slenderness’s above 65 should be avoided (Brux, 2004).

A tool that allows statements to be made about the type of failure of straight fibres is the critical
fibre length Icqit. It can be calculated using (eq. 2-16) (Holschemacher et al., 2006).

fr*d
Lois = f; - Tf (eq. 2-16)
with:
fs Tensile strength of the fibre in N/mm?
dr Fibre diameter in mm
T Mean compound strength in N/mm?

The equilibrium state, where the critical fibre length is equal to twice the binding length,
separates the two failure modes fibre tearing and fibre pull-out. If the critical length is greater
than twice the bonding length, failure occurs due to fibre pull-out. If the opposite is the case,
the fibre will tear (Holschemacher et al., 2006, Meyer, 1991).

2.3 Determination of Fibre Content and Orientation
2.31 Test-Setups for the Analysis of Steel Fibre Reinforced Concrete
2.3.11 Standardized Test Methods

A method for quantifying fibres in concrete is specified in DIN EN 14721, 2007. This destructive
method provides the fibre content as a result and requires the extraction of drilling cores out
of the construction. Subsequently, the fibres shall be extracted from the fabric by crushing the
concrete samples. The loosened fibres are now to be collected and the total mass of the fibres
is determined and related to the summed volumes of all specimens taken. Using (eq. 2-17),
the calculation of the fibre content C: is thus made possible (DIN EN 14721, 2007).
Alternatively, the method can be applied on fresh concrete samples, where the fibres are
washed out of the fresh concrete.

m
Cr = 7 (eq. 2-17)
with:
m Mass of the fibres in kg
V Volume of the specimen in m?

2.3.1.2 Optoanalytical Investigation based on Cross-Sectional Analysis

The optoanalytical or photo-optical method is based on the optical analysis of a crack plane
and is carried out on ground cut surfaces. The local fibre content can be determined by simply
counting the number of cut areas of fibres on the cut concrete surface under consideration.
The fibre distribution can then be determined with the help of this fibre count. For this purpose,
the area under consideration is divided into equally sized sub-areas and a fibre density per
sub-area is determined. In addition, a comparison of the fibre densities of orthogonal cut
surfaces enables a statement to be made about the isotropy of the material.
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Depending on the single fibre orientation, the shapes of the fibres inside the cut surfaces differ,
what for round fibres allows a statement on the fibre orientation. Round fibres oriented
perpendicular to the considered cut surface appear as a circle, while fibres oriented obliquely
to the cut plane have an elliptical cut shape. Based on the geometric relationship between fibre
angle and cut shape, the respective orientation of the individual fibre can be determined
(Figure 2.13) (Gettu, 2005, Groger et al., 2011, Schonlin, 1983, Schénlin, 1988, Stahli et al.,
2007, Strack, 2007, Tue et al., 2007, Wichmann et al., 2013).
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Figure 2.13 Optoanalytical investigation of fibres in concrete (Wille et al., 2014)

2.3.1.3 Inductive Analysis of Fibre Content

The inductive analysis of SFRC, developed at the IBMB at the Technical University of
Braunschweig is baes on electromagnetic activation and is applicable to hardened concrete
and fresh concrete only on prepared samples (Schnell et al., 2008, Matenco, 2009, Wichmann
et al.,, 2013). In order to obtain the most accurate results, a homogeneous fibre distribution
inside the sample must be ensured. (Schnell et al., 2010). A detailed analysis of the distribution
inside of one sample thus is not possible.

Exciter coil —_ __— Induction coil

o 1\

H Concrete specimen
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Figure 2.14 Schematic figure of inductive testing (Wichmann et al., 2011)

The set-up of the method is shown in Figure 2.14. In this system, the enclosed specimen can
be regarded as the coil core. By generating a sinusoidal alternating current in the exciter coil
from a generator, the voltage Ui can be measured in the induction coil (Wichmann et al., 2012).



2 Theoretical Background 18

Because only the fibres as electromagnet material inside the concrete take part in the inductive
process, it is possible to draw conclusions about the content and orientation of steel fibres
inside the sample via the measurement results, after the examination of calibration
measurements (Torrents et al., 2012, Wichmann et al.,, 2012). Assessments about the
orientation of the steel fibres are only made possible by measurements in all three spatial
directions (Torrents et al., 2012, Wichmann et al., 2012).

2.3.1.4 Microwave Analysis

Microwaves, which range in the frequency between 300 MHz and 100 GHz, cause polar
molecules to start oscillating. The different electronegativities of the oxygen and hydrogen
molecules lead to the formation of a dipole. The strength of this dipole can be quantified by its
polarizability. In the course of the process, a shift of the charges occurs, which in turn
consumes energy. By means of special sensors, it is possible to measure this energy, the so-
called permittivity (Dollase, 2019).

In the contactless so-called FSM method (free-space microwave method), two antennas face
each other with the sample right in their centre (Figure 2.15 a). This method covers a frequency
range of 8 to 12.5 GHz (Jamil et al., 2013), while for the coaxial probe setup (Franchois et al.,
2014) lower frequencies up to a maximum of 2 GHz are used (Dollase, 2019, Torrents, 2009,
van Damme et al., 2004). Using those methods, the determination of the fibre content is well
possible; the applicability regarding the fibre orientation is limited (Wichmann et al., 2013).
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Figure 2.15 Microwave analysis with a) FSM method, b) Coaxial method (Jamil et al., 2013
and Franchois et al., 2004)
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2.3.1.5 Computed Tomography (CT)-Scanning

Non-destructive X-ray testing, also called CT-scanning, enables, for example, the
reconstruction of concrete components (Schnell et al., 2009). However, the implementation is
limited to measurements in the laboratory, which conversely means that in-situ examinations
of objects on the construction site are not feasible. Comparing this method with others, on the
one hand the great effort, long measuring times and expensive equipment are negative
aspects, but on the other hand the high accuracy speaks for the computed tomographic
method (Wichmann et al., 2013).

The process of the measurement method can be divided into several sections. (Pittino et al.,
2011). The set-up and process are illustrated in Figure 2.16. In the first step the concrete
component is recorded (left side), followed by the computer-aided reconstruction (middle) and
then finally visualized (right side). (Schuler et al., 2017)
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Figure 2.16 Schematic overview of a CT-scanning process (Pittino et al., 2011)

While the body is rotated 360°, hundreds of images of the projection are generated. Based on
differences of density and atomic type of the material, a virtual image can be created, and a
reconstruction algorithm enables the representation of all obtained points in a voxel model.
Those voxels are divided into two groups, based on a certain threshold of grey-scale, receiving
either the value 0O (black) or the value 1 (white) in a graphically simple representation (Schuler
et al., 2017).

For the evaluation of the experiment, the number of fibres inside the specimens can be
determined as well as fibre orientation coefficients n, can again be determined. Since the entire
volume is examined, the values for all spatial directions are to be calculated separately via
(eq. 2-18).
L
P9
=" .2-1
To =147 (eq. 2-18)

with:

Lo,  Projected fibre length per spatial direction in m

Ly Dense of fibre length (fibres per volume) in m/m?

|74 Volume in m?

For the variables obtained, 0 < ny < 1. The larger the result, the more strongly the fibres are
oriented in the direction considered. For the value 0, all fibres are oriented orthogonal to the
reference direction (Schnell et al., 2009).
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2.3.1.6 Infrared Thermography

Infrared thermography is a technique that is mainly used for the evaluation and identification
of component surfaces. By analysing the thermal radiation of test specimens, this method can
also be used to identify inhomogeneities and defects inside of construction elements (DAfStb,
1991). Based on this state of application, Maldague and Fernandes developed a method for
the assessment of fibre reinforcement in concrete specimens. It is called Pulsed Thermal
Ellipsometry (PTE).

Infrared Camera

>)
|

Specimen -~

Figure 2.17 Test setup for pulsed thermal ellipsometry(Maldague & Fernandes, 2013)

The experimental setup of the PTE is shown in Figure 2.17. A diode laser is placed
perpendicularly in front of the test specimen. It irradiates the concrete surface for 0.1 seconds
with a frequency of 805 nm. This heating process and the subsequent cooling are recorded by
a camera. A visualisation in the form of an ellipse allows conclusions to be drawn about the
presence and orientation of fibres because of material specific differences of the heating and
cooling curves.

Although this method, which is still part of research, shows precise measurement results, it
has the decisive disadvantage that only very small areas and especially a very small depth of
a specimen can be evaluated. In addition, it is, up to now, not possible to determine the fibre
content of a concrete element (Maldague & Fernandes, 2013).

2.3.1.7 Electrical Resistivity Measurements
e Basics

In contrast to the optoanalytical analysis, electrical resistivity measurements, like inductive or
microwave analysis, is a non-destructive testing method for examining steel fibres in concrete
(Just et al., 2001). Thereby it can be differentiated between electrical resistance tomography
(ERT) and impedance spectroscopy.

In general, the measurement of the material’'s electrical resistance is based on the
measurement principles presented in section 2.1. Here, depending on the electrode
configuration, a distinction is made between 2-point, 4-point measuring methods, for example
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the Wenner method and further methods (Layssi et al., 2015, Reichling, 2014, Wichmann et
al., 2013). Depending on the method, the geometry factor must be determined as a function of
the electrode arrangement, resistivity distribution and geometry of the test object. To record
horizontal inhomogeneities of a test specimen, it is necessary to carry out the measurements
at different positions. Statements about the vertical structure can be made by changing the
electrode distances (Reichling et al., 2015). In order to be able to make a statement about the
content of steel fibres, reference measurements must first be made on plain concrete samples
because both materials, steel and concrete, take part in the electrical conduction.
Corresponding conclusions can be drawn from the increase in conductivity (Lataste et al.,
2008). To investigate the fibre orientation, measurements in different spatial directions are
essential. Subsequently, the resistances of the different directions are to be compared with
each other. The lower the measurement results, the more likely the fibres are oriented in the
corresponding direction (Hicks, 2015). According to Lataste et al., this method could be used
well to answer questions regarding fibre distribution. Even information on orientation seems to
be possible (Hicks, 2015, Lataste et al., 2008, Karhunen et al., 2010).

¢ Impedance Spectroscopy

The fundamental difference between the ERT and impedance spectroscopy is that the latter
does not consider ideal resistances but impedances, i.e., complex electrical resistivities
(Barsoukov & Macdonald, 2005). Since polarisation effects occur at phase boundaries at low
frequencies or when direct current is used between electron and ion conductors, the behaviour
must be described in the complex. This occurs, for example, when the electrodes or the fibres
and the electrolyte come into contact. Using a direct current measurement, it is only possible
to determine the sum of the resistances. For further investigations, an alternating current
measurement is necessary (Reichling, 2014). Consequently, the frequency of the AC voltage
and current must always be considered during the measurement (Barsoukov & Macdonald,
2005).

Impedance spectroscopy is suitable for various applications. For example, it is possible to
make statements about cracks in concrete. Furthermore, reinforcement elements can be
characterised regarding their type and quantity as well as their state of corrosion (Layssi et al.,
2015) and even other areas like electrochemistry or geophysics are covered by similar test
methods (Zimmermann, 2011).

The typical frequency range of impedance spectroscopy ranges between 0.01 Hz and
100 kHz. For an examined system, impedances are measured as a function of different
frequencies - which are increased step by step. This results in a progression of the complex
variable, which allows conclusions to be drawn about the condition of the tested substance
(Hoffmann-Walbeck, 2017). The graphical representation of the impedance is usually done in
a pointer diagram (cf. Figure 2.1, section 2.1.3), by plotting the real and imaginary part (Muller,
2000). To enable qualitative statements about the system, it must be described by a suitable
equivalent circuit. Such a circuit includes the elements resistor, also known as Ohmic
resistance, capacitor, and coil, which are connected with each other (Muller, 2000).

For the elements, the respective impedances can be represented in a vector diagram. A
visualisation can be seen in Figure 2.18. The interpretation of the impedance measurement
results becomes possible through the suitable combination of the components in a series or
parallel connection.
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Figure 2.18 Basic elements in the vector diagram (Hoffmann-Walbeck, 2017)

The frequently used parallel circuit of resistor R and capacitor C is called an RC element. The
impedance of the circuit is therefore also dependent on the frequency. The plot of the
impedances over the entire frequency spectrum is called a Nyquist plot, which has the shape
of a semicircle for a RC element (Figure 2.19).
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Figure 2.19 Representation of a RC element in the Nyquist plot (Reichling, 2014)
The resulting limit values are calculated by (eq. 2-19) (Heins, 2015).

({)i_T)’(l) Zgc =R und al)l_T)f)lo Zpc =0 (eq. 2-19)
Nyquist plots have the advantage that all parameters can be shown in one plot. This makes it
easy to compare the results from two different experiments. In addition, the extrapolation of
values outside a measured frequency range is possible. A disadvantage of these diagrams,
however, is that the frequency cannot be read explicitly. Consequently, the capacity of the
system can only be calculated when the frequency at a point is known (Orazem & Tribollet,
2008).
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Figure 2.20 Bode plot to present test results (Sauer, 2006)

In contrast to the Nyquist plot, reading of the frequency is well possible in the Bode plot
(Figure 2.20), which is also widely used. On two y axes, both the amount of impedance and
the phase are visualised as a function of the frequency. (Sauer, 2006). The disadvantage of
this plot is that it is often difficult to evaluate and compare two measurements (Lvovich, 2012).

In the meantime, numerous investigations of fibre reinforced concrete using impedance
spectroscopy can be found in the literature. Not only the basic suitability of the method is
examined. For example, Ozyurt et al. describe the method as an effective technique for
analysing the conductivity of cementitious materials (Ozyurt et al., 2006a). In addition, sources
can be found in the literature that report a suitability for the observation of fibre orientation and
fibre content.

According to Berrocal et al. the presence of fibres is directly evident from the Nyquist plot.
While the diagram without fibres consists only of a single arc, the addition of fibres results in
another arc, which can be used to make statements about the fibre content (Berrocal et al.,
2018, Torrents et al., 2000).

According to Mason et al., there is a linear relationship between the proximity of the fibres in
the component and the resistance of the building material. However, if the fibre-to-fibre
distance is too small, the resistance drops rapidly (Mason et al., 2002). This relationship can
be used to assess the distribution of the fibres in the component.

According to Lataste et al. and Mason et al. and Woo et al. the fibre orientation can also be
investigated with sufficient accuracy. According to this, for fibres that are arranged
perpendicular to the direction of measurement, only a single arc, like for plain concrete, can
be seen in the plot (Lataste et al., 2008, Mason et al., 2002, Woo et al., 2005).

e 2-point method

In the 2-point method, a test specimen is placed between two parallel metal plates that serve
as electrodes. As with the Wenner method, the coupling is carried out by means of moist
sponges to establish a sufficient electrical connection. (Layssi et al., 2015)

After adding an alternating current, the potential drop in the concrete can be measured (Whiting
& Nagi, 2003). Different test specimens can be chosen for the execution. In addition to cubes,
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the use of drilling cores is possible, for example (Reichling, 2014). The structure of the
procedure is shown in Figure 2.21.
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Figure 2.21 Schematic structure of the 2-point method (Rei14)

A geometry factor k (see (eq. 2-20)) can easily be determined for the 2-point method, through
which the calculation of the electrical resistivity is possible (Layssi et al., 2015).

k=" (eq. 2-20)

with:
Aw Effective cross-sectional area in m?
L Distance of electrodes in m

¢ Wenner method

The Wenner method, also called the 4-point method, is the most widely used resistance
measurement method (Whiting & Nagi, 2003). Its structure can be seen in Figure 2.22 and
consists of four electrodes, arranged equidistantly on a line (Layssi et al., 2015).
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Figure 2.22 Schematic structure of the test method according to Wenner (Reichling, 2014)
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As a result of the injection of an alternating current through the two outer electrodes A and B,
aradial propagation of the current occurs. The inner electrodes, M and N measure the potential
drop in the resulting field (Layssi et al., 2015, Reichling, 2014). This results in the geometry
factor k according to (eq. 2-21), which can be simplified due to the equal electrode distances
(Reichling, 2014).

k=(1 1 1+1)=2'”'a (eq.2-21)

with:
ri Distance between potential and current electrodes in m

In practice, the method can be applied both on site at the structure and in the laboratory.
Sufficient coupling of the brass or stainless steel electrodes to the concrete can be ensured by
means of damp sponges. The usual electrode spacing is 50 mm (Reichling, 2014).

Numerous other methods are based on the same principles as the Wenner method. These
differ in each case in the electrode arrangement and their spacing. The methods and their
geometry factors are shown in Table 2.1 (Reichling, 2014).

Table 2.1 Geometry factors of different electrode configurations (Edwards, 1977,
Reichling, 2014)

Electrode configuration Formula Geometry factorkinm "
Schlumberger k=m*n*(n+1)*a 4,712
Wenner Alpha k=2m*a 0,31
Wenner Beta k=6nr"a 0,94
Wenner Gamma k = 3m*a 9,47
Dipole-Dipole k=m*n*(n+1)*(n + 2)a 32,99 2
Pole-Pole k =2n*a 0,31
Pole-Dipole k =2m*n*(n + 1)*a 9,432
) Exemplary for a = 50 mm; 2 Exemplary firn =5

. Further methods

Based on the methods listed above, further methods have been developed to measure the
resistance of concrete. Feliu et al. use the existing reinforcing steel as a second electrode
(Feliu et al., 1996), which is only possible for steel fibre reinforced steel reinforced concrete.
By placing a round electrode disc on the concrete surface, it is possible to take measurements
in the existing structure. Since an electronic connection to the existing steel must be created,
for example by means of a drilled hole, the method is not non-destructive. However, the
destruction of the material is significantly less than with drilling core removal. The geometry
factor in this method corresponds to twice the diameter of the applied electrode (Reichling,
2014).

A method that is primarily used for long-term monitoring of resistance profiles in concrete is
the principle of the multi-ring electrode (MRE). This consists of nine 2.5 mm thick stainless
steel rings insulated from each other. These serve as electrodes by applying an alternating
voltage to each of the neighbouring rings. The evaluation of the experiment is depth-dependent
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from 7 to 42 mm. The experimentally and numerically determined geometry factor k = 0.1 m is
used to calculate the resistance. The device is installed either in fresh concrete or in specially
provided drilled holes (Raupach et al., 2007).

2.3.2 Evaluation of the Different Test-Setups

The presented methods differ fundamentally in their experimental approach, their suitability for
the intended use, their accuracy as well as the costs and the effort involved. Table 2.2 provides
an overview of all methods.

Table 2.2 Overview and comparison of the most important test setups for the analysis of
fibre content and orientation in concrete (Wichmann et al., 2013)

Opto-

Standar- . Impedance . . Computed Infrared
. analytical Microwave Inductive
Test setup dized . . spectro- . . tomo- thermo-
investi- analysis analysis
method N scopy graphy graphy
gation
Principle optical optical electrical electrical electro.— x-ray thermal
magnetic
Fibre content X X X X X X -
Flpre . - X X x/- X X X
orientation
Labo.ratory X X X x x X x
specimen
Construction
! ; X - X X X - -
side specimen
In-situ
- x/- x/- - - X
measurement
Fresh concrete X - x/- x/- X x/- x/-
Concrete Concrete . L
Influences / . - - Fibre type, . Localisation
Loss of Preparation composition composition ' Specimen . .
sources of ) ; magnetic : of fibres is
fibres of specimen & size
error aggregates necessary

temperature temperature

With the normative method as well as the optoanalytical method, the determination of the steel
fibre content in particular is possible with a high degree of accuracy, whereby only with the
optoanalytical method also the fibre orientation can be detected but both methods use a
destructive specimen extraction.

In the case of the electrical methods, the universal application should be emphasised above
all. Furthermore, fresh concrete can also be examined using these methods. However, the
accuracy of the measurement and evaluation methods available so far are limited compared
to methods such as computed tomography and requires further research.

With the induction method, precise determinations of the steel fibre content and orientation are
also possible as long as there is a homogenous fibre distribution. Only direct measurements
on the structure have to be dispensed with. Since the infrared thermography is limited to very
small areas, only the orientation of a specific fibre can be determined.

The most accurate, but also most expensive method is computed tomography. It can be used
to create an exact three-dimensional image of a steel fibre reinforced concrete sample.
However, since the evaluation time, the costs and the overall effort are significantly higher than
with the other methods, tomography is only suitable for special applications. In addition, it is
not possible to use the method directly on the structure.



2 Theoretical Background 27

233 Influencing Parameters for Electrical Resistivity Measurements
2.3.3.1 Boundary Parameters

The electrical resistivity of concrete can show significant differences in different frequency
ranges (Bulrchler, 1996, McCarter & Garvin, 1989). This influence can mainly be attributed to
the polarisation effects and the associated phase shift. These effects mainly occur at very low
frequencies. At higher frequencies, however, they are hardly noticeable. According to
(Burchler, 1996, McCarter & Garvin, 1989, Raupach et al., 2006), a suitable range for
measuring of the electrical resistance in concrete is between 10 and 1000 Hz.

Another factor that influences the conductivity of a material is temperature. The literature is
unanimous in concluding that increasing the temperature lowers the electrical resistance of the
material (Hope et al., 1985, Layssi et al., 2015, Malakooti et al., 2019, Zapico, 2015). This is
due to the fact that at higher temperatures the mobility of the ions (Na*, K*, Ca?*, SO4* and
OH) changes and the ion-ion and ion-solid interactions are influenced. Finally, the temperature
causes a change in the ion concentration in the medium (Azarsa & Gupta, 2017).

Formally, this dependence can be represented with the law of Rasch and Hinrichsen from
1908, expressed in (eq. 2-22) according to Arrhenius (Rasch & Hinrichsen, 1908, Zapico,
2015):

with:
Pi Electrical resistance in Q
T Temperature in K

A Activation energy in K

An approach for calculating the activation energy can be taken from Frenkel (Frenkel, 1946).
Typical values for concrete here are between 2200 and 5000 K. Mostly an average value of
3000 K is assumed. Since the exponent of this equation always becomes negative with an
increase in temperature, this results in a decrease in electrical resistance. (Elkey & Sellevold,
1995)

Electrical resistance in Q
.

Electrode distance in cm

Figure 2.23 Influence of the electrode distance on the electrical resistance (Banthia, 1992)
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When evaluating the electrical resistances, it is important to consider not only the material-
specific parameters but also the test setup and the specimen geometry. In the 2-point method,
the material-independent electrical resistivity is calculated from the product of resistance and
geometry factor. Due to the fact that the specific value only changes with the material and not
with the geometry, small geometry factors are inevitably followed by large resistances. The
dependence between electrode distance and resistance could be proven in experiments by
Banthia et al. and is visualised in Figure 2.23 (Banthia et al., 1992).

The coupling of the electrodes to the medium is also of great importance. Lack of contact
between the test specimen and the metal plates results in higher measurable resistances
(Azarsa & Gupta, 2017). One way to avoid this problem is to use flexible electrodes on very
flat surfaces. This optimisation ensures that the concrete resistance can be determined more
accurately (Morris et al., 1996). Alternatively, the use of a conductive gel has proven to be
practical (Henkensiefken et al., 2009). Furthermore, there are experiments with water-soaked
sponges or cloths in the interstitial space. Here, however, the uniform saturation of the coupling
medium must be ensured over several trials (Newlands et al., 2008).

2.3.3.2 Concrete Related Parameters

As previously explained, the electrical conductivity of materials can be distinguished between
conductors of the I. and Il. order. In concrete, the electrons are transported through the pore
solution (Reichling, 2014). Accordingly, the decisive factor for the conductivity of the material
is how this pore system is formed. The structure of the pore system is in turn significantly
dependent on the hydration and the concrete composition (Mouhasseb, 2007, Zapico, 2015).
Furthermore, the concrete pore solution and the saturation of the pores also exert an influence
on the electrical conductivity of the concrete (Andrade, 2005, Layssi et al., 2015). In addition,
the number of fibres added as well as their geometry and orientation control the conductivity
of the composite material in case of SFRC (Chen et al., 2004, Holschemacher et al., 2006,
Lataste et al., 2008). How exactly these and other parameters influence the electrical
conductivity will be shown in the following.

e Porosity

In principle, it can be assumed that the conductivity of the pore solution exceeds that of the
matrix by far. Accordingly, the electrical resistance decreases with increasing porosity (Muller,
2000). This is since in concrete the pore solution is mainly responsible for ion transport
(Reichling, 2014). Within the concrete, continuous conduction channels ensure high
conductivity. Conversely, closed, or ink bottle pores only contribute to a limited extent to
increasing this parameter (Muller, 2000).

One tool for evaluating porosity is the so-called formation factor. It is formed from the quotient
of the resistances of the electrolyte solution and the sample with complete pore filling. This
relationship forms the basis for Archie's 1t law. This is often used in the evaluation of electronic
measurements and is formulated in (eq. 2-23) (Archie, 1942, Mdiller, 2000).

Rsw=100%
F = Sw=100% _ p-m (eq. 2_23)
RLsg
with:
Rsw=100% Electrical resistance with complete pore filling in Q

Risg Electrical resistance of the electrolytic solution in Q
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P Porosity in %
m Material specific exponent

In addition to the formation factor, tortuosity offers a suitable approach for making qualitative
statements about porosity. This describes the lengthening of the path, which is associated with
the fact that in porous materials there is no straight path between the two electrodes. The path
through the capillaries is rather tortuous or interrupted (Mdller, 2000). There are several
different formulas for quantifying the tortuosity, Winsauer et al. for example propose (eq. 2-24)
(Winsauer et al., 1952):

[ 2
T = < eff ) (eq. 2-24)
lSpecimen
with:
lets Effective length of the capillaries in mm

Ispecimen LeNgth of the specimen in mm

In his work, Mduller investigated the usability of the formatting factor and tortuosity for
conductivity measurements of building materials. According to this, the formation factor is only
suitable to a limited extent for making a statement about the rock conductivity. It makes more
sense to determine the tortuosity. A low tortuosity value is associated with a high porosity
(Mdiller, 2000).

The previously mentioned parameters have the disadvantage that only the pore system of the
materials is considered. However, cracks in the concrete can be significant sources of error in
the measurement of conductivity. Azarsa & Gupta describe that the conductivity of a cracked
concrete can contain an error of about 200 % in contrast to the actual resistivity. This is since
the crack represents a continuous channel for ion transport in the pore solution (Azarsa &
Gupta, 2017).

e  Water Saturation

Numerous studies have been carried out in the literature on the interaction between the amount
of pore solution and electrical resistance. The result of the investigations is unanimous: as the
amount of pore solution decreases, the electrical resistance increases (Burchler, 1996, Elkey
& Sellevold, 1995, Jamil et al., 2013, Presuel-Moreno & Liu, 2012, Zapico, 2015). The
conductivity of the pore solution is even the parameter that makes the greatest contribution to
the conductivity of the concrete (Miller, 2000). In a hydrated and water-saturated concrete,
the electrical resistivity is approximately between 10 and 500 QOm. With increasing drying, the
resistivity increases rapidly, especially in edge areas. Interior components, for example, can
reach an electrical resistivity of up to 10 MQm after a few years (Raupach et al., 2007).

These results are mainly explained by the fact that at low saturations there is also little water
in the pores. However, since the pore solution is the carrier of the ions, this is equivalent to a
low conductivity due to the inhibited ion flow (Zapico, 2015).

The relationship between water saturation and resistivity is visualised in Figure 2.24. Although
the test set-ups and test specimens with different water/cement ratios are different, the curves
can be compared well. It can be seen that the resistivity increases exponentially with
decreasing water content (Gjarv et al., 1977).
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Figure 2.24 Influence of water saturation on electrical resistivity (Gjarv et al., 1977)

. Pore Solution

In the pore solution, the current flow takes place mainly through anions and cations. The
conductivity is thus dependent on the type and number of ions contained in the solution (Mdiller,
2000, Reichling, 2014).

Formally, the electric current | of an electrolyte can be described with the help of (eq. 2-25).
Applied to Ohm's law, the electrical conductivity of a solution with a known composition can be
calculated (Burchler, 1996).

n

I=F*AQ*E*ZCi*ui*|zi| (eq. 2-25)
i=1
with:
F Faraday constant in A*s/mol
Aq Cross-sectional area in m?

E Electric field strength in V/m

n Number of ions

Ci Concentration of the ion type i in mol/m3
Ui Mobility of the ion type i in m?/(V*s)

Zi Valence of the ion i

According to this, the conductivity of a concrete pore solution is mainly dependent on the
concentration of the ions, their valence, and their mobility, in addition to its composition. An
increase in these values accordingly causes an increase in conductivity (Muller, 2000).

Overall, however, the influence of the pore solution is small as long as an alkaline environment
remains. At high pH values, the electrical resistivity is between 30 and 100 Qcm. If the concrete
is carbonated, however, the resistivity increases, making the influence of this parameter more
significant (Andrade, 2005).
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e Concrete Composition

The conductivity of a concrete depends, as described, on the pore system of the material. The
structural formation of the material is influenced by several factors. In addition to the water-
cement ratio (w/c ratio), all ingredients such as the aggregate, the cement and any additives
should be mentioned (Azarsa & Gupta, 2017, Libeck et al., 2012, Ramezanianpour et al.,
2014, Zapico, 2015). The effects on the structure of the concrete - with regard to conductivity
- will be explained in this section.

The wi/c ratio is one of the main factors determining the permeability of a concrete. In his
dissertation, Reichling was able to establish not only a correlation of the porosity via the
formation factor with the tortuosity, but also with the w/c ratio. (Reichling, 2014)
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Figure 2.25 Influence of the cement on the electrical resistivity (Elkey & Sellevold, 1995)

High wi/c ratios lead to a high porosity, i.e., a pronounced pore system that can absorb more
water. Thus, the conductivity also increases with an increasing ratio of liquid to cement, which
can be seen in Figure 2.25 (Azarsa & Gupta, 2017). A study carried out by Monfore in this
context concludes that an increase in the w/c ratio from 0.4 to 0.6 is accompanied by a halving
of the resistivity. The relationship can be assumed to be approximately linear (Monfore, 1968,
Whiting & Nagi, 2003).

Also cement type and content exert an influence on conductivity. The reduction of the cement
content at the same w/c ratio causes an increase of the electrical resistivity. The more cement
paste is present, the more channels for the concrete pore solution are created in the hardened
product. As can be seen in Figure 2.25, there seems to be no interaction between the w/c ratio
and the cement content. The slopes of the curves are almost identical regardless of the w/c
ratio considered. (Elkey & Sellevold, 1995, Hughes et al., 1985).

In addition to the cement content, different cement compositions also cause different
conductivities. According to Malakooti et al., cements differ depending on their chemical
composition and the associated number of ions (Malakooti et al., 2019). In principle, it should
be noted that the resistivities of Portland cements are lower than those of cements with other
constituents, such as trass or ground granulated blast-furnace slag. These additives can lead
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to a change in tortuosity, which in turn influences the conductivity (Banea, 2015, Weigler &
Karl, 1989).

The pozzolanic substance silica fume is a by-product of the condensation of evaporating silicic
acid. The grains are spherical with a diameter of between 0.05 and 0.5 ym and a specific
surface area of around 22 m?/g and thus, much finer than cement grains. Silica fume is mainly
used to increase the concrete resistance or to create an impermeability against chlorides,
chemicals or similar (Weigler & Karl, 1989). Mixing in silica fume results in higher resistances.
Although the electrical resistances are lower in the first seven days after production, they
increase even more rapidly thereafter (Tumidajski, 2005). Silica dust leads to a finer pore
structure with a simultaneous decrease in ion concentration. The larger the proportion of dust,
the greater the changes to be expected (Berke et al., 1992, Elkey & Sellevold, 1995, Hauck,
1993). According to Mazloom et al. the use of 5 and 10 % silica dust leads to an increase in
electrical resistance of 43 and 139 % respectively compared to the control mixture (Mazloom
et al., 2017).

Fly ash is produced during the combustion of ground or pulverised materials in coal-fired power
plants. These fuels contain mineral fractions that melt and solidify to a glassy consistency
during the processing procedure. This creates smooth and spherical structures. The chemical
composition of fly ash varies greatly, as does its grain size. Fly ash is mostly used to optimise
workability and water demand of the concrete (Weigler & Karl, 1989). Studies by Montemor et
al. show that fly ash contributes to a reduction in concrete porosity. Less porous structures
lead to lower tortuosity. Thus, substitution with fly ash in a mix results in an increase in
resistance by a factor of ten (Montemor et al., 2000). Naik et al. came to the same conclusion
in their study. Concretes with fly ash show lower electrical resistivities across all mixtures. The
spectrum of the electrical resistance of the test specimens with fly ash ranges from 173 to
60,000 Qcm, whereas that of the specimens without fly ash only ranges from 131 to
50,000 Qcm (Naik et al., 2010).
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Figure 2.26 Influence of granulated blast-furnace slag on electrical resistivity (Hope & Ip,
1987, Whiting & Nagi, 2003)
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Unlike the previously mentioned additives, ground granulated blast-furnace slag is not a
pozzolanic but a latent hydraulic substance consisting of calcium silicate aluminate
compounds. GGBS is produced during pig iron production in the blast-furnace, more precisely
during the rapid cooling of slag melt. The hydrated lime split off from the Portland cement
during hydration serves as an exciter for the hydraulic reaction of the material (Weigler & Karl,
1989). Hope and lp investigated the effects of GGBS on the electrical resistance. Three
different concretes, each with 0 %, 25 % and 50 % GGBS, were measured over 200 days.
After only a few days, it can be seen that a high proportion of ground granulated blast-furnace
slag results in a higher resistivity due to the denser structure. The exact curves can be seen in
Figure 2.26 (Hope & Ip, 1987, Whiting & Nagi, 2003).

With trass, limestone and metakaolin, further additives were investigated by Ramezanianpour
et al. While the electrical resistivity of concrete with limestone deviates only insignificantly from
normal concrete at the beginning of the measurements, after 90 days a 14 % lower value can
be observed in the mixture without limestone. The measured resistivities of concretes with
metakaolin are again 68.2 % and 15.3 % higher than those of concretes with limestone and
trass. This can be explained by the fact that metakaolin is better able to fill the capillary pores,
which results in reduced permeability (Ramezanianpour et al., 2014).

In summary, the fine additives result in a lowered conductivity of the concrete. They ensure
that the pore structure is refined. As a result, less conductive pore solution can penetrate the
material. This finding can be taken from numerous other studies. The works of Liu and Presuel-
Moreno, Lubeck et al., Topgu et al., Gastaldini et al. and many others (Gastaldini et al., 2009,
Liu & Presuel-Moreno, 2014; Libeck et al., 2012; Topcu et al., 2012) should be mentioned
here.

Basically, the aggregate has a significantly lower conductivity than the hardened cement paste.
This is since most aggregates are less porous. In addition to the amount of aggregate used,
its size and type also have an influence on the conductivity of the material (Azarsa & Gupta,
2017). Increasing the proportion of aggregate leads to an increase in resistance because the
pore space becomes smaller. A similar result is obtained when using large aggregates. The
larger the aggregate, the less conductive the material.
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Figure 2.27 Influence of aggregate size on resistivity (Sengul, 2014)



2 Theoretical Background 34

Further investigations into the type of rock revealed that a higher resistance is always
measured for broken grains than for round grains (Azarsa & Gupta, 2017, Sengul, 2014). To
illustrate these facts, Figure 2.27 shows the relationship between grain size, proportion and
shape and resistivity.

The influences described so far are mostly based on charge transport in the concrete pore
solution. However, steel fibres are a second-order conductor in which the transport is
performed due to the mobilisation of electrons in a metal lattice (Reichling, 2014). Therefore,
the choice of fibre is relevant to the results of the resistance measurement. In the literature,
work can be found regarding fibre type, fibre content and orientation.

Significant differences can be seen in the resistivity of carbon and steel fibres (in Table 2.3).
In the measurements carried out by Banthia et al., significantly lower resistances can be seen
in the fibre reinforced concrete after just one day. Adding one percent of steel fibres reduces
the resistance of the concrete by about half. This tendency is even more pronounced with
carbon fibres. In addition, increasing the fibre content is accompanied by a reduction in
resistance. (Banthia et al., 1992).

Table 2.3 Electrical resistivities of different fibre materials (Banthia et al., 1992)

Fibre type Fibre volume Electrical resistivity in Qcm at age of concrete of
fractionin% 1 day 7 days 28 days
No fibre - 1.594 11.638 66.117
1 83 249 820
Carbon fibre 3 34 101 349
5 17 35 78
1 769 4.886 31.921
Steel fibre 3 585 2712 14.860
5 251 1404 7.439

A comparison of carbon and steel fibres shows that the conductivity of the former is lower.
Nevertheless, higher conductivities can be recorded for carbon fibre reinforced concrete than
for steel fibre reinforced concrete, which indicates that the distribution and dimensions play a
decisive role (Holschemacher et al., 2006).

Also of importance for the conductivity is the fibre length. Longer fibres have a positive effect
on the conductivity of the material. Longer fibres are more likely to form a continuous fibre-to-
fibre contact throughout the specimen than short ones. However, this only applies to low fibre
contents (Chen et al., 2004).

In addition to the content and length, the orientation of the fibres is also relevant. Maximum
conductivity is achieved when the fibres run parallel to the direction of measurement. This
orientation creates conduction channels that favour electron transport between the poles. At
the same time, measured resistances are always higher with fibres perpendicular to the
direction of measurement than with the previously described orientation (Lataste et al., 2008,
Zapico, 2015).
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e Age of Concrete

In general, it can be stated in this context that the electrical resistance of a concrete increases
with time (Zapico, 2015). The reason for this is a combination of the processes of hydration
(Daniel et al., 2001, Gjerv et al., 1977, Liu & Presuel-Moreno, 2014), leaching (Spragg et al.,
2017) and evaporation (Daniel et al., 2001). Additionally, a water storage leads to a significant
reduction in electrical resistance over time (Wedding et al., 1979).

24 Summary of Literature

The literature analysed the necessity and applicability of the development of a test method,
based on electrical resistivity measurements in order to determine the fibre content and
orientation of SFRC specimens. Herein the influences of fibre content and orientation on the
mechanical properties are analysed. Both parameters show significant effect on the
transmittable tensions in the compound material. Hence, for the fibre content a critical value
can be determined, which enables an estimation of the necessary fibre content for an optimum
design of SFRC. Analysing the fibre orientation, it is visible that in SFRC fibres oriented parallel
to the tensile forces show the best crack bridging properties. Thus, the determination of both
parameters has to be enabled to economically calculate the statics of an SFRC element
without using rough estimations that lead to high safety parameters and thus lower design
parameters.

In addition, common and experimental test methods for the determination of fibre content and
orientation of SFRC are presented and discussed. While there a plenty of test methods for
laboratory applications, only two methods are standardized so far for construction side
application, which both are based on manually counting of fibres after eliminating the concrete
matrix. Besides these methods an excellent method for a detailed analysis of fibre content and
orientation is CT-scanning. Nevertheless, this method needs a significantly higher investment
and know-how and is limited to small specimens only. Other methods like inductive
measurements or microwave analysis are used in laboratory tests of several researchers but
are not usable as standard test method because of their state of development. Electrical
resistivity measurements on the other hand are to be used for material analysis in lab scale as
well as for structural diagnostics (multi ring electrodes), but the application for the analysis of
SFRC is still lacking.

To look on this method in more detail, the fundamentals of electrical resistivity and especially
measurement principles were shown, supplemented by influencing parameters of the electrical
resistivity of concrete and SFRC. These parameters have to be considered for the
development of a test setup to ensure that the test method is applicable and sufficiently
accurate.

For these reasons, in the four scientific publications presented below the development, testing
and verification of a novel test based on electrical resistivity measurements is demonstrated
and discussed. Hereby the focus was set of an easy-to-use setup to measure fibre content and
orientation that is applicable for lab and construction side conditions.
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3 Initial Investigations on Concrete Cubes

This section was published as scientific paper under the title “Electrical Resistivity of Steel
Fibre-Reinforced Concrete — Influencing Parameters” in the journal Materials in 2021 (Cleven
et al., 2021).

3.1 Abstract

This paper presents a systematic study of the electrical resistivity of different steel fibre-
reinforced concretes with fibre contents from 0 kg/m? to 80 kg/m? in order to identify possible
effects of interactions among concrete composition and fibre type and content regarding
electrical resistivity. Based on a literature review, four parameters, w/c ratio, binder content,
ground granulated blast-furnace slag (GGBS) and fineness of cement, which show a significant
influence on the electrical resistivity of plain concrete, were identified, and their influence on
the electrical resistivity as well as interaction effects were investigated. The results of the
experiments highlight that the addition of fibres leads to a significant decrease in electrical
resistivity, independent of all additional parameters of the concrete composition. Additionally,
it was shown that a higher porosity of the concrete, e.g., due to a higher w/c ratio, also results
in a lower electrical resistivity. These results are in agreement with the literature review on
plain concrete, while the influence of the concrete composition on the electrical resistivity is
weaker with the increase in fibre content. The influence of fibre reinforcement is thus not
affected by changes in the concrete composition. In general, a higher fibre dosage leads to a
decrease in electrical resistivity, but the impact on the electrical resistivity varies slightly with
different types of steel fibres. Based on this study, the potential of determining the fibre content
using electrical resistivity measurements could be clearly presented.

3.2 Introduction

As a commonly used composite material for civil construction steel fibre-reinforced concrete
(SFRC) combines the positive aspects of both basic materials with respect to its load bearing
behaviour (see e.g., Di Prisco et al., 2009; Ding et al., 2019; Ferdosian & Cambes, 2021;
Kachouh et al., 2019; Lehner et al., 2020; Shan & Zhang, 2014). Since the plain concrete has
excellent resistance to compressive forces but has almost no ability to withstand tensile
stresses, the fibre fraction takes up the remaining tensile forces. With this material, one can
produce elements in almost every shape, with sufficient durability and improved mechanical
characteristics (see e.g., Hedjazi & Castillo, 2020; Kobaka et al., 2019; Luo et al., 2020; Song
& Hwang, 2014; Zhang et al., 2019). Principal applications of SFRC include industrial floorings,
structures in seismic zones or underground construction and applications where structures are
exposed to torsion, impact, or fatigue (see e.g., Brandt, 2008; Facconi et al., 2021; Li et al.,
2019). One disadvantage of this type of construction material is the huge influence of fibre
content, distribution, and orientation on its mechanic properties (see e.g., Barnett et al., 2010;
Gettu et al., 2005; Li et al., 2018; Martinelli et al., 2021a; Martinelli et al., 2021b). There are
studies which show that the mechanical parameters of identical concrete specimens can differ
up to 20 % (see e.g., Molins et al., 2009) due to a lack of control of the fibre fraction of the
concrete. For this reason, large safety factors must be used for static calculations.

While the fibre content in new construction projects can easily be determined by washing fibres
out of a defined fresh concrete sample or by checking the weighing protocols, in hardened
concrete or existing constructions, to date, there is no easy method to calculate the exact fibre
content. One non-destructive test method that seems to be suitable for the determination of
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fibre content and orientation in concrete is to measure the electrical resistance of the concrete
(see e.g., Berrocal et al., 2018; Karhunen et al., 2010; Lataste et al., 2008; Lataste et al., 2010;
Layssi et al., 2015; Mason et al., 2002; Ozyurt et al., 2006a; Ozyurt et al., 2006b; Torrents et
al., 2000; Walsh et al., 2018; Woo et al., 2005). Resistance measurements with so called
multiring-electrodes are well known to monitor the durability of concrete, with respect to
potential corrosion processes of steel rebars (see e.g., Raupach et al., 2006; Raupach et al.,
2013; Reichling, 2014; Reichling & Raupach, 2012).

The degree of water saturation of the pore structure of the concrete, the porosity and the
conductivity of the pore solution are the most relevant influencing factors for the electrical
resistivity of concrete (see e.g., Andrade, 2005; Birchler, 1996; Layssi et al., 2015; Reichling
et al., 2015). Nevertheless, it should be considered, that the influence of the pore solution
chemistry is relatively small, unless extreme drying and carbonating effects take place. In
general, the composition of the pore solution changes with the ongoing hydration process due
to hydration reactions and related dissolution processes of ions, especially during early age
until 28 days of hydration. Typically, the chemical composition stabilises afterwards and shows
an electrical resistivity in a range between 0.3 and 1 Qm (see e.g., Andrade, 2005; Blrchler,
1996).

For SFRC, the fibres have a significant influence on the conductivity of the material due to their
ability to function as metallic conductor in contrast to the pore solution which only conducts
electricity via ionic transfer (see e.g., Chen et al., 2004; Hedjazi & Castillo, 2020; Lataste et
al., 2008; Reichling & Raupach, 2012). Therefore, for the concrete, if investigated under
controlled humidity, especially the pore structure influences the resistivity and in turn is
influenced by the process of hydration and the concrete composition (see e.g., Mouhasseb,
2007). By screening the literature several other parameters become apparent, which affect the
pore structure of concrete, such as water/cement ratio, cement content and the concrete
ingredients, e.g., type of cement or applied supplementary cementitious materials and
aggregates (see e.g., Azarsa & Gupta, 2017; Chen & Brouwers, 2006; Cosoli et al., 2020;
Elkey & Sellevold, 1995; Hughes et al., 1985; Liu et al., 2014; Lubeck et al., 2012; Monfore,
1968; Polder & Ketelaars, 1991; Ramezanianpour et al., 2014; van Beek & Stenfert Kroese,
2019).

The most influencing parameters on the porosity and, therefore, on the electrical resistivity of
concrete are the water/cement ratio and the cement content. An increasing water/cement ratio
is paired with an increase in porosity; therefore, a decrease in electrical resistivity due to an
enlarged capillary network is observed. The total amount of water, at a constant w/c ratio, is
influenced by the cement content, which also influences the total porosity. At constant cement
content, an almost linear decrease in electrical resistivity is visible with increasing
water/cement ratios between 0.4 and 0.6, while higher cement contents at a constant w/c ratio
also lead to decreasing electrical conductivity. Both parameters are independent of each other
and showed no interactions (see e.g., Azarsa & Gupta, 2017; Chen & Brouwers, 2006; Cosoli
et al., 2020; Elkey & Sellevold, 1995; Hughes et al., 1985; Liu et al., 2014; Monfore, 1968;
Polder & Ketelaars, 1991; van Beek & Stenfert Kroese, 2019).

Different types of cement as well as the use of SCM significantly affect the conductivity of the
pore solution as well as the resulting pore structure of the concrete. In general, ordinary
Portland cements show the lowest electrical resistivity, while the use of different cement types
or the addition of silica fume, fly ash or ground granulated blast-furnace slag (GGBS)
significantly decreases the porosity of the concrete, thus leading to an increase in electrical
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resistivity. Mainly due to the pozzolanic or latent-hydraulic reaction of SCMs, such as GGBS,
silica fume or fly ash the pore structure becomes finer and less permeable, and thus the
conductivity of the pore solution is reduced. The same phenomenon can be observed using
finer cements, such as cements with higher strength classes (see e.g., Cosoli et al., 2020;
Gastaldini et al., 2009; Hauck, 1993; Hope & Ip, 1987; Liu & Presuel-Moreno, 2014; Libeck et
al., 2012; Mazloom et al., 2017; Montemor et al., 2000; Naik et al., 2010; Topgu et al., 2012;
Tumidajski, 2005).

Additionally, aggregates may influence the conductivity of concrete, since different grain size
distributions or water absorption capacities of these concrete components can influence the
total porosity of the concrete. For example, the use of crushed aggregates leads to a higher
electrical resistivity than round grain shapes. Additionally, a greater maximum grain size
increases the electrical resistivity as large grains are non-conducting and increase the
tortuosity of the concrete (see e.g., Azarsa & Gupta, 2017; Sengul, 2014). It must be mentioned
that in some cases conductive aggregates are also used for concrete, which leads to a
significant decrease in the electrical resistivity.

One additional parameter that may have a large effect on the electrical resistivity independent
of the concrete composition is the aging of the concrete as a function of service exposure,
which is paired with changes in the pore structure and also impacts leaching and drying
processes. Furthermore, the continuing hydration process leads to a refinement and
densification of the pore structure, thus increasing electrical resistivity. The same effect occurs
due to ion leaching effects (see e.g., Daniel et al., 2001; Gjgrv et al., 1977; Liu & Presuel-
Moreno, 2014; Spragg et al., 2017).

When studying SFRC, the use of conductible fibres, e.g., steel, also contributes to electric
conduction processes and thus significantly affects the electrical resistivity of the composite
material. Since steel is a metallic conductor, the fibres have a substantially higher conductivity
than the concrete. Therefore, by the addition of steel fibres, a composite is formed, which
includes a combination of parallel and serial electrical connections. Thus, the electrical
resistivity of the composite is dependent on the amount of fibre and orientation in the structure.
A high fibre content leads to a significant decrease in electrical resistivity, and fibres with a
parallel orientation to the electrical transport direction reduce resistivity. In addition, the
geometry of the fibres influences conductivity. Small fibres, in general, tend to show an even
distribution and orientation, whereas the use of longer fibres increases the probability of direct
fibre to fibre contacts, which leads to a short circuit and, therefore, to almost no influence of
the concrete on the electrical conductivity. These effects of fibre length, however, only take
place at low fibre dosages (see e.g., Banthia et al., 1992; Chen et al., 2004; Lataste et al.,
2008).

Measurements of the electrical resistivity of the concrete show a high potential for use as non-
destructive test method for the determination of the fibre content of SFRC, and thus possible
negative effects of other parameters have been known to enable sufficient and accurate results
by the use of an easy test setup. Even though, in the past, investigations have been performed
to show the influence of fibres on the electrical resistivity (see e.g., Berrocal et al., 2018;
Karhunen et al., 2010; Lataste et al., 2008; Lataste et al., 2010; Layssi et al., 2015; Mason et
al., 2002; Ozyurt et al., 2006a; Ozyurt et al., 2006b; Torrents et al., 2000; Walsh et al., 2018;
Woo et al., 2005) or to analyse effects of the concrete composition on the permeability or
electrical resistivity of concrete (see e.g., Andrade, 2005; Banthia et al., 1992; Blrchler, 1996;
Chen et al., 2004; Chen & Brouwers, 2006; Elkey & Sellevold, 1995; Hughes et al., 1985; Liu
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et al., 2014; Monfore, 1968; Mouhasseb, 2007; Polder & Ketelaars, 1991; van Beek & Stenfert
Kroese, 2019), a systematic study that combines the effects of SFRC and different parameters
of the concrete composition is lacking.

In this study, the effects of concrete composition in combination with the addition of fibres on
the electrical conductivity are studied. The aim of this paper is to identify single effects and
interactions which allow a model to be constructed and/or represent an important dataset for
the future development of a test method for the determination of fibre content and orientation
on fresh and hardened concrete based on electrical resistivity measurements. With the help of
such a novel test method, it is possible to simplify monitoring processes for SFRC and to allow
a more precise prediction of the mechanical characteristics of SFRC, which could lead to static
calculations with lower safety factors and thus to a higher acceptance of SFRC in fields of
construction.

3.3 Materials and Methods
3.31 Materials
3.31.1 Characterisation of Materials

For the experiments presented in this paper, we decided to use three different ordinary
Portland cements originating from the same cement plant with strength classes of 32.5 N/mm?,
42.5 N/mm? and 52.5 N/mm?, as these types are commonly used, and neither negative
interactions based on chemical reactions in combination with ground granulated blast-furnace
slag (GGBS) nor changes in clinker composition for the different cements should take place.
Additionally, the use of GGBS was investigated in different mixtures. Quartzite gravel with a
grain size distribution of A/B 16 in accordance with DIN 1045-2, 2008 was the used aggregate.

The binder components, cements and GGBS, were analysed regarding density and fineness
to consider these factors in the evaluation of the measurements of the electrical resistivity. The
results are presented in Table 3.1.

Table 3.1 Characterisation of the cements and supplementary cementitious materials.
Binder :?1eglsci;31/3 ﬁ'npgr::zfll; surface

CEMI325R 3.15 3000

CEMI1425R 3.14 3670

CEM1525R 3.15 4320

GGBS 2.91 4240

All three cements showed almost the same density, while the GGBS had an 8 % lower density.
This difference was taken into account for the concrete mix design. The cements were selected
to differ in fineness, so the results of specific surface according to Blaine optimally fulfilled this
requirement. The specific surface of the CEM | 52.5 R exceeded that of the CEM | 32.5 R by
44 %, and the specific surface of CEM | 42.5 R, which is 22 % higher than that of the CEM |
32.5 R, almost presented the mean value of the two other cements. The specific surface of the
GGBS, as expected, exceeded that of the less fine cements and was in the same range as the
CEM1525R.
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Table 3.2 Parameters of the used fibres

Parameter Unit Fibre 1 Fibre 2 Fibre 3
Fibre type - Macrofibre Macrofibre Microfibre
Material - steel wire steel wire steel wire
Coating - - - brass
Length 60 35 8
Diameter mm 1 0.75 0.175

I/d ratio - 60 46.7 45.7
Fibre quantity pieces/kg 2600 8200 662000

Three different steel fibres were used as the reinforcement materials for the experiments. While
fibre 1 and fibre 2 are hooked-end macro steel fibres, produced as wired fibres, fibre 3 is a
straight micro steel fibre with a brass coating. Fibre 1 represents a type of steel fibre that is
commonly used in Europe for SFRC. In contrast, fibre 3 is recommended for use in UHPC, as
presented in Kalthoff & Raupach, 2021. Fibre 2 was chosen due to its geometry, which is
directly in between those of the other fibres. The fibres differ in length, diameter and aspect
ratio, but the greatest difference is the fibre quantity. While there are 2600 fibres of type 1
per kg, the quantity of fibre 3 with 662,000 fibres is almost 250 times higher. A characterisation
of the fibres is given in Table 3.2, and a graphical presentation of the fibres is presented in
Figure 3.1.

Figure 3.1  Shapes of the used fibres (left: fibre 1; middle: fibre 2; right: fibre 3)

3.3.1.2 Basic Concrete Mix Design

The electrical conductivity of both plain concrete (PC) and steel fibre-reinforced concrete
(SFRC) was investigated on various concrete mixtures to identify the effects of different
parameters of the concrete composition on electrical resistivity. For this purpose, a basic
concrete mixture according to EN 206, 2017 in combination with DIN 1045-2, 2008 was chosen
and investigated.

The basic concrete composition is given in Table 3.3. A cement content of 300 kg/m?® of CEM
I 32.5 R in combination with a water/cement ratio of 0.60 was used to obtain a sufficient
workability with the use of a high amount of steel fibres. For the reinforcement, fibre 1
(Table 3.2) was chosen, and fibre contents from 0 kg/m® to 80 kg/m*® were applied. No
superplasticizer was used.
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Table 3.3 Concrete mix design of the basic concrete

Parameter Unit Content
CEM1325R 300.0
GGBS -

kg/m3
Water 180.0
Aggregates 1849.5
Water/cement ratio 0.60
Grain size distribution - A/B16
Steel fibre type Macrofibre 60 mm
Steel fibre content kg/m3 0to 80

Every concrete batch within this study was produced according to the following scheme with a
material volume of 60 L. The homogenisation of the solid materials, such as cement, GGBS
and aggregates, was performed in a compulsory mixer with a nominal volume of 160 L for 30 s.
In the next step, the water was added during the ongoing mix process, and the concrete was
mixed for at least two minutes. After a visual inspection of the homogeneity of the concrete,
adhering components were removed from the mixer wall, followed by an additional mixing time
of one minute.

Directly after the mixing process, the consistency of the concrete was determined via a flow
table test in accordance with EN 12350-5, 2019. Additionally, the air content and fresh concrete
density in accordance with EN 12350-6, 2019 and EN 12350-7, 2019, respectively, were
determined. After the execution of the fresh concrete tests, samples of 4 L of concrete were
placed in a small bucket mixer with a mixing volume of a maximum of 10 L. Defined amounts
(between 10 kg/m? to 80 kg/m?) of steel fibres were added into the bucket mixer, and the fresh
concrete was mixed for approximately one minute to ensure the correct fibre amounts. Then,
cubical steel formworks with dimensions of 150 mm? were filled with the SFRC. One additional
reference specimen was produced using the plain concrete without fibres.

After the production, the specimens were left in the formworks for approximately 24 h and
covered with foil to prevent drying of the surfaces. The upper surfaces of the demoulded
specimen were removed by grinding since a flat surface was recommended to reach optimal
conditions for the electric connection. Afterwards, the dimensions of the specimens were
determined, and they were stored in 2.7 L of regular water each at a temperature of 20 °C in
separate storage boxes till testing.

In total, 180 specimens were investigated, including the basic concrete mixture, ten additional
mixtures for the single parameter variation and eight mixtures for the multiple parameter
variation with nine specimens each and nine specimens for the investigations of possible
leaching effects.

3.3.2 Experimental Methods

3.3.21 Design of Experiments—Single Parameter Variation

For the identification of changes in single parameters of the concrete mix design, several
mixtures with one varying parameter were produced and investigated. The following
parameters were varied individually in order to prevent interactions based on combined
variations:
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e Cementtype (CEM132.5R, CEM142.5R and CEM | 52.5 R) (all from the same plant);

o Water/cement ratio (0.55, 0.60 and 0.65);

e Binder content (270 kg/m?, 300 kg/m? and 330 kg/m?);

e Content of GGBS (replacement of 0 %, 35 % and 65 % of total binder);

o Fibre type/geometry (macro steel fibre 60 mm, macro steel fibre 35 mm and micro steel
fibre 8 mm).

In total, based on the basic concrete mix design, ten additional concrete mixtures were
produced and investigated with fibre contents from 0 kg/m*® to 80 kg/m3, so each of the
5 parameters could be observed at three levels to identify possible effects and evaluate if there
is a linear or non-linear correlation. The mix designs of the additional concretes are presented
in Table E.1 to Table E.5, Annex E.

3.3.2.2 Design of Experiments—Multiple Parameter Variation

To identify interactions between different parameters of the concrete composition, the software
Minitab (19.2020.1, Minitab LLC, State College, PA, USA) was used to develop a statistical
design of experiments. Based on the basic concrete mix design (Table 3.3), the cement type
of the parameters, the w/c ratio, the binder content and the amount of GGBS were varied, and
a matrix of 9 mixtures was investigated (Table 3.4). The fibre type was kept constant in these
experiments to keep the number of mixtures as small as possible, and no large effects of the
fibre type on the electrical resistivity were identified in the experiments with single parameter
changes. An evenly distributed matrix of mixtures was important, so that each parameter at
each of its three tested levels is presented three times within the complete evaluation. The mix
designs of the additional concretes are presented in Table E.6 to Table E.9, Annex E.

Table 3.4 Statistical concrete matrix with combined variations
designation  Cementtype  wic ratio inkgms - GGBS in %
32-55-270-35 CEM1325R 0.55 270 35
32-60-300-00* CEMI1325R 0.60 300 0
32-65-330-65 CEM1325R 0.65 330 65
42-55-330-00 CEM1425R 0.55 330 0
42-60-270-65 CEM1425R 0.60 270 65
42-65-300-35 CEM1425R 0.65 300 35
52-55-300-65 CEM1525R 0.55 300 65
52-60-330-35 CEM1525R 0.60 330 35
52-65-270-00 CEM1525R 0.65 270 0

* Basic concrete mix design.

3.3.2.3 Investigations of Leaching Effects

In addition, the possible impact of leaching of the concrete during its storage was investigated.
To identify this effect, one series consisting of nine specimens out of one batch of concrete
was produced as described in Section 3.3.1.2. Samples produced from the basic concrete mix
with fibre contents of 0 kg/m?, 40 kg/m? and 80 kg/m?, three almost identical specimens of each
fibre content, were tested. Directly after demoulding, the specimens were stored under varying
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conditions. One specimen of each fibre content was stored in water as described above, while
the other two specimens of each fibre content were exposed to alkaline solutions with higher
pH to minimise leaching effects over time. Among these solutions was saturated calcium
hydroxide solution, and another was synthetical pore solution with the composition presented
in Table 3.5. The specimens were only taken out of their storage boxes for the measurements
at concrete ages of 7 days, 14 days, 28 days, 56 days, 91 days and 185 days and afterwards
stored in the same boxes again without a change in the storage medium with the aim of the
harmonisation of the concrete and storage medium over time. The volume to surface ratio of
all storage media was constantly 20 L/m?®.

Table 3.5 Initial composition of synthetical pore solution
Component Unit Value

KOH 170

NaOH mmol/L 17

Ca(OH). 23

3.33 Resistivity Measurements

Each specimen was taken out of the storage boxes at a concrete age of 7 days, and the
electrical resistance between two opposite surfaces of the specimen was measured under wet
surface conditions using an alternating current. The aim was to contact the whole surface due
to the large ratio between the fibre length and dimensions of the specimen to inhibit the effects
of single fibres or grains near the surfaces. To consider effects based on the inhomogeneity
and anisotropy of the concrete, especially in the case of fibre addition, all three directions, two
horizontal ones and the vertical direction, which is the pouring direction, were contacted
consecutively using an LCR meter. Additionally, every direction was investigated with five
different frequencies of alternating current, 100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz, with
a voltage amplitude of 600 mV rms. The test setup is illustrated in Figure 3.2.

\\Spegimen <. ;
<& ek Electrode- - .

Electrode 2

Electrode 1

Coupling

(a) (b)

Figure 3.2  Test setup for conductivity measurements, schematical setup (a) and photo of
test setup with investigated specimen (b)

The whole test setup consisted of two stainless steel plates with edge lengths of 200 mm. Due
to the uneven and porous surface of the concrete, a direct electrical connection of steel and
concrete led to irreproducible results; therefore, a wet sponge cloth was used as a connector
between both materials, and the humidity of the sponge was constantly checked to inhibit



3 Initial Investigations on Concrete Cubes 44

drying effects. The steel plates were directly connected to the LCR meter via equally long
cables. After placing the specimen between both electrodes, a defined reference weight was
placed on top of the test setup to gain a constant and reproducible contact pressure.

Since the dimensions of the specimens slightly differed, the resistivity of the concrete for each
direction was calculated by (eq. 3-17).

p=Rxk (eq.3-1)
with:
p: electrical resistivity in Qm
R: electrical resistance in Q
k: geometry factor depending on dimensions of specimen in m (eq. 3-2)
k=A/l (eq. 3-2)
with:
A: effective contact area in m?2

I: electrode gap inm

Due to the inhomogeneity and anisotropy of SFRC, it was necessary to carry out several
measurements in three possible specimen directions. For this purpose, the resistivities of the
three directions for each specimen were averaged, and the so called global electrical resistivity
p,g Was used to compare different specimens. Values for different directions were examined in
detail in only a few instances. Even though the whole study was performed using a constant
production method, effects based on the compaction, manufacturing of specimens and flowing
behaviour of concrete and fibres would result in a considerable scatter of material
characteristics, especially in fibre orientation and distribution, so the use of a global value
independent of specimen orientation would ideally minimise this scatter. The calculated global
electrical resistivity of the material represents the approximated electrical resistivity of an
equivalent material with homogenous and isotropic behaviour in electrical conduction. All
results of the calculations of the global electrical resistivity can be found in Table E.10 to
Table E.52, Annex E.

3.4 Results
3.41 General Results of the Evaluation

In the first step, the influences of the frequency of the alternating current as well as the fibre
content on the global electrical resistivity were analysed based on the results of basic concrete
mixture. As seen in Figure 3.3 (a), an increasing frequency, as expected, led to a small
decrease in the global electrical resistivity independent of the fibre content. Based on all 180
specimens, independent of concrete composition and fibre content, the main effect plot also
shows the decrease in the electrical resistivity with a higher frequency, where a linear tendency
is visible for a logarithmic increase in the frequency (Figure 3.3 (b)). In addition, it can be seen
that there was an almost constant 95 % confidence interval for all frequencies. The main effect
plot was calculated by Minitab by compiling the mean values of different groups of results to
identify effects that are only caused by one parameter. In comparison to the influences of the
concrete composition and the fibre addition, this tendency was scarce, so for this study, it could
be neglected. Due to the independency of the alternating current and all other investigated
parameters, which can be presumed based on the main plot by Minitab, for further
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investigation, all the measurement results of the five frequencies were included in the
evaluation, and the software Minitab was used to calculate the main effect plots to eliminate
the effect of frequency and enlarge the database.
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Figure 3.3  Effect of different frequencies of alternating current on the global electrical
resistivity of SFRC as function of the fibre content in the basic concrete mixture (a) and
main effect plot with 95 % confidence interval of different frequencies of alternating
current on the global electrical resistivity of SFRC calculated by Minitab based on all
experimental data (b)

Additionally, as shown in Figure 3.4 (a), where the basic concrete mixture and the mixtures
with the maximum and minimum electrical resistivity, respectively, are presented, the content
of fibres in SFRC had a huge effect on the electrical resistivity. A higher fibre content, for this
mixture, led to a lower resistivity. The same behaviour was visible for the main effect plot,
including all specimens with different concrete mixtures and the 95 % confidence interval
(Figure 3.4 (b)), which almost exactly presented the basic concrete mixture, indicating that the
parameter variations led to both increasing and decreasing global electrical resistivities. With
increasing fibre content, the difference in the electrical resistivity of varying concrete mixtures
reduced in size. While the absolute difference of the maximum and minimum electrical
resistivity for the plain concrete was 43.2 Qm, that for a fibre content of 80 kg/m? with 10.7 Om
was significantly lower; however, the confidence interval for the mean values remained almost
constant. Relative to the mean values, the maximum and minimum spread was 99 % for the
plain concrete and 71 % for the SFRC with 80 kg/m? of fibres.

In contrast to the frequency of alternating current, the influence of different fibre dosages was
significantly higher, and a non-linear correlation between fibre content and global electrical
resistivity was evident. As interactions between the fibre content and other parameters of the
concrete composition were not visible and also not expected to take place, Minitab was used
to calculate the main effect plots of the varied parameters to easily compare changes in
concrete composition without the effects of fibres. Until an interaction between concrete
composition and fibre content cannot be ruled out, especially due to the charge transport in
the steel concrete interface, in the following chapters of this paper, the influence of each
parameter is examined individually for each fibre content.
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Figure 3.4  Effect of the fibre content on the global electrical resistivity of SFRC in the basic
concrete mixture (a) and main effect plot with 95 % confidence interval of the fibre
content on the global electrical resistivity of SFRC calculated by Minitab based on all
experimental data (b)

3.4.2 Effects of Single Parameter Variations in Concrete Composition
3.4.21 Changes in Water/Cement Ratio

The basic concrete mix design (Table 3.3) was modified with respect to its water/cement ratio.
As shown in Figure 3.5 (a), for all fibre contents, there was a visible influence of the w/c ratio
on the resistivity, and an increasing fibre content resulted in a significant reduction in the global
electrical resistivity. While a w/c ratio of 0.55 led to the highest global electrical resistivity for
all fibre contents, the higher w/c ratios of 0.60 and 0.65 did not show an equally continuous
tendency. The curves for w/c ratios of 0.55 and 0.60 can be characterised through an almost
parallel shift, but the curve for a w/c ratio of 0.65 showed a different behaviour and a smoother
progression. It is apparent that at w/c ratios greater than 0.6 and at a fibre content higher than
30 kg/m?, a plateau was reached, at which an increase in the w/c ratio did not significantly
impact the resistivity.
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Figure 3.5  Effect of the water/cement ratio on the global electrical resistivity of SFRC as a
function of fibre content (a) and main effect plot of the water/cement ratio on the global
electrical resistivity of SFRC calculated by Minitab (b)

In summary, independent of fibre content, an increase in the w/c ratio leads to a decrease in
resistivity or to an increase in conductivity, due to the higher water amount in concrete and the
enlarged porosity (Figure 3.5 (b)). This effect already is described for plain concrete in several
papers (see e.g., Elkey & Sellevold, 1995; van Beek & Stenfert Kroese, 2019). Nevertheless,
there is no linear correlation between the w/c ratio and resistivity, especially when fibres are
added. For the higher fibre contents, the discrepancy between the expectation and results of
the measurement can be explained by the influence of fibres and the lower resistivities. While
for low fibre contents, the concrete had a huge influence on the electrical resistivity, with
increasing fibre content, the fibres progressively became the main conductive part of the
material. Variations of the fibre distribution and orientation based on slightly varying
flowabilities of the concrete can have a significant influence on the global electrical resistivity
of the SFRC.

3.4.2.2 Changes in Binder Content

In addition to the water/cement ratio, the binder content, which in this case was synonymous
to the cement content due to the lack of SCM in the basic concrete mix design, directly
influenced the total amount of water and hydrated cement paste in the concrete mixture.
Hence, the total porosity of the concrete varied, whereas the pore size distribution was only
marginally impacted. Figure 3.6 (a) clearly shows the expected effect (see e.g., Elkey &
Sellevold, 1995; Hughes et al., 1985) of a higher amount of water, which led to a decrease in
electrical resistivity for almost every fibre content. The curves for all cement contents in
Figure 3.6 (a) show almost the same behaviour with a decrease in electrical resistivity with
increasing fibre content and a flattening of the curve for higher fibre contents. Only the
concretes with a cement content of 270 kg/m?® and fibre contents of 10 kg/m?® to 30 kg/m?
seemed to deviate from the constant decreasing behaviour, but this can be explained by the
scatter of the experiments.
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Figure 3.6  Effect of the binder content on the global electrical resistivity of SFRC as a
function of fibre content (a) and main effect plot of the binder content on the global
electrical resistivity of SFRC calculated by Minitab (b)

In Figure 3.6 (b), the total effect of the variation of the cement content independent of fibre
content is presented. For the investigated cement contents, an almost linear correlation
between cement content and electrical resistivity can be observed. The constant w/c ratio in
this series of experiments caused a change in the total amount of cement stone with
presumably no changes in the pore structure. Based on the isolating properties of the
aggregates, this is paired with an increase in the conductivity of the whole material.

3.4.2.3 Changes in Cement Type

The cement type, in this case, the strength class, synonymous with the specific surface of the
cement, was varied to identify the effects of a finer pore structure of cement on higher strength
classes. Comparing the results of CEM | 32.5 R and CEM | 42.5 R, this expected behaviour
could be observed, but the finest cement (CEM | 52.5 R) does not fit into those expectations
(Figure 3.7 (a)). As described in Section 3.3.1.2, the specific surfaces of the three used
cements were determined, showing near linearity, where CEM | 32.5 R showed the lowest
surface and CEM | 52.5 R the highest surface, and the specific surface of CEM | 42.5 R was
approximately the mean value of both. When the curves of the global electrical resistivities of
the three concrete mixtures, it is apparent that especially for small fibre contents, the cement
with the highest surface showed the lowest electrical resistivity. For higher fibre contents,
contrary expectations, the curves of the cement intersected and the resistivity of CEM | 52.5 R
exceeded that of CEM | 32.5 R, but they were still lower than those of CEM | 42.5 R. These
effects could not be explained and will be addressed in a future analysis.



3 Initial Investigations on Concrete Cubes 49

Global electrical resistivity g,g in Om Global electrical resistivity o,g in Om
&0 &0
Cement type: varying Cement type: varving

_ " W c-ration 0.a0 _ | wieatio: 0.a0
a0 h Binder content: 300 kg/m® 30| Binder comtens 300 kg/m?

", GGES content: 0% GGES content: 0 %
40| . \h\ Fibre type: Macro 60 mm 40 | Fibre type: Macro 60 mm
30 30 ,,//)\\-
20 20
10]{—*— CEMI3Z5 10

—e— (CEMI425
-—=+- CEMI5Z5 o
0 I0 20 30 40 30 &0 7O B0 CEMI32S CEMI425 CEMISZS

Fibre content in kg/m? Cement type

(a) (b)
Figure 3.7  Effect of the cement type on the global electrical resistivity of SFRC as a function

of fibre content (a) and main effect plot of the cement type on the global electrical
resistivity of SFRC calculated by Minitab (b)

In Figure 3.7 (b), the effect of the cement type on the electrical resistivity is presented
independent of the fibre content. As already described, the expected tendency of a higher
resistivity with a higher fineness of cement is only visible for the two lower strength cements,
and the results of the CEM | 52.5 R are much lower than expected. A plausible explanation
could be the slightly different compositions within the cement clinker, although all cements
were produced in the same production plant.

3.4.24 Addition of Ground Granulated Blast-Furnace Slag (GGBS)

In addition to the different cement strength classes, GGBS was used as a concrete component
due to its well-known ability to significantly alter the pore structure of the concrete. To identify
the effects of GGBS without any interactions with different cement clinkers, the same base
cement (CEM | 32.5 R) was blended with GGBS at a constant water/binder ratio. The contents
of GGBS were chosen considering the limits for additives for slag cements.

The use of a GGBS content of 35 % of the total binder content did not result in any significant
changes in the electrical resistivity (Figure 3.8 (a)). For small fibre dosages, the OPC concrete
had a slightly higher resistivity, while the difference decreased with increasing fibre content. In
contrast, using a GGBS content of 65 % led to a significant increase in the electrical resistivity,
where the difference again decreased for higher fibre contents.
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Figure 3.8  Effect of the addition of GGBS on the global electrical resistivity of SFRC as a
function of fibre content (a) and main effect plot of the addition of GGBS on the global
electrical resistivity of SFRC calculated by Minitab (b)

The summarising main effect plot (Figure 3.8 (b)) shows that a GGBS content of 35 % led to
almost no changes in the conductivity of the concrete independent of the fibre content. It can
be concluded that after 28 days of hydration, there were only small effects on the pore structure
due to the addition of 35 % of GGBS, and the conductivity of the pore solution was only
marginally influenced by the resulting changes in the chemical composition of the pore solution.
The addition of a high content of GGBS showed almost the same effect as using a finer cement.
The resulting finer pore structure, which was expected by the addition of GGBS (see e.g., Chen
& Brouwers, 2006; Liu et al., 2014) and thus a reduced transmissibility of the pore solution,
which functions as an electrical conductor, was caused by a higher resistivity than the
reference sample. Earlier investigations (see e.g., Elkey & Sellevold, 1995; Polder & Ketelaars,
1991) have already shown that, for plain concrete, the addition of GGBS leads to an increase
in electrical resistivity.

3.4.25 Effects of Multiple Parameter Variations

A statistical design of experiments was used to detect possible interactions among different
parameters to check the possibility of the superposition of the single effects of different
parameters on the global electrical resistivity. Comparing the results of the single parameter
variation to the results of the multiple parameter variation, it is clear that there were differences
in the main effects of the analysis of Minitab (Figure 3.9). All four parameters do not show any
constant behaviour—neither a continuous increase nor a continuous decrease in the electrical
resistivity.
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Figure 3.9  Main effect plot of the concrete composition on the global electrical resistivity of
SFRC calculated by Minitab based on the mixtures of the multiple parameter variation

The results of the first three parameters, w/c ratio, binder content and cement type, of the
multiple parameter variation differed from that of the single parameter variations, which shows
that a superposition of these parameters is not possible in every case. Only the results of the
addition of GGBS content are slightly similar to those of the single parameter variation.

In sum, it is clear that the results of single parameter variation and multiple variation completely
differ. This result can be confirmed by observing the interaction plot of the multiple parameter
changes (Figure E.1, Annex E). There, all possible interactions between changes in multiple
parameters with an interaction level of 2 are presented, which means that interactions among
the three parameters were not observed. An independency of two parameters would be
presented through three curves in one sector that are only shifted in parallel. As can be seen,
there is no such sector in the whole plot. Often, only one point did not reflect this behaviour,
as with an interaction of cement type and GGBS content, but sometimes, totally different
behaviours of the curves were noticeable, as with a combined observation of the w/c ratio and
GGBS content (lowest left sector), where, for a GGBS content of 0 %, there was almost no
influence of the w/c ratio on the resistivity; for a GGBS content of 35 %, a decrease, followed
by a slight increase, with an increase in the w/c ratio was visible; and for a GGBS content of
65 %, the opposite behaviour was observed.

One problem of the statistical design of experiments was the low number of tested concretes,
since a full matrix of 81 possible mixtures was investigated and approximated by the analysis
of only 9 mixtures. Through the partially low influences of single parameters and the presented
interactions, a more detailed analysis of interaction effects was not possible.

343 Effects of Variation of Steel Fibre Type
3.4.3.1 Effects of Fibre Type on Global Electrical Resistivity

The last parameter that was analysed via single parameter variation was the fibre type. Two
macroscopic fibres with fibre lengths of 60 mm and 35 mm, respectively, and one microfibre
with a fibre length of 8 mm were used. The results of the variation show that there was almost
no influence on the electrical resistivity for all three types of fibres. While all three plain concrete
mixtures are almost identical, which indicates comparable basic mixtures, with an increasing
fibre content, only the addition of the smaller macrofibre (35 mm length) led to a slightly higher
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electrical resistivity (Figure 3.10 (a)). The longest and shortest fibre showed almost identical
results. Hence, the main effect plot (Figure 3.10 (b)) shows that all three types of fibres
behaved similarly for this concrete mixture.
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Figure 3.10 Effect of the steel fibre type (geometry) on the global electrical resistivity of
SFRC as a function of fibre content (a) and main effect plot of the steel fibre type
(geometry) on the global electrical resistivity of SFRC calculated by Minitab (b)

3.4.3.2 Effects of Fibre Type on Electrical Resistivity in Horizontal Direction

While there was almost no visible effect on the global electrical resistivity of the concretes with
different types of fibres, possible variations in the distribution of different specimen directions,
depending on the fibre type and manufacturing process, were identified, which was performed
by the use of a vibrating table. Figure 3.11 shows the effects of different fibres on the electrical
resistivity measured in the two horizontal directions of the specimens. The horizontal directions
are those which are orthogonal to the direction of the vibrating table. Analogous to the last
chapter, almost no influence was visible for all fibre contents. The longest fibre again led to the
smallest resistivities, but there were no significant effects measurable.
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Figure 3.11 Effect of the steel fibre type (geometry) on the electrical resistivity in horizontal
direction of SFRC as a function of fibre content (a) and main effect plot of the steel fibre
type (geometry) on the electrical resistivity in horizontal direction of SFRC calculated
by Minitab (b)

Comparing the global electrical resistivity (Figure 3.10 (a)) and that in the horizontal direction
(Figure 3.11 (a)), it is noteworthy that the electrical resistivity of the SFRC in the horizontal
direction is slightly smaller than the global resistivity, and so the slope of the curves in
Figure 3.10 (a) is steeper.

3.4.3.3 Effects of Fibre Type on Electrical Resistivity in Vertical Direction

In contrast to the electrical resistivity in the horizontal, the vertical electrical resistivity was
significantly higher than the global electrical resistivity, and the spread of the curves of the
different fibres was wider than seen for global electrical resistivity or in the horizontal direction
(Figure 3.12 (a)). This phenomenon was expected based on the manufacturing process, where
the concrete was filled into the formworks in two layers, and the compaction was performed by
a vibrating table in the vertical direction, which led to a more horizontal orientation of the fibres
and thus to a higher conductivity in the horizontal direction. For higher fibre contents, the
electrical resistivity in the vertical direction of the concrete with microfibres was lower than that
of the macrofibres.
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Figure 3.12 Effect of the steel fibre type (geometry) on the electrical resistivity in vertical
direction of SFRC as a function of fibre content (a) and main effect plot of the steel fibre
type (geometry) on the electrical resistivity in vertical direction of SFRC calculated by
Minitab (b)

Independent of fibre content, a difference between the electrical resistivity of the concretes
with the macrofibre with a length of 60 mm and the microfibre in the vertical direction
(Figure 3.12 (b)) was clear, while the global electrical resistivity was almost equal. This fact
suggests a preferred orientation of the microfibres in the vertical direction, although the
compaction was performed vertically. For the microfibre, the difference of the resistivity
between the horizontal and the vertical electrical resistivity was rather small, at lower than
5 QOm, while there was a significant difference for the macrofibres, at higher than 10 Qm.

344 Effects of Concrete Age and Storage Medium

In addition to the investigated influencing factors, concrete composition and fibre content, the
age of the concrete and the storage conditions can influence the electrical resistivity of the
concrete. To show the effects of these factors, specimens from the same mixing batch were
used. The influence of concrete age, independent of the storage medium, on the electrical
resistivity is presented in Figure 3.13. As can be seen, for all fibre contents, a higher concrete
age resulted in a higher resistivity, which can be explained by the forming of a pore structure
and closing of conductive pore channels. It is clear that for plain concretes, the age of the
concrete has a greater impact on the resistivity than SFRC, since fibres take part in the
conduction process, and thus, the influence of the concrete decreases.
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Figure 3.13 Effect of the concrete age on the global electrical resistivity of SFRC depending
on the fibre content based on nine specimens

An analysis of the effect of different storage media on the electrical resistivity is presented in
Figure 3.14. From H,O over Ca(OH). to synthetic pore solution, the electrical resistivity
decreased, which is in agreement with the increasing initial conductivity of the used storage
media.
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Figure 3.14 Effect of the storage conditions on the global electrical resistivity of SFRC
depending on the fibre content based on nine specimens

The effect of the age of the concrete and the storage conditions independent of fibre content
are presented in Figure 3.15. As already described, a higher concrete age leads to an increase
in electrical resistivity, while storage in a higher alkaline solution reduces resistivity.
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Figure 3.15 Main effect plot of the concrete age on the global electrical resistivity of SFRC
calculated by Minitab based on nine specimens (a) and main effect plot of the storage
conditions on the global electrical resistivity of SFRC calculated by Minitab based on
nine specimens (b)

3.5 Discussion

The aim of this study was to identify the relevance of the influencing parameters on the
electrical resistivity of SFRC. Hence, variations of the concrete composition as well as changes
in storage conditions and concrete age were analysed. To enable the possibility of using
electrical resistivity measurements for the detection of the fibre content of SFRC, the fibre
content is the most influencing parameter on the electrical resistivity. As presented in Section
3.4.1, the electrical resistivity, measured with a two-electrode setup, as expected (see e.g.,
Hedjazi & Castillo, 2020), was significantly influenced by changes in the fibre content of steel
fibre-reinforced concrete. The average results of all the measurements showed that the
addition of 80 kg/m*® of fibres resulted in a reduction in the electrical resistivity from
approximately 43.5 Qm to 13.8 Qm for the mean values, which is equivalent to a reduction of
approximately 70 % and has the main influence on the electrical resistivity, and no interactions
between the fibre content and other varied parameters on the electrical resistivity could be
observed. The variation of the concrete composition also led to effects on the electrical
resistivity, but compared to the fibre content, the effect is much smaller, which can be seen in
Table 3.6. The percentage influence of all parameters was calculated as the ratio of the
minimum to maximum electrical resistivity of the main effect plots (Figure 3.3 (b) and Figure 3.4
(b), Figure E.2 and Figure E.3, Annex E). Since a superposition of the single effects of the
plain concrete mix design was not applicable (Section 3.4.2.5), the influence of the fibre content
exceeded that of the concrete mixture by at least a factor of 2.5 and of the fibre type by a factor
of 6.
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Table 3.6 Effect of the single parameters on the electrical resistivity of SFRC

Parameter Min_im_u_m e_IectricaI Ma)_(in_w_m _electrical Percentage influe_nce
resistivity in Qm resistivity in Qm of the parameter in %

Frequency 22.7 24.5 7.3

Fibre content 13.8 43.5 68.3

wi/c ratio 21.2 24.5 13.5

Binder content 20.0 26.2 23.7

Cement type 19.9 25.9 23.2

GGBS content 19.8 27.0 26.7

Fibre type 20.6 22.7 11.9

As steel fibres are metallic conductors, their conductivity exceeds the ionic conductivity of
concrete pore solution, even if the concrete is fully saturated, and so the huge impact of the
amount of steel fibres that was identified can be explained. In addition, a high amount of fibres
leads to a higher permeability of the concrete (see e.g., Lehner et al., 2020). For a lower
saturation of the concrete, the difference between the conductivity of fibres and concretes may
be enlarged significantly, but the measurement of the electrical resistivity will be much more
complicated due to coupling effects on the electrodes. Therefore, the large difference in the
conductivity allows the use of electrical resistivity measurements to characterise the fibre
content of a well-known concrete composition. Since there are additional influencing factors
on electrical resistivity, which result from the concrete composition and the age of the concrete,
it is necessary to determine the electrical resistivity of the concrete. For this purpose, these
parameters were analysed to find possible interactions with the fibres regarding resistivity and
to gain a database for the future use of a test setup for the determination of the fibre content
of SFRC.

The use of different fibre types, two macrofibres with different lengths of 60 mm and 35 mm
and one microfibre with a length of only 8 mm, which was coated with brass, showed almost
no effects on the global electrical resistivity of the concretes (Section 3.4.3.1). This indicates
that the fibre content of SFRC can be detected almost independently from the fibre that is
used. This fact can be explained by the huge difference between the conductivity of the fibre
material and the pore solution of the concrete. Even differences in fibre material only led to
nonrecognizable effects on conductivity compared to the high electrical resistivity of the plain
concrete. Effects of the fibre length were only expected for small fibre contents in several
studies (see e.g., Banthia et al., 1992; Chen et al., 2004; Lataste et al., 2008) due to the
possible phenomenon of direct connections of two or more fibres. However, as shown in our
experiments, even for a fibre content of 10 kg/m?3, which is uncommon in practice, no such
influences could be detected. In summary, it can be concluded that the electrical conductivity
of SFRC is mainly influenced by the amount of fibres, respectively, steel and not by the number
of fibres, so differentiation between a continuous conductive path via one fibre or a
discontinuous conductive path via a plurality of fibres and concrete with transition zones
between both materials is not possible.

The only effects of different fibres that were observed resulted from an expected slightly
varying distribution and orientation of the microfibres through the mixing and compacting
processes. Due to the limited specimen dimensions, long fibres can freely align in the formwork
but are extremely influenced by the production procedure. Since the concrete formworks were
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filled in accordance with European standards, two layers of concrete were filled in and long
fibres tended to align more horizontally. In addition, the compaction process via the vibrating
table led to a vertical compaction force and thus also supported a horizontal orientation of the
fibres. On the contrary, microfibres are sufficiently small to align in the concrete almost freely
and are mostly not influenced by aggregates, manufacturing processes in layers or vertical
compaction. However, a difference between the macrofibres could not be observed. Therefore,
it can be concluded that there is a critical fibre length and a number of fibres per kg, which
leads to effects on the fibre orientation, and when this critical value is not reached, no
influences will be visible.

The age of concrete, in the investigated range of 7 days to 185 days, led to changes in the
electrical resistivity between 40 Om and 70 Qm for plain concrete, and 10 Om and 20 Qm for
SFRC, but again, the effects of fibre addition dominated the influence of concrete age. These
results confirm the observations of Hedjazi & Castillo, 2020, where effects of concrete age,
fibre addition and w/c ratio were also investigated. In the first days and months of concrete life,
the reaction process caused significant changes in the degree of hydration and thus in the pore
structure. Based on the binder material, the greatest part of the hydration was completed after
28 days to 90 days. Hence, the effect of the concrete age on the electrical resistivity decreases
with increasing age, which is synonymous to an increasing degree of hydration.

Even though the initial conductivity of the pore solution had an impact on the electrical
resistivity of the concrete, for SFRC, the storage medium only had a minor influence on the
electrical resistivity. A higher initial alkalinity slightly reduced the electrical resistivity of the
concrete. For future analysis, this implies the necessity to use constant storage conditions,
namely, a certain conditioning of the specimens before the measurement of the electrical
resistivity should be performed, but unknown conditions of concrete in structural elements are
not an exclusion criterion for this test method.

As expected, a variation of the concrete also influenced the electrical resistivity, mostly due to
changes in the pore structure of the concrete. The observed parameters, w/c ratio, binder
content, cement type and GGBS content, all caused changes in the electrical resistivity.

As stated in several studies (see e.g., Andrade, 2005; Azarsa & Gupta, 2017; Burchler, 1996;
Cosoli et al., 2020; Elkey & Sellevold, 1995; Hedjazi & Castillo, 2020; Hughes et al., 1985;
Layssi et al., 2015; Monfore, 1968; van Beek & Stenfert Kroese, 2019), the increase in porosity,
which can be a result of a higher w/c ratio or due to an increased binder content, generally led
to a reduced electrical resistivity. However, in contrast to Azarsa & Gupta, 2017; Cosoli et al.,
2020; Elkey & Sellevold, 1995; Hughes et al., 1985; Monfore, 1968; van Beek & Stenfert
Kroese, 2019, both parameters in this study showed interaction effects.

The same effect of reduced electrical resistivity was detected with the decreasing content of
GGBS. Generally, GGBS has a finer pore structure than the concrete, and so the conductivity
is reduced by its addition (see e.g., Chen & Brouwers, 2006; Cosoli et al., 2020; Gastaldini et
al., 2009; Hauck, 1993; Hope & Ip, 1987; Liu & Presuel-Moreno, 2014; Liu et al., 2014; Libeck
et al., 2012; Mazloom et al., 2017; Montemor et al., 2000; Naik et al., 2010; Polder & Ketelaars,
1991; Topeu et al., 2012; Tumidajski, 2005). In this study, no effect on the electrical resistivity
was observed by the replacement of only small amounts of cement by GGBS, but with higher
contents of GGBS, 65 % of the total binder content, a significant change in electrical resistivity
was measured. Due to the young concrete age of only 7 days, it can be assumed that the
GGBS, which is a latent hydraulic binder material, only had a minor impact on the initial
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hydration process and hence on the resistivity of the concrete especially at replacements of
35 %. Nevertheless, a higher content of GGBS apparently caused a finer pore structure, visible
by the increased electrical resistivity.

For different cement types, in this case, the variation of the grinding fineness for cements with
almost identical clinker composition, it was assumed that the finest material leads to the finest
pore structure and thus to the lowest conductivity. Comparing the two cements with lower
strength classes, the observations fit our expectations, while the highest cement fineness
resulted in a decrease in electrical resistivity.

In addition to the single parameter changes, multiple simultaneous changes in the concrete
composition were also investigated, and based on the investigated number of samples, the
conclusion must be drawn that interaction effects do not enable the superposition of the effects
of single parameter changes. Figure E.1, Annex, shows the interaction plot of all the varied
parameters. While a parallel shift of the single curves of each parameter combination would
represent the independence of these parameters, no group of curves showing this behaviour
is visible. On the contrary, all parameter combinations show intersections between the single
curves.

Since the most influencing factor of the conductivity of the concrete, in the literature as well as
in several experiments (see e.g., Andrade, 2005; Birchler, 1996; Layssi et al., 2015), was
determined to be the porosity of the concrete, with the exception of the saturation of the pores,
which is stated to be preferably high, simultaneous changes in parameters must be considered
for the measurement of electrical resistivity. Thus, it is not possible to generate a database of
concretes and interpolate, respectively, extrapolate the electrical resistivity of nonincluded
compositions in a trivial manner; however, it is necessary to identify the composition of the
concrete and, ideally, the electrical resistivity of the plain concrete if the fibre content is
determined by the use of electrical resistivity measurements.

3.6 Conclusions

This study showed that the determination of the electrical resistivity of SFRC is a suitable test
method for the monitoring of fibre content, e.g., in precast factories or for new construction
buildings where the electrical resistivity of the plain concrete composition can be characterised.
The large difference between the conductivity of steel as a metallic conductor and concrete as
an ionic conductor led to significant influences of the fibre content on the electrical resistivity,
which resulted in a 70 % lower electrical resistivity of SFRC, 80 kg/m?3, in comparison to plain
concrete. Nevertheless, since there are also influences from the concrete composition, such
as on the w/c ratio and binder content, the application field of this test method requires previous
calibration on concrete mix designs without the addition of fibres. Otherwise, the effects of the
concrete composition, which can influence the electrical resistivity by approximately 15 % to
25 %, can induce significant errors in the analysis of the fibre content. Investigations of existing
structures in the case of repair or maintenance work can only lead to sufficient approximations
for the fibre content if either the composition or electrical resistivity of the plain concrete are
well known, e.g., with the help of an extensive database or the characterisation of plain
concrete without fibres. Both possible methods of extending the test setup to enable its use for
the characterisation of existing structures and additionally in the evaluation of fibre orientation
are the subject our future studies.
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4 Advanced Investigations on Concrete Cubes

This section was published as scientific paper under the title “Electrical resistivity
measurements to determine the steel fiber content of concrete” in the journal Structural
Concrete in 2022 (Cleven et al., 2022c).

4.1 Abstract

Although steel fiber reinforced concrete is becoming increasingly popular in the construction
industry, its application is currently limited to certain areas. One reason is the lack of an
economical non-destructive testing method to determine the content, distribution, and
orientation of steel fibers in fresh and hardened concrete. However, these parameters are
decisive for the assessment of the static performance of a building component. In this article a
new test method is proposed, which is based on the electrical conductivity of concrete.

Using a two-electrode experimental set-up, measurements of the electrical conductivity were
done on hardened concrete cubes with defined fiber content and a correlation between
electrical conductivity and fiber content could be identified. Within the scope of extensive test
series, the fiber content and the age of specimens were varied, and several identical series
were produced and observed to ensure statistically verified results.

At this stage of research the test method based on electrical conductivity measurement
provides reliable results on the fiber content of pre-conditioned concrete cubes. Based on the
results a new model was developed to quantify the fiber content of the examined cubes. This
model is based on the estimation of the relative conductivity, the so-called increase of
conductivity. Undesired influences caused by ageing, respectively hydration in the young
concrete age were eliminated, by relating the conductivity of fiber reinforced concrete to an
unreinforced concrete. Further investigations with focus on the influence of concrete
composition and other specimen sizes are going to be conducted as next steps for the
development of an in-situ test setup for the diagnosis of concrete structures.

4.2 Introduction

Steel fiber reinforced concrete (SFRC) is a commonly used material for civil construction. It
consists of plain concrete (PC) and macroscopic steel fibers, which are mostly produced out
of wires (see e.g., Di Prisco et al., 2009; Ding et al., 2019; Ferdosian & Camdes, 2021;
Kachouh et al., 2019; Lehner et al., 2020; Shan & Zhang, 2014). SFRC combines positive
features from both of its components and compensates their disadvantages. PC as an
unreinforced material is nearly freely shapeable and can resist high compressive loads, but
nearly no tensile stresses, whereas drawn steel wires are characterized as reinforcements with
an extremely high tensile strength.

The combination of the materials leads to an improvement of tensile strength, ductility, and
impact strength (see e.g., Hedjazi & Castillo, 2020; Kobaka et al., 2019; Luo et al., 2020; Song
& Hwang, 2014; Zhang et al., 2019). As alternative material for conventional steel reinforced
concrete in some cases, constructions can be planned and realized with SFRC without the
time-consuming process of reinforcing. Because of limitations of the tensile strength in ultimate
limit stage in comparison to steel reinforced concrete, the main application of SFRC can be
found in constructions with lower static requirements, which is why SFRC is often used for
industrial floorings, residential construction. Also, underground construction in the form of
precast tunnel segments, so called tubbings, which have the highest static requirements in
building condition, can be an interesting application for SFRC (see e.g., Brandt, 2008; Facconi
et al., 2021; Li et al., 2019).
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The mechanical parameters of SFRC are strongly affected by the content of fibers in the
concrete, their distribution and orientation. All three parameters show a considerable influence
on the load bearing capacity after initial cracking of the concrete (see e.g., Barnett et al., 2010;
Gettu et al., 2005; Li et al., 2018; Martinelli et al., 2021a; Martinelli et al., 2021b). In general,
the flexural strength of SFRC lies in between the ones of PC and conventional steel reinforced
concrete, but with high amounts of steel fibers a ductile and strengthening behavior after first
crack building in concrete can be observed. Lower dosages of fibers lead to a strain softening
behavior, but nevertheless a significant increase of its residual strength in comparison to PC
and a uniform and fine crack distribution (see e.g., Hedjazi & Castillo, 2020; Kobaka et al.,
2019; Luo et al., 2020; Song & Hwang, 2014; Zhang et al., 2019).

One challenge in the use of SFRC is the uneven and often unknown distribution and orientation
of the fibers in concrete elements. While the global fiber content can be controlled by a precise
dosing process, the local parameters can deviate from the global ones. Based on this problem,
relatively large deviations of up to 20 % of test results for mechanical properties can occur.
Therefore, the safety factors for the static calculations must be high to ensure a secure way of
construction (see e.g., Cugat et al., 2020; Herrmann et al., 2019; Molins et al., 2009; Tarawneh
et al., 2021). Also, the orientation of fibers has a big effect on the strength of the compound
material. The maximum load transmission between two crack edges can be reached by fibers
that are oriented parallel to the applied stress. In this position the angle between the fiber and
the crack is 90 °. A decrease of this angle leads to a significant decrease of the transmittable
tensile strength (see e.g., Cao & Yu, 2018; Park et al., 2021; Zhou & Uchida, 2017). For these
reasons, the knowledge of the local fiber content and their orientation is of great importance
for test specimens and for construction elements. Various test setups have been developed
and applied in scientific studies. So far, no accurate and easy to apply setup was found, which
can be used for in situ monitoring or at the construction site.

The highest detailed and specific results on fiber content, distribution and orientation in
concrete specimens can be obtained by computed tomographic analysis (see e.g., Balazs et
al., 2017; Nezhentseva et al., 2013; Park et al., 2021; Ponikiewski & Katzer, 2016; Rajeshwari
et al., 2020; Schnell et al., 2009; Suuronen et al., 2013). With high effort and expensive
equipment, a 3-dimensional visualization of the specimen is possible, where the fibers and
concrete can be distinguished by their different densities. The biggest problems of this test
method, however, are the excessive costs for the equipment and the relatively small
specimens that can be analyzed.

An easier setup can be used to generate 2-dimensional sectional images of SFRC, the so-
called photo-optical method. Based on a large number of sectional images an acceptable
evaluation of the fiber amount and orientation in different areas of concrete elements is
possible (see e.g., Lee et al., 2015; Zak et al., 2001). Even so the equipment for this method
is much cheaper it is a very time-consuming work because many sectional images out of
different sections of the specimens and of course in different orientations are needed to get a
sufficient overview of a structural element. Other methods based on inductivity (see e.g.,
Al-Mattarneh, 2014; Faifer et al., 2010a; Faifer et al., 2010b; Faifer, 2011; Ferrara et al., 2012;
Hobst & Bilek, 2016; Juan-Garcia et al., 2016; Lei et al., 2019; Li et al., 2020; Torrents et al.,
2012; Wichmann et al., 2011) or permittivity (see e.g., Akgol et al., 2019; Franchois et al., 2004;
Jamil et al., 2013; KarlovSek et al., 2012; Mehdipour et al., 2017; Roqueta et al., 2011; van
Damme et al., 2004; van Damme et al., 2005) are also used in scientific research but cannot
be realized yet in the process of construction of huge elements or even buildings. An example



4 Advanced Investigations on Concrete Cubes 62

for a test setup using permittivity measurements of SFRC is given in van Damme et al., 2004,
where an open-ended coaxial probe is applied to the surface of concrete slabs. Although the
laboratory results show that the determination of the fiber volume fraction is possible, using
this method, a high effort of equipment and time, especially for applying complex models with
different simplifying assumptions, is necessary.

For that reason, first results of an experimental program using electrical resistivity
measurements on SFRC to set up a model for fiber content, distribution, and orientation of
distinct types of specimens are presented in this paper. Electrical resistivity measurements are
currently used for the monitoring of the corrosion behavior of steel rebars in concrete elements
using multiringelectrodes (see e.g., Raupach et al., 2006; Raupach et al., 2013; Reichling,
2014; Reichling & Raupach, 2012; Reichling et al., 2015). By extending this idea, the objective
of this study is to develop a test setup that can be adapted on nearly all types of concrete
elements and can be used for in situ measurements on SFRC buildings (see e.g., Molodtsov
& Molodtsova, 2018; Ozyurt et al., 2006b; Ruan & Poursaee, 2019; Uygunoglu et al., 2018).
In a first step, separately cast cubic specimens with a defined concrete composition are
investigated to get a basic approach and correlation between the electrical resistivity of SFRC
and its fiber content. Further investigations are ongoing to extend the setup to cylindrical
specimens, like drilling cores, and with help of finite element modeling to structural elements
or whole concrete structures. Even if this further development will be much more complicated
and time consuming, the presented study shall be the first step of the development.

4.3 Experimental Program
431 Materials

To investigate the influence of fiber content, distribution, and orientation in concrete specimens
on the electrical resistivity, respectively, electrical conductivity, of the SFRC, specimens of one
type of concrete mixture with varying fiber content have been produced. To eliminate possible
influences of supplementary cementitious materials, ordinary Portland cement was used as
binder. The water/cement-ratio was set to 0.45. For the aggregates, a quarzitic material with a
fine grain size distribution of C16 according to DIN 1045-2, 2008 was used. The maximum
grain size of 16 mm was chosen to ensure a nearly free distribution of the fibers without a
considerable influence of the biggest grains. The cement content was set to 470 kg/m? to attain
a high workability and low porosity of the concrete mixture without the use of superplasticizer.
The mix design of the resulting concrete is presented in Table 4.1.
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Table 4.1 Concrete mix design
Parameter Unit Content
CEMI1525R 470.0
water 211.5
Milisil W3 218.3
0.1 =0.5mm 326.9
0.5-1.0 mm 238.4
kg/m3
1.0-2.0 mm 210.0
aggregates
20-4.0 mm 186.8
4.0-8.0mm 2349
8.0-16.0 mm 193.8
total 1609.1
water/cement-ratio - 0.45

The production of the concrete was done in the following way. First the cement and the
aggregates were homogenized in a compulsory mixer with a nominal volume of 160 L. After
30 s the water was added, and the concrete was mixed for at least 2 min. Then the PC was
visually inspected, and the walls of the mixer were scratched from adhering components and
an additional mixing phase of 1 min was performed. Afterward the target consistency of the
PC was examined via flow table test in accordance with EN 12350-5, 2019 and the air content
and fresh concrete density were determined in accordance with EN 12350-6, 2019 respectively
EN 12350-7, 2019. Each concrete production was performed with a material volume of 70 L.
Following the fresh concrete testing, samples of 4 L each were extracted of the mixer and
placed in a bucket mixer. Also, a defined fiber content of 10—120 kg/m?3, appropriate to 0.1 %—
1.5 % by volume, was added in the mixer and mixed for about 1 min before the concrete was
filled into cubical steel formworks with dimensions of 150 mm3. Before the casting of the
formworks, the SFRC was visually inspected to ensure that no negative effects of the fiber
addition, like agglomerations of fibers or an insufficiently high porosity, took place. Although
the maximum fiber content of 120 kg/m?® was very high, no defects in the concrete structure
could be identified. Additionally, one PC specimen without fibers was produced. The used
fibers were hooked steel fibers with a length of 60 mm, a diameter of 1 mm and a tensile
strength of about 1500 N/mm?2. This procedure was performed six times, so there are six
identical series of specimens with different fiber contents from 0 to 120 kg/m?, what gives in
total 72 specimens.

4.3.2 Test Setup

All specimens were stored in the formworks, covered with foil, for 1 day. After demolding, the
upper surfaces of the specimen were ground down to ensure a flat surface for a good electric
connection. Then the specimens were stored in separate storage boxes under water at a
temperature of 20 °C till testing. Because of the small dimensions of the specimens in relation
to the fiber length an electric connection over the entire sample surface areas was chosen to
reduce effects of single fibers or grains near the surfaces. To compare different geometries of
the specimen, the specific resistance respectively conductivity values can be calculated by
using absolute values and a geometrical factor k. The specific values are necessary to
compare different specimens and represent independent material properties. In the case of a
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full connection of two parallel surfaces of a specimen the shape of the electric fields can be
described as shown in Figure 4.1. The factor k for this configuration of electrodes can be
calculated by the percolated area A and the distance of the electrodes | by following (eq. 4-17).

k=A/l1 (eq.4-1)

where, K is the geometry factor depending on dimensions of specimens in m; A is the effective
contact area in m? | is the electrode gap in m.

Specimen

Elecfrodes

Figure 4.1 Shape of the electric field of two parallel electrodes

The resulting test setup consists of two electrodes made of stainless steel with an edge length
of 200 mm to inhibit corrosive effects on the surfaces, which are connected to a resistivity
analyzer with identical cables. Since the connection to the concrete surface solely by the steel
electrode was not possible in a reproducible way, a wetted sponge cloth was used to allow a
connection over the entire surface. The moisture of the sponge clothes was constantly checked
and adjusted with fresh water, tempered to 20 °C. The full test setup can be seen as schema
in Figure 4.2 (a), and a picture of the setup is presented in Figure 4.2 (b).

Electrode 2

Electrode 1

Coupling

Figure 4.2  Scheme of the test setup (a) and photo of the test setup (b) for conductivity
measurements
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Every specimen was evaluated in all three directions to receive results of the global fiber
content and values for different orientations of the specimens. Before the measurement was
performed, a single specimen was taken out of its storage box and the surface water was
removed by using paper towels. Then the specimen was placed on the first electrode and the
second one was placed on top. To obtain a constant und reproducible contact pressure a
defined reference weight was placed on top of the test setup.

As resistivity analyzers two different devices were used, depending on the investigated
parameters. The first on was a so called LCR meter, type Extech Instruments LCR200, and
the second one was a potentiostat, type Gamry Instruments 1010E. The parameters of both
devices can be found in Table 4.2.

Table 4.2 Parameters of the resistivity analyzers
Parameter LCR meter Potentiostat
Type designation Extech Instruments

LCR200 Gamry Instruments 1010E
AC amplitude 600 mV rms 17.8 W10 2.33V
Frequency 100 Hz, 120 Hz, 1 kHz, 10

kHz, 100 kHz 10 yHz to 2 MHz
Measuring range of )
impedance 0,000 Q to 200,0 MQ
Accuracy 0,5 % +0,5%

By use of the LCR meter an alternating current (AC) with a voltage amplitude of about 600 mV
rms was induced at a fixed frequency. For the measurements in this study all possible
frequencies were used. The LCR meter then reports the electrical resistance as resulting
parameter. After the measurement of all frequencies in one direction of the cube, it was turned
around until all three possible directions were analyzed.

By use of a digital potentiostat different amplitudes of AC as well as different frequencies were
assessed. In one continuous test series the amplitude of the AC was changed in the range of
10-200 mV while the frequencies varied between 1 Hz and 100 kHz on one SFRC specimen
(see Section 4.4.3). Due to the continuous monitoring only one direction of the specimen was
evaluated. Another series of tests was performed at a constant amplitude and only varying
frequency over a period of about 17 h to identify effects of drying of the coupling and the
specimens on both PC and SFRC (see Section 4.4.2).

4.4 Results and Discussion
441 Correlation between Electrical Resistivity and Fiber Content

All results confirm a considerable influence of the fiber content onto the measured electrical
resistivity respectively conductivity of the investigated SFRC specimens. The results presented
in Figure 4.3 include all six series of each 13 specimens, investigated by use of the device
Extech Instruments LCR200. The electrical resistivity combines both the conductivity of the
steel fibers and of the concrete. A deviation in results could be seen which is based on the
inhomogeneity and anisotropy of the material. The maximum coefficient of variation of 9.65 %
was found for a fiber content of 90 kg/m?3. A relation between fiber content and deviation could
not be identified. Usually, conductivity is a homogenous parameter for isotropic materials, but
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in case of SFRC the calculation of a global value of the specific material's resistance as mean
value of all three cube directions was necessary. The global conductivity was calculated
analogously. The presented values were measured at a frequency of 10 kHz for a concrete
age of 7 days.

Resistivity p in Qm Conductivity ¢ in s/m

0,14

Impedance frequency: 10 kHz
concrete age: 7 d

60 11 Conductivity X 0,12
50 + "/]i' 0,10
Pt
e resistivity analyser: ||
2 *\%f Extech LCR200 Oite
: ) )\I\I\I\I_N -
10 T+ 0,02
0 T L] T L} T
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Fibre content in kg/m?

0,00

Figure 4.3  Correlation between electrical resistivity, respectively, conductivity and fiber
content, resistivity analyzer: Extech Instruments LCR200

It is obvious that the addition of fibers to the concrete led to a higher conductivity or lower
electrical resistivity. Especially low fiber dosages showed a high impact on the measured
electrical resistivity, whereas at higher fiber dosages the differences were less clear. An
addition of 30 kg/m? of fiber to the unreinforced concrete resulted in a bisection of the electrical
resistivity from about 50 to 25 Om. When another 30 kg/m? of fibers were added the loss of
electrical resistivity was only about 30 %, so there is no linear correlation between fiber content
and electrical resistivity. In contrast it could be seen that the conductivity nearly correlates to
the fiber content in a linear way.

4.4.2 Influence of Frequency and Measuring Time

To evaluate the influence of the frequency and the measuring period in detail the test setup
was changed for two additional measurements. For this test series the potentiostat (Gamry
Instruments 1010E) was used to get results of different frequencies over a prolonged period
of time. The specimen without fibers was analyzed at a concrete age of 14 days, in only one
direction because the potentiostat was able to log results continuously over a period of about
17 h whereat the frequency was varied from 1 Hz to 100 kHz. The influence of the measuring
time on the electrical resistivity is presented in Figure 4.4.
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Figure 4.4  Effect of varying measuring time on the electrical resistivity of PC, resistivity
analyzer: Gamry Instruments 1010E

Because of the higher concrete age of 14 days, the electrical resistivity in general was higher
than for the same specimen at a concrete age of 7 days (cf. Figure 4.3). This phenomenon will
be investigated in detail in Section 4.4.4. It can be determined that in the first 30 min there was
an increase in electrical resistivity, followed by a small plateau and another nearly linear
increase until

the end of the observations. This behavior occurred independently from frequency of AC,
whereat an increase of the electrical resistivity could be observed with increasing frequency.
The time-depending effects can be explained by the drying process of the sponge cloths and
the concrete and the resulting loss of saturation of the pore structure, which is the conductive
part of both the concrete and the sponge cloths. The dehydration process starts at the surface
of the concrete, but a small reservoir of water can possibly be found in the sponge cloth that
serves for the connection of the electrodes.

During the first minutes the loss of moisture of those couplings is high because of the open
pore system of the surface dry concrete specimen. After a first water exchange process the
moisture of the coupling and the concrete will be balanced and the water exchange will nearly
stop. But after a time both materials will start to interact with the surrounding air, which has a
lower moisture content and so a dehydration process of the whole measuring system will start.
For the measuring process the conclusion can be drawn that the time of contact of specimen
and coupling should be minimized, and the sponge cloths must be kept in a nearly constant
condition of moisture.
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Figure 4.5  Effect of varying frequency on the electrical resistivity of concrete, resistivity
analyzer: Gamry Instruments 1010E

In Figure 4.5 a predictable loss of electrical resistivity with increasing frequency could be
observed, which was nearly independent from the moisture of the coupling, what is clearly
visible through the parallelism of the single curves for different measuring times. In general,
the fact that an increase of humidity leads to a decrease of the electrical resistivity, which is
described above as well as in earlier studies of the authors (see Cleven et al., 2021), also can
be identified in this figure. The single curves can be divided by dashed lines into three parts,
based on different sectors of frequency. In the first sector, between frequencies of 1 Hz to
about 50 Hz, a disproportional decrease of the electrical resistivity was visible. An explanation
of this behavior can be found in polarization effects which can appear on both electrodes at
low frequencies and are the reason to use AC instead of direct current (DC) in this study. At
higher frequencies in sector two there was a linear decrease of the electrical resistivity,
followed by another disproportional descending above a frequency of 10 kHz in sector three,
that can be explained by inductive effects in cables or connections of the measuring system.
For the following measurements based on these results it was decided to investigate the
electrical resistivity in the range of 100 Hz to 100 kHz to avoid polarization effects that possibly
modify the concrete surfaces or couplings of the system.
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Figure 4.6  Effect of varying frequency and measuring time on the electrical resistivity of
PC, resistivity analyzer: Gamry Instruments 1010E

As can be seen in Figure 4.6, which shows the complete set of data of the investigations of
measuring time and frequency, both parameters show a huge effect on the electrical resistivity,
while there is no influence of the parameters among each other.
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Figure 4.7  Effect of varying frequency and measuring time on the electrical resistivity of
SFRC with a fiber dosage of 80 kg/m?, resistivity analyzer: Gamry Instruments 1010E

The same results could be identified on a SFRC specimen with 80 kg/m? of fibers (Figure 4.7).
This specimen was tested at a concrete age of 14 days in one horizontal direction so that the
fibers were supposed to show a huge effect because it can be assumed that most of the fibers
will be oriented in horizontal direction when the specimens are produced in layers and
compacted on a vibration table. As can be seen the influence of the frequency on the electrical
resistivity was significantly higher for SFRC than for unreinforced concrete for frequencies
below 10 Hz. This is probably based on the polarization effects on every connection point of
fiber and concrete which takes part in the electrical connection. Because of the high effect of
the frequency the measuring time or dehydration status of the specimen becomes
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subordinated. A comparison of both figures leads to the conclusion, that a higher frequency is
better for the differentiation of the fiber content because at low frequencies a fiber content of
80 kg/m? resulted in a doubling of the electrical resistivity whereas at high frequencies it led to
a nearly four times higher electrical resistivity so the selectivity of the results will be higher.

443 Influence of Amplitude

Another parameter to be investigated was the amplitude of the AC. With help of the potentiostat
(Gamry Instruments 1010E), different amplitudes in the range of 10—200 mV could be realized
in combination with frequencies in the same range than in Section 4.4.2. The investigation was
done to see if any effects, like corrosion or polarization, occur if the amplitude is set too high.
To see beneficial effects over a big spread of electrical resistivities, the SFRC specimen
containing 80 kg/m?® of fibers from Section 4.4.2 was also used in this investigation. This
specimen was also evaluated with the LCR meter with a fixed amplitude of 600 mV to see if
the LCR meter gives comparable results to the potentiostat. The results in Figure 4.8 showed
no significant effects of the amplitude on the measured electrical resistivity while the influence
of the frequency was clearly visible like described in Section 4.4.2. For the measurements with
the potentiostat, frequencies between 1 Hz and 100 kHz were investigated and for the LCR
meter only the five frequencies 100 Hz, 120 Hz, 1 kHz, 10 kHz, and 100 kHz were possible.
This means that the highest impact of the frequencies on the electrical resistivity was not visible
in the results produced with the LCR meter. Because nearly no differences in the measured
resistivity for different amplitudes was visible, it can be concluded that in the tested range of
amplitudes no damage based on the AC were induced to the concrete. Therefore, the highest
amplitude can be used for the further investigations, what will result in the best resolution of
the results, because higher voltages will be induced and so the resistivity of the concrete can
be calculated with a higher accuracy. This shows that the LCR meter is an appropriate
measurement system with the given amplitude of 600 mV.
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Figure 4.8  Effect of varying amplitudes on the electrical resistivity of SFRC, resistivity
analyzer: Gamry Instruments 1010E
4.4.4 Influence of Specimen Age

The last investigated parameter in this research was the age of the specimen and so the
hydration progress and the resulting pore structure. This effect was analyzed over a period of
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56 days, on specimens with fiber contents from 0 to 120 kg/m® with the Extech Instruments
LCR200 at all five possible frequencies. Like described in Section 4.4.1, a significant loss of
the electrical resistivity was visible with increasing fiber content. This can also be seen in
Figure 4.9 for a frequency of 10 kHz. Also, the hydration changed the electrical resistivity of
the PC, respectively of SFRC. With increasing specimen age and therefore increasing
hydration process and building of pore structure, an increase of the electrical resistivity is
accompanied. The effect from an age of 7-28 days thereby was bigger than the increase from
28 to 56 days. Because of the used binder, OPC, it is obvious that the greatest part of the
hydration will be completed at the age of 28 days, so that most of water will be bound to the
cement clinker and the pore structure will be almost finalized. After 28 days the changes in the
pore structure will be smaller than in the first days, so the resulting increase in electrical
resistivity is also smaller.
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Figure 4.9  Effect of specimen age/storage duration on the electrical resistivity, resistivity
analyzer: Extech Instruments LCR200

The changes of the microstructure based on the hydration process showed a higher effect on
concrete with lower fiber dosages, what means that effects on connectivity between fibers and
concrete did not take place. With increasing concrete age, the influence of fibers in the
concrete on the measured electrical resistivity increased what would be a good tendency for
the analysis of structural buildings in case of maintenance and repair. But it should be noted
that the age of the concrete must be considered to predict the fiber content of an analyzed
concrete based on its electrical resistivity.

445 Statistical Verification

At the end of investigations the variance of the electrical resistivity of different concrete
specimens within the same composition and identical curing conditions was proved by a
statistical analysis of all six series of identical concretes with identical curing conditions. A
graphical presentation of the coefficients of variation of the electrical resistivities of the
specimens with an age of 7 days can be seen in Figure 4.10. It is evident that the PC without
fibers only showed a small spread in the electrical resistivity while the fiber reinforced
specimens had slightly bigger COV's. No correlation between fiber content and spread was
identified. Therefore, the addition of fibers generally led to an increased COV with respect to
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the measurement of the electrical resistivity. The main reason seems to be the random
distribution and orientation of fibers in the specimen. Also, no significance between the
frequency and the spread could be seen in the results of the 7 days old concrete.

: COV of resistivity p in %

m 100 Hz || resistivity analyser:
23 1 w120 Hz [ Extech LCR200

20 H 1 kHz
18 H = 10 kHz
® 100 kHz
15
| concrete age: 7 d I
13
10

< W oo
| 1

0 10 20 30 40 50 60 70 80 90 100 110120
Fibre content in kg/m?

Figure 4.10 COV of the electrical resistivity in measurements at specimen age of 7 days,
resistivity analyzer: Extech Instruments LCR200

In contrast to those results the variance of measurements of the electrical resistivity for the
older specimens with an age of 56 days was significantly higher (Figure 4.11). Even the PC
shows a higher COV, for the SFRC specimens, except for a fiber content of 60 kg/m?3, a much
higher spread of the electrical resistivity occurred. In this specimen age an effect of the
frequency was also clearly visible. For the frequencies below 10 kHz it seems that with an
increasing fiber content the COV of the electrical resistivity likewise increased. With a fiber
content of 80 kg/m3, it seems to be a limit with a COV of about 18 % and a further increase of
fibers did not lead to a higher spread if the results of a fiber content of 110 kg/m? were assessed
as outliers.
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Figure 4.11 COQV of the electrical resistivity in measurements at specimen age of 56 days,
resistivity analyzer: Extech Instruments LCR200
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The positive aspect of these results is that for higher frequencies the spread is significantly
smaller and only slightly above the results of the very young concrete. So, the effects of
hydration of the concrete within this testing conditions showed the lowest significance. For the
development of a model that predicts the fiber content based on measurements of the electrical
resistivity, high frequencies should be used to reach statistically valuable results.

4.5 Development of a Prediction Method
451 Basic Approach

Because of the influence of the specimen age (Section 4.4.4), the electrical resistivity itself as
a direct parameter for the prediction of the fiber content of concrete is not suitable. The
conductivity of the concrete is too much influenced by the hydration process and by the
humidity of the concrete. Therefore, a parameter must be found that compensates for such
effects. Based on physical fundamentals, equivalent circuits were analyzed but because of the
inhomogeneity and anisotropy, simple models like parallel connection or series connection
were not applicable. For this reason, the increase of conductivity of SFRC relative to the PC A
was calculated for each fiber content by the following (eq. 4-2).

A = 0srre / Opc (eq.4-2)

where, A is the increase of conductivity in %; Osrrc is the conductivity of SFRC in s/m; opc is
the conductivity of PC in s/m. For developing a prediction method, only the measurements are
used, that were performed with use of the Extech Instruments LCR200. The correlation
between fiber content and increase of conductivity is presented in Figure 4.12. A nearly linear
correlation between fiber content and increase of conductivity could be observed, where the
spread increased with increasing fiber content. This means a relative failure of the correlation
of about £10 % could be identified while the mean values showed a coefficient of
determination of 0.9984. For the adaption of the test setup as in situ test method for concrete
structures the determination of the conductivity of the PC will be difficult. Investigations of very
small volumes of SFRC are going to be performed to check if it is possible to estimate the
conductivity of PC without steel fibers if the volume of the specimen or the percolated volume
is small enough.
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Figure 4.12 Correlation between fiber content and increase of conductivity
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For the prediction of the fiber content the axes of the diagram have been swapped in
Figure 4.13 so the fiber content cr becomes the result of the calculated increase of conductivity
A. With this diagram and the equation the fiber content of a specimen can be predicted based
on the measured electrical resistivity by the following (eq. 4-3).

cp = 0.25*% 1+ 2.65 (eq. 4-3)
where, cr is the fiber content in kg/m3; A is the increase of conductivity in %.
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Figure 4.13 Prediction method of fiber content based on increase of conductivity

As can be seen in (eq. 4-3) a higher fiber content goes along with a high increase of
conductivity and a linear correlation can be used to display this behavior. One inaccuracy in
the function can be found in the axial intercept that deviates from the origin of the coordinate
system. Based on theoretical considerations a fiber content of 0 kg/m? that represents the PC
must lead to an increase of conductivity of 0 % but as a result of a limited data base the
empirical analysis led to the best agreement of the function and the data with this inaccuracy.

4.5.2 Extension to Different Concrete Ages

In the last step the prediction method has been validated with all gained raw data. For this
purpose, all single values of the six test series in the three different concrete ages were
compared with the basic model from Section 4.5.1. Also, the mean values of the six series
were included in Figure 4.14. It is evident that the parameter A gave the possibility to
approximate the fiber content of the concrete almost independent to the concrete age from 7
to 56 days. The mean values for all ages showed a good agreement with the regression, while
the single values partially differed from it.
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Figure 4.14 Extension of the prediction method to different concrete ages

With increasing fiber content, the scatter between the model and the single values also
increased, what can be interpreted as a relative scatter in material parameters. An absolute
error was not visible because for low fiber dosages neither the single values itself showed
nearly any deviation nor a difference from the model curve. For the possibility of an
approximation of the fiber content via the electrical conductivity this tendency means that an
adequate number of specimens must be taken and tested to gain sufficient raw data.
Otherwise, large safety factors must be considered to not overestimate the fiber content. With
a series of six specimens for example it is possible to estimate the fiber content with an
accuracy of = 8 %. For fiber contents in the practical range of above 20 kg/m?® an accuracy of
1 3 % could be observed. In contrast to the mean values by use of the single values the largest
discrepancies in the estimated fiber content to the real one were £ 17 %.

Looking onto the mean values for the higher concrete ages it can be noticed that the model
seemed to be imperfect, since the mean results for high fiber contents from over 100 kg/m? did
not show a linear trend but the curve bottomed out. With a higher amount of data and even
older specimens the model could be optimized to reach a more sufficient estimation. The
second problem was the divergence of the model curve from the point of origin. This point
represented the PC and so the increase of conductivity using fibers was definitively 0 %. For
low fiber contents because of this shift of the curve an additional inaccuracy was intrinsic so
that a sufficient estimation of contents of about 10 kg/m?* was not possible. On the other hand,
it is questionable if such low fiber contents are used in practice and a need to determine the
parameters of the SFRC in detail exists.

4.6 Conclusions

The fiber content is an important parameter which has an immense effect on the mechanical
performance of SFRC. Because of the lack of determination methods for the fiber content in
hardened concrete, relatively high safety factors must be used in static analysis. Based on the
electrical conductivity, a new method was presented to estimate the fiber content of a known
concrete mixture with ordinary steel fibers.

To set up this model investigations on concrete specimens with fiber contents from 0 to
120 kg/m® were performed and a statistical evaluation was done by the comparison of six
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series of specimens. The results show an influence of different parameters on the electrical
conductivity respectively resistivity. While the amplitude of AC nearly has no effect on the
electrical resistivity of SFRC, the frequency must be taken into consideration. Low frequencies
especially for SFRC result in a significantly higher electrical resistivity based on polarization
effects than frequencies above about 10 kHz, where a nearly constant electrical resistivity can
be measured. For PC, the effect of frequency is much smaller, so this parameter could be a
good research topic for further studies. The measuring period, synonymous to the dehydration
of the specimens, which were stored under water, shows only a small effect, when it is smaller
than a few hours and the biggest effect can be seen on PC. On the contrary an increase of the
age of specimen from 7 to 56 days leads to a significant increase of the electrical resistivity
because of the change of its pore structure. However, the biggest effect on conductivity results
in the addition of fibers which lead to an additional conductive part in the material and therefore
increase the conductivity.

By the calculation of the increase of conductivity A the effects of the aging could be
compensated and a linear correlation between fiber content and A was identified. Based on
this correlative model it was validated which accuracy of estimation for the fiber content is
possible by measuring the electrical conductivity. It was observed that an amount of six
specimens leads to an efficient estimation of the fiber content with deviations of about + 6 %,
which could help to minimize safety factors for static analysis.

In comparison to different research directions, like the use of microwave analysis of SFRC
(see e.g., Franchois et al., 2004; van Damme et al., 2004) the presented method is still limited
to concrete specimens and not yet ready for in situ analysis of concrete structures.
Nevertheless, the very fast measuring process, the low modeling effort and the observed
independence of the results from the concrete hydration, are advantageous compared with
permittivity measurements, where a constant behavior is expected only for fully hydrated
concrete.

However, it shall be observed in further investigations if the identified model of this study can
be optimized by an increased data base and if the effect of different concrete mixtures can be
as easily compensated as the different concrete ages. Also, a method shall be identified that
allows an estimation of the conductivity of the PC so the test method can be used on concretes
in practice when no PC is available. Additionally, in further test series of the authors, the test
setup has been modified for tests of cylindrical specimens like drilling cores that can be
extracted out of existing structures (see Cleven et al., 2022a; Cleven et al., 2022b). With help
of a finite element modeling of the electrical current flow an extension of the test setup is
supposable that can be applied directly on structural elements, since it has already been shown
for drilling cores. By adopting the finite element model to more difficult geometries, in a first
step to precast elements, the possibility of in situ testing of structures shall be analyzed and
possible limitations of the test setup shall be identified and removed. One major challenge
concerning further development of the presented technique is the need to consider the
saturation state, respectively the moisture content, of the concrete to be tested, which varies
according to age and geometry of the investigated concrete structures. To address this
challenge, preconditioning tests on laboratory concrete samples may be used to derive
calibration curves, which enable a subsequent correction of the moisture effect.
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5 Investigations on Concrete Cylinders

This section was published as scientific paper under the title “A New Method to Determine the
Steel Fibre Content of Existing Structures — Test Setup and Numerical Simulation” in the
journal Applied Sciences in 2022 (Cleven et al., 2022a).

5.1 Abstract

The diagnostics of constructions built with steel fibre reinforced concrete are extremely difficult
to conduct because, typically, no information on the actual amount and orientation of the fibres
is available. Therefore, it is of great interest to engineers to have the possibility to determine
the steel fibre content and, at best, also the orientation of the fibres in existing structures. For
this purpose, an easy-to-use test setup was developed and tested, in the course of laboratory
investigations. This method can be used for cylinders, for example drilling cores, that can later
be taken of existing structures, to determine both the fibre content and orientation. Based on
these results, a model for cylindrical specimens was derived, which can be used for varying
concrete compositions with steel fibre contents of up to 80 kg/m3. In the case of missing
information concerning the concrete composition, it allows an initial estimation for the fibre
content. In case additional information about the concrete composition is available, a much
higher accuracy of the projected steel fibre content and therefore, an assessment of the
building’s condition is possible.

5.2 Introduction

Short fibres, especially steel fibres, can be used for the reinforcement of concrete to increase
ductility, toughness, resistance to cracking and tensile strength (see, e.g., Gouri et al., 2010;
Kobaka et al., 2019; Luo et al., 2020; Rossi & Wolf, 2019; Woo et al., 2005; Zhang et al., 2019).
As a consequence, it is possible to reduce or even avoid the use of traditional reinforcements.
The mechanical properties of steel fibre reinforced concretes (SFRCs) are highly dependent
on the fibre content and the fibre distribution and orientation inside the concrete elements (see,
e.g., Gettu et al., 2005; Gouri et al., 2010; Martinelli et al., 2021b). Areas with a very low number
of fibres or fibres that are not oriented in the direction of the tensile tension lead to a higher
risk of cracking and can cause the failure of the whole structure (see, e.g., Barnett et al., 2010;
Zak et al., 2001). For this purpose, during the casting of SFRC, significant quality control
measures, e.g., the regular testing of the amount of steel fibres by wash out procedures, need
to be applied. Assuming an optimum concrete composition, SFRC typically possesses a longer
service life and thus, a lesser need for maintenance. This makes it an interesting material for
the repair of reinforced concrete structures (see, e.g., Plizzari, 2018; Rossi & Wolf, 2019).
Nevertheless, in the case of SFRC application, the real fibre content and, especially, the fibre
distribution are not well known and so, the use of significant safety factors is necessary during
the design stage (see, e.g., Cugat et al., 2020; Herrmann et al., 2019; Molins et al., 2009;
Tarawneh et al., 2021).

These problems show the need for a test setup that is easy to apply, ideally non-destructive
and can be used for rehabilitation processes to determine the fibre parameters, for example
(see, e.g., Komarkova, 2016; Li et al., 2020; Li et al., 2021; Woo et al., 2007). Possible methods
that were used in different studies are based on computed tomography (CT), microscopic
analysis of sectional images or inductivity measurements (see, e.g., Al-Mattarneh, 2014;
Balazs et al., 2017; Ferrara et al., 2012; Lee et al., 2015; Li et al., 2020; Li et al., 2021; Park et
al., 2021; Ponikiewski & Katzer, 2016; Torrents et al., 2012; Zak et al., 2001). The main
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problems with CT analysis are its high cost and the limited size of specimens. Furthermore, it
is not possible to use this technique in situ on construction sites. The same arguments can be
found for cross sectional image analysis, whereas this technique is even less accurate than
CT-scanning. Inductive techniques are easier to use but are also limited to small specimen
sizes.

A technique that is already used for structural concrete monitoring to identify and locate steel
rebars is the electric resistivity measurement (see, e.g., Ozyurt et al., 2006b; Raupach et al.,
2013; Reichling, 2014; Reichling & Raupach, 2012; Reichling et al., 2015; Ruan & Poursaee,
2019). Based on an easy-to-use test setup, which was already tested in past studies conducted
by the authors (Cleven et al., 2021), a new application test based on the analysis of cylindrical
specimens is proposed in this research paper. In the first part of the study, the test setup is
adjusted and a numerical model is generated to simulate the flow of the alternating current,
which enables the comparison and calculation of the resistivity of the different specimen
directions that are possible. With help of the proposed setup, cylindrical specimens with fibre
contents of up to 80 kg/m? are analysed and correlations between the electrical resistivity and
the fibre content and fibre orientation are developed to enable the use of drilling core samples
in the second part (Cleven et al., 2022b).

5.3 Materials and Methods
5.31 Concrete Mix Design

The concrete used in all experiments was the same mixture, which was also used in Cleven
et al., 2021. It was designed for a good workability, even at high fibre contents, and adherence
to the regulations of EN 206, 2017. To investigate both plain concrete (PC) and steel fibre
reinforced concrete (SFRC), the basic concrete mix design, shown in Table 5.1, was used for
all mixes. Fibre dosages of 40 kg/m*® and 80 kg/m*® were used, respectively. The macro steel
fibre was produced from steel wire with hooked ends and had a length of 60 mm and a diameter
of 1 mm, which equals an aspect ratio of 60.

Table 5.1 Concrete mix design of the basic concrete
Parameter Unit Content
CEM1325R 300.0

Water kg/m? 180.0

Aggregates 1849.5
Water/cement ratio 0.60

Grain size distribution - A/B16

Steel fibre type Macrofibre 60 mm
Steel fibre content kg/m3 0, 40, 80

The concrete was mixed in a compulsory mixer with a nominal volume of 160 L. First, the
cement and the aggregates were homogenized for 30 s before the water was added in the
ongoing mix process. After a first mixing phase of two minutes, a visual inspection of the
concrete was carried out and adhering components on the mixer wall were removed.
Afterwards, the concrete was re-mixed for one minute before the consistency was tested via a
flow table test. Additionally, the fresh concrete density and the air content were determined in
accordance with EN 12350-5, 2019, EN 12350-6, 2019 and EN 12350-7, 2019. For the SFRC,



5 Investigations on Concrete Cylinders 79

the fibres were added subsequently and followed by another mixing period of at least one
minute.

After the final mixing, six cylinders with included electrodes (see Section 5.3.2) were produced
and compacted on a vibrating table. The specimens were covered with foil to avoid the
dehydration of the surface. The specimens were left in the formwork and were stored in a
climate of 20 °C and 65 % relative humidity, since water storage was suspected to damage
the electrical contacts of the electrodes. For each combination of fibre content and electrode
array, one specimen was produced and tested. The small number of samples was chosen in
order to gain the initial results of the new test setup and to investigate the general suitability of
the newly developed method for the detection of fibre content and orientation. Therefore, a
statistical analysis of the results was not possible and is planned to be performed in further
investigations with a larger number of samples.

5.3.2 Experimental Setup

The basic setup from Cleven et al., 2021, consisting of two stainless steel electrodes with
dimensions of 200 x 200 mm? connected to an LCR meter, was adjusted to enable the
measurement of cylindrical specimens. The LCR meter used for impedance measurements
was an Extech Instruments LCR200 with a voltage amplitude of 600 mV rms and variable
frequencies of the alternating current of 100 Hz, 120 Hz, 1 kHz, 10 kHz and 100 kHz.

For the investigation of the cylindrical specimens, an advanced test setup was developed
based on the existing equipment. Therefore, as the first step, a breadboard (see Figure 5.1)
was configured, including the LCR meter, which was directly connected to the different
electrodes. With this approach, it was possible to analyse the electrical resistivity, which was
calculated from the electrical resistance and the dimensions of the specimens in different
directions inside the specimens.

Figure 5.1 Breadboard for the connection of the LCR meter and different electrodes

The setup was validated using cylindrical specimens with a height of 200 mm and a diameter
of 100 mm with built-in metal oxide coated titanium (MMO) electrodes. Those electrodes were
included in PVC formworks with a resulting connection area of 40 x 10 mm? each and could
be connected via a notch to the breadboard from the outside. This setting was chosen in order
to ensure a good connectivity between the electrodes and concrete and eliminate the effects
of contact pressure. In total, six specimens with electrodes at three different heights with
vertical distances of 20 mm each were prepared. Three of the specimens consisted of twelve
electrodes with angular distances of 90 ° and the other three six electrodes with angular
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distances of 180 °. The resulting formwork, consisting of twelve electrodes, and the electrodes
themselves are presented in Figure 5.2.

(a) (b)
Figure 5.2 PVC formwork with 12 MMO grid electrodes at three height levels with angular
distances of 90 ° (a) and MMO grid electrodes with notches for the clamp (b)

5.3.3 Modelling of Current Flow

For the comparison of the resulting values of the measurements with the LCR meter, the
electrical resistance must be converted to electrical resistivity considering geometry factors,
which depend on the current flow. While the electrical resistivity, measured in Qm, is a material-
specific parameter and is free of any geometrical influences, the electrical resistance,
measured in Q, is a measurable value based on a specific configuration of the test setup and
the specimen geometry. For trivial electrode configurations, such as two parallel plates, which
have been used for the cubic specimens in earlier studies (Cleven et al., 2021), this geometry
factor is easy to calculate, but a simulation of the electrical current flow is necessary for more
complex configurations. For this purpose, the software Comsol Multiphysics (version 5.3a,
build version 229) was used and a grid model of the cylindrical specimens was generated.

The model consists of a cylinder with a diameter of 100 mm and a height of 200 mm and
represents the concrete specimen. On the surface, there are 12 electrodes at three height
levels, 4 on each level, in circular distances of 90 ° and with a thickness of 1 mm. Each
electrode has an area of 40 x 10 mm? and is simulated as a segment of a circle to enable
optimal connection to the cylinder. In this way, the model can be used for various electrode
configurations. The FEM model of the test setup is presented in Figure 5.3 (a) and the resulting
grid model for a 12-electrode configuration can be seen in Figure 5.3 (b). The model presented
was set up using the following assumption: the concrete and steel domain are considered to
show homogeneous and isotropic behaviour and the sponge cloths as well as the polarization
behaviour of the steel electrodes can be neglected. The latter is considered to be a valid
assumption for the alternating current (AC) measurements using the parameters stated above.
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Figure 5.3 FEM model for cylindrical specimens consisting of a concrete cylinder (grey)
and twelve electrodes (40 x 10 mm?) at three height levels and with angular distances
of 90 °C (blue) (a) and grid model to simulate current flow with an extremely fine grid

(b)

With this model, the geometry factors (k) of all applied electrode configurations were
determined assuming a specific material resistance for the concrete of 100 Qm and an electric
potential of 0 V for one electrode or set of parallel connected electrodes and 600 mV for the
second electrode or set of parallel connected electrodes. Those values were chosen for the
simulations as near realistic values for the test setup and materials (see Section 5.3.2). The
simulations resulted in a calculated current by Comsol, which enabled the estimation of the
geometry factor using (eq. 5-7). The calculated k factors are mentioned in respective areas for
each section of the results.

(eq.5-1)

<

with:

the geometry factor in m

the electric current in A

the electrical resistivity (set to 100 Qm)
the electric potential (set to 1 V)

co &

Since the connection of the MMO grids, embedded in the concrete, illustrate a near optimal
connection of electrodes and concrete, the electrical conductivity of the electrodes was set to
that of titanium, for MMO, of 2.5 x 10° S/m. The visualisation in Figure 5.4 (a) shows that
unconnected electrodes (at the middle height level) have an impact on the iso-surfaces of the
current, which represent locations with identical electric potential, in the case of a good
electrical connection between the concrete and the electrodes. The current flow can be
supposed to be orthogonal to those iso-surfaces. For the setup with a lower number of
embedded electrodes with angular distances of 180 °, Figure 5.4 (b) shows that the iso-
surfaces are more parallel in the parts of the specimen where no electrodes are embedded,
but less uniformly distributed over the whole specimen. Additionally, for a horizontal current
flow, the setup with electrodes with angular distances of 180 °, only one direction (y) is
measurable, while for the setup with a higher number of electrodes, both directions (x and y)
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can be analysed. In the later experiments, therefore, it is assumed that both horizontal
directions have almost the same electrical resistivity and thus, the relative conductivity of
different directions, representing the relative orientation of the fibres (orientation factor), can
be calculated.

Isosurface of Electric Potential (V) Isosurface of Electric Potential (V)

(a) (b)
Figure 5.4  Resulting iso-surfaces, calculated by Comsol, for angular distances of the
electrodes of 90 ° (a) 180 ° (b)

5.34 Evaluation of the Results

After the calculation of the electrical resistivity of each electrode configuration was carried out,
the fibre content and the fibre orientation inside the concrete were analysed using the equation
of Woo et al., 2005 (eq. 5-2):

—=1+[o],*® (eq.5-2)

with:
o: the electrical conductivity of the SFRC in Qm
Om:  the electrical conductivity of the PC in Qm
O: the fibre volume fraction
[0]:  the intrinsic conductivity (eq. 5-3)
A: the ratio of conductivity of fibres and PC

For steel fibres, the ratio of conductivity of the fibres and plain concrete A tends to infinity, so
the intrinsic conductivity can be calculated as follows Woo et al., 2005:

[0]e = : 2x (AR)” + 4 (eq. 5-3)
© =3\ 3% n[4(AR)] — 7 @

with:
AR: the aspect ratio of the fibres
For the given aspect ratio of 60, an intrinsic conductivity of 255.5 can be calculated. By

converting (eq. 5-2), the fibre content can be directly determined from the results of the
measurements. Therefore, for all types of specimens, a global value of electrical resistivity
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respectively conductivity has to be determined. For the cylindrical specimens, several
combinations were tested to find the optimum result.

When (eq. 5-2) is used with the single direction test results of only one electrode configuration,
it can be used to estimate the fibre orientation of this direction in context to the whole specimen
by building the ratio to the sum of the other directions or three times the global fibre content.

54 Results and Discussion
5.4.1 Validation of the Test Setup
5.41.1 Impact of the Frequency of the Alternating Current

In the first series of six specimens, one of each fibre content and electrode array, with fibre
contents of 0, 40 and 80 kg/m3, the test setup was assessed in combination with the FEM
model, where the electrical conductivity of the electrodes was set to that of titanium
(2.5 x 10® S/m). The corresponding geometry factors are given in Table E.53 and Table E.54,
Annex E. The specimens were left covered with foil in the formworks and were tested at 9 days
and 38 days of age. The different test dates were chosen to see whether changes in the pore
structure of the concrete, based on hydration, show significant influences on the results of the
electrical resistivity measurements. The age of 9 days represents a very early stage of the
concrete, where the hydration process has not yet been finished but an initial investigation of
concrete structures would be possible because partial demoulding could be performed,
depending on the structure itself. The age of 38 days was chosen because it was assumed
that the hydration process would be almost complete and the drying process of the concrete
should not have taken place, so a comparison of the results of both ages will provide
information about the influence of the hydration process and will not be affected by the different
saturation of the specimens. For each specimen, the electrical resistivity in the horizontal and
vertical direction was determined with several electrode configurations and the five possible
frequencies of the alternating current (100 Hz, 120 Hz, 1 kHz, 10 kHz, 100 kHz). As presented
in several previous studies (see, e.g., Cleven et al., 2021; Woo et al., 2005), the frequency of
the alternating current influenced the electrical resistivity, where a higher frequency led to
slightly lower resistivity values. While for the PC there was almost no influence and a change
in frequency from 100 Hz to 100 kHz only resulted in a decrease in the resistivity of about 2 %,
for SFRC, depending on the fibre content, a decrease of 10 to 20 % was observed (see
Figure 5.5).
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Figure 5.5  Electrical resistivity in the horizontal direction depending on the frequency and
fibre content at a specimen age of 9 days and an electrode array with angular distances
of 90 °

To identify effects based on the specimen’s direction, the age of the specimen and the number
of electrodes inside the specimen, the calculated resistivity of the concrete, based on a
measurement with an alternating current frequency of 1 kHz, was used throughout the study.
With this approach, we were able to exclude polarisation and induction effects. Afterwards, the
results of all frequencies were evaluated according to Section 5.3.4 to estimate the fibre
content and the orientation of fibres inside the specimen.

5.4.1.2 Electrode Array with Angular Distances of 180 °

The results of the three specimens with an electrode array of only six electrodes with angular
distances of 180 ° show that a higher fibre content results in a lower electrical resistivity of the
composite material (see Figure 5.6), which is in line with several studies (see, e.g., Chen et
al., 2004; Hedjazi & Castillo, 2020; Lataste et al., 2008; Reichling, 2014). This behaviour is the
same for every direction that was analysed within this study. In the horizontal direction, the
maximum area that was possible to analyse was investigated using a parallel connection of
the electrodes at all three height levels on each side of the specimen (blue column). Compared
to the measurements of single electrodes in the horizontal direction (red column) which means
that the electrical resistance between both electrodes at height level one, level two and level
three was measured, there is almost no difference in the electrical resistivity of the plain
concrete, while for the fibre reinforced concretes, higher differences were observed. This can
be explained by the inhomogeneity of the concrete and fibres and the anisotropy of the fibres,
which are of a higher consequence if a smaller volume of materials is analysed.
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Figure 5.6  Electrical resistivity in different directions depending on fibre content at a
specimen age of 9 days and an electrode array with angular distances of 180 °

For the electrical resistivity in the vertical direction, the same behaviour is detected, with higher
electrical resistivities of the single electrode measurements (violet column) compared to the
full area measurements (green column). Here, the full area measurements were performed
using a parallel connection of each of the two electrodes at a height level and the current flow
to the electrodes on another height level, while the single electrode measurements were based
on a vertical current flow from one electrode to the other on the same side of the specimen at
another height level. The slightly higher resistivity in the vertical direction, which can be seen
for the fibre reinforced concretes, is probably caused by the compaction of the concrete on the
vibrating table, which leads to the preferred orientation of the fibres in the horizontal direction
and thus, an increased conduction ability in the horizontal direction.

When comparing the results of the same specimens at the age of 38 days (see Figure 5.7), it
can be observed that the higher age of the concrete leads to a higher electrical resistivity,
which is based on the development of the pore structure that gets finer through a higher degree
of hydration. This effect is already described in several studies (see, e.g., Daniel et al., 2001;
Gjarv et al., 1977; Liu & Presuel-Moreno, 2014; Spragg et al., 2017). In addition, as a result of
the storage conditions, the drying process of the concrete itself takes place, which results in a
lower pore saturation and thus, also increases the electrical resistivity of the concrete (see,
e.g., Andrade, 2005; Burchler, 1996; Reichling et al., 2015). Since the aging effect seems to
be almost constant for all fibre contents with an increase in resistivity of about 50 %, it can be
stated that the age or condition of the concrete must be identified to enable a prediction of the
fibre content, while the fibre orientation, vertical and horizontal, can be estimated independent
of the concrete.
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Figure 5.7  Electrical resistivity in different directions depending on fibre content at a
specimen age of 38 days and an electrode array with angular distances of 180 °

5.4.1.3 Electrode Array with Angular Distances of 90 °

The second series of three specimens was produced with four electrodes at each height level,
corresponding to angular distances of 90 ° and so, more electrode arrays for the measurement
were possible (see Figure 5.8 and Figure E.4, Annex E). According to the investigations
described above, the electrical resistivities in the horizontal and vertical direction were
determined too. For the plain concrete, it is again visible that the electrical resistivity in both
directions is almost identical, while for the fibre reinforced concrete, especially with a fibre
content of 40 kg/m?, the resistivity in the vertical direction is higher than that in the horizontal
direction. For the specimens with a higher fibre content, this phenomenon is not visible at the
age of 9 days, while at a specimen age of 38 days, the maximum values of the resistivity in the
vertical direction are at least higher than those in the horizontal direction. Nevertheless, based
on the higher fibre content, a more three-dimensional fibre distribution and orientation can
occur and so, the differences in the horizontal and vertical directions will be exalted at medium
fibre contents, such as 40 kg/m?.

Again, a higher concrete age leads to a higher variation that is caused by differences in the
hydration and drying of the different parts of the specimens, where the outer surface shows
the fastest drying process and the core of the sample has the highest saturation over time (see
Figure E.4, Annex E).
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Figure 5.8  Electrical resistivity in different directions depending on fibre content at a
specimen age of 9 days and an electrode array with angular distances of 90 °

5.41.4 Evaluation of the Electrode Arrays

When comparing both electrode arrays, it can be noticed that for the plain concrete, the
calculated resistivity of the array with angular distances of 90 ° was slightly higher, while for
the fibre reinforced concretes, lower values were determined. Since the setup with more
electrodes was able to describe the concrete in more detail and thus, different measuring
directions were able to be analysed, the variations of the single electrode measurements,
especially, but also of the full area measurements were higher than for the setup with a lower
number of electrodes (see Figure E.5 to Figure E.8, Annex E). The differences in the total
results could be based on the variations of the single specimens but could also imply that the
FEM model is not perfectly befitting of the test setup. A comparison of the single results of the
measurements of both series was carried out to evaluate whether the differences between
both test series could be a result of the FEM model. In evaluations up to now, it was assumed
that all electrodes have a very good connection to the concrete and thus, no initial resistance
occurs, but only the resistivity of the composite material has an influence on the measured
electrical resistance.

To decide whether there is a general problem with the FEM model, the comparison of two
different specimens can indeed offer a hint but cannot be seen as an absolute validation. So,
the fact that, for the 90 ° electrode array, all values for the fibre reinforced concrete specimens
were lower than for the other electrode array is no proof that the FEM model is not suitable just
because the opposite behaviour is identified in the plain concrete.

As both electrode arrays consisted of three height levels of electrodes, the easiest way to
identify the possible weaknesses of the model is to analyse the resistivity in the vertical
direction. Here, three possibilities of the current flow are feasible: from height level one to
height level two; from height level two to height level three; and from height level one to height
level three. In this way, the percolated volume of the measurement from height level one to
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height level three should contain both volumes of the other measurements and thus, the
resistivity will be approximately the mean value of the resistivities of both other combinations.

electrical resistivity in Om
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Figure 5.9  Electrical resistivity in the vertical direction with different combinations of
electrodes depending on fibre content at a specimen age of 9 days and an electrode
array with angular distances of 180 °

For the specimens with angular distances of the electrodes of 180 °, the expected behaviour
was almost identified for the PC and perfectly identified for the SFRC with a steel fibre content
of 40 kg/m?® (see Figure 5.9). In addition, the electrical resistivity from height level one to height
level two, which represents the lower part of the specimen, was higher than the other values.
This can be explained by an increased fraction of large aggregates and a lower porosity, based
on the rise of water in the wet condition of the specimen as part of a small segregation process,
even if the mixture was very stable. Only the specimen with a high fibre content the resistivity
that was measured from the lowest to the highest height level of electrodes did not fit the
expectations, but based on the high fibre content, it can be presumed that vertically orientated
fibres in the middle area of the specimen could have a huge impact on the resistivity and thus,
explain this result. Another explanation could be an increased number of short circuits as a
result of the contact between a vertically oriented fibre and an electrode at height level two.
The specimens with the second electrode array, with angular distances of 90 °, showed the
same tendency, where the expected behaviour could not be detected for the highest fibre
content only (see Figure 5.10). In combination with the fact that the total resistivity for PC was
smaller for the specimens tested with electrodes with angular distances of 180 °, while for the
SFRC the opposite behaviour was observed, and the changes in the electrical conductivity of
the electrodes in the model did not lead to significant changes in the results, the conclusion
was drawn that the small number of specimens was the reason for the partially unexpected
results and thus, the model is probably applicable for a larger test series of drilling cores.
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Figure 5.10 Electrical resistivity in the vertical direction with different combinations of
electrodes depending on fibre content at a specimen age of 9 days and an electrode
array with angular distances of 90 °

5.4.2 Estimation of the Fibre Content

Nevertheless, based on the results of the validation series, the fibre contents of the single
specimens and the fibre orientations inside the specimens were calculated using (eq. 5-2) (see
Section 5.3.4). For this purpose, each series of three specimens, the first with six electrodes
with angular distances of 180 ° and the second with twelve electrodes with angular distances
of 90 °, was analysed separately. For the specimens with only six electrodes, only one
horizontal direction of the specimens was tested, so it was assumed that the other direction
was almost identical and that the global value of the resistance was calculated as the mean
value of the vertical resistivity and two times the horizontal resistivity. For the specimens with
twelve electrodes, both horizontal directions were used for the calculation of the global value.
Due to the influence of the embedded electrodes at height level two on the vertical current
flow, the vertical resistivity was calculated as the mean value of the vertical arrays from level
one to level two, level one to level three and level two to level three to prevent any direct
connections between the fibres and the electrodes and thus, a short circuit. Each plain
concrete specimen was used as the reference for the conductivity of the matrix for the
corresponding SFRC specimens.

As can be seen in Figure 5.11, the calculated fibre contents for both electrode arrays were not
satisfactory. Only in two cases was a good estimation possible. The first case was an electrode
array with angular distances of 180 ° for a fibre content of 40 kg/m® and low frequencies of the
alternating current. The second case was an electrode array with angular distances of 90 ° for
a fibre content of 80 kg/m?® and high frequencies of the alternating current. In all other cases,
the calculated results did not correspond to the produced concrete. It is obvious that the fibre
content is underestimated by the array with more electrodes, while the concrete with 80 kg/m?
is strongly overestimated by the array with angular distances of 180 °. Independent of fibre
content and electrode array, the frequency of the alternating current showed an effect on the
calculated results, where a higher frequency resulted in a higher fibre content. This is because
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without knowing the phase angle of the impedance, which cannot be detected with this test
setup, it is not possible to determine the real part of the impedance and thus, based on those
results, it is not possible to evaluate the possibility of determining the fibre content via the
electrical conductivity. For a higher specimen age, the tendency is almost the same, while all
calculated fibre contents are increased by 5 to 15 % (see Figure E.9, Annex E), the electrode
array with angular distances of 90 ° provides a large discrepancy between the results and
expectations and the results become better fitting for the other electrode array.
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Figure 5.11 Calculated fibre content of the concrete specimens with different electrode
arrays depending on fibre content and frequency of the alternating current at a
specimen age of 9 days

543 Estimation of the Fibre Orientation

According to the procedure described in Section 5.3.4, the fibre orientation inside the specimen
was calculated. For the electrode array with angular distances of 90 °, the orientation in two
orthogonal horizontal directions and the vertical direction was possible, while for the setup with
angular distances of 180 °, it was only possible to measure one horizontal direction and it was
assumed that the other horizontal direction would show the same value.

It was presumed that SFRC compacted by a vibrating table would show a higher number of
fibres oriented in the horizontal direction than the vertical and, as Figure 5.12 shows, the
calculations absolutely support this expectation for an alternating current frequency of 1 kHz,
except for the specimen with 80 kg/m? of fibres and an electrode array with angular distances
of 90 °. Changes in the frequency did not lead to any important changes in the results. For
most of the specimens, at a specimen age of 9 days, the calculation orientation factor in the
horizontal direction was lower than that in the vertical direction. For the specimens with an
electrode array of electrodes with angular distances of 90 ° it was observed that one horizontal
direction always provided the highest calculated orientation and the other horizontal direction
provided the lowest, while the vertical direction had an orientation factor of about 30-35 %. For
the specimens with angular distances of 180 °, high orientation factors for the horizontal
direction of more than 35 % were calculated. This could confirm the expectations but could
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also be a random result, because only one horizontal direction was investigated and, as the
results of the investigations with more electrodes show, one horizontal direction could have
very high orientation factors.

Comparing the results of the same specimens investigated at a concrete age of only 38 days,
there were only small differences (see Figure E.10, Annex E). It was concluded that the
ongoing hydration process and thus, the pore structure in different parts of the specimen, would
differ slightly based on small variations in the local water and cement content and so, lead to
small variations in the calculated orientations for different concrete ages. While for the
calculation of the fibre content, there was almost no influence of aging since the whole
specimen was considered in its entirety for the calculation of the fibre content.

fibre orientation factor in specific direction

50%
specimen age: 9 days horizontal: x M horizontal: y M vertical: z
specimen type: cylindrical in formworks
frequency: 1 kHz
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Figure 5.12 Calculated fibre orientation of the concrete specimens with different electrode
arrays depending on fibre content at a specimen age of 9 days

5.5 Conclusions

In summary, the test setup, consisting of a breadboard and a LCR meter, can be used for the
analysis of both plain concrete and fibre reinforced concrete, and the FEM model provides the
possibility to calculate the resistivity of the material and thus, to compare the different directions
of the specimens. The evaluation of the specimens, included in formworks with electrodes,
showed that the FEM model fits the real current flow inside the whole test setup, although the
small number of specimens did not allow for a detailed analysis. While the age of the specimen,
as well as the frequency of the alternating current, showed an impact on the calculated fibre
content, neither parameter have any effect on the fibre orientation. The results show that with
the increasing age of the concrete, the electrical resistivity also increases. For plain concrete,
it increases from about 40 QOm to 70 Qm from 9 days to 38 days, but the proportion between
steel fibre reinforced concrete and plain concrete is not affected because the electrical
resistivity of the steel fibre reinforced concrete shows a proportionally smaller increase for a
fibre content of 80 kg/m3, based on the conductivity of the fibres.
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Since the setup with angular distances of 90 ° allowed the analysis of specimens in at least
three directions without the repeated mounting and demounting of the specimen, it was
decided to use this number of electrodes and check which electrical resistivity of the electrodes
showed the best results in the FEM model for further tests with drilling core samples. The
electrical parameters of the electrodes should be varied between the electrical resistivity of
steel, to represent a good connection between the electrode and concrete, and the electrical
resistivity of concrete, so a low connection could be analysed. With help of the developed test
setup and the FEM model, a comparison between cubic specimens and drilling cores is part
of current investigations being conducted by the authors (Cleven et al., 2022b) to validate the
suitability of the setup for in situ analyses of existing structures.
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6 Investigations on Concrete Drilling Cores

This section was published as scientific paper under the title “A New Method to Determine the
Steel Fibre Content of Existing Structures—Evaluation and Validation” in the journal Applied
Sciences in 2022 (Cleven et al., 2022b).

6.1 Abstract

The in-situ measurement of the content and orientation of steel fibres in concrete structures is
of great importance for the assessment of their specific mechanical properties, especially in
the case of repair. For existing structures, the actual fibre content as well as the orientation of
the fibres, which is based on many factors such as casting or compacting direction, is typically
unknown. For structural maintenance or rehabilitation, those factors have to be determined in
order to apply meaningful structural design calculations and plan necessary strengthening
methods. For this reason, a new method based on the analysis of drilling cores of concrete
structures has been established. The newly developed non-destructive test setup used in this
research consists of a framework for cylindrical specimens in combination with an LCR meter
to determine the electrical resistance of the fibre reinforced concrete. In combination with a
suitable FEM model, concretes with fibre contents up 80 kg/m® were analysed to derive a first
model to assess the actual fibre content of steel fibre reinforced concretes. After a calibration
of the literature’s equation by use of an adjusted aspect ratio for the analysis of drilling cores,
the estimation of the fibre content is possible with high accuracy for the tested material
combination. The results show that the newly developed test method is suitable for the rapid
and non-destructive structural diagnosis of the fibre content of steel fibre reinforced concrete
based on drilling cores using electrical resistivity measurements.

6.2 Introduction

Based on a recently developed easy-to-use test setup (Cleven et al., 2021), a new application
to assess the steel fibre content of existing structures based on the electrical resistivity analysis
of drilling cores is described in this two-part study. Therefore, in the first part (see Cleven et
al., 2022a), the test setup was adapted. A new numerical model was also generated to simulate
the flow of the alternating current, which enables the calculation of the electrical resistivity in
different specimen directions. An in-depth literature review on the methods concerning the
determination of the steel fibre content is presented in (Cleven et al., 2021; Cleven et al.,
2022a).

Both parameters, fibre content and fibre orientation, are tremendously important for influencing
the mechanical parameters of steel fibre reinforced concrete (SFRC) (see e.g., Gettu et al.,
2005; Gouri et al., 2010; Martinelli et al., 2021b; Molins et al., 2009). In general, a higher fibre
content and fibres, oriented in direction of the tensile forces, lead to very ductile material
behaviour and an increase in the tensile strength of the composite material (see e.g., Barnett
et al., 2010; Gouiri et al., 2010; Kobaka et al., 2019; Luo et al., 2020; Rossi & Wolf, 2019; Woo
et al., 2005; Zak et al., 2001; Zhang et al., 2019). In the case of new structures, the global fibre
content can easily be determined and monitored during the mixing process by the mass of the
fibres that are added to the concrete or alternatively by washing the fibres out of a fresh
concrete sample. After the casting process, the determination of the fibre content and the
detection of areas with locally lower fibre contents or an unfavourable fibre orientation is no
longer possible via an easy method. Hence high safety factors are required for the structural
design of SFRC (see e.g., Cugat et al., 2020; Herrmann et al., 2019; Molins et al., 2009;
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Tarawneh et al., 2021). Additionally, the repair and restoration of SFRC buildings only can only
be planned and realised in a safe way when the fibre content of the existing structure is known
(see e.qg., Plizzari, 2018; Rossi & Wolf, 2019). In case it is not possible to determine the actual
fibre content of concrete structures, a repair process is only possible with very pessimistic
assumptions for the flexural strength of the SFRC elements. Based on this, an economical
method of construction is not possible, and additionally, areas with a very low percentage of
reinforcement cannot be detected and could lead to a local collapse of the whole structure.
Electrical resistivity measurements are one possible non-destructive test method for this
analysis. This approach is beneficial since it is easier to apply and less costly compared to
other methods such as CT-scanning, cross-sectional analysis via microscope or inductive
techniques (see e.g., Al-Mattarneh, 2014; Balazs et al., 2017; Ferrara et al., 2012; Komarkova,
2016; Lataste et al., 2008; Lee et al., 2015; Li et al., 2020; Li et al., 2021; Park et al., 2021;
Ponikiewski & Katzer, 2016; Torrents et al., 2012; Woo et al., 2007; Zak et al., 2001). With the
help of an optimised experimental setup, this study focuses on the validation of electrical
resistivity as a novel approach to assess the fibre content and orientation of drilling cores
extracted from concrete plates with fibre contents up to 80 kg/m3. Correlations between the
electrical resistivity and the fibre content and fibre orientation are derived, which enable a later
non-destructive use of adjusted electrode configurations on structural elements and buildings.

6.3 Materials and Methods
6.3.1 Concrete Mix Design

The concrete mix design was already used in earlier studies of the authors such as Cleven et
al., 2021. The design focussed on sufficient workability for plain concrete (PC) and fibre
contents up to 80 kg/m? in steel fibre reinforced concretes (SFRC). The concrete mix design
presented in Table 6.1 enables the analysis of both PC and SFRC without the addition of a
superplasticizer. For the SFRC hooked end, macro steel fibres with a length of 60 mm and a
diameter of 1 mm were added to the plain concrete after mixing. The fibres thus had an aspect
ratio of 60 and were produced out of steel wire.

Table 6.1 Concrete mix design of the basic concrete
Parameter Unit Content
CEM1325R 300.0
Water 180.0

kg/m?
Sand 0—4 mm 845.5
Gravel 4-16 mm 1004.0
Water/cement ratio 0.60
Grain size distribution - A/B16
Steel fibre type Macrofibre 60 mm
Steel fibre content kg/m? 0, 40, 80

The mixing process was performed according to the following scheme: First, the solid
components, cement and aggregates, were mixed in a compulsory mixer with a nominal
volume of 170 | for 30 s to obtain a homogenous mixture. In the next step, the water was added
to the solids while the mixing process was still ongoing, followed by a mixing phase of two
minutes. After a visual inspection of the concrete, adhering components were removed from



6 Investigations on Concrete Drilling Cores 95

the mixer walls, followed by a final mixing process of one minute. On the final PC mixture, fresh
concrete tests, such as the flow table test as well as the density and the air content in
accordance with EN 12350-5, 2019, EN 12350-6, 2019, and EN 12350-7, 2019, were
assessed. In the case of the SFRC with fibre contents of 40 kg/m?® and 80 kg/m?, the fibres
were added after the fresh concrete tests, and the concrete was mixed for another minute.

In total, three concrete batches were produced. Out of each concrete batch three cubic
specimens with an edge length of 150 mm as well as one plate with dimensions of
500 x 500 x 212 mm?® were cast, each in two layers with subsequent compaction on a vibrating
table. A height of 212 mm was chosen to enable grinding of both the bottom and surface of the
later extracted drilling cores and gain specimens of a height of 200 mm. The specimens were
covered with foil to inhibit dehydration of the surface. After 24 h, the specimens in steel
formworks (cubes) were demoulded. Moreover, the upper surface was ground to ensure a flat
surface with a good connection to the electrodes and afterwards stored underwater. The plates
were left in the formwork to simulate a hardening of structural elements such as floor plates or
walls and were stored at a climate of 20 °C and 65 % relative humidity. After 14 days, nine
drilling cores with diameters of 100 mm were extracted out of each concrete plate. Thereby
two different edge distances were used. The first six specimens were drilled with edge
distances to the formworks of 60 mm, appropriate to the length of the fibres, while the last
three cores were drilled with edge distances of 30 mm, appropriate to half of the fibre length.
A schematic figure of the arrangement of the drilling cores is presented in Figure 6.1. After
drilling, the lower and upper surfaces of the cores were ground analogue to the cubic
specimens and the specimens were stored underwater.

®® O
L OO0

O O O

500

[mm]

Figure 6.1  Schematic figure of the arrangement of the drilling cores in the concrete plates

6.3.2 Experimental Setup
6.3.2.1 Basic Setup

The basic setup of the measurements is described in Cleven et al., 2021 and consists of two
stainless steel electrodes with dimensions of 200 x 200 mm?, which are connected to an LCR
meter. The LCR meter used for the impedance measurements was Extech Instruments
LCR200 with a voltage amplitude of 600 mV rms and variable frequencies of the alternating
current of 100 Hz, 120 Hz, 1 kHz, 10 kHz, and 100 kHz. The setup is presented in Figure 6.2.
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Figure 6.2  Test setup for conductivity measurements, schematical setup (a) and photo of
a test setup with the investigated specimen (b) by Cleven et al., 2021

6.3.2.2 Advanced Test Setup for Cylindrical Specimens

For the investigation of drilling cores, an advanced test setup was developed and tested in
Cleven et al., 2022a based on the existing equipment and the extended setup. The LCR meter
was connected to a breadboard (see Cleven et al., 2022a), which could be used for various
electrode configurations with several numbers of electrodes.

After extensive tests of the setup for cylindrical concrete specimens in combination with the
breadboard (see Cleven et al., 2022a), a cylindrical frame for the analysis of drilling cores was
developed (see Figure 6.3 (a)). The frame was applicable for concrete specimens with different
dimensions, such as a diameter of 100 mm or less. The setup consists of stainless steel
electrodes with dimensions of 40 x 10 mm? in three heights, which are arranged in angular
distances of 90 °. Those electrodes were covered with sponge cloths and isolated with
insulating tape to inhibit a short circuit (see Figure 6.3 (b)). The electrodes were fixed with
screws to a circular frame, so they could be adjusted to the specimen’s dimensions, and a
reproducible contact pressure could be ensured. The whole setup can be connected to the
breadboard, so measurements of various combinations of the twelve electrodes are possible.



6 Investigations on Concrete Drilling Cores 97

(a) (b)

Figure 6.3  Cylindrical frame with 12 stainless steel electrodes on three height levels with
angular distances of 90 ° (a) and electrodes with covering and isolation (b)

6.3.3 Modelling of the Current Flow

To analyse different electrode configurations and different specimens, the LCR
measurements, which give the electrical resistance, as a result, have to be further converted
into electrical resistivities, which are independent of geometry. As for trivial electrode
configurations (two parallel plates of basic setup, see Section 6.3.2.1) the geometry factors for
the conversion of resistance into resistivity can be easily calculated; for the advanced test
setup with a more complex structure, FEM modelling of the test setup and the current flow is
needed. The software Comsol Multiphysics (version 5.3a, build version 229) enables the
generation of a network model and thus the simulation of the current flow between several
electrodes in various configurations.

For the analysis of the specimens in this study, the model of Cleven et al., 2022a was used,
but because effects of surface pressure of the electrodes and electrical conductivity of the
sponge cloths contacts cannot directly be considered, different electrical material parameters
for the electrodes have been analysed to find the optimum accordance of the model and the
real experiment. The drilling core inside the model was represented by a cylinder with a
diameter of 100 mm and a height of 200 mm. The electrical resistance was set to 100 Qm,
which fits the experimental data. Similar to the cylindrical frame of the test setup, also in the
model, twelve electrodes were added as stainless steel elements with an area of 40 x 10 mm?
and a thickness of 1 mm. The electrodes were placed on three height levels with 20 mm in
between each level and angular distances of 90 ° as segments of a circle. This way, a good
connection of the specimen’s surface and the electrode was guaranteed. The grid size of the
single elements in the simulation was set to extremely fine because a high accuracy was
needed for the simulation of the current flow. For the modelling, the following assumptions
have been made: The behaviour of all materials, such as concrete and steel, is presumed as
homogeneous and isotropic. Polarization effects on the electrodes have been disregarded
because of the use of alternating current. The simplification of homogeneity of the materials,
especially the concrete, was conducted to keep the numerical model as easy as possible to
reduce computing time and not predictable results based on a presumed inhomogeneity which
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is not well known. It was decided that the inaccuracy of the model based on this simplification
is better to accept than the assumption of any parameters to describe an inhomogeneity of the
concrete, especially in the context of unknown fibre distribution and orientation that lead to
another inhomogeneity and will not be constant for different specimens with varying fibre
content.

This FEM model makes it possible to simulate the current flow and the resulting electric current
of several configurations and thus calculate the geometry factors of those electrode
configurations. For the simulations, the electric potential of the contacted electrodes was set
to 0 V respectively 600 mV. Thus, the current flow between a pair of electrodes or a group of
electrodes was simulated. The chosen values of 0 V and 600 V at this juncture represented
the real experimental setup with the LCR meter, which uses a voltage amplitude of 600 mV
rms. The simulations were carried out with two different electrical parameters for the
electrodes. First, the electrical conductivity of the electrodes was set to the one of stainless
steel with 1.4 x 108 S/m to represent a perfect connection between concrete and electrodes.
In this case, the not contacted electrodes show conduction effects and thus have a great
influence on the current flow. The second set of simulations has been carried out with an
electrical resistivity of 100 Qm of the electrodes (corresponding to the resistivity of the
concrete), which was meant to represent a bad connection of the electrodes and thus nearly
neglects the influence of uncontacted electrodes. By use of (eq. 6-7) then the k-factors can be
calculated for each electrode configuration and assumption of the electrode’s electrical
behaviour.

(eq. 6-1)

<

with:

geometry factor in m

electric current in A

electrical resistivity (set to 100 Qm)
electric potential (set to 1 V)

co &

The visualisation in Figure 6.4 (a) shows that not connected electrodes (in the middle height
level) have an impact on the isosurfaces of the current, which represent locations with identical
electric potential in case of a good electrical connection of the concrete and the electrodes.
The current flow can be supposed to be orthogonal to those isosurfaces. In the case of a low
conductivity between concrete and electrodes (Figure 6.4 (b)), there is no influence of the
current flow by unconnected electrodes, which is visible through the constant isosurfaces
around the mid-level electrodes. Since those results illustrate the marginal principles, both are
used for the subsequent discussions.
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Figure 6.4  Resulting isosurfaces, calculated by Comsol with different simulated electrical
conductivity/resistivity of the electrodes. (a) electrical conductivity of electrodes:
1.4 x 10° S/m; (b) electrical resistivity of electrodes: 100 Om

6.3.4 Evaluation of the Results

The fibre content of the specimens, as already presented in Cleven et al., 2022a, was
calculated from the electrical resistivity of the SFRC specimens in relation to one of the PC
specimens by the equation of Woo et al., 2005 (eq. 6-2).

ag

—=14+[c]y*® (eq. 6-2)
Um
with:
o: electrical conductivity of the SFRC in QOm
Om: electrical conductivity of the PC in Om
O: fibre volume fraction
[o]: intrinsic conductivity (eq. 6-3)

A: ratio of conductivity of fibres and PC

The intrinsic conductivity in (eq. 6-2) was calculated in dependence of the aspect ratio of the
fibre by an empiric equation in accordance with Woo et al., 2005:

[a] -1 2+ (AR)" +4 (eq. 6-3)
© =3\ 3% In[4(AR)] — 7 4

with:
AR:  aspect ratio of the fibres

The aspect ratio of the fibres in this study was 60, and thus the intrinsic conductivity of 255.5
resulted. With this factor, the fibre volume fraction of each concrete specimen could be
calculated by (eq. 6-2). As several directions of the specimens were analysed, a global
conductivity value had to be determined for each kind of specimen. For the cubic specimens,
it was calculated as a mean value of the three pairs of parallel surfaces, while for cylindrical
specimens, several configurations have been checked to find an optimum according to the real
behaviour of the material.
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The use of (eq. 6-2) in different directions, such as only one pair of parallel surfaces of the
cubic specimens, in relation to two orthogonal directions, enables the calculation of orientation
factors for the single directions. It is summarized that the three orientation factors of one
concrete specimen give 100 %; therefore, each of the factors is between 0 and 100 %.

6.4 Results and Discussion
6.4.1 Tests on Concrete Cubes as Additional Specimens
6.4.1.1 General Evaluation of the Cubic Specimens

In addition to the production of the concrete plates, where the drilling cores were extracted,
three cubic specimens with edge lengths of 150 mm were produced out of each concrete batch
to analyse the electrical behaviour of the concrete in the early age and the changes with
ongoing aging. For this purpose, the cubes were analysed via the basic test setup (Section
6.3.2.1) in concrete ages of 7, 28, and 135 days. The electrical resistivity was calculated, and
the fibre content and fibre orientation were estimated according to Section 6.4.2. Since the
specimens were stored underwater for the duration, a good conductivity of the concrete was
reached, and thus no negative effects of the coupling of the electrodes to the concrete surface
were observed. Figure 6.5 shows the results of the measurements. As already explained, the
resistivity of the PC, as well as of the SFRC, increases with increasing concrete age and a
higher fibre content results in a significantly lower resistivity due to the conductivity of the fibres
inside the concrete matrix (see e.g., Cleven et al., 2021; Lataste et al., 2008; Reichling &
Raupach, 2012).

electrical resistivity in Om
80

specimen type: cubic

70 frequency: 1 kHz ]:

m 7 days m 28 days m 135 days
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20

10

0 40 80
fibre content in kg/m?

Figure 6.5  Electrical resistivity of the concrete cubes in different ages

6.4.1.2 Estimation of the Fibre Content and Orientation

Based on these results, it was possible to calculate both the fibre content and the fibre
orientation inside of each specimen, whereby it must be said that the electrical resistivity of the
PC was averaged to have an ascertained reference value for the calculations. The calculated
fibre content of the series of specimens is shown in Figure 6.6.
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Figure 6.6  Calculated fibre content of the cubic specimens at varying frequencies of the
alternating current depending on the age of the concrete and the actual fibre content of
the samples (dotted lines represent the fitted trend lines according to the equations
given in the corresponding graph)

One can see that a higher concrete age results in a slightly higher value for the fibre content,
as well as a higher frequency of the alternating current. These effects can be explained by the
higher differences of conductivity of the concrete and the fibres in higher age, based on the
hydration process and thus the refinement of the pore structure as well as changes in the pore
chemistry. The differences in the results for varying frequencies are a result of the missing
information for the phase angle of the current, which makes the calculation of the real part of
the impedance impossible (see e.g., Cleven et al., 2021; Woo et al., 2005). Nevertheless, it is
clear to see that the graph of the fibre content versus the inverse of the square root of the
frequency can be described by a logarithmic function a * In(x) + b, where the constant b can
be used as an indicator for the fibre content of the material, where a higher concrete age gives
a better coefficient of determination as well as a better fit of the calculated fibre content to the
expectations based on the composition of the concrete. Therefore, an extrapolation of the
graph infinity, which would mean a frequency of 0 Hz or direct current (DC), would lead to the
corresponding fibre content of 39.427 kg/m® and 86.912 kg/m?, respectively, for a concrete age
of 135 days. For a concrete age of 28 days and a fibre content of 80 kg/m?, the calculated fibre
content would be 76.350 kg/m? and significantly lower than after 135 days. For the analysis of
existing structures, a positive effect can be seen because the concrete is much older, and the
hydration process has been completed. Looking at the results of the single specimens for the
fibre content of 80 kg/m? shows that specimen 1 must contain a much higher amount of fibres
than the other two, and thus leads to an overestimation of the fibre content (see Figure 6.7).
For the other two specimens, the calculated fibre content fits almost perfectly to the fibre
content that was mixed in the PC. Even if the extrapolation of the curve to the infinite represents
the use of DC, a test setup using DC cannot be recommended because of polarisation effects
on the electrodes and thus time-depending results for the measurements.
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Figure 6.7  Calculated fibre content of the cubic specimens at varying frequencies of the
alternating current of the samples with a fibre content of 80 kg/m*® (dotted lines
represent the fitted trend lines according to the equations given in the corresponding

graph)

While the frequency of the alternating current, as well as the age of the specimens, showed
an influence of the calculated fibre content, for the fibre orientation, both parameters seem to
be independent, as it was already occupied in the earlier tests (see Cleven et al., 2022a). Both
the age of the specimen and the frequency of the alternating current led to results for the fibre
orientation inside the concrete cubes with no significant variations. For a fibre content of
40 kg/m3, much more fibres are oriented in the horizontal directions with a proportional
distribution of approximately 42 % in each of the horizontal directions (see Figure 6.8). Since
the concrete was compacted by a vibration table in a vertical direction, this result was
expected. In addition, it can be analysed that there is a higher scatter in the horizontal
directions than in the vertical one with fibre orientation coefficients of 35 % to 50 %.
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Figure 6.8  Calculated fibre orientation of the cubic specimens with a fibre content of
40 kg/m?3, based on the electrical resistivity measurements on specimens with different
concrete ages at a frequency of the alternating current of 1 kHz

In contrast to this, the concrete with a higher fibre content of 80 kg/m?® shows lower variations
even in the horizontal direction, which is based on the higher fibre content where fibres are
expected to be oriented more uniformly (see Figure 6.9). This hypothesis can be verified by
comparing to the vertically oriented fibres in both concretes, where in the SFRC, with a higher
fibre content, more fibres are oriented in a vertical direction. Overall, a more 3-dimensional
orientation of the fibres is detected. One explanation can be the size of the specimens. Due to
the ratio of fibre length to smallest specimen dimension, in smaller specimens, a free
distribution and orientation of the fibres with ongoing compaction process can be hindered by
the formwork, and edge effects are the main influencing parameter for small specimens. In
contrast to this, inside the cubes, there seems to be a volume in the middle, where the fibres
are able to freely orientate themselves and only interact with the large grains, but no interaction
with the edges of the formwork occurs.
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Figure 6.9  Calculated fibre orientation of the cubic specimens with a fibre content of
80 kg/m?, based on the electrical resistivity measurements on specimens with different
concrete ages at a frequency of the alternating current of 1 kHz

6.4.2 Testing of Drilling Core Samples
6.4.2.1 Effect of the k-Value Based on the FEM Model

The first important step was to identify which parameters of the FEM model result in the most
realistic and accurate geometry factors. On the one hand, simulating the electrodes with the
electrical conductivity of stainless steel represents a good connection between concrete and
electrode with no isolation. On the other hand, using the electrical resistivity of concrete
represents an isolating effect by the wet sponge cloths that are soaked with pore solution and
thus will have nearly the same resistivity as the concrete itself. Both possibilities have been
tested, and the electrical resistivity of the PC was analysed with the help of both k-factors,
given in Table E.55 and Table E.56, Annex E. As a measurement from the bottom of the
cylinder to its top was performed with the electrical conduction of the whole upper and lower
surface, where the k-factor can be calculated by the surface area and the specimen length,
the real values of the electrical resistivity of the concrete are well known.

Figure 6.10 shows the comparison of the vertical resistivity, calculated with the easily
calculated k-factor, and the vertical and horizontal resistivities of the drilling cores, calculated
of the results of the FEM analysis, with the electrodes, simulated with the electric parameters
of stainless steel. It is clear to see that the electrical resistivity of the nine drilling cores in a
vertical direction, measured with the basic test setup, is approximately 68 Qm with a very low
deviation. The Comsol model with the electrodes’ electrical conductivity set to the one of
stainless steel with 1.4 x 10° S/m results in calculated resistivities that are significantly higher,
and additionally have a higher scatter, based on a large number of test directions and the fact
that only a part of the inhomogeneous specimen is analysed. Due to the good conductivity of
the electrodes in the model, in this case, the geometry factors that are calculated are too high
and do not represent the realistic behaviour of the test setup and the specimen. In particular,
the vertical resistivity and the horizontal one with single electrodes show the largest deviations,
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which can be explained by the higher number of possible measurement directions and the
lower specimen volume that is observed each time.

electrical resistivity in Qm

100
specimen type: drilling core concrete age: 135 days frequency: 1 kHz
electric parameters of electrodes for FEM model: 0 =1.4 x 10° S/m
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(bottom to top)  (side electrodes) (full area) (single electrodes)

Figure 6.10 Calculated electrical resistivity of PC drilling cores in different electrode
configurations, simulated with the conductivity of steel

In contrast to this, setting the electrical resistivity of the electrodes in the FEM model to the one
of concrete with 100 Qm gives perfecily fitting results of the PC specimens in comparison to
the real values of the measurement from bottom to the top of the specimen (see Figure 6.11).
The scatter of the results is comparable to the results with the other k-factors, which means
that the variation is based on the measurement results and not on the FEM modelling. Based
on those results, it seems that there is only a marginal influence of the electrodes that are
connected to the surface of the specimen but not electrically conducted for single
measurements. Thus, the lower k-factors of the model, where the electrodes were simulated
as concrete, are used for the further examination of the results. This observed behaviour of
the results with the newly developed test method shows the opportunity to directly measure
the electrical resistance of drilling cores instead of preparing expensive specimens by high
effort to determine the fibre content. Here, the full area measurement in a horizontal direction
and the vertical resistance, measured by the side electrodes, have sufficient accuracy and can
later be used to build an estimation model.
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Figure 6.11 Calculated electrical resistivity of PC drilling cores in different electrode
configurations, simulated with the resistivity of concrete

6.4.2.2 Statistical Analysis of the Test Results

After optimising the FEM model, the electrical resistivity of the concrete specimens in different
directions, as well as the variation for different specimens, were analysed.

As already seen for the cubic specimens, an increase of the fibre content results in a lower
electrical resistivity (see Figure 6.12). In contrast to the prior results, the difference between
the results of different fibre contents and the PC is much lower for the drilling cores. As one
can see, a fibre dosage of 40 kg/m? only decreases the electrical resistivity by about 20 QOm,
while another 40 kg/m?® lead to a decrease by about 10 Om. For the cubic specimens cast
together with the plates, where the drilling cores were extracted, the electrical resistivity was
determined to 29 OQm for a fibre content of 40 kg/m? respectively 18 Qm for fibre content of
80 kg/m3. This fact is expected to lead to a lower accuracy of discrimination of different
concretes based on resistivity measurements. Since the electrical resistivity of the PC is
exactly in the same range for the drilling cores as for the cubic specimens, and the results of
the basic test setup fit those of the vertical advanced setup, both factors, the test setup as well
as the k-values by the Comsol model, can be eliminated as reasons for the unexpected high
resistivity values. A possible reason could be the unknown fibre distribution inside the plates
and so local deviations in the fibre content, which would lead to higher resistivities based on
lower fibre contents for some specimens. On the other hand, in this case, there should also be
some specimens with very high fibre contents and thus very low electrical resistivity what is
not the case here. The second possible explanation of the high results could be the size of the
specimens compared to the fibre length and thus the high probability of truncated fibres by the
drilling process, while for the earlier tests, only complete fibres were present. Another thing
that can be seen in the results is a differing fibre orientation, compared to the cubic specimens,
that can be estimated by the similarity of the resistivity in a horizontal and vertical direction for
the SFRC drilling cores.
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Figure 6.12 Calculated electrical resistivity of drilling cores depending on the fibre content

Regarding the variations of the different specimens, it was expected that the variations for PC
would be the lowest because, for SFRC, the inhomogeneity and anisotropy of both concrete
and fibres can be superpositioned and thus result in a higher variation. As presented in
Figure 6.13, the expected behaviour can be observed, especially for a fibre content of
40 kg/m?3, which shows the highest variations with up to 16 %, while the PC samples only show
COVs of less than 8 %. For specimens with a higher fibre content of 80 kg/m?3, the
inhomogeneity of the fibres is tendentially lower than for lower fibre content, and thus the COV
is also lower, but still not on the level of PC.

Comparing the variations in different directions of the specimens, it can be concluded that the
variation in the vertical direction is slightly higher than for the horizontal direction. An
explanation could be the possible segregation processes through the compaction even for
robust concrete compositions, which result in small differences of the local water—cement ratio
in different heights of the specimens as well as in a higher number of large aggregates in the
lower zone of the specimen. In the horizontal direction for full area measurements and single
electrode measurements, no significant differences regarding the variations can be detected,
but it has to be considered that for the single electrode configuration, the number of
measurements is three times higher than for the full area configuration because of the different
height levels of the test setup. In summary, the results show that, especially for low fibre
contents, but also for higher ones, several samples have to be analysed to gain robust results
that allow the calculation of the fibre content and orientation of a concrete element, while for
single specimens a comparably high inaccuracy can be expected.
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Figure 6.13 Coefficient of variation of the calculated electrical resistivity of drilling cores
depending on the fibre content

6.4.2.3 Estimation of the Fibre Content

Based on the electrical resistivity, the fibre content of the concrete specimens was calculated
with (eq. 6-2). While for the cubic specimens (Section 6.4.1.2) for a frequency of the alternating
current of 1 kHz, the fibre content was tendentially overestimated. For the drilling cores, a
massive underestimation can be observed (Figure 6.14). For the specimens drilled of a plate
with a fibre content of 40 kg/m? a fibre content of 20.4 kg/m® was calculated, which
corresponds to 51 % of the actual mixed in fibres. Furthermore, for the specimens, with a mixed
fibre content of 80 kg/m?, the difference between the result and expectation is even higher with
a calculated fibre content of 28.1 kg/m?, representing 35 % of the expected content.
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Figure 6.14 Calculated fibre content of the drilling cores as a function of the actually added
fibre content

Both values are much too low, which is a result of the too high electrical resistivities of the
specimens that were already described in Section 6.4.2.2 and could not be explained. In
comparison to the results of earlier studies of the authors (see Cleven et al., 2022a) on casted
cylindrical specimens, where the fibre content has been overestimated by trend, it seems that
the open fibre ends and the cutting process of single fibres through the drilling process is the
reason for this behaviour. The presumably best explanation could be the number of truncated
fibres that lead to changes in the effective aspect ratio, which is used for the calculations.
Truncated fibres thus could be calculated with a different aspect ratio, and so the estimation
of the fibre content would be possible again. In this case, for the specimens with a fibre content
of 40 kg/m?, a resulting aspect ratio of 39.9 can be calculated by use of (eq. 6-3), when it is
assumed that the fibre content inside the specimens is really 40 kg/m3. Concerning the fibre
diameter of 1 mm, this can be interpreted as an average fibre length of 39.9 mm, which means
a huge number of the fibres were cut by the drilling process. For the specimens with a fibre
content of 80 kg/m?3, the resulting fibre length to have a correct estimation of the fibre content
is even smaller, with approximately 31.4 mm. Therefore, it can be concluded that the fibre
length used for (eq. 6-3) has to be adjusted and is a function of the fibre content itself with a
decrease of the value by increasing fibre content or decreasing specimen size. As an
asymptotic behaviour of this correlation can be assumed, an exponential curve was used to
adjust (eq. 6-3) based on the fibre content and the smallest dimension of the specimen. In this
case, a factor could be derived from the results of the measurements that can be calculated
by (eq. 6-4) and has to be used to calculate the adjusted aspect ratio for (eq. 6-3).

l l
AR,y = AR * (1 - ) + <L> x V= (dmin=ly) (eq. 6-4)
dmin dmin
with:

AR.q: adjusted aspect ratio of the fibres
Is: fibre length in mm
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dmin:  smallest specimen dimension in mm
Vs, fibre volume, calculated by Ir and dmin in mm?
o: expected fibre volume fraction

For the use of (eq. 6-4), several parameters of the fibres, such as the fibre reinforced concrete,
must be known or alternatively estimated. If there is no documentation of the fibre type and
planned fibre content available, a small sample of concrete has to be crushed, and fibres have
to be extracted to measure the actual fibre diameter and length. Additionally, the equation has
to be used iteratively in combination with (eq. 6-3) and adapted to determine the fibre content.

The calculation with the adjusted aspect ratio leads to significantly improved results for the
fibre content (see Figure 6.15). For the lower fibre content of 40 kg/m? large variations are
visible with a minimum value of 25.1 kg/m?® and a maximum value of 50.5 kg/m?3, which gives
an accuracy of approximately £ 35 % for single measurements, but a very accurate value for
a number of nine specimens. In contrast, for the higher fibre content of 80 kg/m?, the variations
are smaller, with a minimum value of 67.8 kg/m® and a maximum value of 88.0 kg/m?3. This
results in an accuracy of £ 15 % for single specimens.

Effects of the positions of the specimens inside the concrete plates, for example, specimen 5
in the middle and specimens 7 to 9 with low edge distances, can only marginally be detected,
although the specimens 7 to 9 of both concretes show high values for the calculated fibre
content, what could be a hint for fibre accumulations near the edges, which lead to a higher
fibre content near the corners. However, the small number of samples and especially the
inconsistent results for the other specimens makes it hard to decide if this observation is just
a random phenomenon or if the position of the specimen really has an influence on the fibre
content of the specimens.

One problem for future analysis is that either there must be an expected value for the fibre
content to calculate the adjusted aspect ratio, or the specimen dimensions have to be chosen
big enough to inhibit the problems with truncated fibres. Additionally, (eq. 6-4) has to be
reviewed with a large database of different SFRCs. After the revision of (eq. 6-4) based on an
enlarged database, the test setup in combination with the FEM model will give the opportunity
to estimate the fibre content of concrete structures by extracting drilling core samples, which
only causes small damage to the whole structure.
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Figure 6.15 Calculated fibre content of the drilling cores depending on the fibre content by
use of the adjusted fibre aspect ratio

6.4.2.4 Estimation of the Fibre Orientation

Although the determination of the fibre content seems to be problematic when no information
about the concrete is available, the fibre orientation can be calculated without changes to any
equations based on the electrical resistivity in different directions. As presented in Figure 6.16,
for fibre content of 40 kg/m3, an unexpectedly high orientation factor in a vertical direction
(mean value of 41 %) is observed, while for each specimen, the factor in a vertical direction is
above 1/3, so most of the fibres are detected in a vertical direction. In comparison to the cubic
specimens, this behaviour is contrary but could be based on the large dimensions of the
concrete plate where the drilling cores have been extracted from. The large dimensions lead
to a high volume of concrete and thus a lower effectivity of the compaction by the vibration
table, which for smaller specimens is the most influencing parameter for the fibre orientation.
In addition, one can see a high scatter in orientation that reaches from 34 % to 50 % for the
vertical and 20 % to 38 % for the horizontal direction. One interesting fact can be identified by
comparing Figure 6.15 and Figure 6.16. Where a fibre orientation in a vertical direction of more
than 40 % is calculated, the calculated fibre content is significantly lower than the expected
value of 40 kg/m?, which also is the mean value of all specimens. The same can be seen for
specimen 8, which has the highest calculated fibre content and the lowest fibre orientation
coefficient in a vertical direction. This correlation leads to the assumption that either the
calculation of the global fibre content based on the three directions is slightly inaccurate, or the
higher vertical orientation coefficient is a result of lacking horizontal fibres inside of single
specimens. Again, a small influence of the specimen position inside the concrete plate could
be assumed by looking at the results of specimens 7 to 9 with lower edge distances that show
a higher horizontal orientation factor. Based on the compaction process, perhaps some fibres
tend to orientate themselves on the walls of the formworks and thus are detected as horizontal
fibres in the specimens near the formwork. Vertical fibres near the formwork are not detected
because the distance between the drilling core and the formwork with half of the fibre length
was chosen high enough not to be influenced by the walls.
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Figure 6.16 Calculated fibre orientation of the drilling cores with a fibre content of 40 kg/m?

For the specimens with a higher fibre content of 80 kg/m?, the expected orientation of more
than 2/3 of the fibres in the horizontal direction is detected with maximum values up to 44 %
and minimum values of about 28 % (Figure 6.17). In addition, the uniformity of the specimens
is much higher, and only specimen number 5 shows a significantly lower vertical orientation
coefficient. A correlation of the calculated fibre content and orientation factors was observed
for the lower fibre content. In this case, it cannot be seen, probably based on the more uniform
fibre distribution and orientation and thus the better acceptance of the calculated global values.
Compared to the orientation of separately cast SFRC specimens, the difference in the fibre
orientation is clearly visible which means that the orientation of fibres inside SFRC in contrast
to the fibre content cannot be determined on such specimens and a direct analysis of structural
elements is necessary. Here, no big influences of the specimen’s position inside the concrete
plate can be observed because of the relatively homogenous results in total. Only specimen
number 5, which is in the centre of the plate, shows a significantly lower vertical fibre orientation
factor, which can be explained by the flow process of the concrete through the compaction.
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Figure 6.17 Calculated fibre orientation of the drilling cores with a fibre content of 80 kg/m?

6.5

Conclusions

This paper presents the results of the evaluation phase of a newly developed non-destructive
test setup for the determination of the fibre content and orientation of steel fibres in concrete
based on electrical resistivity measurements by the investigation of drilling cores. The basic
test setup was already developed, and the FEM model was constructed in the first part of this
research project (see Cleven et al.,, 2022a). This part of the study contains the validation
process, which was performed on drilling core samples to enable statistical analysis and, of
course, conclusions regarding the accuracy of the method. The main findings of this work can
be summarised as follows:

In contrast to AC-IS, the used method, based on electrical resistivity measurements, is
much easier to use. However, similar models can be adapted to calculate both fibre
content and orientation. One limitation in the application is the small amount of data
that is used to calibrate the equations for the calculation of the fibre content for drilling
cores which are needed to analyse structural elements or buildings.

Based on the data gained in this study, a coefficient dependent on the expected value
was found to calculate an adjusted fibre aspect ratio as a new coefficient for the
literature’s model for specimens with small dimensions where probably a huge number
of fibres are truncated through the drilling process and thus the effective fibre length is
much smaller than the original one.

With this coefficient, the fibre content of drilling cores can be estimated in a satisfying
way, and thus the basis for the analysis of the fibre content of existing structures in an
easy way has been provided. Independent of such a factor, the orientation of the fibres
inside a specimen can be calculated comparative from the electrical resistivity in
different directions, which can be measured with the cylindrical test setup very easily
and fast.
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The results show that the newly developed method is suitable for rapid and non-
destructive structural diagnosis based on drilling cores using electrical resistivity
measurements.

In further studies, the authors will focus on the verification of the correlation between
the fibre content and the coefficient for adjusting the aspect ratio, especially by a variety
of specimen size and fibre lengths. Additionally, different concretes with deviant
compositions will be analysed to see if those calculations are applicable in a universal
way or if additional adjustments are needed in some cases. Finally, the test setup and
the models will be adjusted for several geometries in case of precast elements or
existing structural elements.
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7 Conclusions and Outlook
7.1 Summary of the Optimum Test Setup

Until recently an easy-to-use non-destructive test setup for the determination of the fibre
content and orientation of SFRC was missing, the thesis addresses the development of a setup
based on electrical resistivity measurements. Other methods such as CT-scanning are not
practical for in-field usage and methods based on crushing concrete specimens to manually
count fibres are destructive, time consuming and need the extraction of drilling cores. Hence
in this thesis, a simple and easy-to-use test setup for cubic and cylindrical specimens was
developed, tested, and verified with different concretes to identify benefits and limitations of
the applied test setup to enable the development of a general test method.

Because of the high differences of the electrical resistivities of plain concrete and steel a
potential test method based on simple electrical resistivity measurements offers great potential
to analyse the fibre content and orientation of SFRC. In the experimental investigations
presented in this thesis several influencing factors on the electrical resistivity of SFRC have
been systematically analysed. With a determined concrete composition, it is possible to
determine the content of fibres as well as their global orientation inside specimens.

For cubic specimens the calculation is easily done, while for cylinders a more complex FEM
simulation approach has to be applied to approximate the current flow and thus calculate
geometry factors. A very important factor for the measurement is the humidity respectively
saturation of the specimens since this significantly impacts the electrical resistivity
measurements. Hence it is important to precondition or at least determine the saturation of the
SFRC before the measurement takes place.

For optimum results the following additional parameters need to be obtained:

e The electrical connection between the electrodes and the concrete surface has to be
replicable so that the resistance of the coupling can be neglected. This can be
guaranteed via wet coupling material between steel electrodes and the concrete
surface, form fit of the electrodes and a constant coupling pressure.

¢ The measurement system as well as the specimen size have to be chosen as function
of the fibre type and geometry because too small specimen sizes or a too detailed
measuring system will lead to misinterpretation and inaccuracy of the results.

o While the amplitude of the AC does not have a huge impact on the electrical resistivity
measurements, the frequency is of high importance. Since with decreasing frequency
the probability of polarisation effects gets highly increased, the amplitude should be in
a range of 1 to 10 kHz. At higher frequencies artefacts based on cable dimensions may
occur.

e Due to an ongoing pore refinement during cement hydration, an analysis of the SFRC
should be best performed at concrete ages older than 28 days.

e The most accurate results can be generated if a plain reference concrete sample is
available, or the composition is at least well-known, and the electrical resistivity of a
similar concrete has been analysed before. A large database regarding electrical
resistivity in context of different concrete compositions is currently missing and should
be obtained in future research projects.

e The calculation of the fibre content and orientation is done by the equation of Woo et
al., 2005, which is based on the ratio of the electrical resistivity of the SFRC and the
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one of a plain reference concrete and in addition the aspect ratio of the fibres. This
equation works fine for separately produced specimens but is limited through cutting
surfaces of for example drilling cores. In such cases the aspect ratio needs to be
adjusted in dependency of the specimen size and the fibre length.

7.2 Limitations of the Developed Test Method

The advantage of electrical resistivity tests is related to the fact that an occurring current will
find the optimum path between two electrodes. Based on this, a spread of electrical field lines
will occur, which can be simulated with help of FEM modelling. In first step geometrical
assumptions have to be made, which can be easier computed to cubic specimens than for
cylindrical specimens with different configurations of electrodes.

After the model is set up, the comparison of different specimen sizes and geometries regarding
their electrical resistivity is possible. Thus, cubic, and cylindrical specimens as well as drilling
cores were analysed. With a simple equation using the electrical resistivity as well as the
aspect ratio of the fibres, the fibre content could be calculated. Thereby it was possible to
generate reproducible results with sufficient accuracy. Ideally a series of at least three
specimens should be tested. In addition to the number of specimens, the specimen size in
relation to the fibre length has to be considered. For separately produced specimens it could
be shown that a size of 2.5 times the fibre length is sufficient, whereas lower specimen
dimensions resulted in inaccurate measurements. For drilling cores, the aspect ratio of the
fibres has to be corrected because of the truncated fibres.

The calculation needs to be calibrated by the detection of the electrical resistivity of a plain
reference concrete, which is used in the SFRC composition. This process limits the applicability
of the developed test method to either newly produced concrete or structural analysis, where
sample material of plain concrete is available for analysis. This sample material, for example,
could be generated by drilling of small specimens, but this process has to be analysed in further
research. Another possible method is the set-up of a database with several concrete
compositions by use of an extensive material matrix, which ideally includes the most
influencing parameters regarding electrical resistivity. For such a data base it is necessary to
use a defined pre-conditioning of the concrete to generate a reproducible saturation and
electrical conductivity of the pore solution like it was already done for the laboratory
investigations in this thesis.

Since a further development of both the test setup and the calculation method has been
performed in the process of this thesis, the optimized test setup has to be tested with different
concrete compositions and the calculation method has to prove its accuracy and correctness.

All these steps in the meantime are currently performed in an additional ongoing research
project at the IBAC in Aachen and will be presented in further scientific papers.

7.3 Summary of Additional Test Results

In addition to the experimental investigations supplementary test results were obtained (see
Annex A to C), that show the influence of fibre content and orientation on the mechanical
properties of SFRC. To validate the conclusions about the test setup, as presented in the
scientific papers, further investigations using different test setups, like optoanalytical analysis
and CT-scanning, are shown in Annex D. This helps to assess the accuracy of the electrical
resistivity measurements.
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The results of the investigations on single fibres proved the findings of the literature review
(see section 2.2.3). The fibre orientation inside a concrete specimen has a big impact on the
transmittable tensile force between fibres and concrete (see Annex A). The fibres with a larger
angle between the fibre and the transmissible load are able to resist higher load levels due to
a better utilisation of the friction between fibre and concrete matrix. Due to an additional plastic
deformation during pull-out of the fibre, the probability of fibres to bridge occurring cracks
during testing decreases with an increasing angle.

This can be seen in the analysis of the results of the wedge splitting test in Annex C, where
the SFRC compositions are checked in different directions. Although the orientation of the
fibres in relation to the tensile force is nearly parallel for two series of specimens and a much
higher angle between tensile force and fibre orientation is proposed for the third series, the
specimens with a parallel orientation show much better mechanical properties. This point is
very interesting as the above-mentioned probability of a fibre to bridge the crack seems to be
more relevant for the mechanical properties than the transmittable load of a single fibre.

In addition, the wedge splitting test shows that the fibre content as a parameter also influences
the mechanical properties of SFRC, like already concluded from the literature review (see
section 2.2.2). An increase of the fibre content from 40 kg/m? to 80 kg/m?® enable a 60 % higher
load transmission, especially for low specimen deflections, which are synonymous for a small
crack opening. The increasing crack opening and thus the further pull-out of fibres leads to a
decrease in the effect, but still 20 % to 40 % optimized mechanical properties are to be
determined.

This phenomenon has also been observed during testing of the mechanical properties of SFRC
in the 3-point bending test (see Annex B). Nearly the same relation between specimens with a
fibre content of 40 kg/m?® and 80 kg/m? was found as for the wedge splitting test. While for small
crack openings the transmittable load can be increased by 60 % with a doubling of the fibre
content, for larger crack openings only an increase of 30 % remains. Finally, the supplementary
investigations have verified the findings of the literature review which show the significant
influence of fibre content and fibre orientation on the mechanical properties of SFRC.

The comparison of different test setups, which in detail are electrical resistivity measurements,
CT-scanning and optoanalytical analysis, showed the limitations of all three test methods
(Annex D). The cross-sectional analysis and manual counting of fibres, as the easiest possible
way of analysing was proven to be only accurate for a huge relation of cross-section of
concrete to be analysed to fibre dimensions. For conventional macro SFRC thus, this test
method is not applicable and additionally the investigation and preparation of specimens is
very time consuming and above all a destructive test method.

CT-scanning can generate very detailed images of the fibres inside the specimen, but only if
the specimen size is small enough for the X-ray source to be used and in best way also has a
rotational symmetry. Otherwise, artificial inaccuracies occur that can’t be eliminated. Because
of the limited specimen size, the same problem like for optoanalytical measurements takes
part, as the specimen is not representative for the SFRC. In addition, expensive equipment
and software is needed for the examination of CT-scanning. Except those facts, the method is
highly detailed with a great accuracy. In relation to the electrical resistivity measurements only
the lacking applicability is disadvantageous besides the fact that it can only be used on
specimens and thus is a destructive method.
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7.4 Conclusions

The objective of this thesis was the development of an easy-to-use test setup for the
determination of the fibre content and orientation of SFRC. For this purpose, a test setup,
based on electrical resistivity measurements was developed, tested, and further optimized.
Therefore, an extensive test matrix was carried out with a variation of the test setup itself, the
concrete composition, and the steel fibres. With help of this study, the main influencing factors
of the electrical resistivity of SFRC as well as applicable test parameters could be determined.
The setup consists of two-electrode measurements and uses alternating current to inhibit
polarisation effects. This setup, with different electrode configurations is applicable for the
measurement of cubic specimens as well as cylinders.

For the accurate calculation of the fibre content as well as the fibre orientation, it is necessary
to determine the current flow inside the specimen because a comparison of different flow
directions is needed to investigate the sample as a global geometric body. With help of a
geometrical factor, based on the flow directions of the current, the electrical resistivity can be
calculated and put into proportion to the one of a plain reference concrete, what enables the
accurate estimation of the fibre content and orientation. The accuracy hereby is dependent on
the representativeness of the sample or in the best case several samples and the possibility
to analyse a plain concrete sample as well. In optimal cases a high accuracy of the estimation
of the fibre content with deviations lower than 10 % is possible, what for practical use enables
the application of much lower safety factors than today.

7.5 Outlook

In addition to the new measurement possibilities with help of the novel test setup, there are
still open points for further research and development. The biggest open issue at the moment
is the dependency of the accuracy of the estimation on the possibility of the analysis of a plain
concrete sample. At the actual point of research there is no extensive database available, that
contains the electrical resistivity of different concrete compositions considering the humidity
conditions. In further research such a database should be developed and can then act as
calibration method for the test method in total. Further use of the test setup as well as the
professional implementation will lead to huge optimization step.

Additionally, it was shown that for separately produced lab or field specimens the calculation
method of the fibre content results in accurate results. However, for extracted concrete
samples like drilling cores the use of the aspect ratio reaches its limits. Further investigations
have to focus on such samples as well as whole construction elements so the application on
construction side can be addressed.

The last step of development should be done in cooperation with steel fibre producers and
standardization committees, where the test method has to be standardized and the results are
declared correct and authorised for the application in static calculations instead of using simple
safety factors. For this purpose, an extensive test matrix of mechanical testing in combination
with electrical resistivity tests has to be performed, after which a correlation between the
mechanical properties and the fibre content, calculated with help of the novel test setup, can
be drawn.
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X. Annex A - Influence of Fibre Orientation on Single Fibre
Pull-Out Strength

i. Test Program

To evaluate the influence of a single fibre’s orientation onto the bond strength and thus the
mechanical behaviour of SFRC, a series of six sets of single fibre pull-out tests with
30 specimens each was carried out. Thereby the embedding angle of the single fibres was
varied between 0 ° and 75 ° in steps of 15 ° and the maximum transmissible force as well as
parameters of friction were determined. The test matrix is presented in Table A.1. The number
of valid test results, marked with *, only contains results, where the test could have been
performed without test setups regarding failures like a breakage of the resin embedment of the
free fibre end inside the clamping or a pull-out of the fibre end on the resin side. Such problems
especially occurred for series S5 and S6, where a high embedding angle was used.

Table A.1 Test matrix of single fibre pull-out testing

Series Embedding angle Valid test results*

S1 0° 29
S2 15° 25
S3 30° 29
S4 45° 28
S5 60 ° 11
S6 75° 16

The tests were performed by use special specimens where a fibre is embedded half its length
into a block of epoxy resin with a bent fibre end to ensure a good bond and other half into a
mortar block with varying embedding angle inside the concrete (see Figure A.1). The
embedding angle inside the specimen and not directly at the bottom surface was chosen in
order to inhibit mechanical spalling of the upper surface. The bending process of the fibres
was performed in one single step, so the risk of a mechanical damage of the inflection point
was minimized.
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Figure A.1  Specimen dimension for single fibre pull-out testing
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The mortar mixture was chosen to show a good bonding behaviour and a sufficient strength in
combination with the steel fibres, so a breakage of the mortar could be inhibited. Therefore,
the mortar mixture from Table A.2 was used. The mortar was mixed in a Hobart mixer in
accordance with DIN EN 196-1, 2016 and the specimens were stored for 7 days under water
and afterwards at a temperature of 20 °C and a relative humidity of 65 % until testing in the
age of 14 days.

Table A.2 Mortar composition for single fibre pull-out testing

Parameter Unit Content
CEM1425R 470.0

Water kg/m3 211.5

Aggregates 1624.3
Water/cement ratio 0.45

Grain size distribution - C4

Steel fibre type Macrofibre 60 mm

The pull-out test was performed with a spindle testing machine by displacement control. The
testing speed was 5 mm/min, where the mortar block was pulled up in vertical way. The end
of testing was determined as fully pull-out of the fibre, which means nearly 30 mm of pull-out
distance.

ii. Results

The results of the experiments show clearly that a higher embedding angle leads to an increase
in the transmittable tensile strength between concrete and steel fibres (see Figure A.2).

Fibre tensile tension in N/mm? Degree of utilization in %
1500 100
1350 90
1200 80
1050 70
T
900 60
750 50
600 40
450 30
300 20
150 10
0 H1(0°) H2 (15°) H3 (30°) H4 (45°) H5 (60°) H6 (75°) 0

Figure A.2 Maximum transmissible tensile force in dependence of the different embedding
angles of the fibres
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Analogue to the transmittable strength also the degree of utilization of the fibres gets improved
with higher angles. But as can be seen the maximum is reached with an embedding angle of
around 60°. As a reason for this behaviour, it can be supposed that the bending of the fibre in
case of a tensile load leads to a local failure in the fibre itself and yielding occurs.
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Xl. Annex B - Influence of Fibre Content on 3-Point
Bending Strength

i. Test Program

To identify the effect of different fibre contents on the mechanical behaviour of SFRC a
standard test method was used with one concrete composition and fibre contents of 40 kg/m?
and 80 kg/m?3. Like for the single fibre pull-out testing, the same macrofibre was used even for
this test series. Of both fibre contents four series of each six fibre reinforced concrete beams
in accordance with DIN EN 14651, 2007, were produced and tested.

The concrete, used for the tests, was designed based on the mortar for the single fibre pull-
out tests and only contained a larger gravel with a maximum grain size of 16 mm. The concrete
composition is presented in Table B.1. After the production of the concrete, the specimens
were stored for 21 days at a temperature of 20 °C and a relative humidity of > 95 %, until the
notch was sawn into a side surface. Afterwards the storage was continued till the day of testing
in the age of 28 days. The test was performed with a spindle testing machine under
deformation control in accordance with DIN EN 14651, 2007.

Table B.1 Concrete composition for 3-point bending tests

Parameter Unit Content
CEMI1425R 470.0

Water kg/m3 211.5

Aggregates 1624.3
Water/cement ratio 0.45

Grain size distribution - C16

Steel fibre type Macrofibre 60 mm
Steel fibre content kg/m? 40 and 80

ii. Results

The results of the experiments show a clear correlation between the fibre content and the
residual tensile strength, which was determined in the 3-point bending test. As can be seen in
Figure B.1, a fibre content of 40 kg/m? leads to a drop in the strength to CMOD curves after
the first crack in concrete occurs, what means a crack mouth opening displacement of 0 mm.
The tensile strength decreases by 1.0 to 1.5 N/mm? and for some series of specimens (S1 and
S2) the SFRC is able to take higher loads, when a larger CMOD is reached, while for the other
two series (S3 and S4) a nearly constant plateau can be observed. In contrast to this, SFRC
with a fibre content of 80 kg/m? after the first crack can increase the transmissible load for all
four series of specimens. This means that after an initial crack for a constant load no further
displacement respectively CMOD will occur. A simple comparison between both fibre contents
can be performed by consideration of the tensile strength for a CMOD of 0.5 mm, that for the
lower fibre content range between 3.0 and 4.7 N/mm? and for the higher fibre content between
5.8 and 6.8 N/mm?, which means more than 60 % higher values for a doubled fibre content.
For larger crack openings the difference clearly decreases to about 30 %.

These series of experiments clearly show the influence of the fibre content on the mechanical
properties of SFRC. There is no direct linear correlation between the two parameters,
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especially because of other influences in the material system of SFRC like the fibre distribution
and fibre orientation, which were not analysed for these investigations. It can be assumed that
the influence of the fibre orientation is a crucial factor for lower fibre contents, what can be the
reason for the variations, when comparing series S1 and S2 to S3 and S4 for a fibre content
of 40 kg/m?3. In contrast to this behaviour no analogue phenomenon can be detected for the
higher fibre content, what leads to the conclusion that here the fibre content is the decisive
parameter, and the orientation is only a subordinated influence.

Residual Tensile Strength in N/mm?

8
7 \
6 . —
5 ) /"&
4 _t/___\ |
A
3 T
2
40 kg/m?® - S1 80 kg/m? - S1
1 40 kg/m® - S2 80 kg/m® - S2
40 kg/m?® - S3 80 kg/m? - S3
e 4() kg/m® - S4 e— 8() kg/m? - S4
0 T T T T
0 1 2 3 4 5
CMOD in mm

Figure B.1  Strength-CMOD-curves as results of the 3-point bending tests of fibre reinforced
concrete beams with fibre contents of 40 kg/m? and 80 kg/m? (Cleven et al., 2018)
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Xll. Annex C - Influence of Fibre Content and Orientation
on Mechanical Properties

i. Test Program

Since the behaviour of a single fibre, embedded in concrete under different angles, does not
fully represent the composite material behaviour of fibre reinforced concrete, additional tests
in a larger scale were performed. Because a smaller embedding angle, that is similar to a fibre
oriented in direction of the tensile force, leads to a higher probability of the fibre to cross the
opening crack, and thus take part on load bearing, the global fibre orientation of a specimen is
even of much interest.

For this reason, tests on cubic specimens with two different fibre contents, 40 kg/m?® and
80 kg/m?, were performed, using the wedge splitting test. The huge advantage of cubic
specimens, compared to the beams, described in section Xl, is the symmetry and thus the
possibility of rotation of the specimens to investigate different testing directions. Therefore, the
wedge splitting test, which was presented for SFRC in Léfgren, 2004, in accordance with
Nordon, 2005 was performed with specimen dimensions of 150 mm.

For these tests the same concrete and fibres as for the 3-point bending tests (see section Xl)
was used. After casting of the six batches of concrete with 18 specimens each, the specimens
were stored at a temperature of 20 °C and a relative humidity of > 95 % for 21 days. Afterwards
a notch of 22 x 30 mm? was sawn into the upper surface as well as a starting notch and two
guidance notches into the side surfaces, like presented in Figure C.1. The notch was used as
admission zone for steel frames with roller bearings and the notches should define the tested
specimen section of 100 x 75 mm?. The specimens were stored after sawing back in the
controlled climate conditions.

‘@.I

\%7/ t starting notch 4
3 . . A
224 / ~] 25 1

X
9 150 1
- 100 [150
startingnotch | " v |
R J
' ﬁ 50 o5
¥ b

guidance notch 4

—

4 guidance notch

150 mm 150
Figure C.1  Prepared specimen for wedge splitting test

To investigate different orientations of the steel fibres inside the specimen and ensure
comparable casting conditions, the casting itself was not varied but the specimens, before the
preparation, were turned in different directions, like can be seen in Figure C.2. The blue surface
represents the upper side of the casting. Based on the literature review it was assumed that
fibres generally tend to sink inside the concrete and so a slightly higher fibre content in the
bottom zone can be formed. This assumption was checked by rotating the specimens 180 °,
so the casting surface afterwards was the bottom of the prepared specimen. The second
phenomenon of fibre orientation is an orientation perpendicular to the compaction process and
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thus in this case a more horizontal fibre orientation. This was investigated by rotating the
specimens 90 °. To ensure that the concrete batch itself has no influence on the results, six
specimens of each batch were tested in each direction. The first three mixtures thus contained
six specimens, that were tested in casting direction, six specimens tested after turning of 90 °
and six specimens turned by 180 °, each with a fibre content of 40 kg/m3. Mixtures 4 to 6
showed the same set of specimens but with a fibre content of 80 kg/m3.

LILIL]

Figure C.2  Orientation of the wedge splitting test, in casting direction, turned 90 ° and
turned 180 °

The test itself was performed at a concrete age of 28 days with a spindle testing machine. A
wedge was pushed from the upside between the two roller bearings (see Figure C.3) to create
a horizontal splitting force, while the specimen was placed on a rod bearing, to achieve a linear
cushion. The test speed was controlled to 0.05 mm until a crack mouth opening displacement
(CMOD) of 1 mm was reached. Then it was set to 0.125 mm/min till a CMOD of 2 mm and
afterwards to 0.5 mm until a CMOD of 8 mm.

f—;,‘E

d,

F, b CMOD| i ]
==

h'

Figure C.3  Schematic load distribution in wedge splitting test (Nordon, 2005)
In accordance with Léfgren, 2005, the horizontal splitting force can be calculated by (eq. XII-7).

P Fy i 1 —u*tan(a)
P 2xtan (@) 1+ u=*cot(a)

~ 1,866 * F, (eq. XII-1)

with:
Fv: vertical force in kN
a: angle of the wedge (a = 15°)
p: Coefficient of friction of the roller bearings
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ii. Results

These investigations were performed to analyse the effect of the fibre distribution and
orientation on the mechanical properties of SFRC. Thus, a comparison between specimens of
the same fibre content was done, while the specimens itself were oriented differently. The first
three series of specimens contained a fibre content of 40 kg/m*® and six specimens each of
every testing direction. The tensile splitting force, which can be measured in the wedge splitting
test enables a good comparison about the mechanical properties of the SFRC in total. As can
be seen in Figure C.4, the specimens, that were tested after 90 ° rotation (violet curves) are
the lowest ones for each series and don’t show any effect of critical or over critical behaviour.
In contrast to this, nearly all other series and orientations at least show a critical behaviour
where the load after the first crack can constantly be taken by the fibres until a deflection of
5 mm is reached. Comparing both horizontal orientations, no significant difference is visible for
the specimens which are tested with the production surface upwards, and the ones rotated by
180 °. So, it can be concluded that a sinking process of the fibres is not of great influence if
the concrete composition and compaction method are suitable for SFRC, but the compaction
itself leads to a 2-dimensional orientation of the fibres inside the specimen and thus a much
lower load bearing capacity in a 90 ° rotated orientation in reference to the compaction. The
specimens of series 3, however, show a slightly lower load bearing capacity which possibly is
based on variations in the production process of the concrete.

The specimens which were turned by 90 ° only show a mean tensile splitting load of about
0.8 kN, while the other specimens, which are tested in the horizontal direction of production
can withstand a tensile splitting load of about 2.5 kN.

5 Load Fg, in kN

A R <[]
L1
L]

Deflection in mm

Figure C.4 Load-displacement-curves as result of wedge splitting test on steel fibre
reinforced concrete cubes with a fibre content of 40 kg/m? in dependence of the testing
direction

A similar but more significant distinction between the horizontal orientation and the 90 ° rotation
of the specimens can be observed with a higher fibre content of 80 kg/m?® (Figure C.5). Like
already seen for the lower fibre content a 90 ° rotation leads to an under critical behaviour after
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the first crack occurs. Against this, the horizontally tested specimens always show an over
critical behaviour, which for those specimens is possible because of the high fibre content of
80 kg/m?3. While the specimens of series 3 for the 180 ° rotated specimens show a significantly
high load bearing capacity at low deflections under 1.5 mm, the specimens which were tested
in direction of production of the same series show the highest results for large deflections. In
total, there is no significant distinction between both orientations visible for the tests with a fibre
content of 80 kg/m?3, analogue to the lower fibre content.

Comparing the tensile splitting loads of the specimens with a fibre content of 80 kg/m? with the
ones with half the fibre content, it is clearly visible that doubling the fibre content leads to a
significant increase in mechanical properties. The specimens tested after a 90 ° rotation show
average tensile splitting loads of 1.3 kN, what is more than 60 % higher than the ones with a
lower fibre content. For the horizontal specimens, in the phase of small deflections the average
tensile splitting load is again about 60 % higher with a value of 4.0 kN. Nevertheless, for a
higher deflection, the fibres are more and more pulled out of the specimen and thus, the
average tensile splitting load decreases to about 3.0 kN to 3.5 kN and thus is only 20 % to
40 % higher than for specimens with half the fibre content. Summarized it is to say that an
increase of the fibre content as expected leads to an increase in mechanical properties, but
there is no linear correlation between both parameters.

Load Fg, in kN

Deflection in mm

Figure C.5 Load-displacement-curves as result of wedge splitting test on steel fibre
reinforced concrete cubes with a fibre content of 80 kg/m? in dependence of the testing
direction
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Xlll. Annex D - Further Analysis by Use of Computed
Tomography

i. Materials

To analyse the influence of the fibre content and fibre dimensions on the orientation of fibres
inside SFRC, a basic concrete mixture was produced and two different fibres as well as fibre
contents from 10 kg/m?® to 80 kg/m?® were added to this PC. In this way, three series of nine
specimens each were produced and tested. The basic concrete mixture is the same than used
for most of the scientific papers and can be seen in Table 3.3 (see section 3.3.1.2).

The manufacturing of the concrete always was performed the same way. At the beginning, the
solids, such as cement and aggregates, were homogenized for 30 s in a compulsory mixer
with a nominal volume of 60 L. Afterwards the water was added, while the mixing process was
ongoing. After a mixing phase of two minutes, the mixer was stopped and adhering
components were removed from the mixing walls, followed by an additional mixing phase of
one minute.

The fibres then, were added to smaller concrete volumes in an additional bucket mixer.
Therefore 1.5 L of PC were given into the bucket and the corresponding fibre content was
added and mixed for at least one minute. In this way, for each concrete one PC and seven
SFRCs with fibre contents from 10 kg/m?® to 70 kg/m® were produced and one cubic specimen
with an edge length of 100 mm was casted. Two series of specimens with macrofibres (S1 and
S2) and one series with microfibres (S3) were produced. One series (S2) of macro SFRC was
filled into the formworks in one layer and was compacted via an internal vibrator for about five
seconds. The other two series of concrete were again filled into the formworks in one layer but
were compacted on a vibrating table for five seconds. Detailed information of the fibres is given
in section 3.3.1.1 (fibre 1 and fibre 3). The specimens were stored in the formworks for 24
hours. Then, they were demoulded, and the surface was ground down to ensure a good
connectivity for the electrical resistivity measurements. After grinding, the specimens were
stored in separate storage boxes each, that were filled with on 20 °C tempered water. A water
volume of 3.4 L was added to each storage box, so a volume to surface ratio of 5667 L/m? was
reached.

ii. Methods

To evaluate the results of the test setup, used in the scientific papers, two additional test
methods have been used for some additional specimens. The electrical resistivity
measurement was performed in the identical way than presented in the scientific papers for
cubic specimens by use of two stainless steel plates and the LCR meter with specimens in the
age of 7 days (see e.g., section 3.3.3) with only the difference of smaller specimen dimensions.

In addition to the electrical resistivity measurements two specimens of each concrete series
were analysed using CT-scanning afterwards. Those specimens were the ones with fibre
contents of 40 kg/m? and 70 kg/m? for both series of SFRC, compacted on a vibrating table,
where one series contains a macrofibre (S1) and the other one a microfibre (S3). For the series
with macrofibres and compaction via internal vibrator (S2), only lower fibre contents with
10 kg/m? and 30 kg/m? were analysed because it was expected that this way defects based on
the compaction are better visible.

The CT-scans were executed on a tomograph ProCon X-Ray GmbH, model CT-Alpha at the
ITA (RWTH Aachen University). The distance between the x-ray source and the middle axis
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of the specimens was set to 185 mm and the distance between x-ray source and detector was
200 mm. The electrical voltage was set to 100 kV and the current to 100 mA with an exposure
time of 250 ms. In a testing time of 2 hours one specimen was fully rotated in 1600 steps and
15 sectional images per step were generated and combined, to minimize artefacts of distortion
because of the missing rotational symmetry of the specimens.

With the software VG Studio MAX 2.2 a 3D-model of each specimen could be generated, and
the model could be binarized to fade out the concrete matrix and only leave the fibres inside
the model. The macrofibre thereby showed a grey scale of 10500 to 12000 while the
microfibres were in a range of 19000 to 20000. Based on this model, it was possible to create
sectional images in every direction, which can be compared to results of other test methods.
A more detailed analysis of the model unfortunately was not possible due to the lack of an
analysation software, so only visual comparisons between the results of the CT-scanning and
the electrical resistivity measurements could be done.

After CT-scanning was performed the six specimens were sawn into eight pieces of about
50 x 50 x 50 mm? to visually analyse the three perpendicular surfaces of the specimens via
optoanalytical analysis, which clearly is the more inaccurate measurement method, but also
requires less equipment and is much cheaper. All the cross-sectional surfaces to be analysed
(see Figure D.1), thus could be investigated as combination of four single specimens. For the
macro SFRC, those surfaces in a first step were observed visually and the number of fibres
was counted, which for the micro SFRC samples was not possible due to the high amount of
fibres. For the micro SFRC samples as well as for one specimen with a fibre content of
70 kg/m?® of the macro SFRC, 3 singular perpendicular surfaces of the small pieces, which
were representative for the whole surface, were chosen, saturated with black epoxy resin and
ground to generate a smooth surface that could be analysed via incident light microscope.
Here, also the number of fibres, the orientation angle of each fibre in relation to the corners of
the specimen and the longest and shortest dimension of each fibre, which could be used to
calculate the orientation angle in relation to the investigated surface, were analysed.

Figure D.1  Surfaces to be analysed via microscopy

The fibre content was determined in accordance with Hilsdorf via the recorded individual areas
of the fibres by relating the total area of all fibres inside the section under consideration to the
total cross-sectional area of the section (Tue et al., 2008). The expected fibre content of the
total sample results from (eq. XIlI-2).

(eq. XIII-2)

with:
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¢:;.  Fibre content depending on specimen direction in kg/m?

Nie Fibre orientation depending on specimen direction

N¢i. Number of fibres inside the section under consideration in mm?
ds Fibre diameter in mm

Apie Cross-sectional area under consideration in mm?

The fibre orientation, which is needed for the calculation is simplified as the number of fibres
inside a specific directional section in relation to the summed-up number of fibres inside the
sections in all three directions (see (eq. XIlI-3)).
_ Nt e

Nfji1+ Neio+ Neia

Nie (eq. XIII-3)

with:
N¢i. Number of fibres inside the section under consideration

iii. Results

a. Results of the Electrical Resistivity Measurements

In contrast to the results of the scientific papers, especially section 6.4.1, the prediction of the
fibre content based on the cubic specimens by use of the same model than in the paper
mentioned above is more inaccurate. The fibre content for macro SFRC, compacted via
vibrating table, (S1) is generally underestimated by 10 to 20 % when using specimens with
only 100 mm edge length (Figure D.2). A correction using the adjusted aspect ratio (see
section 6.4.2.3) also is not of success because that model is based on fibres which are cut by
the extraction process of the specimens and thus a real adjustment of the aspect ratio of the
fibres. Here, only the dimensions of the specimens in relation to the fibre size are very low, but
the aspect ratio of the fibres itself are not influenced.

calculated fibre content in kg/m?
120
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Figure D.2  Electrical resistivity results — S1 (macrofibre — vibrating table)

Even more inaccuracy occurs for the specimens that were compacted by use of an internal
vibrator (S2) (Figure D.3). Here, additionally to the small dimensions of the specimens, which
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seem too low for a fibre length of 60 mm, the anisotropy of the fibres is expected to badly
influence the measurements in only three directions. This can be explained through the
measuring principle of the three dimensions of the specimens, which are highly influenced by
fibres, which are oriented directly in measuring direction but nearly independent of fibre
oriented perpendicular. The vibrating table uses a one-dimensional force for the compaction
and thus a two-dimensional orientation results, which can be detected particularly good by the
analysis of three measurement directions. In contrast to this, the internal vibrator leads to a
very random orientation, which requires a higher number of measuring directions.
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Figure D.3  Electrical resistivity results — S2 (macrofibre — internal vibrator)

For the micro fibres (S3), the size of the specimens seems to fit a good way, while the
approximation by use of a logarithmic function doesn’t lead to sufficient results. Because of the
high number of fibres there is a huge influence of the frequency on the electrical resistivity and
thus, a high frequency results in a very low electrical resistivity, more accurate a low active
resistance of real part of impedance, of the SFRC and thus to a calculation of very high fibre
content (Figure D.4). A more accurate prediction of the fibre content is possible for lower
frequencies like 100 Hz, where the calculated results perfectly fit to the produced concrete
compositions. Here the easily to measure active resistance nearly corresponds to the
impedance.
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calculated fibre content in kg/m?
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Figure D.4  Electrical resistivity results — S3 (Microfibre)

b. Results of CT-Scanning

After the performance of the electrical resistivity measurements some specimens were
analysed additionally by use of CT-scanning. To evaluate differences of the results, one
specimen of series S1 with a fibre content of 40 kg/m?® and another one with 70 kg/m?® were
analysed. At first sight it is visible that most of the fibres are oriented around the corners and
surfaces of the formwork, like stated in the literature review (Figure D.5). Only for the fibres in
the middle space an orientation in the horizontal direction can be seen, which can be explained
by the compaction method. Because of the lack of an analysing software, the fibre content
cannot be determined. Counting of the fibres for such a high number of visible elements seems
not a good way, especially because of the blurring artefacts of the corners. With a number of
2600 fibres/kg and a fibre content of 40 kg/m?, there should be 104 inside. For a later discussed
specimen, the visual counting of the fibres was done.
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Figure D.5 CT image of specimen S1 — 40 kg/m?

Compared to the specimens discussed above, the one with a fibre content of 70 kg/m3
definitely has a higher number of fibres inside (Figure D.6). Again, a high amount of fibres is
located on the surfaces of the formwork, but also fibres in the free space in the centre of the
specimen are visible. Analogue to the other specimen, also here the free fibres seem to be
oriented in horizontal direction, based on the compaction method.

Figure D.6 CT image of specimen S1 — 70 kg/m?

The first specimen of series S2 with macrofibres and compaction via internal vibrator,
contained a fibre content of only 10 kg/m3. For this specimen, a nearly free distribution of fibres
can be observed via CT-scanning (Figure D.7). Also, no preferred orientation, like the
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horizontal one for compaction via vibration table, is visible, but the fibres seem to be various
oriented and not directly influenced by the surfaces of the formwork. The only interesting point
in the distribution is a small vertical channel right in the middle of the specimen, where no fibres
are located. This could be the passage, where the internal vibrator was placed and slowly
pulled out of the specimen, while only concrete flew into the free volume and so there is a lack
of fibres.

Because of the small fibre content, for this specimen, the manual counting of fibres in the CT-
image was possible. As one can see, 26 fibres are visible inside the specimen, what for a fibre
quantity of 2600 pieces/kg results in a fibre content of 0.1 g per specimen and in total 10 kg/m?3.
The small number of fibres additionally makes it easy to observe single fibres very detailed
and thus it is clearly visible that in corner areas of the specimens some artificial failures occur
through the CT-scanning process. A good example is the point of intersection of the fibres for
the fibres on the left or the bottom, where no sharp geometry and bending point is visible but
a circular artefact.

Figure D.7  CT image of specimen S2 — 10 kg/m?

Because of the higher fibre content of the second specimen of series S2, again a manual
counting of the fibres based on the 3D image is not precisely possible. As can be seen in
Figure D.8 there are both small point elements and thick fibre ends visible, what only can be
artefacts of the scanning process. When trying to count the fibres, it can only be found out with
certainty that more than 64 fibres are visible in the 3D image, while 78 are to be detected based
on the fibre content of 30 kg/m3. Like for the specimens of series S1, many fibres inside of this
specimen are oriented on the surfaces of the formwork and only a lower number is freely
oriented in the middle area. Additionally one can suppose a small vertical channel in the middle
where the internal vibrator was used.
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Figure D.8 CT image of specimen S2 — 30 kg/m?

In contrast to the macro SFRC the specimens with microfibres are presented in a very good
way via 3D imaging (Figure D.9 and Figure D.10). As already stated for series S1, also here
there is no possibility of a manual counting of the fibres, especially as here the number of fibres
because of their size should be 662000 pieces/kg and so for a fibre content of 40 kg/m?* there
should be about 26480 fibre inside of the specimen. Thus, here only a visual statement about
the distribution and orientation again can be drawn. Both specimens show a homogenous
distribution of the fibres and the orientation, with except of the surfaces of the formwork looks
relatively anisotropic, but tends to be slightly more horizontal, what is explainable trough the
direction of compacting.

Figure D.9 CT image of specimen S3 — 40 kg/m?
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Figure D.10 CT image of specimen S3 — 70 kg/m?

c. Results of the Optoanalytical Investigation

The optoanalytical investigation of the specimens for the micro SFRC only could be performed
via microscope. For the macro SFRC additionally manual counting of the fibres on the cut
surfaces of about 10 x 10 mm? each direction was done without microscope. Each step was
done in all three possible directions and the results were averaged to calculate the fibre
content.

For series S1 the manual counting and calculation in accordance with (eq. XllI-2) results in
fibre contents of 78 kg/m? respectively 133 kg/m? for fibre contents of 40 kg/m? and 70 kg/m3.
Thus, the calculation leads to values that are about 90 % to 100 % higher than expected. For
series S2 that was compacted via internal vibrator fibre contents of 15 kg/m? respectively
45 kg/m? are calculated, which are about 50 % higher than the actual contents of 10 kg/m?* and
30 kg/m3. In contrast to these results, for the micro SFRC (series S3) the calculated fibre
contents with 38 kg/m?® respectively 60 kg/m* are much more fitting to the actual ones of
40 kg/m® and 70 kg/m3.

Those results show that a simplified calculation of the fibre content via cross-sectional analysis
only is possible if the relation between fibre size and cross-section of concrete to be analysed
is small enough. For microfibres with a length of 8 mm it seems that a section of 100 x 100 mm?
is enough, while for a fibre length of 60 mm it is much too small.
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Table E.1 Concrete mix designs for the variation of the water/cement ratio

Parameter Unit 32-55-300-00 32-65-300-00
CEMI325R 300.0 300.0
GGBS - -

kg/m?
Water 165.0 195.0
Aggregates 1888.9 1810.0
Water/cement ratio 0.55 0.65
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 60 mm Macrofibre 60 mm
Steel fibre content kg/m? 0to 80 0to 80

Table E.2 Concrete mix designs for the variation of the binder content

Parameter Unit 32-60-270-00 32-60-330-00
CEMI325R 270.0 330.0
GGBS - -

kg/m?
Water 180.0 180.0
Aggregates 1922.3 1776.7
Water/cement ratio 0.60 0.60
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 60 mm Macrofibre 60 mm
Steel fibre content kg/m?3 0to 80 0to 80

Table E.3 Concrete mix designs for the variation of the cement type

Parameter Unit 42-60-300-00 52-60-300-00
CEM1425R 300.0 -
CEM1525R - 300.0

GGBS kg/m?3 - -

Water 180.0 180.0
Aggregates 1849.5 1849.5
Water/cement ratio 0.60 0.60

Grain size distribution - A/B16 A/B16

Steel fibre type
Steel fibre content

kg/m?

Macrofibre 60 mm
0to 80

Macrofibre 60 mm

0to 80
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Table E.4 Concrete mix designs for the variation of the content of GGBS
Parameter Unit 32-60-300-35 32-60-300-65
CEM1325R 195.0 105.0
GGBS 105.0 195.0

kg/m?
Water 180.0 180.0
Aggregates 1843.7 1838.7
Water/cement ratio 0.60 0.60
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 60 mm Macrofibre 60 mm
Steel fibre content kg/m? 0 to 80 0 to 80

Table E.5 Concrete mix designs for the variation of the steel fibre type
Parameter Unit 32-60-300-00-F2 32-60-300-00-F3
CEM1325R 300.0 300.0
GGBS -

kg/m?
Water 180.0 180.0
Aggregates 1849.5 1849.5
Water/cement ratio 0.60 0.60
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 35 mm Microfibre 8 mm
Steel fibre content kg/m? 0to 80 0to 80

Table E.6 Concrete mix designs for the multiple parameter variation—part 1
Parameter Unit 32-55-270-35 32-65-330-65
CEM1325R 175.5 115.5
CEMI1425R - -
CEMI525R - -

kg/m?3
GGBS 94.5 214.5
Water 148.5 214.5
Aggregates 1952.5 1721.4
Water/cement ratio 0.55 0.65
Grain size distribution - A/B16 A/B16

Steel fibre type
Steel fibre content

kg/m?

Macrofibre 60 mm
0to 80

Macrofibre 60 mm
0to 80
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Table E.7 Concrete mix designs for the multiple parameter variation—part 2
Parameter Unit 42-55-330-00 42-60-270-65
CEMI325R - -
CEMI1425R 330.0 94.5
CEMI525R - -

kg/m?
GGBS - 175.5
Water 181.5 162.0
Aggregates 1820.1 1912.6
Water/cement ratio 0.55 0.60
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 60 mm Macrofibre 60 mm
Steel fibre content kg/m? 0to 80 0to 80

Table E.8 Concrete mix designs for the multiple parameter variation—part 3
Parameter Unit 42-65-300-35 52-55-300-65
CEMI325R - -
CEMI1425R 195.0 -
CEM1525R 105.0

kg/m?
GGBS 105.0 195.0
Water 195.0 165.0
Aggregates 1804.2 1878.1
Water/cement ratio 0.65 0.55
Grain size distribution - A/B16 A/B16
Steel fibre type Macrofibre 60 mm Macrofibre 60 mm
Steel fibre content kg/m? 0to 80 0to 80

Table E.9 Concrete mix designs for the multiple parameter variation—part 4
Parameter Unit 52-60-330-35 52-65-270-00
CEM1325R - -
CEMI1425R - -
CEMI525R 214.5 270.0

kg/m?
GGBS 115.5 -
Water 198.0 175.5
Aggregates 1770.3 1886.8
Water/cement ratio 0.60 0.65
Grain size distribution - A/B16 A/B16

Steel fibre type
Steel fibre content

kg/m?

Macrofibre 60 mm
0to 80

Macrofibre 60 mm
0to 80
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Table E.10 Results of the resistivity measurements of the basic concrete mixture
(32-60-300-00)

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 441 44.0 43.7 43.4 43.0
10 34.2 34.2 33.7 33.3 32.9
20 28.5 28.4 27.8 27.4 271
30 241 24.0 23.2 22.7 22.3
40 20.9 20.7 19.8 19.3 18.8
50 18.3 18.2 17.4 16.8 16.4
60 16.6 16.5 15.6 15.1 14.7
70 15.2 15.0 14.1 13.5 13.1
80 13.7 13.5 12.5 12.0 11.6

Table E.11  Results of the resistivity measurements of the concrete mixture 32-55-300-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 50.5 50.6 50.3 49.8 49.2
10 411 411 40.6 40.2 39.6
20 33.1 32.9 32.3 31.7 31.1
30 27.2 27.0 26.3 25.6 25.1
40 25.6 25.4 247 241 23.6
50 23.4 23.2 22.4 21.7 211
60 20.9 20.7 19.7 19.0 18.3
70 18.1 17.9 16.9 16.1 15.5
80 17.7 17.5 16.7 16.0 15.4

Table E.12  Results of the resistivity measurements of the concrete mixture 32-65-300-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 40.5 40.6 40.3 40.0 39.6
10 32.2 321 31.9 31.5 311
20 26.7 26.6 26.0 255 25.0
30 24.9 24.7 241 23.4 23.0
40 20.8 20.7 20.1 19.5 18.9
50 18.6 18.4 17.7 17.1 16.7
60 17.2 17.0 16.3 15.4 14.8
70 171 16.9 16.1 15.2 14.9

80 16.3 16.1 15.3 14.6 14.2
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Table E.13  Results of the resistivity measurements of the concrete mixture 32-60-270-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 50.2 50.1 49.9 49.5 48.8
10 34.2 34.0 33.7 33.3 32.7
20 28.8 28.6 28.1 27.5 27.0
30 26.0 25.8 25.2 24.6 24.0
40 22.5 22.3 21.8 21.0 20.4
50 20.5 20.3 19.7 18.8 18.2
60 19.3 19.1 18.3 17.4 16.8
70 18.1 17.8 17.4 16.7 15.9
80 15.7 15.4 14.9 14.1 13.6

Table E.14  Results of the resistivity measurements of the concrete mixture 32-60-330-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 36.7 36.7 36.3 36.2 35.9
10 27.7 27.7 27.1 27.0 26.7
20 21.8 21.8 21.1 20.8 20.5
30 19.9 19.7 19.0 18.6 18.3
40 16.5 16.4 15.7 15.2 14.9
50 14.8 14.7 13.9 13.4 13.1
60 13.7 13.5 12.6 12.1 11.8
70 12.2 12.1 1.2 10.6 10.3
80 1.3 1.1 10.3 9.7 9.3

Table E.15 Results of the resistivity measurements of the concrete mixture 42-60-300-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 55.7 55.6 55.3 54.7 53.8
10 38.8 38.7 38.3 37.9 37.3
20 33.1 33.0 32.5 31.9 31.2
30 29.9 29.7 29.4 28.6 27.9
40 26.1 25.8 254 24.8 241
50 22.9 22.7 221 214 20.9
60 21.5 21.3 20.7 20.0 19.4
70 21.3 211 20.5 19.8 19.3

80 20.2 20.0 19.3 18.5 17.8
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Table E.16  Results of the resistivity measurements of the concrete mixture 52-60-300-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 39.6 39.5 39.5 38.9 38.4
10 35.4 35.2 35.0 34.3 33.7
20 28.8 28.6 28.0 27.2 26.5
30 27.5 27.3 26.8 26.2 25.5
40 24.4 24.2 23.6 22.7 22.0
50 21.8 21.6 21.0 20.3 19.7
60 20.7 20.5 20.0 19.1 18.5
70 19.6 19.3 18.8 18.0 17.3
80 18.8 18.6 18.1 17.3 16.7

Table E.17  Results of the resistivity measurements of the concrete mixture 32-60-300-35

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 40.3 40.3 40.0 39.7 39.3
10 31.0 30.8 30.4 30.0 29.7
20 26.0 25.8 25.3 25.0 24.8
30 23.0 22.9 22.3 21.8 21.5
40 18.5 18.3 17.8 17.4 17.2
50 17.4 17.2 16.6 16.2 15.9
60 16.3 16.2 15.5 15.1 14.7
70 14.0 14.0 13.3 12.8 12.5
80 13.2 13.0 12.3 11.8 11.5

Table E.18 Results of the resistivity measurements of the concrete mixture 32-60-300-65

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 54.5 54.3 53.9 53.6 52.8
10 43.3 43.2 42.6 421 41.6
20 36.1 35.9 35.3 34.8 34.3
30 28.6 28.5 27.8 27.4 26.9
40 25.0 24.8 23.9 23.4 22.9
50 23.5 23.3 22.4 21.9 21.4
60 201 20.0 19.2 18.7 18.2
70 18.9 18.8 18.1 17.7 17.2

80 16.9 16.9 16.1 15.5 15.1
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Table E19 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 43.1 43.0 42.7 42.5 421
10 36.4 36.4 35.8 35.4 35.0
20 31.0 30.9 30.2 29.7 29.4
30 25.8 25.7 25.0 24.5 24.0
40 22.8 22.7 21.5 20.8 20.3
50 211 20.9 19.7 19.0 18.6
60 19.0 18.8 17.6 16.9 16.5
70 17.5 17.2 15.9 15.2 14.7
80 16.1 15.9 14.6 13.8 13.3

Table E.20 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F3

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 441 44.0 43.8 43.5 43.1
10 36.4 36.1 34.9 34.4 33.9
20 30.5 30.2 28.4 27.7 27.2
30 26.1 25.6 23.6 22.6 221
40 22.6 22.3 20.0 19.0 18.3
50 19.9 19.5 17.2 16.1 15.4
60 17.5 17.1 14.9 13.7 13.1
70 15.8 15.5 13.2 12.0 11.4

80 14.5 141 11.9 10.7 10.1
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Table E.21 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F1

Fibre content Electrical resistivity in horizontal direction in Qm at a frequency of

in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 43.7 43.7 43.4 43.1 42.7

10 31.7 31.6 31.1 30.7 30.4

20 24.8 24.7 24.1 23.7 23.4

30 20.4 20.3 19.5 19.1 18.7

40 17.4 17.2 16.5 15.9 15.6

50 14.4 14.3 13.6 13.1 12.8

60 13.1 12.9 12.2 11.8 11.5

70 11.8 11.7 10.9 10.5 10.1

80 10.5 10.2 9.5 9.1 8.7

Table E.22 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2

Fibre content Electrical resistivity in horizontal direction in Qm at a frequency of

in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 43.3 43.3 43.0 42.7 42.3
10 34.4 34.4 33.7 33.3 33.0
20 28.2 28.1 27.3 26.8 26.5
30 22.1 21.9 21.4 21.0 20.4
40 18.9 18.7 17.6 16.9 16.5
50 17.6 17.4 16.3 15.7 15.3
60 15.3 15.1 14.1 13.4 13.1
70 14.0 13.8 12.7 12.0 11.5

80 12.5 12.4 11.3 10.7 10.3
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Table E.23 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F3

Fibre content Electrical resistivity in horizontal direction in Qm at a frequency of

in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 44.2 441 43.8 43.6 43.1

10 35.5 35.2 33.9 33.4 33.0

20 29.0 28.8 26.9 26.2 25.7

30 24.4 23.9 22.0 21.0 20.5

40 20.7 20.4 18.2 17.2 16.5

50 18.1 17.7 15.6 14.5 13.9

60 15.7 15.2 13.2 12.2 11.6

70 14.2 13.9 11.9 10.7 10.1

80 12.7 12.3 10.4 9.3 8.8

Table E.24 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F1

Fibre content Electrical resistivity in vertical direction in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz

0 44.7 44.6 443 44.0 43.6

10 39.4 39.4 38.8 38.5 38.1

20 36.0 35.9 35.2 34.9 34.4

30 31.6 314 30.5 30.1 29.6

40 27.9 27.7 26.6 25.9 25.3

50 26.1 26.0 24.8 24.2 23.7

60 23.7 23.6 22.3 21.6 21.1

70 21.9 21.7 20.3 19.5 18.9

80 20.2 20.0 18.7 17.8 17.3
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Table E.25 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F2

Fibre content Electrical resistivity in vertical direction in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 42.6 42.5 42.2 42.0 41.6

10 40.4 40.3 39.8 39.6 39.1

20 36.7 36.6 36.1 35.6 35.2

30 33.4 33.2 32.2 31.6 31.1

40 30.8 30.6 29.2 28.4 28.0

50 28.0 27.8 26.4 25.6 25.1

60 26.5 26.2 24.7 24.0 23.5

70 24.5 24.2 22.5 21.6 21.0

80 23.3 23.0 21.1 20.2 19.5

Table E.26 Results of the resistivity measurements of the concrete mixture
32-60-300-00-F3

Fibre content Electrical resistivity in vertical direction in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 44.0 43.9 43.7 43.4 43.0

10 38.2 37.9 36.8 36.3 35.8

20 33.5 33.2 315 30.7 30.3

30 29.5 29.1 26.9 25.9 25.4

40 26.5 26.0 23.7 225 21.9

50 23.4 22.9 20.4 19.2 18.5

60 21.3 20.9 18.2 16.9 16.2

70 19.1 18.7 16.0 14.6 13.9

80 18.1 17.6 15.0 13.6 12.8

Table E.27 Results of the resistivity measurements of the concrete mixture 32-55-270-35

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 48.2 48.1 47.7 47.5 47.0
10 39.4 39.4 38.9 38.5 38.1
20 31.4 31.3 30.7 30.3 29.8
30 25.5 25.3 24.7 243 24.0
40 21.4 21.3 20.7 20.2 19.8
50 20.1 19.9 19.3 18.8 18.4
60 17.0 16.9 16.2 15.7 15.3
70 16.2 16.1 15.4 15.0 14.6

80 15.7 15.6 14.9 14.4 14.0
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Table E.28 Results of the resistivity measurements of the concrete mixture 32-65-330-65

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 46.8 46.7 46.3 46.0 45.5
10 37.6 37.5 371 36.8 36.3
20 30.0 29.9 29.3 29.0 28.7
30 26.2 26.1 25.5 251 24.7
40 20.3 20.1 19.4 18.9 18.6
50 19.0 18.8 18.1 17.6 17.3
60 17.1 17.0 16.3 15.9 15.5
70 15.5 15.4 14.7 14.3 13.8
80 14.7 14.7 14.1 13.5 13.2

Table E.29 Results of the resistivity measurements of the concrete mixture 42-55-330-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 42.0 42.0 41.7 41.5 40.9
10 33.3 33.2 32.8 32.5 32.1
20 27.3 27.2 26.7 26.3 26.0
30 22.5 22.3 21.8 21.4 21.0
40 19.7 19.6 19.0 18.7 18.4
50 18.0 17.9 17.4 17.0 16.7
60 14.9 14.8 14.1 13.7 13.4
70 14.2 14.0 13.4 12.9 12.5
80 12.7 12.6 11.9 11.4 1.1

Table E.30 Results of the resistivity measurements of the concrete mixture 42-60-270-65

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 68.2 68.1 67.7 67.2 66.2
10 52.6 52.5 51.8 51.3 50.4
20 42.1 42.0 41.3 40.8 40.1
30 35.9 35.8 34.9 34.4 33.7
40 30.2 30.0 29.2 28.8 28.2
50 26.7 26.6 25.8 25.2 24.6
60 23.7 23.5 22.6 22.0 215
70 21.3 21.1 20.3 19.7 19.2

80 19.3 19.1 18.2 17.7 17.2
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Table E.31  Results of the resistivity measurements of the concrete mixture 42-65-300-35

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 33.0 32.9 32.7 32.5 32.2
10 26.3 26.3 25.9 25.6 25.3
20 21.6 21.6 21.2 20.9 20.6
30 18.6 18.5 17.9 17.6 17.3
40 16.5 16.3 15.8 15.5 15.3
50 13.7 13.6 13.0 12.7 12.5
60 12.2 12.1 11.5 11.2 10.9
70 12.2 12.1 11.4 11.4 11.0
80 10.4 10.3 9.8 9.5 9.2

Table E.32 Results of the resistivity measurements of the concrete mixture 52-55-300-65

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 36.2 36.2 36.0 35.8 35.5
10 31.0 30.9 30.4 30.2 29.8
20 244 24.2 23.7 23.4 23.0
30 20.0 19.9 19.3 18.9 18.7
40 19.4 19.2 18.4 17.8 17.5
50 16.1 16.0 15.3 14.8 14.5
60 13.6 13.5 12.8 12.3 12.1
70 13.3 13.2 12.4 12.0 1.7
80 12.2 12.1 11.5 1.1 10.8

Table E.33  Results of the resistivity measurements of the concrete mixture 52-60-330-35

Fibre content Global electrical resistivity in Qm at a frequency of

in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 24.5 24.4 24.3 24.2 24.0

10 20.8 20.7 20.4 20.2 19.9

20 17.5 17.4 16.9 16.6 16.4

30 15.5 15.4 14.9 14.6 14.3

40 13.8 13.6 13.0 12.7 12.5

50 12.5 12.4 11.8 11.5 11.2

60 11.3 11.2 10.6 10.2 10.0

70 10.2 10.1 9.5 9.2 8.9

80 9.1 9.0 8.4 8.0 7.8
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Table E.34  Results of the resistivity measurements of the concrete mixture 52-65-270-00

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 36.8 36.8 36.5 36.2 35.9
10 294 29.3 28.8 28.5 28.1
20 23.3 23.2 22.5 22.1 21.8
30 20.3 20.1 19.3 18.8 18.5
40 17.3 17.1 16.4 15.9 15.5
50 16.0 15.8 14.9 14.5 14.1
60 14.2 14.0 13.2 12.8 12.4
70 13.2 13.1 12.2 1.7 11.3
80 12.3 12.1 11.3 10.8 10.4

Table E.35 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H>O for 7 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m?’ 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 40.0 40.0 39.7 39.5 39.1
40 20.1 19.9 19.2 18.8 18.4
80 12.7 12.6 11.9 11.5 11.1

Table E.36  Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H2O for 14 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 46.2 46.1 45.9 45.6 45.1
40 21.4 21.4 20.6 20.1 19.7
80 13.9 13.8 13.1 12.6 12.3

Table E.37 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H2O for 28 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 50.5 51.4 51.3 51.0 50.5
40 23.8 23.7 22.9 223 21.8

80 15.3 15.2 14.4 13.9 13.5
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Table E.38 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H2O for 56 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 57.0 56.9 56.6 56.1 55.0
40 26.5 26.4 25.3 24.5 23.5
80 15.8 15.7 14.9 14.3 13.9

Table E.39 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H20 for 91 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 63.0 63.0 62.3 61.2 59.2
40 30.1 30.0 28.5 27.0 25.5
80 16.3 16.1 15.2 14.6 14.2

Table E.40 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in H>O for 185 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 78.3 78.2 74.8 70.4 66.3
40 42.7 42.3 38.2 33.3 29.3
80 19.2 19.0 17.7 16.5 15.4

Table E.41 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH); for 7 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 39.4 39.4 39.1 38.9 38.5
40 18.9 18.8 18.2 17.7 17.4
80 12.6 12.4 11.8 1.4 1.1

Table E.42 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH)2 for 14 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 44.8 44.8 44.5 44.2 43.8
40 20.9 20.9 20.2 19.7 19.4

80 13.2 13.1 12.4 12.1 11.8
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Table E.43 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH); for 28 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 49.6 49.6 49.3 49.0 48.4
40 22.2 22.1 21.4 20.9 20.5
80 14.3 14.2 13.5 13.0 12.7

Table E.44 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH)2 for 56 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 53.7 53.7 53.3 53.0 52.1
40 23.6 23.5 22.8 22.3 21.8
80 15.8 15.7 14.8 14.0 13.2

Table E.45 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH)2 for 91 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 59.2 59.2 58.7 57.7 56.2
40 26.1 25.9 251 24.5 241
80 18.8 18.6 17.3 15.7 14.4

Table E.46  Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in Ca(OH). for 185 days for the investigations of possible leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 68.0 67.9 67.1 65.5 63.1
40 30.3 30.2 29.0 27.9 26.6
80 24.8 24.7 21.9 18.5 15.9

Table E.47 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 7 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m® 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 36.6 36.6 36.4 36.1 35.8
40 16.0 15.8 15.2 14.7 14.4

80 9.1 8.9 8.2 7.8 7.6
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Table E.48 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 14 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of

in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 42.2 421 42.0 41.6 411

40 17.5 17.5 16.6 16.2 15.8

80 9.7 9.6 8.8 8.3 8.1

Table E.49 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 28 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of

in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 48.6 48.5 48.3 48.0 47.3

40 19.7 19.5 18.7 18.2 17.8

80 11.6 1.4 10.6 10.1 9.7

Table E.50 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 56 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 52.3 52.3 52.0 51.6 50.9
40 21.8 21.6 20.7 20.1 19.5
80 12.7 12.6 11.6 11.0 10.4

Table E.51 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 91 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 54.6 54.6 54.3 53.9 52.9
40 23.2 23.1 22.1 21.4 20.6

80 13.5 13.4 12.4 11.6 10.8
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Table E.52 Results of the resistivity measurements of the concrete mixture 32-60-300-00
after storage in synthetical pore solution for 185 days for the investigations of possible
leaching effects

Fibre content Global electrical resistivity in Qm at a frequency of
in kg/m? 100 Hz 120 Hz 1 kHz 10 kHz 100 kHz
0 62.1 62.0 61.6 60.8 59.4
40 27.2 27.0 25.8 24.9 23.8
80 18.7 18.5 16.5 15.0 13.7

Table E.53 Geometry factors k for the validation tests of the test setup, calculated by
Comsol, with an electrode array with angular distances of 180 ° and the electrical
conductivity of the electrodes in Comsol model of titanium of 2.5 x 10® S/m

Electrode A Electrode B

k-value
Height level Angle Height level Angle
all 0° all 180° 0.073252
1 0° 1 180°

0.026695
3 0° 3 180°
2 0° 2 180° 0.026986
1 all 2 all

0.051199
2 all 3 all
1 all 3 all 0.036845
1 0° 2 0°
1 180° 2 180°

0.027577
2 0° 3 0°
2 180° 3 180°
1 0° 3 0°

0.021785
1 180° 3 180°
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Table E.54 Geometry factors k for the validation tests of the test setup, calculated by
Comsol, with an electrode array with angular distances of 90 ° and the electrical
conductivity of the electrodes in Comsol model of titanium of 2.5 x 108 S/m

Electrode A Electrode B
k-value
Height level Angle Height level Angle
all 0° all 180°
0.072101
all 90° all 270°
1 0° 1 180°
1 90° 1 270°
0.026855
3 0° 3 180°
3 90° 3 270°
2 0° 2 180°
0.027489
2 90° 2 270°
1 all 2 all
0.086723
2 all 3 all
1 all 3 all 0.054244
1 0° 2 0°
1 90° 2 90°
1 180° 2 180°
1 270° 2 270°
0.027987
2 0° 3 0°
2 90° 3 90°
2 180° 3 180°
2 270° 3 270°
1 0° 3 0°
1 90° 3 90°
0.021898
1 180° 3 180°
1 270° 3 270°
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Table E.55 Geometry factors k for the drilling core analysis, calculated by Comsol with an
electrode array with angular distances of 90 ° and electrical conductivity of the
electrodes in Comsol model of stainless steel: 1.4 x 106 S/m

Electrode A Electrode B

k-value
Height level Angle Height level Angle
all 0° all 180°

0.071866
all 90° all 270°
1 0° 1 180°
1 90° 1 270°

0.026653
3 0° 3 180°
3 90° 3 270°
2 0° 2 180°

0.027555
2 90° 2 270°
1 all 2 all

0.086957
2 all 3 all
1 all 3 all 0.054714

Table E.56 Geometry factors k for the drilling core analysis, calculated by Comsol with an
electrode array with angular distances of 90 ° and electrical resistivity of the electrodes
in the Comsol model of concrete: 100 Om

Electrode A Electrode B

k-value
Height level Angle Height level Angle
all 0° all 180°

0.063497
all 90° all 270°
1 0° 1 180°
1 90° 1 270°

0.023066
3 0° 3 180°
3 90° 3 270°
2 0° 2 180°

0.023768
2 90° 2 270°
1 all 2 all

0.076614
2 all 3 all
1 all 3 all 0.048069
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Figure E.3  Main effect plot with 95% confidence interval of the cement type on the global
electrical resistivity of SFRC calculated by Minitab based on all experimental data (a)
and main effect plot with 95% confidence interval of the GGBS content on the global
electrical resistivity of SFRC calculated by Minitab based on all experimental data (b)
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Figure E.4  Electrical resistivity in different directions depending on the fibre content at a

specimen age of 38 days and an electrode array with angular distances of 90°
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Figure E.5 Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 9 days and an electrode array with
angular distances of 180°
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Figure E.6  Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 9 days and an electrode array with
angular distances of 90°
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Figure E.7  Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 38 days and an electrode array
with angular distances of 180°
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Figure E.8 Coefficient of variation of the electrical resistivity in different directions
depending on the fibre content at a specimen age of 38 days and an electrode array
with angular distances of 90°
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Figure E.9 Calculated fibre content of the concrete specimens with different electrode
arrays depending on the fibre content and frequency of the alternating current at a
specimen age of 38 days
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Figure E.10 Calculated fibre orientation of the concrete specimens with different electrode
arrays depending on the fibre content at a specimen age of 38 days
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