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Voorwoord 

 

 
Wat drijft iemand ertoe zich viereneenhalf jaar in een doctoraatsthesis te verliezen? Waarom 

spreekt een bepaald onderwerp een onderzoeker zo hard aan? Een vraag misschien die elke 
doctoraatstudent in de loop van zijn parcours zich ongetwijfeld meer dan eens afgevraagd 

moet hebben. Voor mij was het een droom een verantwoordelijkheid te nemen in de 
conservatie en restauratie van ons erfgoed. Deze droom komt voort uit mijn passie voor 

geschiedenis, en in het bijzonder de aantrekkingskracht die oude gebouwen, als getuigen van 

het verleden, als ankers in de tijd, op mij uitoefenen. Ik koester een diepgeworteld respect 

voor de kennis en kunde van onze voorouders om een ideaal te verwezenlijken dat paste in 

hun tijdsgeest, en ik bewonder hun realisaties, waarop wij vandaag de dag nog steeds met 

trots mogen terugkijken. Wij allen genieten dagelijks van die prachtige erfenis. Ik ben mij 

bewust van de verantwoordelijkheid die we samen dragen en die erin bestaat dit genot, deze 

wortels van onze identiteit, voor de volgende generaties te verzekeren, opdat onze kinderen, 

en hun kinderen, steeds begrijpen waar de dingen vandaan komen, zodat ze sterk in het leven 

kunnen staan. Met voldoening kijk ik dan ook terug, maar die terugblik dwingt mij tot de 

onmogelijkheid zomaar voorbij te gaan aan de vele mensen die direct en indirect gemaakt 

hebben dat ik een lang gekoesterde droom waar kon maken. 

 

Uiteraard gaat mijn dankbaarheid uit naar Prof. Van Gemert, mijn promotor, voor de kans die 

ik gekregen heb om deel te mogen uitmaken van zijn team. Hij heeft mij altijd zijn 

vertrouwen gegeven en de daaruit volgende vrijheid stelde mij in staat mijn onderzoek tot 
een goed einde te brengen. Hetzelfde geldt voor Prof. Bogaerts, mijn co-promotor, maar ook 

Prof. Halleux en Prof. De Roeck, de andere leden van de begeleidingscommissie.  
 

Verder wil ik Prof. Vandenberghe bedanken om zijn bereidheid in de jury te zetelen, en ook 
Prof. Van Houtte, om de taak van juryvoorzitter op zich te nemen. Finally, I must express my 

appreciation for the willingness of Prof. Ramos to participate in this jury.   
 

Voornoemde heren professoren wens ik ten slotte nog te bedanken voor hun interesse voor 
het onderwerp en hun bereidheid om de inhoud van deze tekst te verbeteren, wat zeer op prijs 

gesteld werd.  
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Ik wens hier ook het Instituut voor de Aanmoediging van Innovatie door Wetenschap en 
Technologie in Vlaanderen (IWT-Vlaanderen) te bedanken voor de financiële ondersteuning 

van het Technologie Transfer - project (Tetra), waarbinnen een groot deel van deze thesis tot 
stand kon komen. In dit kader mag ik zeker niet de Provinciale Hogeschool Limburg en de 

bedrijven vergeten die hieraan geparticipeerd hebben.  
 

De Provinciale Hogeschool Limburg, en in het bijzonder Rob Cuyvers en Roger Liberloo, 
wens ik te bedanken voor de kans die ik gekregen heb om deel van hun onderwijskorps te 

mogen uitmaken en voor de onderzoeksvrijstelling die ik mocht genieten.  
 

Veel praktisch werk dat in dit onderzoek verricht werd, zou onmogelijk geweest zijn zonder 
de expertise van de volgende mensen van het technisch personeel van het Departement 

Burgerlijke Bouwkunde. Mijn dank gaat hier uit naar Gerda, Frank, Noël, Luc, Roger, Jean, 

Stephan, Danny en Freddy. Kristine (KULeuven), Marie-Louise, Karolien, Annemie, Manu 

en Luc (PHLimburg) verdienen mijn dankbaarheid voor de administratieve vereenvoudiging 

die zij allen samen voor mij beteken(d)en.  

 

Wat ik binnenkort hard zal missen, is niet alleen het prachtige zicht op het kasteel, maar 

vooral de goede sfeer, die soms wat professioneler was, die ik samen met Elke, Ozlem en 

Roel op ons bureautje mocht genieten. Speciale dank aan Elke, die direct en indirect zoveel 

invloed op mijn carrière gehad heeft. Ook Wine, Els, Annelies, Lucie, Gert, Luc, Filip, 

Janaka, Prigiarto, Björn, Patrick, Sven, Kris, Koen en Jan (KULeuven) en Maria, Griet, 

Alida, Saidja, Marc, Michel, Danny, Piet en Wim (PHLimburg) mogen als goede collega’s 

niet ontbreken op mijn lijstje. Bedankt voor jullie collegialiteit. Lut en Marc, bedankt om 

destijds in mijn onderwijskwaliteiten te hebben geloofd. 

 

Ik moet hier ook Dries vermelden, voor het werk dat hij in het kader van voornoemd Tetra-
project gedaan heeft. Dat geldt ook voor de thesisstudenten Karen en Marisa, maar vooral 

Ward wens ik hier te vernoemen voor het oplossen van vele technische problemen en het 
uitgebreide werk dat hij verricht heeft. Ook mijn vriend Rudy wil ik hier mijn appreciatie 

betonen voor het nalezen en grammaticaal verbeteren van de tekst. 
 

Verder wens ik nog mijn moeder (†) en vader, Marleen, mijn broers, nonkel Geert, familie en 
goede vrienden te bedanken voor de steun die ik altijd van hen gekregen heb. 

 
Katleen, bedankt om zoveel taken op je schouders te nemen, om mij te steunen in al wat ik 

doe, en vooral, om me te nemen zoals ik ben. 
  

 
 

 
Robrecht Keersmaekers, 

Leuven, June, 2008 
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Summary 

 

 

The geo-electrical techniques from geophysics have been adapted from for use as a non-

destructive technique on historic masonry. Theoretical considerations and numerical 

modelling have shown how they could be reconsidered for use on masonry. They have been 

further developed and tested in laboratory, and finally applied on historic masonry in two 

case studies. This thesis shows that geo-electrical surveying is a cost-efficient, quick, 

accurate, non-destructive technique for the evaluation of the inner structure of building 

constructions in general, and masonry walls in particular. The geo-electrical survey of 

masonry is becoming a suitable, non-destructive tool for the diagnosis of a deteriorated 

structure, to judge the need of restoration and to control the efficacy of consolidation 
injections. 
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Beknopte samenvatting 

 

 

De geo-elektrische technieken uit de geofysica werden aangepast voor gebruik als een niet-

destructieve techniek voor het in situ onderzoek van historisch metselwerk. Theoretische 

beschouwingen en numerieke modellering hebben aangeduid hoe ze omgebouwd konden 

worden om op metselwerk gebruikt te worden. Daarna werden ze verder ontwikkeld en getest 

in het laboratorium, en uiteindelijk toegepast op historisch metselwerk on site in twee 

restauratieprojecten. In deze thesis werd duidelijk aangetoond dat het geo-elektrisch 

onderzoek van metselwerk een geschikt, niet-destructief middel aan het worden is voor de 

diagnose van een beschadigde structuur, om de nood aan restauratie te beoordelen en om de 

efficiëntie van consolidatieinjecties te controleren. 
 

 
 

 



 

 v 

Optimalisatie en integratie van geo-elektrische technieken 

als niet-destructief assessment voor 
metselwerkstructuren 

 

 

Dit hoofdstuk geeft een beknopt overzicht van de belangrijkste punten van het doctoraat. De 

doelstellingen van het onderzoek worden omschreven en de behaalde resultaten en besluiten 

worden kort weergegeven.  

 

In deze thesis worden eerst twee fundamenteel relevante en belangrijke artikelen geciteerd uit 

het Charter van Venetië, in verband met het behoud en de restauratie van ons cultureel 

erfgoed: Respect voor het oorspronkelijke materiaal en de noodzaak tot archeologisch 
onderzoek, zoals vermeld in artikel 9, en de toelating om moderne, geavanceerde technieken 

te gebruiken indien de traditionele technieken ongeschikt blijken, zoals vermeld in artikel 10.  
 

Vanzelfsprekend voldoen niet-destructieve onderzoekstechnieken aan beide artikelen 
voldoen. Niet-destructieve technieken (NDT) eerbiedigen de authenticiteit van het artefact en 

zijn daarom geschikt om gebruikt te worden als moderne, geavanceerde technieken voor de 
evaluatie en bestudering van structuren. Deze thesis spitst zich toe op de geo-elektrische 

techniek of de elektrische resistiviteitsmethode, die oorspronkelijk ontwikkeld werd in de 
geofysica, een zijtak van de geologie, en in dit werk aangepast wordt voor gebruik op 

metselwerkstructuren. 
 

Geo-elektrische metingen als een niet-destructieve techniek voor metselwerk: 

In het tweede hoofdstuk wordt vooreerst het basisprincipe van de geo-elektrische 

meettechnieken (meer bepaald de algemene conductiviteitstheorie) besproken. Daarna volgt 

een korte bespreking van het werk dat in twee doctoraatsthesissen verricht is, die afgewerkt 

werden in het Reyntjens laboratorium, in verband met het filteren van de metingen, zodat 

enkel de relevante anomalieën in de metselwerkmuur overblijven (Janssens, 1993; 

Venderickx, 2000). Tenslotte wordt uiteengezet dat de interpretatie van de metingen die in 

deze twee thesissen gedaan is, op schijnbare resistiviteitswaarden gebaseerd is, en welke 

implicaties dat heeft op het evaluatieresultaat.  

 

Deze thesis bestudeert de verdere ontwikkelingen van de geo-elektrische techniek in de 

geofysica en probeert deze aan het gebruik voor metselwerk aan te passen. Het basisidee 
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achter geo-elektrische tomografieën, zowel voor de one-sided approach als voor de two-sided 
approach, wordt vervolgens uit de doeken gedaan. Bij de one-sided approach wordt de muur 

vanaf één zijde benaderd, waarbij bij de two-sided approach de muur langs twee zijden wordt 
opgemeten. Verschillende elektrodeconfiguraties worden dan opgegeven. De meetsequentie 

om een pseudo-sectie op te bouwen, welke de grafische voorstelling van de opgemeten 
schijnbare weerstandwaarden is, wordt dan uitgelegd. In (Venderickx, 2000) werd de 

volgende definitie gegeven van de schijnbare weerstand: "De schijnbare resistiviteit van een 
inhomogeen lichaam is de werkelijke resistiviteitswaarde van een fictief, homogeen en 

isotroop lichaam, waarin voor een gegeven elektrodeconfiguratie en stroomdichtheid I, het 

gemeten potentiaalverschil ∆V gelijk is aan dat van het inhomogeen lichaam."   

 

De noodzaak wordt besproken om de data op numerieke wijze te inverteren. De inversie van 

de data vanaf een opgemeten pseudosectie naar een tomografisch beeld, dat de werkelijke 

resistiviteitsverdeling van het substraat weergeeft, is een belangrijke verbetering ten opzichte 

van het werk dat verricht werd in (Janssens, 1993; Venderickx, 2000). De wiskundige 

achtergrond van het inversieproces en de gebruikte software worden aangegeven, teneinde de 

invloed van de verschillende parameters op het inversieproces te onderkennen. Enkele 

belangrijke aanbevelingen voor de inversie van de data die van metselwerkstructuren 

afkomstig zijn, worden gegeven. De bepaling van de resistiviteitswaarden in het model voor 

de inversie is een mogelijkheid in de gebruikte software, die steunt op de veronderstelling 

van een halfoneindig medium, namelijk de ondergrond.  

 

De inversie van de data die op metselwerk gemeten worden, kan daarom verbeterd worden 
door een hoge resistiviteit te bepalen, die representatief is voor de lucht achter een muur 

(wanneer de dikte ervan gekend is). Het is ook beter om de robuste variant van de Gauss-
Newton methode te gebruiken wanneer scherpe resistiviteitsovergangen tussen het 

metselwerk en de anomalieën verwacht worden. Dit is het geval voor metselwerkstructuren 
waarbij het de bedoeling is leemtes of beschadigde zones te zoeken, die zichzelf uiten als 

hoge resistiviteiten wanneer ze met lucht opgevuld worden, of zeer lage resistiviteiten 
wanneer ze met vocht opgevuld worden. Door de robuste Gauss-Newton inversiemethode te 

gebruiken, benadrukt men de scherpe resistiviteitsovergangen tussen het metselwerk en de 
anomalieën.  

 
De resolutie van geo-elektrisch onderzoek, dat uitgevoerd wordt met elektrodes aan het 

grondoppervlak (geofyisca) of door aan één kant van de muur elektrodes te plaatsen (one-
sided approach), neemt exponentieel af met de diepte. Dit is een fundamentele fysische 

beperking die niet opgelost kan worden door de reconfiguratie van de oppervlakte arrays of 
door computer modellering. Daarvoor werd in de geofysica een methode uitgewerkt om een 

betere, constante resolutie te verkrijgen wanneer men dieper gaat. Dit gebeurt door metingen 

met elektrodes in boorgaten uit te voeren, zodat de elektrodes dichter komen bij de structuren 

die onderzocht moeten worden. Deze aanpak is algemeen gekend als het “cross-borehole” 

onderzoek. In deze thesis werd onderzocht of deze techniek op muren toegepast kon worden. 

Het inversieresultaat zal een veel betere resolutie opleveren dan wanneer metingen enkel aan 

één kant van de muur uitgevoerd worden. Deze techniek is in deze thesis gedefinieerd als de 

two-sided approach.         
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Aanpassing van de geo-elektrische meettechniek voor toepassing op metselwerk: 

In het derde hoofdstuk (Aanpassing van geo-elektrische technieken op metselwerk) wordt de 

nadruk gelegd op het verschil tussen ondergrondonderzoeken en metingen op metselwerk. 
Dit wordt uitgevoerd zowel voor de one-sided als voor de two-sided approach. In de geologie 

zijn oppervlaktemetingen en hun verwerking gebaseerd op een halfoneindig massief. Voor 
een verticale muur kunnen de hoogte en breedte in de meeste gevallen als oneindig 

beschouwd worden. Terwijl de breedte en hoogte van de muur uitgestrekt zijn, is de dikte 
ervan echter relatief beperkt, wat zorgt voor een andere stroomlijn- en potentiaalontwikkeling 

dan in het geval van een halfoneindige structuur. Terwijl de meetresultaten verwerkt worden, 
moeten de invloeden van de eindigheid van de structuur uitgefilterd worden om locaties met 

een ‘werkelijk’ abnormale resistiviteit op te sporen.             
 

Enkele geschikte elektrode arrays voor metselwerk worden gesuggereerd, die gebaseerd zijn 
op theoretische beschouwingen voor de one-sided en de two-sided approach. Deze 

theoretische beschouwingen worden dan nagetrokken met numerieke simulaties. De 
parameters die de keuze voor een bepaalde array beïnvloeden, zijn de diepte van de 

beïnvloede zone, de sensitiviteit voor horizontale en verticale resistiviteitsveranderingen, de 
horizontale dataopslag en de signaalsterkte. De eerste twee parameters worden theoretisch 

onderzocht, door aanwending van sensitiviteitsfuncties. De sensitiviteitsfunctie geeft de 

invloed weer op een opgemeten potentiaalverschil (aan het oppervlak van een substraat zoals 

de ondergrond of een metselwerkmassief) wanneer de resistiviteitswaarde van een blok in het 

substraat lichtjes verandert. Hoe hoger de sensitiviteitswaarde, hoe hoger het effect op het 

opgemeten potentiaalverschil, door de verandering van de resistiviteitswaarde van het blok. 

Op die manier kunnen de grenzen van een bepaalde meettechniek of een bepaalde 

elektrodeconfiguratie onderzocht worden.             

 

Op basis van bovenstaande theoretische analyse wordt geconcludeerd dat de dipool-dipool en 

de Wenner-Schlumberger array het meest geschikt blijken voor de one-sided approach, 

wanneer metingen op metselwerkstructuren uitgevoerd worden (zie Figure 2.9 in hoofdstuk 2 

van de tekst voor de opbouw van de verschillende arrays). De pool-pool en de Wenner-Alpha 

array blijken minder geschikt te zijn. Uit verdere analyse via numerieke simulaties, blijkt dat 

bovenstaande keuzes gerechtvaardigd zijn. De dipool-dipool en de Wenner-Schlumberger 

array kunnen een holte terugvinden in een numeriek driedelig model (i.e. representatief voor 
twee buitenbladen met brokkenmetselwerk opvulling) van meerschalig metselwerk. De pool-

pool array blijkt hiervoor minder geschikt, door zijn lagere resolutie. De Wenner-Alpha 
configuratie bleek ook niet aan de verwachtingen te voldoen. Enkel de dipool-dipool kan 

gemaskeerde holtes ontdekken, waaruit blijkt dat de dipool-dipool het meest geschikt is om 
metselwerkstructuren op te meten. Deze conclusie is zowel in het laboratorium als in echte 

case studies nagegaan  en bekrachtigd (zie verder).           
 

Door de sensitiviteitsfuncties voor verschillende elektrodeconfiguraties te bestuderen die 
voor de two-sided approach gebruikt worden, kan men stellen dat de dipool-dipool array een 

betere resolutie heeft in vergelijking met de pool-pool en de pool-dipool arrays. Men kan 
betere resultaten verwachten van de cross-borehole metingen op metselwerk (two-sided 

approach) dan wanneer oppervlakte arrays gebruikt worden (one-sided approach). De 
gebruikte dipool-dipool arrays (C1P1 - C2P2 en C1C2 - P1P2) hebben een goede sensitiviteit 
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en zullen dus betrouwbare resultaten opleveren. De invloed op de metingen van het 
geometrische verschil tussen de ondergrond en een muur wordt duidelijk geïllustreerd. De 

C1C2-P1P2 array bijvoorbeeld, vertoont een verschillend stroomlijnpatroon van een meting 
op een muur, in vergelijking met dezelfde meting in de ondergrond. In het geval van de 

muur, moet tweemaal zoveel stroom langs één kant stromen; de stroomlijnen zijn tweemaal 
zo dicht bij elkaar gelegen. Daarom worden de opgemeten potentiaalwaarden tweemaal zo 

hoog. Aan de kant van de potentiaalelektrodes kan de stroom niet verder dan de grenzen van 
de muur. De potentiaalverschillen worden hierdoor steeds groter. In het geval van de 

numerieke inversies, die berekeningen uitvoeren volgens geologische randvoorwaarden (i.e. 
half oneindig medium), mag men resistiviteiten verwachten die tweemaal zo hoog zijn als de 

werkelijke resistiviteiten. Ondanks dit nadeel werd in dit onderzoek verder gewerkt met de 
C1C2 - P1P2-elektrodeconfiguratie, omwille van de praktische redenen die hierna uitgelegd 

worden.  

 

Een dergelijke analyse van de cross-borehole C1P1-C2P2 array heeft aangetoond dat de 

aanpassing naar het meten op metselwerk geen belangrijke wijzigingen van de stroomlijnen 

met zich meebrengt aangezien het grootste deel van de stroom van de ene muurzijde naar de 

andere stroomt, net zoals dat gebeurt in boorgaten wanneer gemeten wordt in de ondergrond. 

Bijgevolg zullen de opgemeten potentiaalverschillen slechts lichtjes groter zijn dan verwacht, 

maar de afwijking is helemaal niet belangrijk. Als de inversie van deze metingen met de 

bestaande software (Res2Dinv) uitgevoerd wordt, zal een relatief correct resistiviteitsbeeld 

verkregen worden. 

 

Een van de vooropgestelde doelstellingen van deze thesis is het on-line meten van 

groutinjecties. De meetsnelheid, ongeveer tien minuten per meting, die bereikt wordt met de 

traditionele uitrusting die commercieel beschikbaar is voor de geo-elektrische 

resistiviteitstomografie (one-sided approach), is niet geschikt voor deze toepassing. Met deze 
methode kan men slechts enkele metingen inzamelen binnen de tijd dat de grout geïnjecteerd 

wordt, maar het is net tijdens de vloeibare periode dat men geïnteresseerd is in het 
stromingspatroon van de grout. Het is namelijk enkel mogelijk het injectieproces tijdens de 

injectieperiode aan te passen. In dit werk wordt daarom een verschillende opstelling gebruikt, 
waarbij de stroomelektrodes aan één zijde van de muur (stroomzijde of actieve zijde), en de 

potentiaalelektrodes aan de andere zijde (potentiaalzijde of passieve zijde) gelokaliseerd zijn. 
De meting die aldus uitgevoerd wordt, kan beschouwd worden als een cross-borehole meting 

met een C1C2-P1P2 opstelling. Dankzij deze methode kunnen resistiviteitsveranderingen vrij 
goed opgespoort worden. Op basis van de nieuwe opstelling kan de duur van de metingen 

beperkt worden tot ongeveer 2 minuten en 30 seconden. Deze duur geldt voor metingen die 
een 3D-beeld van de vordering van de grout in het substraat weergeven. Tot dusver is de 

uitrusting de beperkende factor. In de toekomst zal een hogere snelheid ook met commercieel 
beschikbare apparatuur haalbaar zijn.  

 

Aanpassen van de apparatuur:  

In het vierde hoofdstuk worden enkele aanpassingen aan de meetuitrusting besproken. De 
standaarduitrusting, die commercieel beschikbaar is om geo-elektrische tomografieën uit te 

voeren, bestaat uit een krachtige stroombron, een uiterst nauwkeurig middel om de 
potentiaalverschillen te meten en een schakelkast om de juiste elektrodes aan te sturen, 
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respectievelijk als stroom- of potentiaalelektrode. Op die manier kan het geo-elektrisch 
onderzoek automatisch uitgevoerd worden. Om de techniek te gebruiken voor de on-line 

follow-up van groutinjecties, werden de basistechniek en de uitrusting aangepast om de 
metingen uit te voeren, om sneller geo-elektrische tomografische beelden op te bouwen. Het 

nadeel van de commercieel beschikbare software bestaat erin dat het niet mogelijk is om 
potentiaalverschillen op te meten over zones die parallel zijn aan elkaar, wat een groot 

tijdverlies met zich meebrengt.  
 

Ook worden de metingen slechts één per één afgehandeld en is tijdens de metingen 
communicatie met een pc onmogelijk. Doordat daarenboven kabellengtes de afstanden van 

meetopstellingen begrenzen, zal het bij een cross-borehole meetopstelling praktischer zijn 
om over twee aparte meettoestellen te beschikken.  

 

Daarom werd een nieuwe uitrusting ontwikkeld om de potentiaalverschillen op te meten die 

gebruik maken van hardware waarmee parallelle analoge kanalen opgemeten kunnen worden. 

Tal van technische problemen moesten aangepakt worden om een meetsysteem op te bouwen 

waarmee de mogelijkheid aangetoond kon worden om de grout flow door het substraat te 

meten. 

 

Uit theoretische beschouwingen en modelleringen in het eindige elementen pakket Ansys 

kwam naar voor dat een groot aantal metingen simultaan kon worden opgemeten, en dat 

meetpunten achteraf uit de data konden worden gecombineerd. Een versnelling met een 

factor groter dan 10 wordt gemakkelijk bereikt. Uiteindelijk worden 3D-metingen uitgevoerd 

in ongeveer 2,5 minuten. 

 

Door de ontwikkeling van een gebruiksvriendelijke procedure, wordt de gebruiker in staat 

gesteld de metingen op zeer snelle en correcte wijze te verwerken, waarbij complexe 
algoritmes zorgen voor een steeds correcte verwerking van de datasets. Ook hier wordt, op 

een minder zichtbare manier, aandacht geschonken aan performantie. De snelste algoritmes 
(i.e. het minste aantal bewerkingen op de data) worden voor de vele berekeningen gebruikt. 

Hierdoor is men in staat binnen enkele seconden een hele 3D-meting te verwerken tot 
inverteerbare files. Bovendien wordt hierbij het gebruik van protocolfiles overgenomen. Zo 

zal een gebruiker gemakkelijk andere meetarrays kunnen opstellen uit de metingen. 
 

Differentiële resistiviteitskaarten worden opnieuw berekend, maar nu nadat eerst een 
inversieproces toegepast werd. Hierdoor worden correcte resistiviteitsverschillen verkregen 

en zijn deze bovendien ondubbelzinnig te interpreteren. Het gebruik van cross-borehole 
metingen verhoogt de accuraatheid van de metingen spectaculair. De cross-borehole 

metingen en de differentiële resistiviteitskaarten zorgen voor een bijzonder hoge 
detectiegraad van de resistiviteitsveranderingen. Door de ontwikkeling van andere, kleinere 

hulpprogramma’s is het mogelijk de differentiële resistiviteitskaarten onmiddellijk weer te 
geven. 

 

Via een combinatie van verschillende 2D-metingen wordt van een 3D-beeld opgebouwd 

waardoor de gebruiker een ruimtelijk beeld krijgt van de groutinjectie. Door hierop een 
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procentuele daling van de resistiviteit als maatstaf te hanteren, krijgen geïnjecteerde volumes 
een bepaalde vorm en inhoud.  

 

Testen in het laboratorium: 

Tal van geo-elektrische metingen worden in het laboratorium uitgevoerd om te 
experimenteren met de geo-elektrische techniek voor het gebruik op het metselwerk. 

Protocols voor verschillende array types en elektrodeconfiguraties worden ontwikkeld en 
getest, zowel voor de one-sided als voor de two-sided approach. Om dit historische 

metselwerk zo goed mogelijk na te bootsen, wordt een testmuur gebouwd met twee buitenste 
paramenten, samengesteld uit gewone bakstenen die met kalkmortel gemetseld zijn. Baksteen 

puin dat bestaat uit steenslag dat met kalkmortel vermengd is, fungeert als opvulling. 
Centraal in de muur is er een isolatieblokje uit polystyreen, met een hoogte van 12cm, een 

breedte van 12cm en een dikte van 8cm, dat een holte simuleert. Er wordt een zandkist 
gebouwd om meer situaties te simuleren zoals barsten, het loskomen tussen het parement en 

de inwendige kern van een drieschalige muur, groutinjectie.  
 

Metingen op het metselwerkmuurtje tonen aan dat de dipool-dipool array de meest geschikte 
is. De mogelijkheid van de dipool-dipool array om de holte in het proefstuk te lokaliseren, 

wordt aangetoond. Het is ook in staat om de aanwezigheid van het voorste parement te 

meten, en dus is het verkieslijk om het in de praktijk te gebruiken om de delaminatie van het 

voorste parement te evalueren en om de interne staat van het massief te beoordelen. De 

incorporatie van extra gekende informatie alvorens de data te inverteren, leidt doorgaans tot 

een beter tomografisch beeld, waardoor de interpretatie vergemakkelijkt wordt. 

 

De metingen met de Wenner-Schlumberger en Wenner-Alpha arrays suggereren dat deze niet 

in staat zijn om de holte in het proefstuk te lokaliseren. Ze zijn in staat om de aanwezigheid 

van het voorste en achterste parement op te meten en kunnen in de praktijk dus gebruikt 

worden om de delaminatie van de binnenste en buitenste parementen te evalueren, maar bij 

voorkeur niet voor de beoordeling van de interne staat van het massief. 

 

Numerieke modellering wordt ook gebruikt om de invloed van geo-metrische 

randvoorwaarden te elimineren (weg te filteren). Het EE model is gebaseerd zijn 

commercieel beschikbare voorwaartse modellering software (Res2Dmod). De aanmaak van 
differentiële resistiviteitskaarten om geometrische randvoorwaarden weg te filteren, levert de 

beste beelden op om conclusies over de interne staat van de structuur te trekken.  
 

De opgemeten data vertonen een nadeel inzake tweedimensionale tomografie. Men kan de 
locatie van de anomalie verkeerd interpreteren, door de invloed van een holte naast de 

onderzoekslijn. Dit komt doordat het potentiaalveld in de muur uiteraard driedimensionaal is. 
Het tomografisch beeld is dus de tweedimensionale weergave van een driedimensionaal 

verschijnsel dat aan de hand van een geo-elektrisch onderzoek gemeten wordt.        
 

Wanneer beide zijden van de muur toegankelijk zijn, wordt bewezen dat het beter is om de 
two-sided approach te gebruiken. De metingen die op de testmuur uit metselwerk en de via 

numerieke EE-modellering van de muur uitgevoerd worden, hebben tot enkele interessante 
bevindingen geleid. Er werd geconcludeerd dat voor een oneindig uitgestrekte muur, de 
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metingen via de C1C2-P1P2 array, resulteren in een tomografisch beeld met 
resistiviteitswaarden die bij benadering tweemaal de werkelijke resisitiviteitswaarden van de 

muur bedragen. De C1P1-C2P2 array wordt niet negatief beïnvloed door dit effect en 
verschaft bij benadering correcte resistiviteitswaarden. Wanneer gemeten wordt in de 

zandbox en op de muur uit metselwerk met de C1C2-P1P2 array, blijkt de gemiddelde 
resistiviteit min of meer vijf keer hoger te zijn dan in vergelijking met de C1P1-C2P2 array. 

Dit komt door het eindig zijn van de testopstellingen in het laboratorium (i.e. zandbox en 
metselwerkmuurtje) waardoor de meting meer beïnvloed (door het 3D-effect) en de 

gemiddelde resistiviteitswaarden welke worden gemeten min of meer vijf maal hoger zijn 
dan in vergelijking met de C1P1-C2P2 array.  

 
De beste aanpak om het tomografische beeld van een two-sided meetcampagne te verbeteren, 

bestaat erin de invloed van de geometrie te elimineren, door een relatieve verschilkaart op te 

bouwen: de opgemeten data (voor de inversie) worden gedeeld door de artificiële 

genormaliseerde dataset, op basis van het numerieke homogeen model van de testmuur uit 

metselwerk. Het idee erachter is dat de artificiële dataset het 3D-effect in zich draagt. Door 

de opgemeten data te delen door de overeenkomstige artificiële data, wordt het 3D-effect 

geëlimineerd. Dit transformeert de opgemeten data in een dataset, alsof ze in de ondergrond 

opgemeten waren (dit is een halfoneindig medium).  

 

Er worden ook testen in een zandbox uitgevoerd met de C1P1-C2P2 en C1C2-P1P2 arrays, 

waaruit de constante resolutie in de diepte blijkt, wat het grote voordeel is van de two-sided 

approach, in vergelijking met de one-sided approach. Hierna worden de protocols aangepast 

en wordt geconcludeerd dat het aantal datapunten dat nodig is om voldoende resolutie te 

verkrijgen, sterk gereduceerd kan worden. Een vergelijking tussen de C1P1-C2P2 dipool-

dipool en de C1C2-P1P2 dipool-dipool arrays toont immers aan dat deze laatste 

resistiviteiten vertoonde die meer dan dubbel zo hoog zijn dan de werkelijke resistiviteiten, 
zoals theoretisch voorspeld werd.  

 
Een zeer interessant feit is dat de techniek heel gevoelig blijkt om een relatief 

resistiviteitsverschil op te sporen. Door voor en na de situatiewissel (bijvoorbeeld de intrusie 
van een plastic buis) te meten en door beide tomografische beelden van elkaar af te trekken, 

kan een differentiële resistiviteitskaart opgebouwd worden, die enkel de resistiviteits-
verandering in het substraat aantoont.  

 
De versnelde meettechniek is getest op een zandbox die gevuld is met zand en gravel 

volumes, om de grout flow te meten en te visualiseren tijdens de injectie van de gravel 
volumes. In het labo wordt een reproduceerbare proef ontwikkeld, die de mogelijkheid van 

meten van groutinjecties moet aantonen. Deze zandbox met holtes van gravel is zeer 
eenvoudig op te bouwen en men kan bovendien het proefstuk gemakkelijk wijzigen. Uit 

verschillende proeven in het labo blijkt dat onvolledige groutinjecties vrij gedetailleerd op te 
merken zijn. 

 

Deze uitgewerkte methode is een goede stap naar een werkbaar instrument om de kwaliteit 

van groutinjecties te onderzoeken tijdens het injecteren. Hoewel de verwerking van de 

metingen voorlopig achteraf gebeurt, kan de techniek toch al toegepast worden in de huidige 
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vorm. Tijdens een groutinjectie kan men metingen laten lopen en achteraf de data verwerken 
en interpreteren. Blijkt hieruit dat een bepaalde zone onvoldoende werd geïnjecteerd, kan 

men zich achteraf specifiek op die zone richten.  
 

Case studies: 

In het zesde hoofdstuk worden twee case studies besproken. Vooreerst wordt de toepassing 

besproken van geo-elektrische tomografieën om de efficiëntie van de injectie van de 
kolomfundering met hydraulische grout in de Onze-Lieve-Vrouw Basiliek in Tongeren te 

controleren. Een geo-elektrische tomografie waarbij gebruik gemaakt wordt van de one-sided 
approach, met de Wenner-Schlumberger en de dipole-dipole arrays, werd uitgevoerd. Beide 

arrays vertonen dezelfde anomalie.        
 

Boroscopisch onderzoek werd on site aangewend om na te gaan of de opgemeten anomalie 
aanwezig was. Er werd vastgesteld dat de opgemeten anomalie heel waarschijnlijk bestond 

uit een kern die geboord was naast de locatie van de anomalie in de inversie en achteraf niet 
opgevuld werd. Deze kern werd geboord na de injectie met grout, om de kwaliteit van het 

geïnjecteerde metselwerkmassief na te gaan. Na het uitgebreide onderzoek van het logboek 
van de uitgevoerde werken en na de betrokken werkmannen geïnterviewd te hebben, werd 

geconcludeerd dat het geboorde gat achteraf nooit meer opgevuld werd.  

 

Daarna worden de geo-elektrische onderzoeken besproken die op de Maagdentoren in 

Scherpenheuvel-Zichem uitgevoerd werden. In dat geval was het de bedoeling de structurele 

staat van het metselwerk van de gedeeltelijk ineengestorte toren te evalueren. Er werd ook 

een eerste poging ondernomen om een 3D geo-elektrische tomografie uit te voeren op een 

reële historische structuur, wat hoopvolle resultaten naar de toekomst toe opgeleverd heeft.  

 

Er werd een one-sided dipool-dipool onderzoek uitgevoerd. Er werd geconcludeerd dat, ter 

hoogte van de zone waarin de verbouwingswerken in het verleden uitgevoerd werden, de 

resultaten van het tomografische resistiviteitsbeeld beter zijn (dit zijn lagere 

resistiviteitswaarden) dan die buiten de zone. Hieruit kon afgeleid worden dat de interne staat 

van deze zone duidelijk beter was. Het is geweten dat er zich in het verleden een torentje op 

deze plaats bevond. Dit torentje is verdwenen in een bepaalde periode, maar heeft toch 

enkele eeuwen lang bescherming geboden aan het metselwerk tegen regen en wind. Deze 
zone is dus voor een kortere periode aan erosie blootgesteld, en dus ook minder 

gedegradeerd. 
 

Hoewel de metingen in het laboratorium de dominante invloed bewijzen van de geometrische 
randvoorwaarden op de metingen, blijken de resultaten van de onderzoeken op reëel 

historisch metselwerk on site zeer succesvol te zijn. Dit is meer dan waarschijnlijk te wijten 
aan het feit dat de onderzoeken op ruime oppervlaktes uitgevoerd werden, wat inhoudt dat de 

muur als een oneindig uitgestrekt massief fungeert, waardoor de invloed van de geometrie op 
de metingen en of het inversieresultaat gereduceerd worden. De proefstukken in het 

laboratorium (dit zijn de testmuur uit metselwerk en de zandbox) hebben veel kleinere 
afmetingen, wat de metingen veel sterker beïnvloedt.     
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Conclusies: 

De geo-elektrische technieken uit de geofysica werden aangepast voor gebruik als een niet-

destructieve techniek voor het in situ onderzoek van historisch metselwerk. Theoretische 
beschouwingen en numerieke modellering hebben aangeduid hoe ze omgebouwd konden 

worden om op metselwerk gebruikt te worden. Daarna werden ze verder ontwikkeld en getest 
in het laboratorium, en uiteindelijk toegepast op historisch metselwerk on site in twee 

restauratieprojecten. In deze thesis werd duidelijk aangetoond dat het geo-elektrisch 
onderzoek van metselwerk een geschikt, niet-destructief middel aan het worden is voor de 

diagnose van een beschadigde structuur, om de nood aan restauratie te beoordelen en om de 
efficiëntie van consolidatieinjecties te controleren. 

 
De belangrijkste bijdragen van dit werk kunnen als volgt samengevat worden: 

• Ontwikkelingen op het vlak van geo-elektrische technieken uit de geofysica werden 
aangepast voor gebruik op metselwerk. De introductie van numerieke inversiealgoritmen 

levert een significante bijdrage bij het correct interpreteren van de datasets. 

• De adaptatie van de cross-borehole techniek uit de geofysica voor gebruik op metselwerk 
(i.e. two-sided approach) en de daaruit volgende verhoging van de resolutie van de geo-

elektrische tomografieën. 

• De ontwikkeling van aangepaste apparatuur, waardoor het mogelijk werd parallel 

potentiaalparen op te meten om zodoende de meettijden te verminderen. 

• Het voldoende snel opmeten van 3D-datasets die het uitdijen van injectiegrout in beeld 

kan brengen. 

 
Voor verder onderzoek worden de volgende pistes aanbevolen: 

• Ontwikkeling van eigen inversiesoftware, waardoor de beperking van een halfoneindig 
medium vervalt.  

• Een op de one-sided approach gebaseerde techniek, waarbij parallel een aantal dipool-
dipool arrays worden opgemeten voor het on-line opvolgen van een groutinjectie.  

• Verder uitbouwen van eigen meetapparatuur, waarbij ook het aansturen (stroom 

injecteren) van de elektroden eveneens door labview gebeurt, waardoor de synchronisatie 

tussen sturen en meten veel sneller kan gebeuren en de meettijden verder kunnen 

verminderen.     
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General abbreviations 
 

AC  Alternating Current  

CA  Current Array 

C1  First current electrode 

C2  Second current electrode 

DAQ  Data Acquisition Card 

DC  Direct Current 

DFT  Discrete Fourier Transform 

FRP  Fibre Reinforced Polymers 

GPR  Ground Penetrating Radar 

IP  Induced Polarisation 

IR  Infrared 

IRT  Infrared Thermography 

MDT  Minor Destructive Technique 
NDT  Non Destructive Technique 

PA  Potential Array 
PPT  Pulse Phase Thermography 

PVC  Polyvinylchloride 
P1  First potential electrode 

P2  Second potential electrode 
RMS  Root Mean Square 

S  Cross-borehole section 
SAS  Signal Average System 

TETRA TEchnologie TRAnsfer door instellingen van hoger onderwijs 
 

List of notations 
 
a  Distance between the potential electrodes [m] 

A  Cross-section [m²] 
dτ  Infinitesimal volume element [m³] 
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E  Sum of squares of the differences between F and Y 

E   Electrical field strength [V/m] 

F  Calculated response or forward model, written as a column matrix 

F1D(x,y,z) The 1-D Fréchet derivative 

F2D(x,y,z) The 2-D Fréchet derivative, 2D-sensitivity function 

F3D(x,y,z) The 3-D Fréchet derivative 

G  Geometrical factor [m] 

G  Discrepancy column matrix, difference between F and Y 

I  Current [A] 

I  Unity matrix 

J  Jacobian matrix 

J   Current intensity [A/m²] 

J
~

  unknown component of the current intensity [A/m²] 

l  Length [m] 

Q  Column matrix with model parameters 

∆Q  Perturbation matrix 
R  Resistance [Ω] 

R’  Resistivity [Ωm]  

Rd,m  Weighing matrices, making the algorithm more robust  

s.p.  Self potential [V] 

V  Potential [V] 

Vp  Potential in a certain point [V] 

∆V  Potential difference [V] 

x  Longitudinal coordinate [m] 

x1  Distance from first potential electrode to first current electrode [m] 

x2  Distance from first potential electrode to second current electrode [m] 

X1 Distance from second potential electrode to second current electrode [m] 

X2 Distance from second potential electrode to first current electrode [m] 

y Longitudinal coordinate [m] 

Y  Column matrix with measured data 

z Longitudinal coordinate [m] 

ze  Average depth of investigation [m]   
 

αx,y,z  Relative weights, given to the smoothing filters in the x- y- and z-direction 

Γ  Edge, volume surface [m²] 

λ  Marquardt damping factor 
ρ  Resistivity [Ωm] 

ρa  Apparent resistivity [Ωm] 
σ  Conductivity [Ω-1m-1] 

σ(x,y,z)  Conductivity distribution in the three-dimensional space[Ω
-1

m
-1

] 

Φ  Electric potential field [V/m] 

Φ(x,y,z) Electric potential field in the three-dimensional space [V/m] 

Φ
~

  Electric potential in wave number domain [Ky] 

Φ   Approximation of the electric potential in 2D- or 3D-space [V/m] 
Ω  Volume [m³] 
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“ Omnis autem est machinatio rerum natura procreata ac praeceptrice et magistra mundi versatione 
instituta. Namque animadvertamus primum et aspiciamus continentem solis, lunae, quinque etiam 
stellarum natura machinata versarentur, non habuissemus interdum lucem nec fructum maturitates. 
Cum ergo maiores haec ita esse animadvertissent, e rerum natura sumpserunt exempla et ea 
imitantes inducti rebus divinis commodas vitae perfecerunt explicationes. Itaque comparaverunt, ut 
essent expeditiora, alia machinis et earum versationibus, nonnulla organis, et ita quae 
animadverterunt ad usum utilia esse studiis, artibus, institutis, gradatim augenda doctrinis 
curaverunt. ” 

 
Marcus Vitruvius Pollio

1
 

The Ten Books on Architecture, Book X, Chapter 1, verse 4 
 
“ All machinery is derived from nature, and is founded on the teaching and instruction of the revolution 
of the firmament. Let us but consider the connected revolutions of the sun, the moon, and the five 
planets, without the revolution of which, due to mechanism, we should not have had the alternation of 
day and night, nor the ripening of fruits. Thus, when our ancestors had seen that this was so, they 
took their models from nature, and by imitating them were led on by divine facts, until they perfected 
the contrivances which are so serviceable in our life. Some things, with a view to greater 
convenience, they worked out by means of machines and their revolutions, others by means of 
engines, and so, whatever they found to be useful for investigations, for the arts, and for established 
practices, they took care to improve step by step on scientific principles. ” 

 
English translation by Morris Hicky Morgan 

 
Perrault C., "Les dix livres d'architecture de Vitruve",                                    

    Corrigés et traduits par C. Perrault, Paris, 1684. 
 

Vitruvius, De Architectura libri X, ed. F. Granger, London, 1962.

                                                   
1 Marcus Vitruvius Pollio was a Roman writer, architect and engineer, active in the 1st century BC. He is the 

author of “De architectura”, known today as The Ten Books on Architecture, a treatise written of Latin and 

Greek on architecture, dedicated to the emperor Augustus. It is the only surviving major book on architecture 
from classical antiquity. The work was rediscovered by the Florentine humanist Poggio Bracciolini. When his 

duties called him to Konstanz in 1414, he employed his leisure in exploring the libraries of Swiss and Swabian 

abbeys. In the Benidictine Abey of Saint Gall, contemporary recognized to be one of the richest medieval 

libraries in the world, he rediscovered “De architectura”. To Leon Battista Alberti (1404-1472) falls the honour 
of making this work widely known in his seminal treatise on architecture “De re aedificatoria” (ca. 1450). 
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1  Introduction 

 

 

Beside other historical and cultural heritage than historical documents, artefacts and objects, 

our monuments testify to the history of humanity. They are the ambassadors of the 

accomplishments of our ancestors, contributing to the present world by claiming their place 

in society. By investigating monuments, people can literally look into the past, into the roots 

of their existence, creating an awareness of their own place in history. These ambassadors 

from the past affect the life of many people around the world until the present day. Some of 

these people give meaning to their life by taking the responsibility of nursing these 

monuments in our cities and towns. They consider the conservation and restoration of 

historical buildings as a responsibility of every generation towards future generations.  

 
It is essential that the principles guiding the preservation and restoration of ancient buildings 

should be agreed and laid down on an international basis, with each country being 
responsible for applying the plan within the framework of its own culture and traditions. 

According to the Athens Charter of 1931 (The Athens Charter, 1931), this responsibility led 
to the Second International Congress of Architects and Technicians of Historical 

Monuments, which gathered in Venice from May 25th to 31st 1964, resulting in the 
International Charter for the Conservation and Restoration of Monuments and Sites (The 

Venice Charter, 1964): “The Venice Charter”. The following articles are quoted here from 
the Venice Charter, and give an underlying foundation for this work:      

 
“ARTICLE 9. The process of restoration is a highly specialized operation. Its aim is to 

preserve and reveal the aesthetic and historical value of the monument and it is based on 
respect for original material and authentic documents. …  The restoration in any case must be 

preceded and followed by an archaeological and historical study of the monument.” 

“ARTICLE 10. Where traditional techniques prove inadequate, the consolidation of a 

monument can be achieved by the use of any modern technique for conservation and 
construction, the efficacy of which has been shown by scientific data and proved by 

experience.” 

Note that the Venice Charter was slightly modified in the Charter of Krakow in 2000 
(Charter of Krakow, 2000), starting from a wider interpretation concerning “cultural 

heritage” but working towards the same aims as those in the Venice Charter:    
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“…heritage cannot be defined in a fixed way. One can only define the way in which the 

heritage may be identified. Plurality in society entails a great diversity in heritage concepts as 
conceived by the entire community; therefore the tools and methods developed for 

appropriate preservation should be adapted to the evolving situations, which are subject to a 
process of continual change. …” 

 
Respect for the original material and the necessity of archaeological study, as pointed out in 

article 9 of the Venice Charter, are both fundamentally relevant within the scope of this thesis 
(paragraph 1.1.1). Article 10 points out the authorization of modern, state of the art 

techniques, in case traditional techniques prove inadequate. Some of these techniques in the 
field of non-destructive testing are summarized (Appendix B). The introduction ends with a 

description of the objectives of the study (paragraph 1.2) and an overview of the outline of 

this work (paragraph 1.3). 

 

The Charters of Venice and Krakow are not the only charters written for restoration 

purposes. In the decennia after the publication of the Venice Charter, more Charters, 

covering different aspects like historic gardens (the Florence Charter, 1982), archaeological 

heritage (the Charter of Lausanne, 1990), cultural tourism (Charter of Mexico, 1999), 

structures (Charter of Zimbabwe, 2003), … For an elaborate overview of this charters see 

(Beyen, 2007). 

1.1 Problem definition 

An archaeological study, which is absolutely necessary before a restoration 

(cfr. Article 9 above), implies more than the historical layering of the monument, the 

excavations and the cataloguing of artefacts. A structural survey is inevitable to asses the 

structural integrity and safety of the building. To make a proper diagnose of the structure, 
well founded and embellished with hard arguments, an elaborate assessment of the actual 

state of the building materials is necessary. In particularly the state of the masonry is 
fundamentally important concerning the overall stability of a building. Keeping in mind the 

essential respect to the authenticity of the original materials, i.e. the original masonry, the use 
of minor- or non-destructive techniques to asses the overall safety of the structure, is 

becoming more and more important in restoration practices (paragraph 1.1.1).         

1.1.1 Importance of NDT for masonry 

In order to succeed in the complex conservation and restoration task, i.e. the preservation of 

historical buildings in general, and historical masonry in particular, it is most important to 

build a complete image of the actual state of the monument. Similar to medical science, a 

building has to be treated as a patient.  
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Figure 1.1. Procedure for the assessment of existing buildings in general and monuments in particular by 

Diamantidis (Diamantidis, 1999; Diamantidis, 2001) and adopted by Schueremans (Schueremans, 2001; 

Schueremans,  2004) 
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Anamnesis and analysis, diagnosis, therapy, control and prognosis are crucial steps in the 
successful treatment of a monument (Croci, 1998; Icomos, 2001; Lemaire and Van Balen, 

1988; Van Balen et al., 1997). Figure 1.1 gives a procedure proposed by Diamantidis 
(Diamantidis, 1999; Diamantidis, 2001) and adopted by Schueremans (Schueremans, 2001; 

Schueremans et al. 2004), including these crucial steps to evaluate the actual state of existing 
buildings in general, and historical monuments in particular. 

 
Like a doctor and his patient, the structural engineer needs different techniques and tests to 

make a good anamnesis and analysis of the building, in order to come to the right 
conclusions. After diagnosing the patient, a therapy is proposed and executed, if necessary. 

The use of appropriate monitoring techniques during the execution of the needed measures 
should give extra quality control and the possibility to interfere while performing “surgery” 

on the patient. After therapy, the engineer can make further prognosis of the patient’s state by 

a continuous monitoring of the monument. These techniques can be destructive, minor-

destructive or non-destructive. Table 1.1 (taken from Schueremans and Van Gemert, 2000; 

Schaerlaekens et al. 1999) lists a number of different monitoring techniques that deliver 

information about the quality of the building (masonry). The tests, their application area, a 

small description and references are listed. 

 

Destructive measuring and monitoring techniques of buildings have important disadvantages 

in the field of restoration. First of all, the authenticity of the material is not respected. This is 

in contradiction with Article 9 of the Venice Charter, as seen before. Secondly, from a 

scientific point of view, the information obtained is very local and therefore not 

representative for the overall situation of the construction. A lot of destructive tests have to 

be made in order to allow for statistically justified extrapolations and conclusions for the 

whole structure. Thirdly, because the necessary amount of destructive tests, these tests are 

time-consuming and therefore economically less interesting. If possible, the researcher or 
engineer should prefer a non-destructive technique. According to (McCann and Forde, 2001), 

the engineer needs to consider five major factors in the design of a NDT-survey: 

• the required depth of penetration into the structure; 

• the vertical and lateral resolution required for the anticipated targets; 

• the contrast in physical properties between target and its surroundings; 

• the signal-to-noise ratio for the physical property, measured on the investigated 

structure; 

• historical information concerning the methods used in the construction of the 

building. 

 

Keeping in mind the above five factors, it is in practice better to look for a combination of 

different techniques (Flint et al., 1999; Maierhofer et al., 2003; McCann and Forde, 2001; 

Meola et al., 2005). The results from non-destructive tests like electrical resistivity, infrared 

thermography (IRT), ground penetrating radar (GPR), ultrasonics, sonics and radar can be 

verified with minor-destructive techniques as flat-jack tests, core drilling or endoscopical 

surveying. This combination of several investigation techniques can give more reliability for 
the interpretation of results and for the detection of irregularities like voids, cracks, the 

presence of moisture and/or salt etc. If a void is detected by using more than one method, the 
presence of the irregularity can be regarded with a higher level of reliability.  
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This thesis will prove that geo-electrical survey of masonry (via electrical resistivity 
measurements) is a suitable non-destructive tool for the diagnosis of a deteriorated structure, 
for judging the need of restoration and for controlling the efficacy of injections. The limited 
dimensions of masonry structures, contrary to the situation at soil investigation and the high 
degree of heterogeneity, complicate the interpretation of the measurements. Before we focus 
on geo-electrical techniques, some extra information about potentially interesting non-
destructive techniques is given in appendix B: Infrared thermography (appendix B.1), GPR 
(appendix B.2) and sonics (appendix B.3). Appendix B gives a brief overview of the most 
common non-destructive techniques, used for the detection of irregularities like voids, cracks 
and the presence of moisture and/or salt. 
 

Technique D/MD/ND 

IS/IL 

Principle, application, reference 

Historic research ND 

IS+IL 

Information about the geometry of the structure, used materials, loads, strengthening, 

structural events,…(Van de Vijver, 2001) 

Visual inspection ND 

IS 

Is being used in all cases.  This still is the cheapest and often also the most efficient, non-

destructive test method.  Use of additional guidance, e.g.: Damage Atlas and expert 

system (Van Balen,1998) 

Photo-grammetry ND 

IS 

Evolution of large cracks en relative displacements.  Is often used for measuring and 

documenting of damage of structural elements and materials 

Electric resistivity ND 

IS 

Qualitative interpretation of the global condition of masonry (cavities, layering of 

material,…)  Very valuable to check the effectiveness of executed consolidation 

injection (Venderickx, 1999; Van Rickstal, 2000; Keersmaekers, 2003; Keersmaekers et 

al., 2004) 

Radiography ND 

IS 

By radiation of the element by gamma-rays discontinuities that are located deep in the 

masonry (reinforcement, cavities, trusses,…) can be identified and located.  Both sides 

of the element have to be admissible. Only very powerful apparatus can be used for 

masonry.  Safety precautions have to be taken into consideration (Silman and Ennis, 

1993; Wenzel and Kahle., 1993)  

Infra-red thermo-

graphy 

ND 

IS 

Identification of the layering of the structure (e.g.: hidden behind stucco), traces of 

hidden cavities and discontinuities (Silman and Ennis, 1993; Wenzel and Kahle., 1993) 

Magnetic methods ND 

IS 

Locating of iron elements in thick masonry walls (e.g.: reinforcement bars, connection 

clamps,…) (Silman and Ennis, 1993; Wenzel and Kahle., 1993)  

Radar ND 

IS 

Receiving of transmitted or reflected electric energy allows to identify different layers, 

hidden cavities, old foundations, … (Silman and Ennis, 1993; Wenzel and Kahle., 1993)  

Mechanical pulse 

velocity 

ND 

IS 

By the impact, waves of 0.3-5.0 kHz are sent into the material.  The wave velocity is a 

measure for the density and integrity of the material (Silman and Ennis, 1993; Wenzel 

and Kahle., 1993). 

Ultrasonic ND 

IS 

Only useful for homogeneous materials, like natural stones.  In case of heterogeneous 

materials (masonry) the penetration depth is too small.  

Vibration tests ND IS Relative stiffness, control of possible progressive damage of the structure in time 

Endoscopy ND/MD 

IS 

Check out of the inner structure of the masonry.  Use in drilling holes.  Can be combined 

with photographs or video images (Thomasen and Sears, 1993). 

Flat jack (M)D 

IS 

Quantitative determination of the stress-strain relation of masonry (MD) and possibly 

also compressive strength (D) (Schaerlaekens et al., 1999) 

Proof loading ND 

IS 

Check of the resistance of the structure for the expected loading.  Is ND when the 

loading remains in the elastic area 

Monitoring IS Permanent (automatic) data-acquisition of parameters that are of importance for the 

structural behaviour, such as: high accurate levelling devices (HLS), invar-wire 

measurements,…  

Legend: D:Destructive; MD:Minor-Destructive; ND:Non-Destructive IS:In Situ; IL: In Labo.  Techniques used in Belgium are 

underlined  

Table 1.1. Judging the state of the masonry of historical buildings. Different possible monitoring 

techniques. The table gives an overview of the tests, their application area and a small description and 
references are listed (Schueremans and Van Gemert, 2000; Schaerlaekens et al. 1999). 
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1.2 Objectives of the thesis 

As an alternative for the common techniques as described in appendix B and Table 1.1, the 

electrical resistivity method is studied in this thesis. Originally, the electrical resistivity 

method has been developed in geophysics, a branch of geology. The brothers Schlumberger 

have been the first to develop the method in the years 1920, although this was very 

rudimentary. Since the eighties, the Civil Engineering Department of the KULeuven has been 

performing investigations on the application of geo-electrical resistivity measurements on 

masonry structures as a NDT (non-destructive technique). The aim of NDT is to measure, as 

completely as possible, the internal construction of a structure in a cost-effective way 

(Maierhofen et al., 2003). This implies that large volumes ought to be measured with 

minimal damage and as cheap as possible. It will be shown in this thesis that geo-electrical 

surveying accomplishes this requirement and that it is therefore interesting to adapt this 

technique for use on masonry.      

 

In (Van Gemert and Van Mechelen, 1988; Haelterman and Lambrechts, 1991), one can find 

two of the first geo-electrical measurements performed on a masonry structure. A semi-
automated measuring method has been used in those works and the electrodes have been 

manually moved across the wall. In (Haelterman and Lambrechts, 1991) a number of 
simulations with finite elements have been performed in order to take boundary effects into 

account. These boundary effects have been compensated in the measuring results by 
introducing a correction factor, which kept on increasing when measuring closer to the edge 

of the wall. These measurements have been particularly labour-intensive and time-
consuming.   

 
In the doctoral thesis of Hilde Janssens (Janssens, 1993), the physical problem has been 

solved by means of the mirror method (see paragraph 2.2.1). This same modelling has also 
been elaborated by means of finite elements. By calculating a relative difference between the 

measuring data and this modelling, geometric influences could have been filtered out. 
Consequently, it became clear which were the real anomalies in a wall.   

 
In 1996, the same subject has been considered at the Mining Engineering Division of the 

KULeuven. In (Wuytens, 1996), a method is described that compensates the above boundary 

effects by adapting the measurement setup. This adaptation was supposed to allow 

measurements at a constant depth on any location. The same year De Groeve (De 

Groeve, 1996) discussed the inversion of data into resistivity values. Previously, conclusions 
were drawn from the apparent resistivity values, which were difficult to interpret.  

 
In the doctoral thesis of Kathleen Venderickx (Venderickx, 2000), different tests have been 

performed on test walls and the resistivities of some typical construction materials have been 
quantified (see paragraph 2.2.2). Furthermore, a pragmatic connection has been indicated 

between the fineness of the measuring net and the detectability of anomalies.    
 

The approach in this thesis is slightly different. Based on the interesting findings stated in 
(De Groeve, 1996), where he introduced the “inversion” or numerical processing of the 

measured data as particularly important to draw the right conclusions, it inspired this thesis to 
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look again into the evolutions of the geo-electrical techniques in geophysics. It is investigated 
how these evolutions can be applied on masonry structures. The most important innovation is 

the elaboration of software-like tools to process and interpret the measurements.  
 

In the past, it has often been tried to draw conclusions about the subsoil, only on the base of 
the apparent resistivity (as will be defined in paragraph 2.1.4 of Chapter 2). An improvement 

in interpreting the measured apparent resistivities was discussed by Janssens 
(Janssens, 1993). She tried to use so-called standard curves, originating from geology, to 

interpret apparent resistivity values as coming from a horizontally layered model in which 
every layer has a constant resistivity value (see paragraph 2.2.1). This data processing is 

called “curve-fitting” (Compagnie Generale De Geophysique, 1963; Bhattacharya and Patra, 
1968; Rijkswaterstaat Nederland, 1969). The first researcher who developed this approach by 

“curve-fitting”, was Hummel (Hummel, 1929a; Hummel, 1929b). Janssens concluded that 

the use of these standard curves was not possible or practical for use on masonry, due to the 

different geometric boundary conditions. She made interpretations based on apparent 

resistivity values (as also Venderickx did (Venderickx, 2000)). In this work, it will be shown 

that is not always the optimum way of data processing. The inversion process, as will be 

defined in paragraph 2.4, will prove to be an amelioration when processing apparent 

resistivity values, because no horizontally layered model has to be assumed (which is 

necessary for applying standard curves) and no interpretation of apparent resistivity values is 

done, making the technique better for use on masonry.  

 

The commercially available software for this inversion process will be investigated and the 

usefulness of a number of electrode configurations and array types will also be tested. This is 

done by means of simulations and measurements in the laboratory, during which the 

influence of different parameters will be investigated.          

 
This thesis will first concentrate on the so-called “one-sided approach” (see paragraph 2.3), 

meaning the masonry surface is approached from only one side (similar as geo-electrical 
tomography in geophysics, where the soil is investigated by using electrodes in the ground 

surface only). The resolution of geo-electrical investigation, performed in this way, is 
exponentially dropping in function of the depth. This is a fundamental physical restriction 

that can not be resolved by the reconfiguration of the surface arrays or the computer 
modelling.  

 
Therefore, in geophysics a method has been developed in order to obtain a better, constant 

resolution when going deeper. This is achieved by performing measurements with electrodes 
in boreholes, so that the electrodes are closer to the structures that have to be investigated. 

This approach is generally known as the “cross-borehole” technique. The biggest advantage 
is that the data points are evenly spread over the cross section, contrary to the one-sided 

approach, where the number of data points is diminishing according to the depth. In this 
thesis, it is investigated whether this technique can be successfully applied on walls (see 

paragraph 2.5). Indeed, it is possible in many cases (in case the wall is accessible from both 

sides) to provide both sides of the wall with electrodes. The tomographic result will have a 

much better resolution than when measurements are performed on only one side of the wall.  
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Another objective of this thesis is derived from the consolidation technique of grout 
injections, regularly done on historic masonry in order to improve the inner coherence of the 

walls. Historic masonry walls are often built up as three-leaf masonry, with at the outsides an 
outer leaf and in between stone debris mixed with lime mortar. In many cases, a degradation 

of this inner mix can be observed, due to which it has to be consolidated and the stone debris 
mixed with lime mortar, respectively the inner core - outer leaf connection, has to be 

restored. In this case, injection grouts are the indicated solution. An adequate consolidation 
requires a uniform filling of the cavities and cracks in the masonry. The problem is, however, 

that there is no guarantee for a uniform filling and that the grout can flow away to unwanted 
places. If this happens, it is possible that this error is only noticed after the injection has been 

completed, or that it is not noticed at all. Therefore, it is advisable to monitor the injection 
when performing the works. If a flow problem occurs, the properties of the grout or the 

injection procedure can be adapted on time.        

 

If the restoration and consolidation are accompanied by archaeological excavations, the need 

for an appropriate follow-up and control of the injections can be even more acute. An 

example of this, is the grout injection (that caused some unwanted damage to artefacts) in 

Our Lady’s Basilica at Tongeren (Keersmaekers et al, 2006a; Keersmaekers et al, 2006b, 

paragraph 6.1). During archaeological excavations, foundations had to be consolidated by 

means of injections with a hydraulic grout. In a first phase of the project, a cement grout had 

been used that was too fluid, due to what some archaeological findings have been damaged 

(see Figure 1.2). If the injection could have been monitored, an intervention might have been 

possible.       

 

Figure 1.2: Left: excavation of the middle nave of the church after injection of the foundation masonry; 
Right: unwanted consolidation of a skeleton with a fluid grout, used in the first phase of the injections. 

 

This text also emphasizes the automation and acceleration of the geo-electrical resistivity 
method. First of all, the survey time can be diminished that way. Secondly, the speeding up 

of the data acquisition will enable the on-line follow-up of grout injections. The measuring 
method has been adapted, new equipment has been introduced and differential resistivity 

maps have been developed. These differential resistivity maps show the difference between 
the successive measurements, making it possible to detect resistivity changes. Because a 

hydraulic grout has a very high electrical conductivity, the resistivity in the injected area will 

strongly decrease. On differential maps, it has become clear this way where the grout has 

been injected. After accelerating the measuring procedure, the measuring method has been 
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extended to three dimensions. By combining different cuts, a three-dimensional image of a 
trial setup could be composed, on which the injected grout was visible.       

 
The main objectives of this work can be summarized as follows:  

• Adapting developments in the field of geo-electrical techniques of geophysics for use on 
masonry. Introducing numerical inversion algorythms as a support for the correct 

interpretation of the data sets.  

• Adapting the cross-borehole technique of geophysics for use on masonry (i.e. two-sided 
approach) and the resulting resolution increase of the geo-electrical tomographies.   

• Developing the adjusted equipment, making it possible to measure parallel potential pairs 
in order to reduce the measurement times.  

• Measuring quickly enough the 3D-datasets enabling to visualize the expansion of the 
injection grout.   

 
The objective of using the geo-electrical technique for the on-line follow-up of grout 

injections, was derived from a bigger project, sponsored with a grant of the Flemish 

Government (Institute for the Promotion of Innovation by Science and Technology in 

Flanders) and the support of a group of Belgian companies involved in restoration activities. 

This research project started in September 2005 and ended in August 2007. The main 

objective was to try to control grout injections in masonry in a more reliable way. The project 

is registered as TETRA- 05007: ’NDT-gestuurde groutinjecties door aanpassing van 

procesparameters en speciesamenstelling’ (Keersmaekers et al., 2007). The project was 

developed within a partnership between the Provinciale Hogeschool Limburg, Department of 

Architecture, Hasselt (B) and the Katholieke Universiteit Leuven (B). The study of an 

appropriate grout mixtures and the application of geo-electrical measurements for restoration 

purposes were the main targets of this research project. The development of an appropriate 

grout mixture for the injection of the column foundations of Our Lady’s Basilica at 

Tongeren (B) (see paragraph 6.1) formed part of the work. The combination of geo-electrical 

surveying methods with rheological research on grout mixtures to control grout injections in 

a more reliable way were aimed. For an extensive overview of the results of the work done 
on grout mixtures, see also (Stevens and Swennen, 2006). 

1.3 Outline of the thesis 

The thesis is subdivided into seven chapters. The first chapter (Introduction) fits the topic of 

this thesis in the overall restoration practice. The importance of making a proper diagnose of 

a structure is pointed out, well-founded and embellished with hard arguments and based on 

elaborate knowledge of the actual state of the building materials. The necessity of using non-

destructive techniques is stated. Some of these techniques and their main characteristics are 

briefly summarized. The geo-electrical technique is proposed in this thesis as highly potential 

and the objectives of the thesis, converting geo-electrical techniques for use on masonry, are 

stated at the end of chapter one. 
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Chapter 2 (Geo-electrical techniques as a NDT for masonry) discusses the basic principle of 
geo-electrical measuring techniques, i.e. the general conductivity theory. Secondly, the work 

done in two doctoral theses, elaborated at the Reyntjens laboratory dealing with the filtering 
of the measurements, so that only the relevant anomalies in the masonry wall remain 

(Janssens, 1993; Venderickx, 2000), is briefly discussed. The second chapter concludes with 
the basic idea behind geo-electrical tomographies, for the one-sided approach as well as for 

the two-sided approach. 
 

The third chapter (Adaptation of geo-electrical techniques to masonry) starts with a focus on 
the difference between subsoil investigations and measurements on masonry. This will be 

done for the one-sided as well as for the two-sided approach. Some suitable electrode arrays 
for masonry will be suggested, based on theoretical considerations for the one- and two-sided 

approaches. These theoretical considerations will then be verified by using numerical 

models. Finally, some requirements regarding the on-line follow-up of grout injections with 

the geo-electrical technique are stated.  

 

In the fourth chapter (Adjusting the equipment), some adaptations made to the measuring 

equipment are discussed. The standard equipment, commercially available to perform geo-

electrical tomographies, consists of three basic components. Firstly, one needs a powerful 

current source to inject enough current producing the electric field in the substrate. Secondly, 

one will need a highly accurate device to measure the potential differences; or combined with 

the injected current, the resistivity value can be measured. Thirdly, one needs a switch box to 

control the right electrodes, as respectively current or potential electrodes. This way, the 

survey can be done automatically. Systems consisting out of these three basic components, 

can be used for tomographies on masonry, no matter if one is dealing with a one-sided 

approach or a two-sided approach. The standard equipment and the measurement setup used 

in this thesis are shortly discussed. In order to use the technique for the on-line follow-up of 
grout injections, the basic technique must be adapted to perform the measurements to 

construct geo-electrical tomographic images more quickly. The bottleneck of the for this 
thesis commercially available system (i.e. Terrameter SAS1000) is that it is not possible to 

measure potential differences parallel to each other, meaning precious time is wasted. 
Therefore, new equipment has been developed in order to measure the potential differences 

using hardware capable of measuring parallel analogue channels. Many technical problems 
had to be tackled in order to build a measurement system, capable to prove the possibility of 

measuring the grout flow through the substrate. The building of the system is described in 
this chapter. 

 
Chapter 5 (Laboratory tests) describes the geo-electrical measurements which were made in 

the laboratory to experiment with the geo-electrical technique for use on masonry. Protocols 
for different array types and electrode configurations are developed and tested for both the 

one- and two-sided approaches. The standard elaboration of historic masonry mostly consists 
of two outer leafs having to absorb the forces and between which a filling of irregular 

material with a mortar (rubble masonry) is situated. In order to imitate this historic masonry 

as well as possible, a test wall has been built with the outer leaf, out of normal bricks laid 

with lime mortar. Masonry rubble, consisting out of broken bricks mixed with lime mortar, 

serves as filling. In the centre of the wall, there is a little polystyrene insulation block of 12 
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cm high, 12 cm wide and 8 cm thick, simulating a cavity. A sand box has been built to 
simulate more situations like cracks, detachment between outer leaf and inner core of a three-

leaf wall, grout injections, … Also numerical modelling is used to eliminate (i.e. filter out) 
the influence of geometrical boundary conditions. The accelerated measuring technique has 

been tested on a sand box filled with sand and gravel (tennis brick) volumes, to measure and 
visualize the grout flow during injection of the gravel volumes. 

 
The sixth chapter (Geo-electrical techniques - Case studies) discusses two case studies. 

Firstly, the case of Our Lady’s Basilica at Tongeren deals with the application of geo-
electrical tomographies to control the efficiency of the injection of the columns foundation 

with hydraulic grout. Secondly, the geo-electrical surveys that were done on the Tower of the 
Virgins at Scherpenheuvel-Zichem, are described. In that case, the aim was to evaluate the 

overall structural state of the masonry of the partially collapsed tower. Also a first attempt to 

perform a 3D geo-electrical tomography on a real historic structure has been done, providing 

promising results for the future.      

 

In the seventh and final chapter, the conclusions of the study are summarized and 

recommendations for further research are formulated. 
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2 Geo-electrical techniques as a NDT for masonry 

 

 

Geo-electrical survey of masonry is a suitable non-destructive tool for the diagnosis of a 

deteriorated structure, for judging the need of restoration, for controlling the efficacy of 

injections with mineral and/or organic grout. The technique was originally developed for 

geophysical surveying of the subsoil, but in the past and the present, the technique has been 

adapted for the evaluation of the inner structure of building constructions in general, and 

masonry walls in particular.  

 

Firstly, this chapter will discuss the basic principle of geo-electrical measuring techniques, 

i.e. the general conductivity theory (paragraph 2.1). Secondly, the work done in two doctoral 
theses, finished at the Reyntjens laboratory dealing with the filtering of the measurements, so 

that only the relevant anomalies in the masonry wall remain (Janssens, 1993; Venderickx, 
2000, respectively paragraphs 2.1.2 and 2.2.2), is briefly discussed. Finally, the basic idea 

behind geo-electrical tomographies is explained, for the one-sided approach (paragraphs 2.3 
and 2.4) as well as for the two-sided approach (paragraph 2.5). 

2.1 General conductivity theory 

2.1.1 Principle 

The basic principle is as follows: two electrodes, placed on the substrate’s (i.e. the subsoil in 

geophysics or the masonry surface in this thesis) surface, are used to inject electrical current 

in the substrate’s volume. This current runs through different paths in the structure, from the 

positive to the negative current electrode, creating an electrical field, resulting in a complex 

potential distribution (Fishbane et al., 2005, p 639-660). The form and magnitude of this 

potential distribution depends on the used electrode configuration and the inner resistivity 
distribution of the measured substrate. In case this resistivity distribution is homogeneous, 

meaning the substrate has a constant electrical resistivity, the generated potential distribution 
will have a regular form. After all, because the absolute value of the injected currents is the 

same, an equal number of current lines will either leave or penetrate every current electrode. 
The current lines leave the positive current electrode in a radial symmetric way, bend in the 
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substrate, and finally enter the negative current electrode in a similar radial symmetric way as 
seen on Figure 2.3.      

 

Figure 2.3.  Current lines in homogeneous (constant electrical resistivity) substrate, generated by a dipole 
positive and negative electrode configuration (Fishbane et al., 2005, p 641). 

   

This current line distribution results in a potential distribution. Connecting spatial points on 

equal potential results in curved surfaces, called equipotential surfaces, perpendicularly to the 

current line distribution. This phenomenon can be explained by solving the vector equation 

describing “Ohm’s law” (Fishbane et al., 2005, p 645; Lauriks 2002). The vector form of 

Ohm’s law is given by equation (2.1).  

 
→→

= EJOhm .: σ  or 
→→

= JE .ρ        (2.1) 

 

In this equation: 

  

J  = current intensity [A/m²] 

σ  = conductivity [Ω-1
m

-1
] 

ρ  = resistivity [Ωm] 

E  = electrical field strength [V/m] 

 

Note that conductivity σ [Ω
-1

m
-1

] and resistivity ρ [Ωm] are inverted quantities.  

 

Figure 2.4 gives the three-dimensional surfaces of equal potential [V] in a half-infinite 

medium with constant resistivity ρ equal to 30 Ωm, an injected current of 2 Ampère [A] and 

an electrode spacing of 10 cm. This model was developed using a finite element software 

program called Ansys. The scale gives the potential values in [V]. The outer box in the figure 

marks the zone where so-called half-infinite elements were defined, which reduces the 

number of elements (and therefore reduces the calculation time). 
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Figure 2.4.  Equipotential surfaces (potential values in [V]) in a half-infinite medium with constant 

resistivity ρ equal to 30 Ωm, an injected current of 2 A and an electrode spacing of 10 cm. This model was 
developed using a finite element software program called Ansys. 

   

After the current is injected, by using two current electrodes, and when a potential field is 

established, two potential electrodes can be used on the surface of the substrate to measure 

the potential difference between them. This potential difference is related to the internal 

resistivity distribution in the structure and the electrode configuration of both the current and 

potential electrodes.  

 

Going back to equation (2.1), it was already noted that the current intensity J and the 

potential field strength E were both vector quantities. However, in practice the electrical 

potential differences are measured and mostly the resistivity ρ (equal to the inverted 

conductivity σ=1/ρ) is used. Furthermore, the electric potential field (Φ) is derived from the 

electrical field strength by the following equation: 

 

 Φ−∇=
→

E          (2.2) 

 

Combining (2.1) and (2.2) gives: 

 

 Φ∇−=
→

.σJ          (2.3) 

 

The current sources in geo-electrical measurements are pointed electrodes. Suppose a 

particular current electrode is positioned on location (xs,ys,zs). According to (Dey and 

Morrison, 1979), the relation between the current intensity J and the current I for an 

elementary volume dV around this current electrode, is given by: 

 

 )()()(. sss zzyyxx
dV

I
J −−−








=∇

→

δδδ      (2.4) 
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With δ = the Dirac function. Equation (2.3) can now be rewritten in the following general 

three-dimensional form, given the relation between the potential distribution in the substrate 

(i.e. the subsoil or a wall) and the injected current from a current source at position (xs,ys,zs). 

 

 [ ] =∇∇− ),,(),,(. zyxzyx φσ )()()( sss zzyyxx
dV

I
−−−








δδδ   (2.5) 

 

Resolving equation (2.5), is called the problem of “forward modelling”. Different techniques 

(analytic and numeric) are developed for this purpose. In the following paragraph 2.1.2, the 

solution of equation (2.5) is given for the simplest case of a half-infinite substrate. After that, 

the concepts of apparent resistivity and geometrical factor are defined (paragraph 2.1.4). 

2.1.2 Homogeneous half-infinite substrate 

The following example gives the solution of equation (2.5) for the simplest case of a half-

infinite substrate. The aim is to find a formula for the potential difference in a particular point 

as a function of injected current and distance between the potential point and the current 

source. 

 

Starting from the “Pouillet
2
 law” for a conductive material (Fishbane et al., 2005; 

Lauriks 2002): 

 

 
A

l
R .ρ=           (2.6) 

 

In this equation: 
  

R  = resistance [Ω] 

ρ  = resistivity [Ωm] 

l  = conductors length [m] 

A  = conductors cross-section [m²] 

 

Figure 2.5 shows the current and potential distribution in a homogeneous half-infinite 

medium around a current injection point. 

                                                   

2 Claude Servais Mathias Pouillet (February 16, 1791–June 14, 1868) was a French physicist. His primer 
contribution to science is the first quantitative measurement of the heat emitted by the Sun. His value was circa 

half the actual one because the level of the atmospheric absorption was uncertain those times. Other research of 
Pouillet in the field of electricity resulted in the “Pouillet law”, an equation for the calculation of the electrical 

resistivity of a conducting material.  
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Figure 2.5. Equipotential surfaces and current lines in a homogeneous half-infinite medium. 

  

The potential difference (2.9) in a particular point as a function of the applied current and the 
distance x [m] to this current injection point, can be derived from the “Pouillet law” for the 

electrical resistance of a homogeneous half-infinite medium: 
 

 
2..2

.

x

dx
R

π

ρ
=          (2.7) 

 

Equation (2.7) is already derived by Parasnis (Parasnis, 1962). 

Ohm’s law gives the current flow through a spherical shell (see Figure 2.5): 

 

 
dx

dVx

x

dx

dVVV
I .

..2

..2

.

)( 2

2

ρ

π

π

ρ

−
=

+−
=       (2.8) 

 
From (2.8): 

 

 
2..2

..

x

dxI
dV

π

ρ−
=         (2.9) 

 
Integration of equation (2.9) between infinity and x gives the potential in a point at distance x 

from the current source (2.11). The potential Vp in a particular point gives the work needed to 
transfer a positive unity charge from an infinite distance to that specific point, opposite to the 

electric field. This gives the following integral equation:   
 

 

xx x

p
x

I

x

dxI
dVV

∞∞ ∞

=
−

== ∫ ∫
1

.2

.
.

.2

.
2 π

ρ

π

ρ
      (2.10) 
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Out of which the following expression of the potential as function of the current and distance 
to the current source can be derived: 

 

 
x

I
V p

..2

.

π

ρ
=          (2.11) 

 
In most geo-electrical surveys, an electrode line-up with two current electrodes is used and 

the potential is measured as a potential difference between two other electrodes. Hereafter, 
the case of a homogeneous half-infinite medium with four electrodes is discussed.    

 
Figure 2.6 gives the distribution of the potential field in a homogeneous half-infinite medium 

when two current electrodes are used. 
 

 

Figure 2.6. Equipotential lines in a homogeneous half-infinite medium; C1: first current electrode; C2: 

second current electrode; P1: first potential electrode; P2: second potential electrode; x1: distance 
between P1 and C1; x2: distance between P1 and C2; X1: distance between P2 and C2; X2: distance 

between P2 and C1. This model was developed using Ansys.  
  

The following contributions to the potential in P1 and P2 are calculated with equation (2.11): 

 

1

11
..2

.

x

I
V CP

π

ρ
=   

1

21
..2

.

X

I
V CP

π

ρ
−=  

2

12
..2

.

X

I
V CP

π

ρ
=  

2

22
..2

.

x

I
V CP

π

ρ
−=  

  

Superposition of the above expressions gives the total potentials in P1 and P2 (reference at 

infinity): 

 









−=
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1
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I
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π

ρ
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The potential difference between P1 and P2 is now: 

 









+−−=+=∆

2121

21

1111
.

.2

.

XXxx

I
VVV PP

π

ρ
     (2.14) 
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Expression (2.14) clearly shows that the potential difference is proportional to the injected 

current I, the resistivity ρ and a factor depending on the position of the electrodes relative to 

each other. This factor is called the geometrical factor “G”.  
 

 









+−−

=

2121

1111

.2

XXxx

G
π

       (2.15) 

 

Combination of (2.14) and (2.15) and converting to ρ gives: 

 

 
I

V
G

∆
= .ρ          (2.16) 

 
Notice that expression (2.16) is only valid in case of a homogeneous half-infinite medium. 

The resistivity ρ is supposed to be constant. In case the distribution of the resistivity in an 

half-infinite medium is heterogeneous or not constant, it is necessary to define a new concept 

named the “apparent resistivity“ (see paragraph 2.1.4). Figure 2.9 gives the most common 

arrays or electrode configurations and their geometrical factors ‘G’, used for geo-electrical 

surveying.  

2.1.3 Electrode contact: current transition to the medium 

In practice, the current is injected by applying a potential difference between the two current 

electrodes C1 and C2. The result of numerical simulations using finite element software, 
shows the presence of high potential values (theoretically infinite for a perfectly pointed 

contact) around the current electrodes (see Figure 2.7). This phenomenon is also observed in 
reality, and the explanation can be found in equation (2.11), as seen above: 

 

 
x

I
V p

..2

.

π

ρ
=          (2.11) 

 

Because the contact surface between the pointed current electrode and the substrate is very 

small (i.e. x ↓ in (2.11)), the potential Vp, needed to inject sufficient current, will be relatively 

high. Furthermore, it can be observed that the distance x, the distance to the current source in 

equation (2.11), depends on the contact surface between current electrodes and the substrate. 

Therefore, it seems beneficial to enlarge the contact surface as much as possible, but when 
this contact surface becomes too big, the theoretical considerations based on pointed 

contacts, (spherical distribution of current lines and equipotential surfaces) become invalid, 
leading to less accurate data acquisition.  

 
Before processing and interpreting data measured during this thesis, the datasets are always 

checked to exterminate bad data points. This is done in an ad hoc way, just by eliminating 
unusual high resistivity values, which are most likely the result of a bad electrode contact.    
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Important to point out here is the fact that the measuring theory as explained above, is based 
on static current lines, and the equipotential surfaces induced by those current lines, can only 

be created with DC-current. In paragraph 2.3.2, an AC-current block wave will be suggested 
to deal with some typical disadvantages for pure DC-measurements.      

 

 

Figure 2.7.  Potential distribution at the contact surface when applying a positive current on C1 and a 

negative current on C2. C1 and C2 are current electrodes, P1 and P2 are potential electrodes. Notice the 
high potentials around the current electrodes. 

2.1.4 Apparent resistivity-values, different electrode-configurations 

In case the distribution of resistivity ρ in a half-infinite medium is heterogeneous or not 

constant, it is necessary to define a new concept named the “apparent resistivity ρa“. 
Equation (2.16) can be rewritten as: 

 

 
I

V
Ga

∆
= .ρ          (2.17) 

 
Despite the heterogeneity of the substrate, it is always possible to calculate the apparent 

resistivity. This is possible because the potential difference ∆V, the current I and the 
geometrical factor ‘G’ are all known. It is important to realize that the apparent resistivity can 

only be equal to the real resistivity of the material in case of a perfectly homogeneous 

medium. The apparent resistivity of a heterogeneous medium is a kind of average resistivity 

combining all heterogeneities. Figure 2.8 illustrates this. The left figure shows the 

equipotential surfaces in a horizontal cut in a homogeneous medium (resistivity of 30 Ωm). 

The right figure shows the equipotential surfaces in a heterogeneous medium (i.e. a region 

with a higher resistivity is defined). The area within the rectangle has a resistivity of 100 Ωm. 

Notice the deformed equipotential surfaces, due to the locally higher resistivity. The potential 

measured between P1 and P2, will be higher than for the homogeneous one. If the injected 
current I and the geometrical factor ‘G’ remain the same, the apparent resistivity in the 

homogeneous case will correspond to the real resistivity. The apparent resistivity in the 
heterogeneous case will be higher and is a kind of average resistivity of the medium. 
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Figure 2.8. Left: equipotential surfaces in a homogeneous medium, horizontal cut. Right: equipotential 
surfaces in a heterogeneous medium, horizontal cut. Notice the deformed equipotential surfaces due to 

the locally higher resistivity. The potential measured between P1 and P2 will be higher than for the 

homogeneous one. 

   

In (Venderickx, 2000), the following definition for the apparent resistivity is given: 
 

"De schijnbare resistiviteit van een inhomogeen lichaam is de werkelijke resistiviteitswaarde 

van een fictief, homogeen en isotroop lichaam, waarin voor een gegeven 

elektrodeconfiguratie en stroomdichtheid I, het gemeten potentiaalverschil ∆V gelijk is aan 

dat van het inhomogeen lichaam."   

 

Translated: “The apparent resistivity of a heterogeneous medium is the real resistivity of a 

fictive, homogeneous and isotropic medium, of which the measured potential difference ∆V is 

equal to the potential difference of the heterogeneous medium, given a particular electrode 

configuration and current I.”    

 

The goal of inverse modelling is the inversion of the measured apparent resistivities to real 

resistivities of the substrate, because real resistivities can be related to material properties, 

whereas apparent resistivities are heavily influenced by the specific geometries and 

measuring setup. How this is done, will be explained in paragraph 2.4. 

 

Figure 2.9 gives the most commonly used electrode configurations or arrays for geo-

electrical surveying. Notice that the following arrays have two parameters: dipole-dipole, 

Wenner-Schlumberger, pole-dipole and the equatorial dipole-dipole. These two parameters 

are the distance a between P1 and P2, and n times the distance a between current and 

potential electrodes. Which configurations are most suitable for masonry, will be discussed in 

Chapter 3.  

 



Chapter 2: Geo-electrical techniques as a NDT for masonry 

 21 

 
Figure 2.9. Commonly used arrays or electrode configurations and their geometrical factors G, used for 
geo-electrical surveying. 

2.2 Previous research on geo-electrical techniques for masonry 

Contrary to the situation for soil investigation in geophysics, the limited dimensions of 

masonry structures and the high degree of heterogeneity complicate the interpretation of the 

measurements. In the past, the analysis of the measurements was carried out with the aid of 

apparent resistivity maps. Two doctoral theses were finished at the Reyntjens laboratory, 

dealing with the filtering of the measurements, so that only the relevant anomalies in the 

masonry wall remain (Janssens, 1993; Venderickx, 2000). 

2.2.1 Dr. H. Janssens: Geo-electrical control of consolidation injections of 

masonry 

Hilde Janssens (Janssens, 1993) stated that the geo-electrical technique can be applied in two 

ways: either we measure the development of the apparent resistivity for a certain point, in 
function of the depth (resistivity curve), or we move the measurement setup over a 

measurement surface in order to set up a resistivity map. When Dr. Janssens was performing 
her investigation, standard curves indicating the development of the apparent resistivity for a 

certain construction of the subsoil, in function of the measuring distance, were used in 
geology for the interpretation of the resistivity curves. She concluded that the standard curves 

should be handled with the necessary care when they are used for the interpretation of 
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measurements on masonry structures. In that case, we are dealing with constructions that are 
not infinitely extended anymore, like the subsoil, but do have finite dimensions. The 

limitations of the structure have an influence on the measurements. When using a resistivity 
map, these limitations should also be taken into account. For instance, for a fully 

homogeneous, isotropic wall, infinitely continuing to the left and to the right, not the same 
apparent resistivity will be obtained for all measuring points. The resistivity value will vary 

over the height of the wall.             
 

The influence of the edges of a structure on measurements is expressed in formulas. This 
implies an extension of the formulas elaborated in geology. They are elaborated by means of 

the mirror method. Each surface of separation between two different materials is considered 
as a semi-permeable mirror allowing to pass one part of the current and reflecting the other 

part. The formulas have been elaborated in software routines (Turbopascal). It is not useful to 

set up adapted standard curves taking the boundary effects into account, because in that case, 

the number of parameters becomes too high.  Moreover, one is not that much interested in the 

development of the apparent resistivity in the depth, but rather in the resistivity maps. In her 

experience, the anomalies in the structure are more clearly visible that way.          

 

In order to compare the formulas that she had elaborated, she also performed calculations by 

means of a finite element analysis. It appeared that this method does not allow to exactly 

calculate the potential distribution close to the current source. The potential in the point 

where a current is sent in or out, will go to infinity after all (as discussed in paragraph 2.1.3). 

Due to this, the potential in this point will itself not have a correct value. At a certain distance 

from the current electrodes, the potential will develop itself correctly. It has to be remarked 

here that this false potential value will normally not cause problems, given that the geo-

electrical resistivity method is only based on constant currents. The electrode potential 

necessary to let this current flow, is not important.               
 

Next to this, the calculation time is considerably longer than for a calculation by means of the 
calculation programmes elaborated in this work. She stated that the finite-element method is 

however, indispensable for structures with a complex geometry. In this case, it is namely not 
possible anymore to elaborate exact formulas, since the mirror sources do not occur 

according to a regular pattern. It must be indicated that the accuracy of finite-element 
modelling increased since 1993 and certainly during the last decade and that the calculation 

times have been dramatically reduced, due to the progress in computer architecture, meaning 
that finite-element calculations are know very easily applicable for the filtering of 

geometrical boundary conditions, as will be seen in Chapter 5. 
 

A few case studies have been discussed in which she has built a relative difference map 
filtering out the geometrical boundary conditions. In the case of the part of the enclosure wall 

around the Arenbergpark, the influence of the edges can clearly be noticed when comparing 
the original resistivity map to the eventual relative difference map (see Figure 2.10). The 

correction could hardly be observed during measurements on the two columns of the 

Mechelsepoort in Dendermonde. However, this does not mean at all that the calculated 

correction is negligibly small. She explained that the fact that this correction is less clearly 

visible was due to the more complex composition of this column. They both namely consist 
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of an outer leaf with a filling in between. Consequently, the construction is a lot more 
irregular than a common masonry wall.      

 

 
 

Figure 2.10: The present anomalies in the masonry of the wall around the park Arenberg (Leuven) are 

completely lost by the influence of the interface between two different kinds of masonry. Right: the 

relevant anomalies clearly show up using the relative difference map. 

 

The work of Dr. Janssens emphasized that the influence of the edges has to be taken into 

account. This did not only concern the physical limitations of the structure, but also the 

interface between different materials.     

2.2.2 Dr. K. Venderickx: Evaluation of geo-electrical measurements on 

masonry structures 

Kathleen Venderickx (Venderickx, 2000) stated that the disadvantage of the mirror method, 

as applied by Hilde Janssens (see paragraph 2.2.1), is that only ordinary structures, with 

horizontal and vertical limitations, and with a stratification parallel or perpendicular to the 

measurement surface, can be considered. If the structure becomes too complex, for instance 

due to the presence of many different materials or of rising humidity, with a resistivity 

varying in function of the height, this method becomes too complex and even unusable.          

 
Kathleen Venderickx choose in her work to use finite-element modelling. This allows taking 

into account a random layer construction of the wall and to model boundary conditions 
exactly. She has set up a numerical model offering the opportunity to simulate the influence 

of geometry and other factors for ordinary structures as well as for complex structures with a 
random layer construction.           

 
The input parameters, necessary for a numerical simulation, are the resistivity of the masonry 

that has to be investigated, the geometry of the structure that has to be investigated and the 
electrode configuration. In order to experimentally control the accuracy of a numerical 

model, she has performed measurements on a structure of which these three input parameters 
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were fully known over the entire structure. These measurements could then be compared to 
the performed simulations and the numerical model could be adjusted and adapted. This 

means that it is impossible to control the accuracy of a numerical model by means of geo-
electrical measurements performed on historical structures, because not all input parameters 

are known with certainty for these structures. This is why in her investigation, the developed 
numerical model is adjusted and its accuracy is thoroughly controlled by means of 

measurements performed on a fully known physical model; this in order to complete the 
investigation performed by H. Janssens, in which the elaborated numerical model has been 

directly applied on degraded ancient masonry.         
 

One of the conclusions of H. Janssens’s investigation was that, apart from geometry, there 
are also other factors able to seriously influence those geo-electrical measurements. 

However, she did not investigate this aspect of the resistivity measurements. In the work of 

Miss Venderickx, this has been investigated, and the influence of these factors on geo-

electrical measurements has also been simulated. This allows filtering the influence of these 

factors out of the measurements, so that only relevant information remains (relative 

difference maps). All of the factors (geometry, moisture, salts) influencing the geo-electrical 

measurements, are called disturbance factors by her.        

 

Dr. Venderickx states that it is impossible to simulate the influence of disturbance factors on 

geo-electrical measurements without calibration. (This thesis will slightly nuance this 

statement in Chapter 5). The calibration method developed by K. Venderickx is a general 

method that can be applied for a large number of influence parameters: moisture, salts and 

different types of materials. Depending on which parameters there are in the structure that 

has to be investigated, this method will determine their influence on the resistivity of the 

material. Given that there are many influence factors for the restoration of masonry 

structures, a generally applicable method has been opted for. As an example, the calibration 
method has been applied in order to determine the influence of the moisture content on the 

resistivity of the material.      
 

The investigation showed that geo-electric investigation on masonry is not possible without 
performing core drillings. The decision-making always has to be controlled by core drillings. 

By using the relative difference maps, the number of core drillings can however be reduced 
to a minimum, due to what the damage to the structure can be limited. This is evidently and 

corresponds with standard practise when performing geo-electrical measurements in 
geophysics.  

 
 

 
 

 
 



Chapter 2: Geo-electrical techniques as a NDT for masonry 

 25 

2.2.3 Other contemporary research on geo-electrical techniques for 

masonry 

An extensive search in literature showed very little applications of geo-electrical 

measurements on masonry. Only two researchers, who have tried to apply the technique on 

masonry, could be found. Both are Italian geophysicists.  

 

The first researcher, who attempted a survey on masonry, is Marchisio. In (Marchisio et 

al., 2003) he describes a survey in which he performs geo-electrical tomographies (similar to 

what will be described in paragraph 2.3), carried on the ground to estimate the foundations 

depth of the external walls of Vicopisano, a small town near Pisa (Italy). Similar 

measurements in order to find the dimensions of the foundations of the Church of Saint-

Jacobs in Leuven (Belgium), have also been done under supervision of Keersmaekers and 

were reported in (Bernaerts and Moens, 2006). Marchisio tried an experiment, using a dipole-

dipole array, in which he looked for a niche at the backside of the external wall. It must be 

noticed that Marchisio did his experiments around 2002, simultaneously with the preliminary 

experiments that were done on the 12th century city wall “Handbogenhof” in Leuven 
(Belgium) by Keersmaekers (Keersmaekers, 2003; Van Rickstal et al., 2003; Keersmaekers 

et al., 2004). The aim was to find the buttresses at the rear side of this historical rampart, 
which is very similar to the first experiment by Marchisio. Marchisio (Marchisio et al., 2003) 

also did measurements with the pole-dipole and dipole-dipole arrays on the damaged section 
of the transept of the Duomo of Lucca (Italy). After these promising experiments, no more 

publications from Marchisio describing geo-electrical tomographies on masonry, have been 
published until the present day. 

 
Another Italian geophysicist who very recently applied geo-electrical measurements on 

historic buildings is Leucci. In (Leucci, 2006), he describes a survey combining ground 
penetrating radar and geo-electrical tomography to identify the cavity and fractures under the 

main Church in Botrugno (Lecce, Italy). The survey was specifically designed to investigate 
the weakened subsoil under the Church, but Leucci must have had the idea there to perform 

measurements on masonry, because shortly after this survey, he published about another 
measurement campaign (Leucci et al., 2007), in which he tried to assess the fractures in some 

columns inside the crypt of the Cattedrale di Otranto, using ground penetrating radar and 

geo-electrical tomography. He has concluded that the GPR method, in which he puts the 

receiver at one side and the transmitter at the other side, gives better results than the geo-

electrical tomographies. Unfortunately, he doesn’t take into account the difference in 
resolution expected from both GPR and geo-electrical setups. He puts the geo-electrical 

electrodes (in a dipole-dipole configuration) at one side of the columns and places those 
10 cm from each other. When he performs the GPR measurement, he places the receivers at 

an intermediate distance of 5 cm, and approaches the column from both sides, which 
logically results in a higher - and thus better - resolution. One should be careful with the 

interpretation of his conclusion, stating that GPR is better than geo-electrical tomography.  
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2.3 Practical use: Geo-electrical tomography - One-sided 

approach   

2.3.1 Measuring sequence 

It is clear that the closer the potential electrodes are placed to the current electrodes, the less 

deeply the potential lines penetrate the soil (wall) (see Figure 2.6). Consequently, the 
apparent resistivity that is measured that way, is representative for a small part of the subsoil. 

Practically speaking, this value ought to be connected to a particular point in the subsoil. A 
possible convention as also used by (Janssens, 1993; Venderickx, 2000) is the point on the 

intersection line of two straight lines, under an angle of 45° from the middle of respectively 
C1P1 and P2C2, as in Figure 2.11. Later on, a more legitimate convention for the assignment 

of a data point will be exposed in paragraph 3.2.2 of Chapter 3.      
 

 
 

 
 

Figure 2.11: Hypothetical convention for the assignment of an apparent resistivity value to a physical 

point of the substrate for the Wenner-Alpha, Wenner-Schlumberger, Pole-pole, Pole-dipole and 
Dipole-dipole electrode configurations. 

 

If it is desirable to obtain an image of the intersection (2D) of the subsoil (wall), several 

measurements have to be performed. These measurements should also cover a 2D-surface. 

Figure 2.12 shows the different measurements for a Wenner-alfa array with 20 electrodes. 

Each of these 20 electrodes can be used as C1, C2, P1 or P2. In a first measurement row, the 
distance C1P1, P1P2, P2C2 is a meter. 17 (20-3) measurements can be performed. If the 

distance between C1P1, P1P2, P2C2 is now increased to 2a, than the data point is also 
situated more deeply. In this measurement row, only 14 (20-2*3) measurements can be 

performed. This way, apparent resistivities are collected over the whole depth of the soil 
(wall). Notice that the number of measurements performed, decreases when going deeper.            
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In geophysics, equipment has been developed that automatically performs these 
measurements. One disposes of a composed cable connecting each electrode to a current 

source (C1 and C2) or a potential meter (P1 and P2), by using one of the composing cables. 
The measurements are automatically saved in a computer, in a format that is compatible to 

the software programme (see Chapter 4).     
 

 

 

Figure 2.12: One-sided approach; Wenner-alfa electrode configuration; subsequent measurements to 
construct a pseudo-section. 

     

The result of the measurements is called a pseudo-section. The pseudo-section is a visual 

representation of the section of the subsoil (wall) in apparent resistivity values. The software 

programme used in this thesis, will invert this pseudo-section into real resistivity values (see 

paragraph 2.4). In the past, the interpretation of the subsoil by means of the measured 

pseudo-section has often been made, with great risk of incorrect conclusions. This apparent 

section strongly differs in function of the array type that is used. Also in the work of Hilde 

Janssens (Janssens, 1993) and Katleen Venderickx (Venderickx, 2000), conclusions based on 

apparent resitivity maps, without inverting the data, were drawn.          

2.3.2 Type of electrode: polarization and self-potential 

The measurements made on masonry walls in (Janssens, 1993; Venderickx, 2000; 

Keersmaekers, 2003) showed some inherent phenomena that occurred during the data 
acquisition. There was, for instance, the polarising effect of the electrodes, the capacitive 

effect of the wall, inducing self-potentials, and the difficulty to send current into the wall. 
These phenomena occur because direct current (DC-current) is used and because the wall is 

possibly somewhat statically loaded due to the wind. Also the presence of salts, dust or 

soiling can lead to a difference in electro-negative value between the different wall parts, 

causing a potential difference.  
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From an electrochemical point of view, one could reduce these phenomena to the occurrence 
of an electrode potential when measuring on an electrode. It is assumed that the influence on 

the measurement is roughly of the same order for every electrode. The effect of this 
electrochemical phenomenon is therefore relatively the same for every measurement. In 

paragraph 4.2.6.3, a numerical procedure is suggested to remove this influence from the 
measured data. It must be stated here that there is probably some interesting information 

about the substrate to be found in this phenomenon, but no research has been done on this 
during this thesis. It is assumed that information about the presence of salt for example, could 

be detected this way.   

  

In order to prevent the electrode polarisation as much as possible, Non-polarisable electrodes 
have been used in (Janssens, 1993; Venderickx, 2000), which were composed out of a copper 

current wire, wound in cotton soaked with a saturated copper sulphate solution and placed in 

a plastic tube. This way, a good contact with the structure is also obtained.  

 

As already indicated, the capacitive loading (i.e. induced polarization) is generated by the 

fact that the supplied current is a direct current. This means that the self-potential should be 

taken into account. This is the potential difference measured without switching on the current 

source. The self-potential that in practice appears to be constant or linear with the time 

(Janssens, 1993; Venderickx, 2000; Keersmaekers, 2003) superposes itself with the direct 

current on the potential difference that we actually want to measure. By iterating each 

measurement two times, each time with an inversed current direction, the influence of the 

self-potential can be eliminated. The situation of Figure 2.13 is than obtained.         

 

 

Figure 2.13: Superposition of the potential difference and the self-potential. 

 

∆V1, ∆V2, ∆V3 is what is measured, and ∆V1 - s.p., ∆V2 + s.p., ∆V3 - s.p. is what we would 

like to measure. By mathematically elaborating the equation of a straight line (assumed for 

the self-potential), a formulation for the potential difference ∆V is obtained (Janssens, 1993):       

 

4

.2 321 VVV
V

∆+∆−∆
=∆        (2.18) 
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According to (Dahlin, 2000), it is necessary to avoid adverse effects on data quality when 
measuring with a multi-electrode system. One must consider effects like self-potentials, as 

well as other noise sources such as telluric currents, induced polarization effects, electrical 
power lines, etc. Besides using a proper plus-minus-plus type of measurement cycle, it is 

important to design the measurement sequence so as to avoid making a potential 
measurement with an electrode which has too recently been used for transmitting current in 

the substrate. Dahlin (Dahlin, 2000) proposes a measurement sequence as shown in       
Figure 2.14. At the top, the measurement sequence for a Wenner-Alpha array is given which 

potentially leads to electrode polarization. At the bottom of Figure 2.14, the measurement 
sequence for a Wenner-Alpha array is given, which reduces the chance of electrode 

polarization. 
 

 

Figure 2.14: Top: Measurement sequence for a Wenner-Alpha array which potentially leads to electrode 

polarization; Bottom: Measurement sequence for a Wenner-Alpha array, which reduces the chance of 
electrode polarization (Dahlin, 2000). 

 

Beck (Beck, 1981) states that induced polarization (IP) does not cause problems when the 

polarity is reversed quickly enough, in order to prevent the electrode polarisation    
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(cfr. Figure 2.13). With the commercially available equipment (as used later on in the thesis, 
see Chapters 5 and 6), it is possible to measure at a speed of 10 Hz, and because of this, the 

IP-effect does not have the time to build uo itself and the measurement will be performed as 
if no IP-effect is present. In fact, one can state that the application of a DC-block wave, 

changing with a frequency of 10Hz, is actually an AC-current (Alternating Current) block 
wave which deals with the mentioned disadvantages that are typical for pure DC-

measurements. For the measurements as performed in (Janssens, 1993; Venderickx, 2000; 
Keersmaekers, 2003), this has often been a problem, due to the low measuring speed (i.e. low 

frequency of alternating the current).                
 

For the current electrodes, it can be concluded that the necessary potential (in order to be able 
to inject enough current) is reduced by improving the contact surface between electrode and 

structure. Next to this, it is regularly necessary to moisture the contact surface to improve the 

contact. If this still appears to be insufficient, it is advisable to add an electrolytic gel or salt 

to the water. Salt solved in water, increases the number of free electrolytes, which improves 

the conductivity. An electrolytic gel can make the water more viscous, due to what it does 

not seep in the structure just like that.    

 

In this thesis, nails are used as electrodes. Research (Dahlin, 2002) has shown that the type of 

the electrodes for DC- measurements has a negligible influence on the measurements. 

Especially when the measurement sequence as represented in Figure 2.14 is applied, the 

electrode polarisation is less probable. The manufacturer of the used equipment 

(Abem, 2006) comfirms that the use of non-polarisable electrodes is superfluous for DC 

resistivity measurements.      

2.4 Inverse modelling - One-sided approach  

During the numerical inversion we will be iteratively searching for a model (read: a 

resistivity or conductivity distribution σ(x,z), as will be clarified in paragraph 2.4.1), 

providing the same apparent resistivity distribution (read: pseudo-section as defined in 

paragraph 2.3.1), by means of the forward modelling, as the pseudo-section measured in situ. 

Forward modelling is therefore a crucial part of the inversion process and will be discussed 

in paragraph 2.4.1 and appendix A. Paragraph 2.4.3 will focus on the inverse modelling 

itself.    

2.4.1 Mathematical background of forward modelling  

From the previous paragraph 2.3, it was already clear that the measured pseudo-section 
(apparent resistivity values) does not correspond to the real resistivity distribution of the 

substrate. The aim of inverse modelling is the inversion of the measured apparent resistivities 
to real resistivities of the substrate. Forward modelling will be a crucial step in the inversion 

process. Forward modelling is necessary to calculate the apparent resistivity values, as would 
be measured given a particular distribution of the resistivities in the substrate. As already 

stated in paragraph 2.1.1, the problem of forward modelling can be translated into finding a 
solution for equation (2.5). 
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This is a second-order differential equation and can be solved in two ways. The first method 

is analytical. This method is the most accurate, but is not usable for more complex resistivity 
distributions. The analytical method can only be used for relatively simple cases (for example 

as the one discussed for a homogeneous half-infinite medium in paragraph 2.1.2).      
 

Numerical methods are the only alternative for more complex problems. A first numerical 
approach of the forward modelling problem was already formulated by Dey and Morrison at 

the end of the seventies. For a more detailed mathematical discourse of their proposed 
numerical solutions: see (Dey and Morrison, 1979). Their method is based on finite 

differences. Only the principle of the method is briefly discussed in appendix A.1. Silvester 
and Ferrari (Silvester and Ferrari, 1990) gave a strong impulse to the introduction of finite 

element methods in the science of electricity, for solving field problems. The formulation of 
the forward modelling problem using finite elements (matrix equations), is discussed in 

appendix A.2 and is based on first-order triangular elements.  

2.4.2 Software used to calculate the forward model 

Today there are two important commercial software packages available on the market to 

invert pseudo-sections. These are the programmes “Resix2Di” and “Res2Dinv3”. The 

mathematical background of both programmes is the same and is elaborated in paragraph 2.4 

(see before) and paragraph 2.4.4 (see hereafter). Res2Dinv was chosen because this software 
was available from the Geophysics Department of the KULeuven. It is a Windows-

programme.  
 

Moreover, also the freeware programme “Res2Dmod” is available. Res2Dmod calculates the 
response (pseudo-section) of a given 2D-distribution of resistivities in the subsoil. It is very 

useful to evaluate different arrays and to design surveys that way. Figure 2.15 (Top) shows a 
model of a wall, as will be set up in Chapter 4. It represents a typical historical masonry 

structure, built up out of two outer leafs connected by a mortar - brick stone mixture. In the 
centre of both outer leafs, a cavity is situated. The programme Res2dmod has, by means of 

finite differences (finite elements are also possible), calculated the response of this resistivity 
distribution for the dipole-dipole configuration in this case. The result of this forward 

modelling can be seen on Figure 2.15 (Middle).      
 

Notice that the space behind the wall in the model is represented by a high resistivity (the 
green colour on Figure 2.15, Top). The response can be saved in a format that is read by the 

inversion programme Res2Dinv. The result of the inversion by means of the response is 

represented at the bottom of the figure (Figure 2.15, Bottom). The cavity and the upper outer 

leaf can be observed in the inversion result. The lower outer leaf is more difficult to observe. 

As will appear later on, the resolution strongly decreases in function of the depth. The 

method described above, is the one on which the simulations of Chapter 4 are based.         

                                                   
3 www.geoelectrical.com 
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Only inverse modelling enables to reproduce the resistivity distribution in the masonry 
structures, which originates in the obtained pseudo-section. Drawing conclusions based on 

the measured pseudo-section, will not show the presence of the outer leaf and the central 
cavity (Figure 2.15, Middle). The programme Res2Dinv is actually the most commonly used 

and most user-friendly inversion software, based on finite element techniques for geophysical 
surveys. The mathematical background of the iterative inversion process is explained in the 

next paragraph 2.4.3. 
 

Finally, it must be remarked that the results of forward modelling (see also appendix A) are 
potential values and not apparent resistivities. When the injected current and the geometric 

factor G are known, the calculated pseudo-section can be represented graphically, i.e. the 
calculated data from the model can be assigned to specific spatial locations. This means that 

the inversion of the data can also be done by using only the calculated potential values (in 

case the injected current is assumed to be constant, i.e. 1 A).  

 

 
Model, the cavity and air behind the wall are given a resistivity of 10000Ωm 

 
Calculated pseudo-section using dipole-dipole array 

 
Inversion result 

Figure 2.15: Top: model of a 40 cm thick historic masonry wall built up by using an inner and outer layer 

of natural stone filled with a rubble core and a cavity in the middle; Middle: calculated pseudo-section 
using dipole-dipole array. Notice that the outer leaf and central cavity are not visible; Bottom: Inversion 

result, notice that the outer leaf and central cavity become visible after inversion. 
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2.4.3 Mathematical background of the iterative inversion process 

It was already stated that the forward modeling is an essential part of the inversion problem. 

During the inversion process, an iterative procedure will search for a model (i.e. a resistivity 

or conductivity distribution σ(x,z)) with the same apparent resistivity distribution (i.e. 
pseudo-section as defined in paragraph 2.3.1), calculated with forward modelling, as the in-

situ measured pseudo-section. How this is mathematically done, is briefly presented here. 

See (Dey and Morrison, 1979; Ellis and Oldenburg, 1994; Geotomo, 2002; Inman, 1975; 

Lines and Treitel, 1984; Loke and Barker, 1995; Loke and Dahlin, 1997; Loke, 2006) for 

more information about this particular inversion problem.  

 

The model is an idealized mathematical representation of the substrate (i.e. the subsoil or the 

masonry wall). The calculated pseudo-section of this model through forward modelling is 

called the response. If the response of the model correlates with the measured pseudo-

section, then this model is regarded as representative for the real resistivity distribution of the 

substrate. This correlation is expressed by the RMS-value, i.e. Root Mean Square-value. The 

inversion software defines the RMS-error as well as the relation, in terms of percentage, of 

the RMS-value with respect to the measured dataset.  

 

The model is defined with a number of variables. The cross section is divided into a 

rectangular grid. Every block-shaped cell can be given a resistivity value. All possible 

optimization procedures adapt the initial model until the response correlates with the 

measured data. The following mathematical reasoning is a summary of what mostly can be 
found in (Loke, 2006). 

 
The measured data can be represented in a vector or column matrix Y, with the following 

shape: 
 

 [ ]T

myyyY ,......,, 21=           (2.19) 

 

In equation (2.19) m stands for the total amount of measurements. Analogously, the response 
F is defined as: 

 

 [ ]T

mfffF ,......,, 21=          (2.20) 

 

The model itself is defined within the vector Q: 
 

 [ ]T

nqqqQ ,......,, 21=         (2.21) 

 

The total number of model parameters is defined by n, ranging from j = 1...n. The value qn 
stands for the resistivity of model block n. The discrepancy vector G gives the difference 

between the model response and the observed data: 
 

 [ ]T

mgggFYG ,......,, 21=−=       (2.22) 

 



Chapter 2: Geo-electrical techniques as a NDT for masonry 

 34 

In a least-square optimization, the initial model is adapted until the sum of squares of the 
differences between response and measured data E, becomes minimal: 

 ∑
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2.         (2.23) 

 
An overall remark that should be made here, is that the condition number of this problem is 

not optimal. This is because in many cases (i.e. most inversions), the number of 
measurements m is lower than the number of model parameters n. This results in a higher - 

and thus worse - condition number (Teughels, 2003). When n > m, the solution of the 
problem is not unique, meaning the condition of the problem is not optimal. Numerically 

speaking, it is better to raise the number of measurements m with respect to the number of 
model blocks n. In practice, it will be shown in paragraph 5.2.1.2.2 that raising the number of 

data points (i.e. measurements m) does not always lead to a better inversion result.  
 

• The primary problem when performing inverse modelling, is the procedure used to 
adapt the model parameter Q, so that (2.23) keeps getting smaller. For that purpose, 

the following Gauss-Newton equation is used (perturbation vector ∆Q) to determine 

the necessary change of the model parameters, so that the sum of squares E gets 

smaller and smaller each time it is iterated (Lines and Treitel, 1984). 
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The iteration step is defined by k. J is the Jacobian (m × n) of the partial derivatives. 
Each element is given by the following formula: 
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(2.21) gives the change of the model response vector Fk of the k

th-iteration, as a 

consequence of the j
th
- model parameter. The Jacobian must be calculated at each 

iteration. The perturbation vector ∆Qk is then calculated out of (2.24) and 

subsequently, the new model parameter vector Qk+1: 
 

 
kkk QQQ ∆+=+1

          (2.26) 

 

• Equation (2.24) is not often used in practice, because the matrix product J
T
.J is 

sometimes almost singular. This can happen when the initial model is not properly 

chosen. This leads to unrealistic values of the perturbation vector ∆Q. A first solution 
for this problem is the so-called Marquardt-Levenberg modification to the Gauss-

Newton equation (2.24) (Lines and Treitel, 1984). 
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I is the unity matrix and λ is called the Marquardt damping factor. The change of the 

perturbation vector ∆Qk becomes restrained by the importation of this damping factor, 

so that unrealistic values for the model parameters are avoided. This method gives 
good results when the model is constrained through a restricted number of model 

parameters. This is for example the case when 1D-inversions are done. This means 

that only the variation of the conductivity σ in horizontal layers can be calculated. 

The conductivity σ is only function of z when 1D-inversions are used for 1D-geo-

electrical data sets. A 1D-data set is measured by keeping the centre of an array on the 
same spot and by increasing the electrode distance; the measurements are 

representative for horizontal layers of the subsoil, which are located deeper and 

deeper.  

 

• In the case of 2D- and 3D-inversions [respectively σ(x,z) and σ(x,y,z)], there are a lot 
of model parameters required. In those situations, it is again possible to calculate 

unrealistic differences between the biggest and smallest resistivity values. To improve 
this problem, the so-called smoothness constrained least-square method is used (Ellis 

and Oldenburg, 1994). This extension on the Gauss-Newton equation leads to a 
smoother transition of the resistivity values. This way, sudden resistivity differences 

are avoided.   
 

 
k

T

k

T
QSGJQSJJ ...)...( λλ −=∆+       (2.28) 

 

In (2.55)
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Cx, Cy and Cz are called the smoothing for respectively the x- y- and z-direction. The 

coefficients αx, αy en αz are the relative weights, given to the smoothing filters in the 
x- y- and z-direction. A much used formulation of the smoothing filter matrix is the 

first order differential matrix: 
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It must be noticed that equation (2.28) is only appropriate when the real resistivity 
distribution in the substrate (subsoil) is smooth too. For geo-electrical surveys in 

estuaries of rivers, this is mostly the case.   
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• In the case of geo-electrical surveys, trying to look for voids in a masonry wall for 
example, there are sharp transitions in resistivity between the different parts of the 

wall. In that case, it is better to use the robust variant of the Gauss-Newton method. 
This way, sharp transitions are more likely to appear in the model. This will be shown 

in Chapter 5 of this thesis.   
 

Equation (2.30) will restrain the absolute variations of the resistivity values of the 
model, in contrast to equation (2.28), which constraints the relative resistivity 

variations (smooth transition between the resistivities of the model). An iterative 

method, taking into account this restrain of the absolute variations, can be found in 

(Wolke and Schwetlick, 1988).    
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Rd and Rm are extra weighing matrices, which make the algorithm more robust for 

sharp variations of the model.   

 

Finally, a remark is made about the Jacobian J [equation (2.25)], which needs to be 

calculated for each of the above optimization procedures:  
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Expression (2.25) gives the change of the model vector Fk of the k
th

 iteration, due to the 
change of the j

th
 model parameter. A drawback of the above methods, based on Gauss-

Newton optimization, is that the Jacobian must be calculated for each iteration, which is very 
time-consuming. A technique to reduce the calculation time, is to estimate the Jacobian for 

each iteration (Loke and Dahlin, 1997). This method is called the quasi-Gauss-Newton 
algorithm. Firstly, the Jacobian is calculated for the homogeneous earth model. This can be 

done analytically, due to the simplicity of the problem (paragraph 2.1.2). This Jacobian is 
then used in the first iteration. After every iteration, a new Jacobian is estimated according to 

the following equation: 

 

 T

kkkk QUJJ ∆+=+ .1
        (2.31) 

 

In (2.58) 
k

T

k

kkk

k
QQ

QJF
U

∆∆

∆−∆
=

.

).(
  and  

kkk FFF −=∆ +1
 

 

Jk+1 is the estimated Jacobian for the (k+1)th iteration.  Fk is the response of the model and 

∆Fk is the change of the model response for the (k+1)
th 

iteration. The convergence speed of 

the quasi-Gauss-Newton method is slightly slower (a few more iterations are needed), but 

each iteration requires much less calculation time.  
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2.4.4 Software used to calculate the inverse model 

2.4.4.1 Basic principle 

The Res2Dinv programme works as follows. First of all, a data file with apparent resistivities 

is read in. This file can consist of really in situ measured apparent resistivities, but can also 

consist of artificial data for simulation purposes. In this last case, for instance, it is possible to 

create a data file by means of Res2Dmod in order to invert the response of a known model, to 

verify if the considered array and inversion parameters are able to reconstruct the model after 

inversion (as in Figure 2.15). When the inversion is started, the programme subdivides the 

substrate into rectangles - there is also an option to choose triangular elements - serving as 

the base for the finite elements or finite difference forward modelling (see appendices A.1 

and A.2). Figure 2.16 gives an example of a start distribution (mesh) of the subsoil for the 

inversion of a geo-electrical survey.        

 

The aim of the programme is now to attribute a resistivity value to all the blocks in the 
model, so that its response (calculated pseudo-section based on this model) corresponds to 

the really measured pseudo-section. The mathematical inversion method can be chosen, as 
discussed in detail in paragraph 2.4.4.2 (robust inversion, standard inversion ...). Look, for 

instance, again at Figure 2.15. The model here was a typical historical masonry structure 

consisting of two outer leafs connected by a mortar-brick stone mixture. In the centre of both 

outer leafs, there is a cavity. At first, the response of this model has been calculated by means 

of Res2Dmod. This response has been saved in a format that can be read in the inversion 

programme. The result after three iterations clearly shows that the cavity can be found in the 

inversion, but that this cavity can not be found in the pseudo-section. This emphasizes the 

need to use inversion software. In the next point, the different options offered by the 

programme, will briefly be discussed. Interested readers can find additional information in 

the manual of the programme (Geotomo, 2002).                            

 

 

Figure 2.16: Res2Dinv model blocks for the inversion of the measured pseudo-section of the dipole-dipole 
survey, performed on the columns foundation masonry wall of Our Lady’s Basilica at Tongeren (see 

paragraph 6.1). 
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2.4.4.2 Parametric study 

An elaborate parametric study of the inversion software can be found in the tutorials of the 
programme Res2Dinv (Geotomo, 2002). A good understanding of the influence of the 

different parameters on the inversion process is very important. Only some important 
recommendations for the inversion of data coming from masonry structures, are summarized 

here.    
 

• Fixation of resistivity values in the model before inversion. 

 

Suppose that the resistivity value of a particular area of the substrate is known. For example, 
when the thickness of the wall is measurable. This way, the possibility exists to use the 

commercially available software (based on the assumption of a half-infinite medium, the 
subsoil) to perform inversions on data obtained on masonry. The inversion can be improved 

by defining a high resistivity, representative for the air, behind the thickness of the wall.     

 

• Robust data inversion. 

 

As already mentioned in paragraph 2.4.3, it is better to use the robust variant of the Gauss-

Newton method when sharp transitions of resistivity values are expected. This is so in the 
case of masonry structures where the aim is to look for voids or deteriorated areas, which 

manifest themselves as high resistivities when filled with air, or very low resistivities when 
filled with moisture. By using the robust Gauss-Newton inversion method, we accentuate the 

sharp transitions in resistivity between the masonry and the anomalies.   
 

• Model refinement 

 

The default approach of the software consists of the division of the starting model in blocks 

(mesh) of the same size as the electrode distance. This means that the resolution is of the 
same magnitude as the electrode distance. In (Geotomo, 2002), it is stated that it is better to 

refine the starting model in cases where strong resistivity gradients are expected (as in the 
case of deteriorated masonry). By doing so, we will increase the resolution of the inversion 

result. Notice that refining the model blocks (mesh) will not lead to an equal resolution 
increase, because the measured data (i.e. the pseudo-section) are not changed by this mesh 

refinement.    
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2.5 Practical use: Cross-borehole tomography - Two-sided 

approach   

2.5.1 Philosophy 

The resolution of geo-electrical investigation, performed with electrodes on the ground 

surface (geophysics) or by placing the electrodes on one side of the wall (one-sided 
approach), is exponentially reducing in function of the depth. This is a fundamental physical 

restriction that can not be resolved by the reconfiguration of the surface arrays or by the 
computer modeling. Therefore, in geophysics a method has been developed in order to obtain 

a better, constant resolution when going deeper. This happens by performing measurements 
with electrodes in boreholes, so that the electrodes are closer to the structures that have to be 

investigated. This approach is generally known as the “cross-borehole” research.      
 

Cross-borehole investigation is performed less frequently than surface investigation, leading 
to the fact that there are no standard solutions for the electrode configuration now. However, 

the inversion programme Res2Dinv can handle measurement data collected according to this 

cross-borehole technique (i.e. inversion). This option in the programme is meant for 

investigations at an undeep level, in which the electrode configuration is placed in a 

particular pattern (Sasaki, 1992). Here also, the measurements are handled according to the 

inversion principle into a resistivity model that is representative for the cut that has been 

found and of whose response (forward modelling) matches as well as possible with the 

measurements. Another advantage is that the data points are evenly spread over the cross 

section (see paragraph 2.5.2), contrary to the one-sided approach where the number of data 

points diminishes according to the depth. This not only results in lesser information 

(decreasing resolution according to depth), but also in the fact that a smaller part of the wall 

is examined (see Figure 2.12).      

 

In this thesis, it is investigated whether this technique can be successfully applied on walls. It 

is namely possible in many cases (in case the wall is accessible from both sides) to provide 

the wall with electrodes at both sides. The inversion result will have a much better resolution 
than when measurements are performed on only one side of the wall. An additional 

advantage is that such a survey can also be automated.        

2.5.2 Electrode setup 

The basic configuration of the electrodes demonstrated in Figure 2.18 is suitable for this 

investigation. In this work, no vertical boreholes are used, but a horizontal line is plotted on 

both sides of the historic masonry, on which the measurements are performed               

(Figure 2.17, Right). During measurements, the surface electrodes used in the cross-borehole 

investigation can usually not be placed on walls (excepted on door and window openings). 

Yet, dummies should be introduced in the data files for these surface electrodes, so that the 

measurement can be inverted.   

 

The electrodes are spread in three sets: the surface electrodes, the electrodes in borehole 1 

and those in borehole 2. It is supposed that the boreholes do not have a metal casing able to 
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seriously influence the pattern of the current. Res2Dinv divides the subsoil in a number of 
quadrangular blocs, so that the dimensions of the blocks are equal to the distance between the 

electrodes (Figure 2.18, left). The position of the surface and borehole electrodes determine 
this division. We can choose a model in which the dimension of the blocks is half of the 

electrodes distance (Figure 2.18, right). In some  cases, this can seriously improve the 
inversion results (Sasaki, 1992). In theory, it is possible to divide the subsoil in smaller 

blocks, but given that the resolution of electric measurements quickly decreases according to 
the distance of the measurement electrodes, it is improbable that the results will substantially 

improve.                 
 

 
 

Figure 2.17: Left: Cross-borehole electrode setup for surveying the subsoil; Right: Cross-borehole 

electrode setup for surveying a wall. Notice the dummy electrodes that replace the surface electrodes. 

  

Figure 2.18: Left: Default model, the dimension of the model blocks is equal to the electrode distance; 

Right: refined model, the dimension of the model blocks is half of the electrode distance.   
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3 Adaptation of geo-electrical techniques to masonry 

 

 

When geo-electrical techniques are applied on masonry, not only some adaptations have to 

be made to the hard- and software, but more importantly, there must be some thorough 

theoretical and numerical investigation done to predict which arrays and configurations will 

give the best results for the boundary conditions related to masonry. The technical problems 

related to the hardware will be dealt with in Chapter 4. In paragraph 2.4.3.2., some important 

recommendations for the inversion of data coming from masonry structures were 

summarized. A good understanding of the influence of the different parameters on the 

inversion process (i.e. inversion software) proved very important. 

 
Paragraph 3.1 of this chapter focuses on the difference between subsoil investigations versus 

measurements on masonry. This will be done for both the one-sided (paragraph 3.1.1) and 
two-sided approach (paragraph 3.1.2). In paragraph 3.2, some suitable electrode arrays for 

masonry, based on theoretical considerations, will be suggested. These theoretical 
considerations will then be verified using numerical models in paragraph 3.3. Analogously to 

the one-sided approach, paragraph 3.4 will discus suitable electrode arrays for masonry for 
the two-sided approach, based on theoretical considerations. Finally, in paragraph 3.5, some 

requirements regarding the on-line follow up of grout injections with the geo-electrical 
technique are stated.   

3.1 Difference subsoil versus masonry 

3.1.1 One-sided approach 

As mentioned before, the geo-electrical resistivity method is successfully applied in geology. 

When applying the measurement method on historical masonry, modified boundary 
conditions should be considered.      

 
In geology, surface measurements and their processing are based on a half infinite massif. 

For a verticular wall, the height and width can, in most cases, be considered as infinite. While 
the width and height of the wall is extended, its thickness is, however, mostly restricted. That 

causes an other current line and potential development than in case of a half infinite structure.           
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Ansys enables to construct a model out of which the potential differences can be deduced 
(through finite element calculations). Two models with the same characteristics are drawn. 

The first one is 2 m thick, the second one 20 cm (Figure 3.19). Within the limits of the 
model, a homogeneous resistivity of 30 Ωm is used. The injected current is 1 A. For the 

electrodes, a distance of 10 cm is applied.         

 

Figure 3.19: Top: Equipotential surfaces (lines) in a 2 m thick wall with a homogeneous resistivity 

distribution of 30 Ωm. The electrical field is caused by the injection of a 1A current (using C1 and C2).  

Bottom: Equipotential surfaces (lines) in a 20 cm thick wall with a homogeneous resistivity distribution of 

30 Ωm. The potential scale at the bottom is in Voltage. The electrical field is caused by the injection of a 
1A current. Notice that the potential difference between P1 and P2 is bigger when the structure is more 

finite (20 cm thickness), showing the influence on the measurement of the limited geometry (thickness) of 

the wall. These models were developed using the finite element software program Ansys. Notice that only 
the first five electrode positions are shown. 

 

The apparent resistivity is calculated by means of formula 2.16. The results in Table 3.2 

show that the apparent resistivity of the model with a thickness of 2 m, which approximately 

matches with a half infinite model, fits rather well to the correct value of 30 Ωm. In case of 

the model with a thickness of 20 cm, however, the deeper measurements will also be 

influenced by the infinite resistivity of the air at the back. This causes the apparent 

resistivities to be 2.5 times as higher than in case of the infinite one. This influence can 

already clearly be noticed in case of the depths of investigation (see Table 3.2) smaller than 

20 cm.         

 

The depth of investigation as given in the last column of Table 3.2, is calculated according to 

the philosophy explained hereafter (see paragraph 3.2.2). The higher the distance between the 

electrodes, the deeper the influenced zone of the substrate, which determines the apparent 
resistivity value.  
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Electrode position Apparent resistivity (Ωm)  

C1 C2 P1 P2 thickness 2 m thickness 20 cm depth (m) 

1 2 3 4 30.01506 28.94632 0.0416 

1 2 4 5 30.14738 29.91317 0.0697 

1 3 5 7 30.24501 32.94159 0.0832 

1 2 5 6 30.34258 34.61757 0.0962 

1 2 6 7 30.56286 42.30734 0.1220 

1 4 7 10 30.56126 45.19399 0.1248 

1 3 7 9 30.70609 49.15341 0.1394 

1 2 7 8 30.82497 51.70860 0.1476 

1 5 9 13 30.90287 61.23504 0.1664 

1 2 8 9 31.10769 61.96553 0.1730 

1 3 9 11 31.22896 70.11545 0.1924 

1 2 9 10 31.37259 72.57596 0.1983 

1 6 11 16 31.18459 78.42423 0.2080 

1 2 10 11 31.59148 83.21860 0.2236 

1 3 13 15 31.65881 111.3558 0.2952 

Table 3.2: Finite versus infinite structure; C1: first current electrode; C2 second current electrode; P1: 

first potential electrode; P2: second potential electrode; Notice that the apparent resistivity is bigger then 

the expected 30 Ωm for the thin wall (20 cm), showing the influence on the measurement of the limited 
geometry (thickness) of the wall. 

 

Due to the finite dimensions, the measurements close to the edges will show strongly 

deviating results. Therefore, images close to sudden structure transitions can not be blindly 

interpreted. While handling the measurement results, the influences of the fact that the 

structure is finite should be filtered out in order to detect locations with a ‘really’ abnormal 

resistivity. This has already been mentioned in (Venderickx, 2000).      

3.1.2 Two-sided approach 

Because in case of a cross-borehole measurement in geology, the electrodes are completely 
situated in the soil, they will have a current line pattern looking differently than when the 

electrodes are situated in the contact surface air/material. In case of a cross-borehole 
measurement on a wall, there is still less material to conduct the current like in a massif. That 

is why the current lines should be closer to one another. If the current lines are closer to one 
another, the equipotential surfaces are consequently closer to one another, and that explains 

why the potential differences are bigger. Because the resistivity is directly proportional to the 

potential differences, the resistivities will seem higher after an inversion.               

 

Concerning the cross-borehole measurements, only the dipole-dipole set-ups have been 

investigated (See paragraph 3.4). The two considered set-ups are: C1C2P1P2 and C1P1C2P2. 

The following figure (Figure 3.20) shows a qualitative image of the deviations.     
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Figure 3.20: Current lines for dipole-dipole cross-borehole measurements; a: massive substrate (subsoil) 
C1C2-P1P2; b: wall C1C2-P1P2; c: massive substrate (subsoil); d: wall C1P1-C2P2 

 

- dipole-dipole C1C2-P1P2 

Figure 3.20a shows the current line pattern of a measurement in a massif. Because both 

current electrodes are completely surrounded by material, a symmetrical streamline 
pattern will be constituted.  

 
Figure 3.20b shows a current line pattern of a measurement on a wall. Now, all of the 

current lines can only be sent along one side. Because twice as much current has to 
stream along one side, the current lines and the potential lines are situated twice as close 

to one another. Therefore, the measured potential values will become twice as high. On 

the side of the potential electrodes, the current can not go farther than the wall limits. The 

potential differences will become still higher because of this. In case of numerical 

inversions, which make calculations according to geologic boundary conditions, we may 

expect resistivities more than twice as big as the real resistivities. 

 

- dipole-dipole C1P1-C2P2 

Figure 3.20c shows the current line pattern of a measurement in a massif. A difference 

with the previous measurement set-up, is that most of the current will now stream 

through the area between the two boreholes. The current lines outside this area are indeed 

situated very far away from one another. 

 

Figure 3.20d shows the current line pattern of a measurement on a wall. Now, all the 

current lines have to stay inside the wall limits. This adaptation does, however, not imply 
important modifications of the streamlines, given the fact that only a restricted amount of 
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current streamed out of the two boreholes. Consequently, the measured potential 
differences will be slightly higher than expected, but the deviation is not important at all. 

If the inversion of these measurements is executed with the existing software  
(Res2Dinv), a relatively correct resistivity image will be obtained.       

 
Although the second configuration (i.e. C1P1-C2P2) can be used without adaptations, the 

inversion process will have to be adapted for the first one. Still, besides the second 
configuration, we will continue to work with the C1C2P1P2-electrode configuration for 

practical reasons, explained in detail in Chapters 4 and 5.    

3.2 Suitable electrode arrays for masonry: theoretical 

considerations for the one-sided approach 

Not all the electrode arrays are suitable for geo-electrical measurements on masonry 
structures. With the use of sensitivity functions, as defined in paragraph 3.2.1, it is possible to 

exclude some electrode arrays from a theoretical point of view. These functions also give a 
well argued way to assign an apparent resistivity value to a physical point in the cross section 

of a pseudo-section (paragraph 3.2.2). The conclusions made after theoretical investigation of 
the sensitivity values (paragraph 3.2.3) will be verified by numerical simulations in 

paragraph 3.3. The most frequently used arrays are the Wenner-Alpha, the Wenner-
Schlumberger, the dipole-dipole and the pole-pole array. Parameters that influence the choice 

for a certain array are the following: 

• Depth of the influenced zone 

• Sensitivity for horizontal and vertical changes in resistivity 

• Horizontal data coverage 

• Signal strength 

The first two parameters can be investigated in a theoretical way, using sensitivity functions.   

3.2.1 Sensitivity functions 

The sensitivity function gives the influence on a measured potential difference (at the surface 

of a substrate like the subsoil or a masonry massif) when the resistivity value of a block in 

the substrate changes slightly. The higher the sensitivity value, the higher the effect on the 

measured potential difference through the changing of the resistivity value of the block. This 

way, the limits of a certain measuring technique or a certain electrode configuration can be 

investigated. These sensitivity functions are known as Fréchet derivatives. An comprehensive 
article on the subject was written in 1990 by McGillivray and Oldenburg (McGillivray and 

Oldenburg, 1990). A sensitivity function is an analytical expression, based on the assumption 
of a homogenous earth model (half infinite space). In spite of this shortcoming, in literature 

this approach is assumed to correlate with reality (Loke, 2006). This last paper mentions an 
exception that when the resistivity distribution is complex, the real penetration depth can 

differ from the theoretical penetration depth, based on the sensitivity functions. 
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Consider the following simple example: 
 

 

Figure 3.21. Pole-pole array in half infinite homogeneous space. 

 

Figure 3.21 gives all the parameters necessary to determine the sensitivity function in the 

point (x, y, z), surrounded by an infinitesimal volume element dτ for the pole-pole 

configuration, where both electrodes are placed on the surface with a distance a. A current of 

1 Ampere is injected in C1, resulting in a certain potential value Ф in P1. The question is 
now how to determine the change δФ in P1, when the resistivity ρ in the infinitesimal 

volume element dτ changes slightly with δρ. In (McGillivray and Oldenburg, 1990) an 
equation for the change δФ is proved to be (verified by Loke and Barker, 1995): 
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It is assumed that the resistivity only changes in dτ and not in the rest of the half space. Ф’ is 

the potential value in C1, being the result of a current injection of 1 Ampere in P1. Applying 

equation (2.14) on this simple example, the following expressions for the potential values Ф 

and Ф’ can be found (with a current of 1 Ampere):  
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Differentiating (3.2) and (3.3) and substituting in (3.1): 
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The 3-D Fréchet derivative for the pole-pole array is the part of (3.4) within the integral. 
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Notice that (3.5) is only valid for a pole-pole electrode position with just one current 

electrode and one potential electrode. Analogously to the above approach, the formulation of 

sensitivity functions and Fréchet derivatives for other arrays can be made.  

3.2.2 Depth of investigation 

The depth of the influenced zone increases when the electrodes are placed further apart. A 

fundamental way to assign a certain apparent resistivity value (representative for the average 

resistivity of an influenced zone to a physical location in the substrate, is based on the 

defined 1D-Fréchet derivative of equation (3.6). Suppose that the substrate only exists of 

horizontal layers, meaning there is no resistivity gradient in the x- and y-direction. This is the 

case of a one-dimensional resistivity distribution, where the conductivity σ is only function 

of the z-direction. The formulation of the 1D-Fréchet derivative for this assumption consists 

of the double integration of equation (3.5) in respectively the x- and y-directions.    
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Calculation and simplifying equation (3.6) gives the following analytic solution: 
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Equation (3.7) is known in geophysics as the "depth of investigation characteristic".  This 

function (valid for the pole-pole array) is shown in Figure 3.22. 

 

 

Figure 3.22: Pole-pole 1D-sensitivity function. Note that the average depth of investigation is more then 
twice the depth of the maximum sensitivity. 
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Nevertheless, the 1D-sensitivity function is only valid for substrates with resistivity 
variations in the z-direction; they are considered as very important in geophysics for the 

estimation of the depth of investigation. Note that the maximum value of equation (3.7) is 
situated at approximately 0,35*a, with a the electrode distance. Figure 3.22 also shows the 

rapid drop in sensitivity when the depth increases. On the surface (depth zero), there is no 
sensitivity. Luckily, the surface can be investigated visually.   

 
The average depth of investigation is defined as the point on the 1D-sensitivity function, 

where the surfaces to the left and to the right of this point are equal in size. This means that 
the influence on the potential measurement at the surface of the substrate is equal in value as 

the zones under and above this particular point. This point gives an indication for the depth 
of investigation. In equation (3.7), this point is situated at a depth of 0.867*a from the 

surface. Table 3.3 (adapted from Loke, 2006) gives the ratio ze/a for the different frequently 

used arrays, with “a” as defined in Figure 2.7. The value of ze gives the average depth of 

investigation. The values given in Table 3.3 are calculated with an electrode spacing “a” of 

1 metre. The ratio ze/a has been calculated in two ways. First, the 1D-sensitivity function (i.e. 

1D-Fréchet) has been used to calculate ze/a (F1D). Secondly, the convention as mentioned in 

paragraph 2.3.1 (see Figure 2.11), has been used to assign an apparent resistivity value to a 

physical point in the substrate. This results in the values ze/a (45°), as can be found in      

Table 3.3. When the electrode distance “a” is known, the value of ze can be calculated. This 

way, surveys can be designed. The last two columns will be useful when the signal strength 

will be evaluated (paragraph 3.2.3). 

 

Also the ratio ze(45°)/ze(F1D) can be found in Table 3.3, giving the difference between both 

conventions. The following conclusions can be made: 

• For the Wenner-Alpha array, ze/a (45°) is 93 % deeper than ze/a (F1D).  

• For the Wenner-Schlumberger array, ze/a (45°) is 93 % deeper than ze/a (F1D) when 

n = 1. This diminishes when “n” increases, evolving to an average difference whereby 

ze/a (45°) is ± 40 % deeper than ze/a (F1D). 

• For the pole-pole array, ze/a (F1D) is 73 % deeper than ze/a (45°). In this case, the 

depth of investigation, derived from the 45° - convention, gives a shallower depth 
than when using the 1D-Fréchet derivative.  

• For the pole-dipole array, ze/a (F1D) is 4 % deeper than ze/a (45°) when n = 1. This 

increases when “n” increases, evolving to an average difference whereby ze/a (F1D) is 
± 40 % deeper than ze/a (45°). As in the case of the pole-pole array, the depth of 

investigation, derived from the 45° - convention, gives a shallower depth than when 
using the 1D-Fréchet derivative.  

• For the dipole-dipole array, ze/a (45°) is 140 % deeper than ze/a (F1D) when n = 1. 
This diminishes when “n” increases, evolving to an average difference whereby 

ze/a (45°) is ± 100 % deeper than ze/a (F1D).  

 

It must be noticed that the 1D-Fréchet has been derived by supposing that the substrate only 

consists of horizontal layers, meaning there is no resistivity gradient in the x- and y-
directions. One could question whether this convention is able to assign an anomaly to the 

correct depth in case of masonry massifs. This will be discussed in paragraph 6.1.3.5 for the 
case of the interpretation of the measurements done on Our Lady’s Basilica at Tongeren. 
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Array type ze/a (F1D)  ze/a (45°) ze(45°)/ze(F1D) Geometric factor Ratio 

Wenner Alpha          

  0.519 1.00 1.93 6.283 1.00000 

Wenner-Schlumberger          

n          

1 0.519 1.00 1.93 6.283 1.00000 

2 0.925 1.50 1.62 18.850 0.33333 

3 1.318 2.00 1.52 37.699 0.16667 

4 1.706 2.50 1.47 62.832 0.10000 

5 2.093 3.00 1.43 94.248 0.06667 

6 2.478 3.50 1.41 131.947 0.04762 

7 2.863 4.00 1.40 175.929 0.03571 

8 3.247 4.50 1.39 226.195 0.02778 

9 3.632 5.00 1.38 282.743 0.02222 

10 4.015 5.50 1.37 345.575 0.01818 

Pole-pole          

  0.867 0.50 0.58 6.283 1.00000 

Pole-dipole          

n          

1 0.519 0.50 0.96 12.566 0.50000 

2 0.925 0.75 0.81 37.699 0.16667 

3 1.318 1.00 0.76 75.398 0.08333 

4 1.706 1.25 0.73 125.664 0.05000 

5 2.093 1.50 0.72 188.496 0.03333 

6 2.478 1.75 0.71 263.894 0.02381 

7 2.863 2.00 0.70 351.858 0.01786 

8 3.247 2.25 0.69 452.389 0.01389 

Dipole-dipole         

n         

1 0.416 1.00 2.40 18.850 0.33333 

2 0.697 1.50 2.15 75.398 0.08333 

3 0.962 2.00 2.08 188.496 0.03333 

4 1.220 2.50 2.05 376.991 0.01667 

5 1.476 3.00 2.03 659.734 0.00952 

6 1.730 3.50 2.02 1055.575 0.00595 

7 1.983 4.00 2.02 1583.363 0.00397 

8 2.236 4.50 2.01 2261.947 0.00278 

Table 3.3: Geometrical factors and average depths of investigation (ze cfr. Fréchet F1D versus 45°) in 

function of the array type, “a” and “n” (adapted from Loke, 2006) with: “a” the distance between the 
potential electrodes, n multiplied with “a” is the distance between current electrode C1 and potential 

electrode P1 
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3.2.3 Theoretical analysis of the different arrays using 2D-sensitivity 

functions 

This paragraph gives a short overview of an elaborate study by Loke (Loke, 2006) on what 

most figures are also based on (Loke, 2006). These figures show the so called 2D-sensitivity 

images for different electrode arrays. They were calculated with a special feature in the 

Res2Dmod forward modelling software. This feauture calculates the 2-D sensitivity values 

for a homogeneous half-space for electrode arrays where the electrodes can be on the surface 

or underground (i.e. boreholes). The sensitivity pattern shows the areas of the subsurface 

which have the greatest influence on the apparent resistivity measurement. The sensitivity 

function basically tells us the degree to which a change in the resistivity of a section of the 

subsurface will influence the potential measured by the potential electrodes. The higher the 

value of the sensitivity function, the greater is the influence of the subsurface region on the 

measurement. With the aid of these 2D-sensitivity functions or sections (analogously 

formulated as in the previous paragraph 3.2.1), it will be possible to exclude certain arrays 

for their suitability on masonry structures. The results of this theoretical analysis will then be 

verified with numerical simulations in paragraph 3.3.   
 

When sensitivity functions are applied in the case that the resistivity distribution of the 
substrate is not only function of the z-direction as in paragraph 3.2.2, but the conductivity σ 

is a function of x and z (i.e. σ(x,z)), then  equation (3.4) must be solved differently. It is 
necessary to add the contribution to the sensitivity of all y-values (ranging between -∞ and 

+∞) for every point (x,z). The 3D equation (3.4) must therefore be integrated with respect 
to y:   
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The above equation has an analytic solution which defines elliptical integrals (Loke and 

Barker, 2005). See (Loke and Barker, 2005) for the solution of the 2D-sensitivity functions 
of the other arrays. The most important arrays will be discussed, based on the graphical 

representation of the analytic solutions of equation 3.4 in the case that the conductivity σ is a 
function of x and z (i.e. σ(x,z)), in the following paragraphs (3.2.3.1; 3.2.3.2; 3.2.3.3; 3.2.3.4 

and 3.2.3.5). 

3.2.3.1 Wenner-Alpha 

Figure 2.7 already showed how the Wenner-Alpha array is constitued. It is a four electrode 

array. The Wenner-Alpha electrode configuration is historically the most popular. Until 

today, there are a lot of geo-electrical surveys in the field of geophysics (investigation of the 
subsoil), using Wenner-Alpha set-ups. Figure 3.23 shows the 2D-sensitivity plot. Notice the 

rapid evolution under the electrodes to almost horizontal contour lines of the sensitivity 
values. This means that the Wenner-Alpha array is quite sensitive to vertical variations in 

resistivity of the substrate, but less sensitive to horizontal resistivity gradients. This array is 
appropriately used in practice, where the substrate is horizontally layered, like in alluvial 

beddings etc. When measuring on masonry massifs, this 2D-sensitivity plot leads one to 
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suppose that the Wenner-Alpha array is most likely not the best choice when performing geo-
electrical measurements on masonry structures, due to the lack of sensitivity for horizontal 

resistivity gradients.       
 

 

Figure 3.23: 2D-sensitivity plot for the Wenner-Alpha electrode configuration. 

 
Concerning the signal strength, the Wenner-Alpha array scores exceptionally well. It is the 

array which produces the strongest signal and is therefore the least noise-sensitive. This 
robustness is due to the fact that the electrodes are placed only at a distance “a” from each 

other. This is not the case for the dipole-dipole and the Wenner-Schlumberger array. In these 
arrays, the electrodes are placed farther apart from each other when n-values bigger than one 

are applied (i.e. the distance between the current and potential electrodes is a factor bigger 
then the distance “a” between the two potential electrodes). This is why the measured 

potential values are smaller, resulting in a higher signal to noise ratio.  
 

This logical reasoning is confirmed by the value of the geometric factor in Table 3.3. The 
lower the geometric factor, the closer the current electrodes and potential electrodes are 

placed to each other and the stronger the signal measured between P1 and P2, keeping in 

mind a constant distance “a” between P1 and P2. The ratio in Table 3.3 compares the signal 

strength relative to the signal strength of the equivalent Wenner-Alpha line-up (which 

evidently has a ratio equal to one). Another disadvantage of the Wenner-Alpha is the limited 

horizontal data coverage. From Figure 2.12 it was already clear that raising the distance “a” 

between the electrodes resulted (for a given number of electrodes) in fewer measurements. 

This effect is the most dominant with this array. Every time the distance “a” is raised, the 

number of measurements drops by three. The most important advantages and disadvantages 

are summarized below: 

Advantages: 

• Good sensitivity for vertical resistivity gradients 

• Very good signal strength, very robust 

Disadvantages: 

• Less sensitive for horizontal resistivity gradients 

• Bad data coverage 

• Supposed to be less suitable for masonry structures 
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3.2.3.2 Dipole-dipole 

Figure 2.9 already showed how the dipole-dipole array is constitued. It is a four electrode 
array. The two pairs of electrodes C1C2 and P1P2 are placed at a distance n times “a” from 

each other. The parameter “a” defines the distance between C1 and C2, on one hand, and P1 
and P2, on the other hand. When the n-factor increases, the depth of investigation also 

increases (cfr. Table 3.3).   
 

The left side of Figure 3.24 shows the dipole-dipole 2D-sensitivity plots for different n-
values. When n increases, high sensitivity values are primarily found under the C1C2 and 

P1P2 dipoles. There is a rapid descent of sensitivity between C1 and P1 when n increases. 
The contours of the sensitivity plot become more and more vertical when n increases. This 

means that the dipole-dipole array has a very good intrinsic sensitivity for horizontal changes 
in the substrate resistivity. On the other hand, the sensitivity for vertical changes in resistivity 

is less then the Wenner-Alpha.   
 

When examining Table 3.3, we learn that the average depth of investigation (ze) of the 
dipole-dipole array is smaller than for the Wenner-Alpha. Suppose n=1 and an equal 

electrode spacing “a”, then the ze for Wenner-Alpha is 0,519*a and for the dipole-dipole only 

0,416*a.  

 

The horizontal data coverage of the dipole-dipole is more spread-out than for the Wenner-

Alpha. When n increases with one, the number of measurements for a given row of 

electrodes drops with only one (in comparison with three measurements for Wenner-Alpha).  

 

A disadvantage is the strongly decreasing signal strength when n increases. When examining 

the ratio values in Table 3.3, the low values of the ratio attract attention when n increases. 

For example, when n=8, the signal strength is only 0,0028 times the signal strength expected 

for Wenner-Alpha. It is therefore advisable to limit n to a value 6. When the aimed ze is not 

reached yet when n=6, it is always possible to increase “a” and thereafter start increasing n 

again until the wanted ze is reached. Due to the lower signal strength, a higher signal to noise 

ratio exists, meaning a less robust array. Luckily, the geometric distances when measuring on 

masonry structures (electrode spacings from 10 to 40 cm) are easily 10 to 20 times smaller 
than geo-electrical measurements in the subsoil (electrode spacings from 1 to 5 m). This 

means that when the same equipment is used, the signal strength measured on masonry 
structures is relatively much higher than in subsoil applications (See also the case studies in 

Chapter 5). Nevertheless, a good contact with the substrate surface is always important to 
improve the signal to noise ratio.     
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Figure 3.24: 2D-sensitivity plots for the dipole-dipole array (left) and the Wenner-Schlumberger array 

(right) for n = 1, 2 and 4 

 
The most important advantages and disadvantages are summarized below: 

Advantages: 

• Good sensitivity for horizontal resistivity gradients 

• Supposed to be suitable for masonry structures 

• Very good horizontal data coverage 
Disadvantages: 

• Less sensitive for vertical resistivity gradients 

• Lower signal strength with increasing n-values, less robust 

• Slightly smaller depth of investigation than Wenner-Alpha 

3.2.3.3 Wenner-Schlumberger 

Figure 2.9 already showed that the Wenner-Schlumberger looks a lot like the Wenner-Alpha. 

It is also a four electrode array. The difference is that, instead of increasing the distance “a” 

between all the electrodes (cfr. Wenner-Alpha), only the distance between C1P1 and P2C2 

increases with a factor n. The distance between P1 and P2 remains constant. This is one of 

the most frequently used arrays in geophysical surveys of the subsoil. Figure 3.24 (right side) 
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gives the 2D-sensitivity plots for n values, varying from 1, 2 to 4. Notice that when n=1, the 
Wenner-Schlumberger is actually a Wenner-Alpha. The upper right 2D-sensitivity plot of 

Figure 3.24 is equal to the 2D-sensitivity plot of the Wenner-Alpha (see Figure 3.23).  
 

When n increases, the highest sensitivity values are found in the area under P1P2. Also to the 
left of C1 and to the right of C2, one can find high sensitivity values. The contour lines 

become more and more curved when n increases, which means there is a gradient in 
sensitivity values in both the x- and z-direction. This means that the array is sensitive to 

detect both horizontal and vertical resistivity gradients in the substrate. This way, the 
Wenner-Schlumberger array compromises between the Wenner-Alpha (sensitive to vertical 

variations) and the dipole-dipole (sensitive to horizontal variations). For low values of n, 
Wenner-Schlumberger detects horizontal layering in the substrate, while for higher n-values, 

vertical structures in the substrate can be detected.          

 

Table 3.3 (ratio) shows that the signal strength is not as good as the Wenner-Alpha, but better 

than for the dipole-dipole. The ze is approximately 10% deeper than for a Wenner-Alpha with 

the same distance between C1 and C2. The horizontal data coverage is slightly better than for 

the Wenner-Alpha (only two measurements less when n increases with one), but worse than 

the dipole-dipole (with only one measurement less when increasing n). 

 

From a theoretical point of view, this array seems suitable for applications on masonry, due 

to its capability to detect horizontal and vertical gradients in the resistivity of the substrate. 

  

In summary:  

Advantages: 

• Quite sensitive for horizontal resistivity gradients, slightly less than dipole-dipole  

• Quite sensitive for vertical resistivity gradients, slightly less than Wenner-Alpha 

• Good horizontal data coverage, better then Wenner-Alpha, less than dipole-dipole  

• Slightly higher ze than Wenner-Alpha, and thus higher than dipole-dipole 

• Supposed to be suitable for masonry structures 
Disadvantage: 

• Lower signal strength with increasing n-values, less robust than Wenner-Alpha, but 
more robust than dipole-dipole 

3.2.3.4 Pole-pole 

The pole-pole array is not that frequently used in practice. Figure 2.9 shows that in theory 

only two electrodes are needed. In practice, it is necessary to provide an extra current and 

potential electrode when the array is used on masonry. This is because of the necessity to 

earth the masonry (trough C2 on a long distance), in order to inject current in C1. Also a 

potential difference can only be measured when a second electrode P2 is placed on a long 

distance (reference potential). Ideally, C2 and P2 must be placed at infinity, but practical 

experience shows that a distance of 20 times the electrode distance C1P1 is sufficient.  

 

Because P2 is far away, the measurement is sensitive to noise. According to Table 3.3, the ze 

is quite high (0,867*a with “a” the distance between C1 and P1). The signal strength is as 

good as for the Wenner-Alpha, but the signal is more sensitive to noise. Figure 3.25 shows 
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that the contour lines of the 2D-sensitivity plot are placed relatively far from each other (in 
the neighbourhood of C1 and P1). This implies a limited resolution that can be reached from 

the measurements.   
 

The horizontal data coverage is excellent. This array is used for small surveys with a limited 
number of electrodes, for example when looking for foundations on an archaeological site. 

For measurements on masonry structures, this array is probably not suitable, due to its 
sensitivity to noise and low resolution.    

 

 

Figure 3.25: 2D-sensitivity plot of the pole-pole array 

 

In summary:  
Advantages: 

• Excellent horizontal data coverage  

• Higher depth of investigation 

• Good signal strength 

Disadvantage: 

• Limited resolution, worse than the other arrays 

• C2 and P2 electrodes must be placed on minimum 20 times the distance C1-P1 

• Very sensitive to noise 

• Not suitable for masonry structures 

3.2.3.5 Conclusion 

On the basis of the above theoretical analysis, it seems appropriate to choose between the 

dipole-dipole and the Wenner-Schlumberger array when performing measurements on 
masonry structures. The pole-pole array is less suitable due to its low resolution. On the other 

hand, the Wenner-Alpha array has difficulties to detect horizontal variations of the resistivity 
of the substrate. Further analysis, based on numerical simulations, will justify the above 

choices. 
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3.3 Suitable electrode arrays for masonry: numerical simulations 

for the one–sided approach  

The findings of paragraph 3.2, based on sensitivity plots, will be verified in this paragraph by 

means of two numerical models, simulating practice situations. For a more elaborated study, 
see Keersmaekers, 2003. The first model (paragraph 3.3.1) consists of a three-leaf masonry 

wall (representative for a lot of ancient walls), with a cavity in the inner core. The second 
model has two cavities placed above each other. These models were numerically made in a 

Res2Dmod-format. With the program Res2Dmod, it is possible to calculate the pseudo-
section (forward modelling) for a given number of electrodes, a given array and electrode 

spacing. For more detailed information, see (Geotomo, 2002).   

3.3.1 Three-leaf masonry model with cavity 

The resistivity model consists of 35 electrodes within a distance of 10 cm from each other. 

The wall is 40 cm thick and has an inner and outer leaf of both 10 cm thick. The inner core is 

given a resistivity value of 1100 Ωm, the inner and outer leafs have a resistivity value of 

1500 Ωm. These values are taken from experimental test results on masonry walls, as 

described in the PhD thesis of Katleen Venderickx (Venderickx, 2000, p.137). In reality, 

there is a much bigger variation in resistivity values, due to the moisture content, the degree 

of deterioration, the materials used… But for simulation purposes, the above values are 

satisfactory. Inside the wall, a cavity is constructed. For the air resistivity, a high value of 
10000 Ωm is chosen. Figure 3.26 is the graphical representation of the model. Notice that the 

air behind the wall is also modelled as a high resistivity of 10000 Ωm.    
    

 

Figure 3.26: Numerical resistivity model of a three-leaf masonry wall with a central cavity 

  

The response (forward modelling) of this set-up is calculated for different arrays (Wenner-

Alpha, Wenner-Schlumberger, dipole-dipole, pole-pole) and saved in a format compatible 
with the commercially available inverse program Res2Dinv. These data files are then 

inverted.  

 

The robust inversion is chosen, because it leads to better results, as proved in 

paragraph 2.4.3. Figure 3.27 shows the result of the inversions for the different arrays.      
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a: dipole-dipole without fixed resistivity behind the wall 

 

      
b: dipole-dipole with fixed resistivity behind the wall 

 

        
c: Wenner-Alpha with fixed resistivity behind the wall 

 

       
d: Wenner-Schlumberger with fixed resistivity behind the wall 

 

 
e: pole –pole with fixed resistivity behind the wall  

Figure 3.27: Inversion results for different arrays of the numerical resistivity model of a three-leaf 

masonry wall with a central cavity.   
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The same scale for each inversion is applied. Figure 3.27a shows the result of the inversion 
of a dipole-dipole array, in which the possibility to provide the inversion model with a fixed 

resistivity area (see paragraph 2.4.3), has not been used. The thickness of the wall (40 cm) is 
also more or less detected in the inversion. Only the outer leaf on the side of the wall where 

the electrodes are located can be clearly recognized. The cavity shows itself as an increased 
resistivity value in the centre of the image. The dipole-dipole array appears to be adequate to 

retrace cavities. In Figure 3.27b, the possibility has been used to provide an area with a fixed 
resistivity value during the inversion. The air behind the wall (from a depth of 40 cm 

onwards) is simulated in the inversion model as an increased resistivity of 10000 Ohmm. 
This results in the fact that the cavity becomes clearer in the inversion. Horizontal as well as 

vertical variations in resistivity can thus be distinguished, as was already concluded in the 
theory, on the base of the sensitivity values.               

 

From all this, it can be concluded that, in order to determine the inner structure of the 

masonry, it is required to apply this fixation if the thickness of the wall is known.    

 

Figure 3.27c shows that Wenner-alpha does not appear to be so adequate, because the cavity 

can not clearly be noticed on the image. On the image of the inversion, the cavity is a spread 

area with a slightly increased resistivity, but the front leaf can be retraced. This corresponds 

with the theoretical finding based on sensitivity values, which stated that only vertical 

resistivity variations can easily be retraced for the Wenner-alpha array. The Wenner-

Schlumberger inversion of Figure 3.27d shows that this configuration can relatively well 

detect the cavity and the front leaf. The pole-pole array (Figure 3.27e), of which the 

resolution proves to be extremely low, as expected, can not retrace the cavity.          

3.3.2 Masonry model with two cavities  

It is also interesting to investigate which arrays can retrace a cavity masked by another 
cavity. Therefore, a theoretic model with 36 electrodes at a distance of 1m, has been designed 

(see Figure 3.28). The response has been calculated with Res2Dmod and the result of this 
forward modelling has been introduced in the inversion program. Here also, the result has 

been represented on the same scale, in order to easily compare the different arrays.         

 

Figure 3.28: Numerical resistivity model of a masonry wall with two cavities 

 

Here as well, it was decided to perform a robust inversion for all the arrays. The results of the 
different inversions are graphically represented in Figure 3.29. It is clear that only the dipole-

dipole array scores relatively well on this test. Figure 3.29a is the only one that makes us 
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suppose a second cavity under a cavity near to the surface where the electrodes are located. 
The other arrays are blinded by the cavity on the surface.        

 

     
a: dipole-dipole 

 
     b: Wenner-Schlumberger 

     
c: Wenner-Alpha 

 
    d: pole-pole 

Figure 3.29: Inversion results for different arrays of the numerical resistivity model of of a masonry wall 

with two cavities. 

It must be noticed here that when trained and experienced geophysicists interpret the 

inversion results for the pole-pole, the Wenner-Alpha and Wenner-Schlumberger arrays, they 

would probably suspect an anomaly under the upper zone with high resistivity. They would 
base this assumption on the fact that the shape of the upper high resistivity is deformed 

towards the deeper anomaly.  
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3.3.3 Conclusion 

From paragraph 3.3.1, it can be concluded that the dipole-dipole and the Wenner-

Schlumberger can retrace a cavity in a wall. The pole-pole array seems to be less adequate 

for this purpose, due to its lower resolution. The Wenner-Alpha configuration also turned out 

not to satisfy the expectations. In paragraph 3.2.3.2, it is indicated that only the dipole-dipole 

can discover masked cavities, which makes us suppose that the dipole-dipole will be the most 

adequate to measure on masonry structures.            

 

This will be verified both in laboratory as in real case studies as will be seen in the following 
chapters of the thesis. On the base of the findings in this chapter, trial set-ups and 

measurement campaigns were designed, executed, handled and interpreted (see 
Chapters 5 and 6).       

3.4 Suitable electrode arrays for masonry: theoretical 
considerations for the two-sided approach 

As stated in paragraph 2.5, the cross-borehole technique as used in geophysics (drilling 
boreholes in the subsoil and inserting electrodes in both holes produces tomographic images 

with constant resolution between the two boreholes) can be adapted for use on historic 
masonry.   

 
Literature about cross-borehole investigation is abundant. In what follows, the results from a 

literature study related to the choice of an adequate configuration for cross-borehole 
investigation on masonry, have been summarised (Dahlin and Zhou, 2004; Labrecque et 

al., 2003; Loke, 2006; Sasaki, 1992; Zhou and Greenhalgh, 1997; Zhou and Greenhalgh, 
2000; Zhou and Greenhalgh, 2002). Theoretically, an electrode configuration used for 

surface investigation can be adapted for cross-borehole investigation. Therefore, 

configurations with two, three or four electrodes can be used. The sensitivity plots are taken 

from (Loke, 2006). 

 

The theoretical analyses of the two, three and four-electrode arrays in cross-borehole 

measurements are also based on 2D-sensitivity plots, similar to those used to evaluate 

electrode configurations for the one-sided approach (See paragraph 3.2.3). The most 

important arrays will be discussed, based on the graphical representation of the analytic 

solutions of equation 3.4 in the case that the conductivity σ is a function of x and z 

(i.e. σ(x,z)). 

3.4.1 Two-electrode array: pole-pole 

For the configuration with two electrodes, there are three possibilities: both electrodes can be 
located in the same borehole (Figure 3.30a), the electrodes can be located in different 

boreholes (Figure 3.30b) or one of the electrodes is located at the surface (Figure 3.30c). If 
the number of electrodes is equal to n (surface electrodes included), the total number of 

possible independent measurements amounts to n(n-1)/2. The areas with the highest 
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sensitivity are each time concentrated near to the electrodes. This is especially the case when 
the two electrodes are far away from each other, in different boreholes. In this case, it is not 

the surface in between that will be scanned, as expected of an investigation with source and 
receptor in different boreholes. In all three cases of Figure 3.30, the area between the two 

electrodes has negative sensitivity values, implying that a resistivity increase will be detected 
as a decrease of the measured apparent resistivity. More important is that the absolute value 

of the sensitivity is rather low, which means that the expected resolution is low, making the 
pole-pole array less suitable for applications on masonry walls.          

 
The problem with this configuration is the physical location of the two distance electrodes, 

C2 and P2 (cfr. the electrodes C2 and P2 for the pole-pole configuration used in the one-
sided approach, see paragraph 3.2.3.4). In order to make the pole-pole approach as precise as 

possible, they have to be situated far enough from each other. This implies that they have to 

be situated at a distance of at least 20 times the maximum used distance between C1 and P1. 

The long distance between the P1- and the P2-electrode engenders additional noise, having 

different causes (close to an electricity network, earthing, …). This problem also occurred in 

the pole-pole array for surface investigation. (See paragraph 3.2.3.4). The pole-pole 

configuration array was often used for cross-borehole investigation; in more recent works, 

there is less enthusiasm about it. This array gives worse results than the dipole-dipole and the 

pole-dipole arrays (Sasaki, 1992; Zhou and Greenhalgh, 2000).        

 

   
   

a) from borehole1 to borehole1 b) from borehole1 to borehole2 c) from the surface to borehole2 

 

Figure 3.30: 2D-sensitivity plots for the possible cross-borehole electrode configurations of the pole-pole 
array. The black vertical lines are the two boreholes. 

3.4.2 Three-electrode array: pole-dipole 

The different combinations for the pole-dipole array (Zhou and Greenhalgh, 1997) can be 

reduced to two basic combinations: C1 and P1 are situated in a borehole, P2 in the second 
borehole (Figure 3.31a) and that with C1 in a borehole, and P1 and P2 in the other borehole 

(Figure 3.31b). Zhou and Greenhalgh (Zhou and Greenhalgh, 1997) advise the first 
configuration. Figure 3.31a shows that this configuration has high positive sensitivity values 

between the two boreholes. This means that measurements with such a configuration provide 
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significant information about the resistivity of the material in this area. The areas with 
negative sensitivity values are restricted to the area between the C1- and the P1-electrode in 

the first borehole, and to the left of the P2-electrode in the second borehole.       
 

  
  

a) C1 and P1 in one borehole, P2 in the other b) C1 in a borehole, P1 and P2 in the other 

  
  

c) C1, P1 and P2 in the same borehole d) C1 at surface, P1 and P2 in one borehole 

 

Figure 3.31: 2D-sensitivity plots for the possible cross-borehole electrode configurations of the pole-dipole 

array. The black vertical lines are the two boreholes. 

 

The second configuration has high negative sensitivity values between the C1- and the P1-

electrodes and high positive values between the C1- and the P2-electrodes. Between these 

two bands, there is an area with low sensitivity values, implying that the array does not 

provide significant information about the resistivity on this location. Another disadvantage of 
this array is that for some positions of the P1-P2-dipole, the measured potential values range 

from very low to zero. This means that the signal/noise ratio is high.              

 

Two other combinations are also possible. Figure 3.31c shows the sensitivity pattern when all 

of the three electrodes are situated in the same borehole. In the neighbourhood of the 

borehole, there are high negative and positive sensitivity values.    
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Figure 3.31d shows the pattern when the current electrode is located at the surface. The 
values between the C1- and P1-electrode are relatively low, while the values between P1 and 

P2 are moderately positive. In general, several authors make positive remarks about this 
array. It provides a better resolution and it is less sensitive to noise, given that the two 

potential electrodes are kept on the inside of the investigation surface. While the resolution of 
the array is theoretically a little worse than for the dipole-dipole array, the measured potential 

values are clearly higher. 

3.4.3 Four-electrode array: dipole-dipole 

Zhou and Greenhalgh have found four possible independent configurations for the dipole-
dipole array, of which two are basic combinations (Zhou and Greenhalgh, 1997). In the first, 

the positive current and potential electrode C1 and P1 are localised in a borehole, while the 
negative current and potential electrodes, C2 and P2, are located in the other borehole   

(Figure 3.32a). In this configuration, the C1P1-C2P2-configuration, there are high positive 
sensitivity values in the area between the two boreholes, which is a positive characteristic for 

a cross-borehole configuration, given that it is the aim to map the material between the two 

boreholes. The high negative sensitivity values are limited to the area along the boreholes 

between the C1 and P1 (and the C2 and P2) electrodes. Figure 3.32c shows a similar 

disposition, but the distance between the electrodes in the same borehole is reduced to half of 
the distance between the boreholes. Again, one can notice the high positive sensitivity values 

between the two boreholes. In the second basic configuration (Figure 3.32b), the current 
dipole (C1C2) is located in one borehole, while the potential dipole (P1P2) is situated in the 

second borehole. There is also a large area with positive sensitivity values between the two 
boreholes. This area is however flanked by two areas with high negative sensitivity values.              

 
Consequently, the response of this configuration on heterogeneities between the two 

boreholes is more complex than for the first basic configuration. When the dipole-length is 
reduced, the positive area is also considerably reduced. The previous characteristics make 

this option less attractive for cross-borehole investigation. An additional disadvantage is that 
the power of the potential signal is weaker for the C1C2 - P1P2- than for the C1P1 - C2P2-

configuration.        

 

In paragraph 3.1.2, Figure 3.20b, it has been shown that the measured potential differences 

will be twice as high in case of a C1C2-P1P2-configuration, applied to masonry. As a 

consequence of this, one can expect, for inversions counting on the base of geological 

boundary conditions, resistivity values amounting to more than the double of the real 

resistivities.     

 

In spite of the above mentioned disadvantages, we will continue to work in this text with the 

C1C2-P1P2-electrode configuration, because of practical reasons as will be explained in 

Chapter 4.    
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a) C1 and P1 in one borehole, C2 and P2 in the 

other borehole 

b) C1 and C2 in one borehole, P1 and P2 in the 

other borehole 

  
  

c) C1 and P1 in one borehole, C2 and P2 in the 

other borehole (half borehole distance) 

d) C1 and C2 in one borehole, P1 and P2 in the 

other borehole (half borehole distance) 

 

Figure 3.32: 2D-sensitivity plots for the possible cross-borehole electrode configurations of the dipole-
dipole array. The black vertical lines are the two boreholes. 

3.4.4 Conclusion 

Table 3.4 represents all electrode configurations which are mutually independent for the 
different arrays, in which C1 and C2 are respectively the positive and negative current 

electrodes. In general, Zhou and Greenhalgh (Zhou and Greenhalgh, 1997; Zhou and 
Greenhalgh, 2000) advise the C1P1-C2P2-configuration. Sasaki (Sasaki, 1992) has 

discovered that the dipole-dipole array has a better resolution compared to the pole-pole and 

pole-dipole arrays.   

 

One can expect better results from the cross-borehole measurements on masonry (i.e. two-

sided approach) than when surface arrays are used (i.e. one-sided approach). The current is 

sent through the entire wall and therefore, the image obtained after the inversion, shows the 

entire section. The used arrays (C1P1 - C2P2 and C1C2 - P1P2) have a good sensitivity for 

the area between the electrodes and will thus provide reliable results on the locations for 

which it is important. Due to this, the heterogeneity of the section will be better represented. 
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A condition for the application of the cross-borehole configurations is that both sides of the 
wall are easily accessible, so that the electrodes can be put on the right place.    

 
Electrode 

array 

Total 

amount 

Number of 

independent 

configurations 

Independent configurations 

Pole-pole 2 1 C1-P1 

Pole-dipole 12 6 C1P1-P2, P1C1-P2, P1P2-C1, P2-C1P1, P2-P1C1, C1-P1P2  

Dipole- pole 12 6 C1P1-C2, P1C1-C2, C1C2-P1, C2-C1P1, C2-P1C1, P1-C1C2 

Dipole-dipole 24 3 C1P1-C2P2, C1P1-P2C2, C1C2-P1P2 

Table 3.4: Cross-borehole electrode configurations for different arrays (Zhou and Greenhalgh, 2000). 

3.5 On-line monitoring of grout injection 

One of the predefined objectives of this thesis was the on-line monitoring of grout injections 
(see paragraph 1.3). The measurement speed, some ten minutes per measurement, achieved 

with the traditional equipment which is commercially available for geo-electrical resistivity 
tomography (one-sided approach), is not suitable for this application. With this method, one 

could only collect a few measurements within the time that the grout is being injected, but it 
is precisely during the flow period that one is interested in the reaction of the grout. In fact, it 

is only possible to adjust the injection process during the injection period.      
 

During a number of measurements in the laboratory and on the ‘Maagdentoren van Zichem’ 
(see Chapters 4 and 5), a different setup was therefore used in which the current electrodes 

are located at one side of the wall (current or active side) and the potential electrodes on the 
other side (potential or passive side). The measurement performed this way, can be 

considered as a cross-borehole measurement with C1C2-P1P2 as setup. As will be discussed 
in Chapter 4, this method will enable us to spot local resistivity changes rather well.        

 
On the base of the new setup, the eventual duration of the measurements can be reduced to 

about 2 minutes and 30 seconds. This duration counts for a measurement that represents a 

3D-image of the progress of the grout in the substrate. So far, the equipment is the restrictive 

factor. It is almost certain that it will be possible to achieve a higher speed in the future.  
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4 Adjusting the equipment 

 

 

The standard equipment, commercially available to perform geo-electrical tomographies, 

consists of three basic components. Firstly, a powerful current source to inject enough 

current producing the electric field in the substrate. Secondly, a highly accurate device to 

measure the potential differences, or combined with the injected current, the resistivity value 

can be measured. Thirdly, a switch box to select and record the right electrodes, as 

respectively current or potential electrodes. This way, the survey can be done automatically. 

Systems consisting of these three basic components, can be used for tomographies on 

masonry, regardless of one is dealing with a one-sided approach or a two-sided approach. 

The standard equipment and the measurement setup used in this thesis, are shortly discussed 
in paragraph 4.1.  

 
In order to use the technique for the on-line follow up of grout injections, the basic technique 

must be adapted to perform the measurements to construct geo-electrical tomographic images 
more quickly. The bottleneck of the available equipment (see paragraph 4.1.1) is that it is not 

possible to measure potential differences parallelly to each other, meaning precious time is 
wasted. At the time this thesis started, there was only one commercially available apparatus 

which was capable of measuring 10 potential differences parallelly to each other: the pricy 
Iris Syscal Pro4. At the time of publishing, two other fabricators developed similar, expensive 

equipment: the Terrameter SAS4000
5
 from Abem, which is able to measure 4 parallel 

channels and the SuperSting R86 from Advanced Geoscience (AGI), which has 8 channels. 

Nevertheless, multi-channel equipment is available at this time, but the number of channels is 
still not sufficient to perform measurements at a speed high enough to register grout flow in 

masonry. Therefore, new, customized equipment has been developed in order to measure the 
potential differences using hardware capable of measuring 48 parallel analogue channels, 

much higher than currently commercially available. 

 

Many technical problems had to be tackled in order to build a measurement system, enabling 

the possibility of measuring the grout flow through the substrate. The building of the system 

is described in paragraph 4.2.  

                                                   
4
 www.iris-instruments.com 

5
 www.abem.se 

6 www.agiusa.com 
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4.1 Standard equipment and measuring setup 

4.1.1 Terrameter SAS 1000  

In order to perform the measurements automatically, the terrameter SAS (Signal Average 

System) can be used. This equipment consists of a basic unit, the terrameter SAS 1000 

(Abem, 2006). In the available version of this equipment, there is only one channel. With the 

aid of a terrameter SAS 1000 (Figure 4.33 left), three different magnitudes can be measured. 

In this investigation, only the resistivity measurements are relevant, but the induced 

polarization and the self-potential can also be measured.    

   

 

Figure 4.33: Left: Terrameter SAS 1000; Right: ES 10-64 Electrode Selector. 

 
The terrameter SAS 1000 is interesting for resistivity measurements, given the possibility to 

automatically perform successive measurements and to process several measurement results 
into average values during the measurements.     

 
By means of a split switch circuit and programmation, the incoming signal is filtered, and 

hereby direct current voltages are separated from the self-potentials and from noise. The self-
potential can be moved by reversing the polarity of the current direction. The correct direct 

current voltages are obtained as half of the total potential difference in a cyclus. The 
potential-current relation (V/I) is automatically calculated and represented in Ohm, with a 

measuring range from 0,05 mΩ to 1999 kΩ. If the geometry of the electrode configuration is 
known, the apparent resistivity can also be represented. The results that will eventually be 

saved, are calculated on the base of several measurements. The terrameter can calculate 
statistic characteristics of the data in two ways (Abem, 2006), namely by using the average 

value or the median. It is clear that the median is less subject to errors. The equipment uses 
this as a starting point.           

 

Induced polarization (i.e. IP or the accurance of an electrode potential during measuring) is 

not likely to cause problems thanks to the quick measurement. Measurements are performed 

at a speed of 10 Hz, leading to the fact that the IP-effect does not have the time to build itself 

up (Beck, 1981); thus, the measurement will be performed as if there is no IP-effect. In 

previous measurements, this was often a problem, due to the low measurement speed. 
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(Janssens, 1993; Venderickx, 1999; Keersmaekers, 2003). Because there is only one channel, 
it is not possible to perform several measurements simultaneously, which strongly influences 

the measurement speed. Similar pieces of equipment with several channels do exist, but were 
not available at the time of this investigation.    

 
Extra facilities can be provided with the terrameter, in order to be used in combination with 

the terrameter SAS1000, for example the ABEM Lund Imaging System. With the Lund 
Imaging System, it is possible to automatically program in the right order all the 

measurements necessary to perform a full survey. (Paragraph 4.1.2).        

4.1.2 Lund Imaging System 

The LUND Imaging System is a switch box for two- and three-dimensional surveys. The 
basic unit, the electrode selector ES10-64, is a relais-matrix switch with several channels, 

that can directly be connected to the terrameter. The connection of this switch box is 
restricted to a maximum of 64 electrodes, but it enables an automatic measurement sequence.    

 

The user determines himself the desired measurement sequence on the base of a protocol. 

The electrode selector of the LUND Imaging System eventually makes sure that the right 

current and potential electrodes are contacted. Principally, the electrode selector is a matrix 
relay.  

 
The possibility to perform quality controls on the field is useful thanks to the electrode test in 

order to quickly detect bad contacts.    

4.1.3 Cables 

The cables take care of the connection of the electrodes with the electrode selector. The 
cables delivered with the standard Lund Imaging System, typically have a length of hundreds 

of meters for use in case of measurements in the subsoil.  
 

In the scope of this thesis, smaller and lighter cables have been designed in order to facilitate 
the setup of the measurements.      

4.1.4 Current source 

In order to perform measurements over a long time, a NiCd-battery is not sufficient. The 

whole should be provided with current by means of an external battery of 12V. The SAS 

1000 is provided with an external connector allowing to easily connect an external battery to 
the terrameter. A car battery is usual for this kind of applications.         

4.1.5 Software (SAS 1000 Utilities) 

In order to allow the communication between a computer and the terrameter SAS 1000, we 

use the software package SAS 1000 Utilities. With the aid of the software, protocols 

(measurement sequences) can be set up and imported on the terrameter. Inversely, 

measurement results can this way be imported from the terrameter to a PC.   



Chapter 4: Adjusting the equipment 

 69 

The file ‘PROTOCOL.BIN’, created with SAS 1000 Utilities and imported to the terrameter, 
is a compilation of two files. The address file contains information about the physical 

configuration of the used cables. The protocol file determines the measurement sequence.  
 

When the measurement data are imported to the computer after the measurements, they can 
be converted to readable files on behalf of the software. This way, the results can be 

elaborated in other programs such as Res2Dinv. 

4.1.6 Electrodes 

The electrodes should guarantee the contact between the cable (electrical conductor) and the 
subsoil (ionic conductor). In other words: a good choice of electrodes is important. A 

distinction is made between current and potential electrodes.      
 

In the case of current electrodes, it is clear that the needed potential difference (i.e. voltage) 
decreases when the contact surface between the electrode and the structure (i.e. a lower 

transition resistivity between the electrode and the wall) is improved. Moreover, the surface 

should be moistened regularly in order to improve the contact. Water improves the 

conductivity.     

 
Steel nails are used as electrodes. Investigation has shown that the influence of the electrodes 

for DC-measurements, has a negligible influence on the measurements (Dahlin, 2000; 
paragraph 2.3.2 of Chapter 2). Moreover, it is mentioned (Abem, 2006) that the use of non-

polarisable electrodes is superfluous for DC-resistivity measurements.      
 

Before measuring, possible rust and dirt should be removed from the electrodes and the 
contacts; otherwise, the quality of the measurements can be influenced. In this thesis, 

stainless steel nails (3mm diameter and 6cm long) are used in the laboratory tests. For most 
case studies (See Chapter 5), the nails were insufficient as contact between the electrodes and 

the subsoil; consequently, longer and bigger nails were used.       
 

When the technique is applied in the case of plastered surfaces (possibly with valuable 

paintings or fresco’s), the electrical contact can be made with an electrode, used in medicine 

practice to perform a cardiogram. These electrodes consist of an adhesive tape with an 

electrode in the middle and an electrolytic gel surrounding it, insuring a good electrical 

contact with the wall.      

4.1.7 Protocol  

Before starting the actual measurement, a choice needs to be made about the desired number 

of measurements, the desired measurement depth, the desired electrode configuration etc. 
These data will come back in the protocol.   

 
In the address file, the total number of electrodes, the number of cables, the take-outs per 

cable and the internal and external addresses of the electrode channels should be indicated.   
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The general elaboration of a measurement protocol is indicated in Figure 4.34. 

 

Figure 4.34: Protocol file; C1: first current electrode; C2: second current electrode; P1: first potential 
electrode; P2: second potential electrode 

 

In this file, the most important data are the electrode positions. C1 and C2 stand for the two 

current electrodes. P1 and P2 refer to the potential electrodes. The electrode positions are 

indicated as a whole number within an interval [1,ntot]. Moreover, the file contains a 

reference to the corresponding address file. The attributed code determines the electrode 

configuration. Table 4.5 indicates the most used electrode configurations and the 

corresponding array code.   

 

Code Array 

0 

1 

4 

5 

6 

10 

resistance 

Wenner-alpha 

pole-pole 

dipole-dipole 

pole-dipole 

Wenner-Schlumberger 

Table 4.5: Most common electrode configurations and corresponding protocol code 

 

In case of a known configuration, the apparent resistivity is measured. If the desired 

configuration does not exist, code 0 will be used and the ‘resistivity’ is obtained according to 

formula (4.1).   

I

V
R

∆
='      (4.1) 

As mentioned above, it is possible to apply different electrode configurations. An 

investigation of the advantages and disadvantages of the different electrode configurations of 

surface measurements has already been performed in Chapter 3. It was shown that in the 

investigation on masonry walls, the dipole-dipole array is probably the most suitable, which 

will be confirmed later in this chapter.     

 

As already seen, a huge disadvantage of surface measurements (one-sided approach) is that 

its sensitivity strongly decreases in function of the depth. By placing electrodes on both sides 

of the wall, one can cut through the full thickness of the wall, and thus not only stay close to 
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one of the two surfaces. This setup (two-sided approach) is called a cross-borehole setup. 
This way, the resolution is kept constant along the total depth of the measured cross section.   

 
In geography, boreholes are real holes drilled in the ground, in which electrodes are lowered 

afterwards. For applications on historical masonry walls, no holes have to be drilled, but the 
wall sides are used as boreholes.      

 
In this work, a dipole-dipole array has always been used for the cross-borehole 

measurements. From the theoretical considerations regarding cross-borehole measurements, 
made in paragraph 3.4 of Chapter 3, the dipole-dipole promised good results for application 

on masonry structures. For the dipole-dipole array, two different setups are possible (see 
paragraph 3.4 of Chapter 3). This way, it is possible to place the current electrodes on one 

side, the current side, and the potential electrodes on the other side, the potential side (array 

C1C2-P1P2). In the other case, the current and potential electrodes are placed in front of each 

other (array C1P1-C2P2).  

4.1.8 Measurement setup  

Once the protocol choices have been made, everything can be prepared for the 

measurements. The electrodes, stainless steel nails, need to be hit into the wall and all of the 
cables should be properly connected.   

 
Own cables have been designed, provided with crocodile clips, in order to allow an easy 

connection with the electrodes.    
 

When the terrameter is provided with current and all cables are connected, the measurement 
can be started. Figure 4.35 schematically indicates the measurement setup.   

 

Figure 4.35: Measurement setup in the laboratory, measurement on the sand box (see Chapter 5). 
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4.2 Accelerated measuring technique: theory and practical 

realisation 

In order to use the technique for the on-line follow-up of grout injections, the basic technique 

must be adapted to perform the measurements to construct geo-electrical tomographic images 
more quickly. The bottleneck of the available equipment (i.e. Terrameter SAS1000) is that it 

is not possible to measure potential differences parallel to each other, meaning precious time 
is wasted. Therefore, new equipment has been developed to measure the potential differences 

using hardware capable of measuring parallel analogue channels. Many technical problems 
had to be tackled, in order to build a measurement system, capable to prove the possibility of 

measuring the grout flow through the substrate. 
 

The accelerated measurement technique is developed for the rapid acquisition of cross-
borehole resistivity data to construct tomographic cross-borehole images.   

4.2.1 Equipment 

In order to perform the measurements more efficiently, new measurement equipment is used. 

So far, the terrameter SAS 1000 and the LUND Imaging System are maintained to inject the 

current into the wall, because it is complex to guide this current. On the potential side, DAQ-

cards (i.e. Data Acquisition Cards, commercially available from National Instruments and 

controllable by Labview-software, driven from a laptop PC), are used to measure the 
voltages.      

 
Figure 4.36 schematically shows how the measurement equipment should be set up. It is a lot 

more practical for the setup of the cables, to keep the current side and the potential side 
separated.    

 

Figure 4.36: Dipole-dipole electrode setup (C1C2 - P1P2 configuration). The Terrameter is connected to 
the current electrodes (active side), the DAQ-card is connected to the potential electrodes (passive side). 
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4.2.2 Terrameter SAS 1000 and Lund Imaging System 

The problem with the measurements is that the necessary current source has to be able to 

deliver high voltage to the electrodes. The terrameter is able to deliver voltages until 400 V.   

 

Given that the theory of geo-electrical measurements is completely based on constant 

currents, the terrameter is actually a very precise, powerful current source. Furthermore, by 

using this equipment, this current can be guided on different electrodes (each time one 

electrode through which the current comes in, and one electrode through which the current 

leaves) and the current source’s polarity can be reversed. 
  

Building a piece of equipment with the same specifications ourselves, would have taken too 
much time and been too expensive; therefore, it could not be justified in the scope of this 

thesis. That is why we continued to use the terrameter SAS1000 and Lund imaging system, 
although it has its restrictions in the duration of the measurement. If new equipment were set 

up, it would be possible to restrict the duration of the measurement even more. This will be 
discussed more thoroughly in paragraph 4.2.6.4.  

4.2.3 DAQ-card (Data Acquisition card) 

On the potential side, the voltages can easily be measured with DAQ-cards. Although very 

high voltages that could damage the measurement equipment, are used on the current side 

(active side), on the potential side (passive side) these voltage peaks can hardly be noticed 

(see Figure 4.39). Therefore, the standard measurement equipment (i.e. cheap DAQ-card) is 

sufficient in this case.       

 

Two instruments of ‘National Instruments’ are used to measure the current, namely a 

DAQpad-6015 and a USB-6218. Both instruments measure potential differences, 

respectively on 16 and 32 channels simultaneously. They have a precision of 16 bits and a 
measurement range of -10V to 10V. 

 

Figure 4.37: NI USB-6218 and DAQpad-6015 

 

Before starting the measurements, it was checked if the voltages on the potential side of the 
wall remained restricted to 10 V, in order to prevent damaging the equipment. This was 

checked by means of the terrameter (in parallel with the DAQ-card), given the fact that it 
enables us to measure voltages up to 400 V, without any risk to damage the equipment.    
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If there would accidentally be a very good conductor in the measured structure, the 
dangerously high voltage of the current side could reach the potential side due to this, 

causing the equipment to be damaged yet. In future, one will have to pay attention to this.     
 

The measurement equipment is read out with Labview 8.0. A ‘virtual instrument’ file is set 
up in order to read in all the channels. Here, we are interested in the potential difference 

between two potential electrodes. Given that this equipment enables us to measure several 
channels simultaneously, it is possible to measure all potential differences continuously. This 

is not possible with the original geo-electrical resistivity equipment, because they require a 
measuring cycle for each protocol combination. Now, it is possible for each combination of 

current electrodes to measure all potential differences.     

4.2.4 Composition of the measurements 

The new measurement technique consists of the principle that each current electrode is used 
twice: once as a positive and once as a negative electrode. The first and the last electrode are 

only used as positive or negative electrode.      

 

To illustrate the measurement setup, we use a measurement setup with 16 current electrodes 

and 16 potential electrodes. The protocol on the current side looks as follows (Table 4.6):  
 

Measurement nr C1 C2 

1 1 2 

2 2 3 

3 3 4 

4 4 5 

5 5 6 

6 6 7 

7 7 8 

8 8 9 

9 9 10 

10 10 11 

11 11 12 

12 12 13 

13 13 14 

14 14 15 

15 15 16 

Table 4.6: Measurement protocol for the accelerated method with 16 current electrodes 

 
This measurement enables to compose all other combinations of current electrodes. The 

injected currents may indeed be added to each other if the potential differences are also 
added. In the following example, measurement C6C8 can be composed out of two 

measurements C6C7 and C7C8. Figure 4.38 (see also Table 4.7) shows what happens with 
the current lines if two measurements are added.   
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Current electrode Measurement 1 (A) Measurement 2 (A) Sum (A) 

C6 1  1 

C7 -1 1  

C8  -1 -1 

Table 4.7: Combining of linear measurements 

 

 

Figure 4.38: Current lines for combined measurements 

 
Because all potential differences are constantly being measured, the measurement is 

completely finished after having applied this simple protocol.   

4.2.5 Processing during measuring 

4.2.5.1 Data compression 

The measurements are performed at a sampling rate of 990Hz. Eventually, only one fifth of 

the measured data is recorded. For each five measurements, only the median remains. This is 
done in order to keep the data files manageable.      

4.2.5.2 Visualization 

Because it is possible, due to unforeseen circumstances, that a measurement has not been 

properly performed, some graphics were incorporated in the virtual instrument, which can be 

monitored on-line. This enables the user to detect possible errors in the measurement on time 

and, if necessary, to cancel the measurement and restart it, without losing lots of time. 

Possible errors are described in paragraph 4.2.7. 

 

The potential differences the user can notice, are continuously calculated during the 

measurement. This calculation is necessary, because the DAQ-cards measure a potential in 

relation to a reference potential.    
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4.2.5.3 Filtering 

During the measurements in the laboratory, an important phenomenon has been discovered. 
For all measurements, a sinusoidal signal has been detected at 50 Hz. This is due to the 

electricity grid.     

 

Figure 4.39: Noise at 50 Hz. Bottom: Global measurement signal (Potential difference in V) Top: zoomed 

in: 10 repetitive cycles on 0.2s suggest a 50 Hz noise signal.   

 

This noise has been neutralized by building in a low-pass filter of 40Hz. By inserting this 

filter, all signals with a higher frequency than 40Hz are deleted from the measurement 

results. This limit may not be put at 50Hz given that the filter is not able to promptly cut the 

frequencies.     

 

Given that measuring is taken place at a speed of 10Hz (the maximum measurement speed of 

the terrameter, i.e.  the maximum switching speed of the matrix-relay switch box), no useful 

information will be lost by adjusting the filter at 40Hz. Figure 4.40 clearly shows the effect 

of the filtering.    
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Figure 4.40: Potential measurement before (top) and after filtering (bottom) 

 

The above figure illustrates that measurements without filter are fully ruled by noise. After 

the filter has been applied, only the relevant information remains.    

4.2.5.4 Remarks 

Every filtering and compression has been executed for programmatory reasons. However, it 

is also possible to apply the filtering afterwards. For further investigation, it is advised to 

collect the raw data and to execute the further processing afterwards. Of course, this is no 

option for the on-line follow-up on a building site, although it is possible to record the raw 

data and yet at the same time, prepare and process the compressed data. These data can be 
important while searching for other possible failure sources. Moreover, the filtering depends 

on the situation. A particular filter might function properly in the laboratory, but not in an on-
site situation, and vice versa.      

4.2.6 Processing after measuring 

Because the building of a customized inversion program is not the topic of this thesis, the 

Res2Dinv-programme was used for the inversions of the cross-borehole measurements. 

Therefore, the measured data have to be put in a form that Res2Dinv can read. In order to 

process the raw data, customized software was programmed, which makes it possible to 

process large amounts of data (sampling at 990Hz during 2.5 minutes on 16 (+32) channels) 

automatically. Hereafter, a brief description of the functionalities of this program is given.     
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4.2.6.1 Measured data 

A complete measuring cycle is represented in Figure 4.41. 

 

Figure 4.41: Complete measurement on one channel (15 measuring cycles) 

 
Figure 4.41 represents the measurements on one channel, in other words: between two 

potential electrodes. This figure shows all of the 15 measurement cycles of this channel. This 
means that a current has been injected 15 times on the current side.   

 
The more the current electrodes are distanced from the potential electrodes, the more the 

measured signal will decrease. Consequently, these values will not be considered in the 
further processing, because of their low accuracy.   

 
For the further discussion of the data processing, a random example is used. The raw data are 

represented in Figure 4.42. These data have been obtained without build-in low-pass filter.    

 

Figure 4.42: Example of raw data without a low-pass filter (4 measuring cycles). The potential difference 

is shown as a function of time. 

4.2.6.2 Filtering of the data 

Because the measured data are still changeable (also after the low-pass filter for later 
measurements), the values are averaged. The noise is neutralized by taking consequently an 

average of a number of values, and then by determining the median of these averages.   
Figure 4.43 shows the result of this noise filtering.      
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Figure 4.43: Result after noise filtering on the raw data with a low-pass filter (4 measuring cycles). The 

potential difference is shown as a function of time. 

4.2.6.3 Removal of the self potential 

The self-potential of the measured structure shows oneself in a measurement as a general (in 
this example: descending) trend. In order to remove it, a ‘curve fitting’ is applied. An 

example of this fitting is represented in Figure 4.44. In the processing program, a polynomial 
of a higher degree is applied to do so. This method was mentioned in (Dahlin et al., 2002).      

 

Figure 4.44: Indication of the self-potential on the measured signal (4 measuring cycles). In pink, the 
polynomial of the third degree, estimating the present self-potential. In blue, the potential difference is 

shown as a function of time. 

 
In order to calculate the polynomial, only the measurements between the measuring cycles 

are used. If all the values were considered, the polynomial could, globally speaking, be 
situated under the trend line, given that more negative than positive values are obtained.  

 
By eliminating the trend line, the measurement is centered around 0 V. In the example, only 

a third degree polynomial has been applied as curve fitting. This explains the minor deviation 
around 0 V in the beginning of the measurement (Figure 4.45).     



Chapter 4: Adjusting the equipment 

 80 

 

Figure 4.45: Potential difference as a function of time after the subtraction of the polynomial of the third 

degree, representative for the present self-potential. 

 

As mentioned in paragraph 4.2.2., the terrameter causes the biggest delay. Because the 
terrameter is built in such a way that at least four times in a measuring cycle, it is necessary 

to reverse the polarity, the measurements still take relatively long time (between 90 s and 
2 min 30 s). Filtering away the self-potential by means of ‘curve fitting’ assures that this 

polarity reverse does not add anything to the measurement results; it is no more than a 
delaying factor. Consequently, we are able to measure with one pulse per measuring cycle.            

4.2.6.4 Absolute values 

As an intermediate step in order to obtain only one measurement value, the absolute values of 
the data are considered (see Figure 4.46). This way, all the values become positive. Due to 

this, the sign of the measurement will be lost, however. One will no longer be able to 

determine if the measured potential difference was positive or negative. In Chapter 6, it will 

become clear that some measurements will be negative. If their sign is inversed, the inversion 

process will not take place properly. During the further investigation of the construction of 

new measurement equipment, the necessary attention should be paid to this. For example, by 

injecting the pulses in the same direction, one will automatically know the sign of the 

measurement.        

 

Figure 4.46: Absolute values of the potential difference as a function of time. 
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4.2.6.5 Subdividing in measuring cycles 

The measured data contain values during the full timeline of the measurement. The 
measurements should therefore be split in separate parts according to the measuring cycles. 

Because the measurement of the potentials is independent from the injection of the currents 
(two separate pieces of equipment), it can not precisely be determined when a current will be 

injected. Leaps in the measured voltages respectively indicate the start or the end of a 
measuring cycle. On the potential side, there will still be a clear (or unclear) transition 

between the different measuring cycles. On the potential side, it can mostly clearly be noticed 
that the current’s polarity is reversed several times within one cycle. The reversions of the 

polarity are used to determine the start and end points of each measuring cycle. Figure 4.45 
clearly shows this reverse of the polarity (polarity inversion). In this case, the polarity is 

reversed four times within one measuring cycle.          

 

Figure 4.47: Measurment divided in measuring cycles (15 cycles). green: raw data; blue: filtered data; 

red: cursor; yellow: polarity inversion; brown: starting point of the measuring cycle; cyan: ending point 

of the measuring cycle.  

 

Figure 4.47 indicates where the start and end points of the measuring cycles are located. In 

some cases, the signal is not pure enough to automatically detect the transitions. Therefore, a 

manual input of these start and end points is provided.     

 

In the considered example, we zoom in on one cycle for the further discussion. The area is 

indicated in Figure 4.48. 

 

Figure 4.48: One measuring cycle is captured within the red frame. 
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4.2.6.6 Calculation of the data points 

Next, in order to attribute one single value of the data to a data point, the measurement values 
of one cycle are ordered upwards. In this sequence, the 90th percentile is selected for the 

value of the data point. By experiment, it has been determined that this choice enabled the 
measurement values to match to the values of the terrameter.    

 
This parameter can be considered as a part of the measurement equipment (on the base of the 

software, or not).  If the parameter is modified, the results can not be compared to each other 
any more. It is advised never to modify this parameter.  

 

Figure 4.49: Measrument result of one measuring cycle, from small to big. The final value of one cycle is 
determined by the 90e percentile. This value is illustrated by the red axis.  

    

Eventually, a data point is determined this way for each measuring cycle and for each 

potential measurement. In the considered example, 15x15 measurements are obtained.  

Figure 4.50 indicates all this data points in a matrix.    

 

Figure 4.50: Obtained data points after a complete measurement. Cur el: current electrode; Pot el: 

potential electrode. 

 

Not all the data points are used. The measurements, for which the potential electrodes are 
situated far away from the current electrodes, are not processed, because they are not 

accurate due to the low signal (and thus bad signal to noise ratio).   
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In this thesis, data points are used for the processing of all measurement data, based on a 
single electrode distance (see Figure 4.51) and on a double electrode distance (Figure 4.52 

and Table 4.8). The measurements on a double electrode distance are composed out of other 
measurements, according to the principle in paragraph 4.2.4.  

 

Figure 4.51: Used data points for one measuring cycle (current electrodes C6-C7) with single electrode 
distance. A: potential difference between P5-P6; B: potential difference between P6-P7; C: potential 

difference between P7-P8  

 

 

Figure 4.52: Data points for current electrodes C6-C7 ( left) and C6-C8 (right). Dark grey: potential 
electrodes corresponding with the current electrodes; Light grey: potential electrodes above and under 

the ones corresponding with the current electrodes. 

 
A complete inversion file is built up by the program on the base of a protocol, similar to a 

measurement protocol of the terrameter. After this, the inversion file can be inverted into a 
resistivity card of the wall.    
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Current electrode Potential electrode 

6-7 5-6 

6-7 6-7 

6-7 7-8 

6-8 4-6 

6-8 6-8 

6-8 8-10 

Table 4.8: Data points for current electrodes C6-C7 and C6-C8. 

 

4.2.7 Sources of measurement errors 

4.2.7.1 Placement of a reference potential electrode 

While investigating the influence of the installation of the reference potential electrode, it has 

been noticed that this location has only a limited influence. This influence is limited to 

catching the noise around the surrounding potential electrodes. The noise can be observed on 

the raw measurement data, but it is filtered away during the processing.     

 

In Figure 4.53, we do not observe any difference while moving the reference potential 

electrode.   

 

Figure 4.53: Influence of the location of the reference electrode. Left: reference electrode placed on 
position P1; Middle: reference electrode on P8; Right: reference electrode on P16; (differential resistivity 

in Ωm) 

 

The results represented in Figure 4.53, comes from a measurement performed on a sandbox 

wall after a grout injection. The entire test has been elaborated in paragraph 5.3.2.  
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4.2.7.2 Contact electrode- substrate 

Problems with the measurements due to a bad contact between the electrodes and the 
substrate can occur in two ways. Bad contacts can occur on the current side and on the 

potential side as well. Both problems can be observed differently in the measurement data.   
 

- Bad contact on the current side 

If a current electrode gives a bad contact, the terrameter will need a higher voltage to 

inject the same current. This will be felt at the potential side, causing two measurement 
cycles to be influenced. Figure 4.54 shows the effect of a bad contact on electrode C9. 

The problem can be solved by hitting the nail serving as a current electrode, deeper into 
the substrate.      

 

Figure 4.54: The effect of a bad contact at the active (current) side (channel P2P3). Blue: measurement 
with bad contact on current electrode 9; Pink: result (new measurement on channel P2P3) after raising 
the electrode depth with a hammer.  

 

- Bad contact on the potential side 

In order to detect this fault, different channels have to be compared simultaneously. A 

bad contact on a potential electrode will be observed if lower values of the measured 
potential differences are systematically detected on the channels where this potential 

electrode is used.   
 

Figure 4.55 shows a worse contact on potential electrode P5. Notice that potential 
electrode P6 does give a good contact because channel P6P7 does contain realistic 

measurement values.  
 

During test measurements in the sand box (see Chapter 5), these problems did not occur, 
because in that case, the sand was put in the box before hitting the nails. By hitting these 

nails into the sand, a good contact is guaranteed thanks to the fact that the sand around the 
nail is relocated and compacted. During the measurements with the accelerated method, the 

sand has previously been remoistened; it was taken out of the box to do so. Consequently, the 
contact was worse while refilling the box. By hitting the nails deeper, these problems have 

easily been solved.      
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Figure 4.55: The effect of a bad contact at the passive (potential) side. Electrode P5 has a less good 

contact. Blue: measurement with bad contact on potential electrode 5; Pink: result (new measurement on 

the same channel) after raising the depth of electrode 5 with a simple hammer 

 
When using the terrameter as measurement equipment, it is possible to perform an electrode 

test before the measurements. This test enables to control the quality of the contact, but this is 
also one of the disadvantages of the accelerated measuring method. The terrameter will be 

able to detect a bad contact on the current side, but a bad contact on the potential side will 
only be detected in the measurement data, which can mean a considerable loss of time. 

 
If necessary, it is possible to connect the terrameter on the potential electrodes before the 

measurements, in order to perform an electrode test. If the same connectors are used for both 
pieces of measurement equipment, this test can quickly be performed.              

4.2.8 3D-measurement: composition of different 2D-measurements 

A cross-borehole measurement in 2D only provides information over a cut (i.e. two-

dimensional cross-section) in the structure, although in reality, the measurement is influenced 

by a larger area. If a cut runs straight through an anomaly, this cut will be seriously 
influenced by it. If a cut runs along an anomaly, its influence will rather be restricted, but still 

present.           
 

By combining different 2D cross-sections, anomalies can be composed in 3 dimensions. 
Figure 4.56 shows that already 9 cross-borehole measurements can be composed with 6 

electrode rows, while previously only 3 cross-borehole measurements were available.     
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Figure 4.56: Combining measurements to construct a 3D-image. CA: current array; PA: potential array; 

S: cross-borehole section  

 

Because all potentials are measured simultaneously with the accelerated measuring method, 3 

measurements are registered per measuring cycle. Thanks to this, the measurement is 
performed 3 times faster than before. This way, it has become possible to measure a full 3D-

image in 2.5 minutes, by using 48 current electrodes and 48 potential electrodes. This speed 
is sufficient to follow up a grout injection on-line, and intervene on time where necessary.        

 
The Voxler software package (Golden Software, 2007) was used to compose the inversion 

results into a 3D-image during this investigation (i.e. postprocessing of the data). This 
program enables an interpolation of the resistivities at places where no values are directly 

known. The visualisation has been represented as an iso-surface, where a certain limit value 
of the resistivity can be adjusted (see paragraphs 5.3.3.3 and 6.2.5.3).      
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“ En toute chose, l'expérience, la pratique précèdent la théorie, le fait précède la loi; mais lorsque la 
loi est connue, elle sert à expliquer le fait. “  

 
Eugène Emmanuel Viollet-le-Duc

7
 

Dictionnaire raisonné de l’architecture française du XIe au XVIe siècle  
Tome 4, Vers la construction des Voûtes, 1856

                                                   
7
 Eugène Emmanuel Viollet-le-Duc (1814 – 1879) was a French architect and theorist, famous for his 

restorations of medieval buildings. 
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5 Laboratory tests 

 

 

In order to investigate the possibilities and limitations of geo-electrical measurements on 

masonry, it is inevitable to create some test situations in laboratory, simulating expected 

anomalies in practice. It is necessary to confirm the findings based on numerical modelling 

(cfr. Chapter 3) with real measurements on real specimens. Therefore, two setups have been 

created.  

 

Firstly, in paragraph 5.1, tests are described on a masonry wall, simulating historic building 

tradition. In order to imitate this historic masonry as well as possible, the outer leaf of the test 

wall has been built out of normal bricks laid with lime mortar. The core consists of broken 

bricks mixed with lime mortar, serving as filling. A cavity is then created inside the filling to 
simulate an anomaly. Protocols for the one-sided approach are tested and evaluated 

(paragraph 5.1.1). Also some cross-borehole tests (i.e. two-sided approach) are done to create 
a well-designed protocol for this type of surveying (paragraph 5.1.2). The inversion result of 

both techniques is thereafter corrected for the influence of the limited dimensions of the test 
specimen by subtracting the influence of the geometric boundary conditions of the inversion 

result (i.e. creating a differential resistivity map). For the one-sided approach, this relative 
difference map is created (only for the dipole-dipole array) by using the commercially 

available forward modelling software (Res2Dmod). For the two-sided cross-borehole 
technique, such approach is not possible (Res2Dmod does not support cross-borehole 

forward modelling at the time of the research). Therefore, the influence of the geometric 
boundary conditions is eliminated by calculating the forward model of a numerical finite 

element model of the test wall in Ansys, then inverting the data and subtracting it from the 
inverted measured dataset to create the relative difference map.  

 
In paragraph 5.2, some further testing on the two-sided approach is described, using a 

sandbox in which a variety of possible anomalies could easily be simulated. Also some 

experiments on the accelerated measuring technique are done on the sandbox.  

  

In the last paragraph 5.3 two injection tests on the follow-up of grout injections are 

described, proving the data acquisition is quick enough to measure the grout flow during 

injection with hydraulic grout of a gravel volume (tennis gravel, i.e. crushed bricks). 
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5.1 Masonry test wall 

The standard elaboration of historic masonry mostly consists of two outer leafs having to 

absorb the forces and between which a filling of irregular material with a mortar is placed. In 

order to imitate this historic masonry as well as possible, the outer leaf of the test wall has 

been built out of normal bricks laid with lime mortar. The core consists of broken bricks 

mixed with lime mortar, serving as filling. 

 

The wall is 156 cm high, 68 cm wide and 29 cm thick (see Figure 5.57). This thickness has 

been obtained by two outer leafs of 8.5 cm each and filling of 12 cm. The dimensions of the 

brick are: 18x4.5x8.5 cm and the joints between the bricks have a width of 1.5 cm. In the 

centre of the wall, at a height of 96 cm above the bottom side, there is a little polystyrene 

insulation block of 12 cm high, 12 cm wide and 8 cm thick.  

  

.    

Figure 5.57: Left: length, depth and height of the masonry test wall; Middle: front view of position of the 
insulation block of 12×12×8 cm³; Right: top view of the position of the isolation block. 

 

Stainless steel nails with a length of 6 cm and a diameter of 3 mm are hit in the joints of the 
outer leaf, at an intermediary distance of 6 cm, until a depth of about 4 cm. This way, the 

contact between the nails and the masonry should be sufficient. However, it regularly 
appeared that the current could not be sent into the wall, due to an insufficient contact. In 

order to solve this problem, the wall needs to be moistened regularly.      
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5.1.1 One-sided approach 

 

Figure 5.58: Location and 
numbering of the electrodes in the 

middle of the test specimen 

Three surveys with different electrode arrays will be 

discussed in this paragraph. The electrodes are placed 

in the middle of the masonry test specimen from the 

bottom to the top as shown in Figure 5.58. Only in the 

case of the dipole-dipole measurement, a survey is 

also done 14 cm out of the middle. 

 

First, some tomographic measurements with the 
Wenner-Schlumberger will be discussed. Then the 

results of a Wenner-Alpha tomography will be 
clarified. Finally, the dipole-dipole array is tested on 

the masonry test specimen and will prove to be the 
most suitable to detect the cavity. All the tomographic 

images are represented with the same resistivity scale 
for mutual comparison. The inversion has, with one 

exception, always been done by using the robust 
optimisation algorithm. The forward modelling 

always used finite elements, and model refinement 

has been applied in accordance with the 

recommendations stated in paragraph 2.4.4.2 of 

Chapter 2). 

5.1.1.1 Tomography based on the Wenner-Schlumberger array  

A standard Wenner-Schlumberger protocol (25 electrodes), with maximal parameters 

a = 6 cm and n = 10, and an electrode distance of 6 cm, has been set up. This protocol 

reaches a maximum measurement depth of 0.241 m. The investigation depth is obtained by 

the next calculation:  

mmaze 241.006.0*015.4015.4 ===  (5.1) 

The value 4.015 comes from Table 3.3.  

 

Figure 5.59 shows the inversion results. The images are constructed based on the same 

dataset (i.e. the same measured pseudo-section). Figure 5.59 (a) gives the inversion result of 

the robust inversion of the dataset, using finite elements for the forward modelling. The 

tomographic image doesn’t show the internal anomaly. The front leaf is shown as an area 

with a higher resistivity, but the thickness is underestimated (approximately 6 to 7 cm instead 

of 8.5 cm). This can be explained by the fact that the electrodes are placed to a depth of circa 

4 cm, as mentioned in paragraph 5.1. One can detect an area with a high resistivity at the 

bottom of the image, but it is not clear if it is the back leaf or the backside of the wall.  

 

One could try to improve the tomographic image by including known extra information in 

the inversion process. In Figure 5.59 (b) for example, the inversion is repeated, incorporating 

the knowledge of the thickness and the resistivity of the front leaf. This is done by fixing the 
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resistivity of the front leaf at a value of 2000 Ωm. This value was chosen after studying the 
apparent resistivity values of the measured dataset. Focusing on the first row of 

measurements (i.e. with the smallest depth of investigation), gave an average apparent 
resistivity value of around 2000 Ωm. This technique of incorporating known information in 

the inversion process has already been suggested in paragraph 2.4.4.2. The result of the 
inversion does not lead to a clearer or more correct image of the masonry test wall.  

 
The tomographic image of Figure 5.59 (c) is constructed by incorporating even more 

information into the inversion process, trying to prove the presence of the internal cavity in 
the dataset. The inversion is done by incorporating the knowledge of the thickness and the 

resistivity of the front and back leafs, by fixing their resistivities on value of 2000 Ωm. The 
backside of the wall is fixed by a resistivity value of about 100000 Ωm. Also in this case, the 

result of the inversion does not lead to a clearer or more correct image of the masonry test 

wall.  

 

This survey suggests that the Wenner-Schlumberger array, used in a one-sided approach, is 

not able to locate the cavity in the test specimen. It is able to measure the presence of the 

front outer leaf and can thus be used in practice to evaluate the delamination of the inner and 

outer leafs, but preferably not to assess the inner state of the massif. This confirms the 

conclusion stated in paragraph 3.3.1 of Chapter 3, where, based on numerical modelling of a 

three-leaf wall with a cavity, the Wenner-Schlumberger was not able to clearly show the 

presence of the cavity (see Figure 3.9 (d)). Only the presence of the outer leafs could be 

detected.  

 

 
(a) Robust inversion 

 
(b) Robust inversion with fixed resistivity of 2000 Ωm for the front parament 

 
(c) 100000 Ωm for the air behind the wall + 2000 Ωm for the front and back paraments 

 
Resistivity scale from 0 to 14500 Ωm 

Figure 5.59: Inversion results of the Wenner-Schlumberger measurements in the middle of the masonry 
test wall. All the above inversions are represented on the same resistivity scale. 



Chapter 5: Laboratory tests 

93 

 

5.1.1.2 Tomography based on the Wenner-Alpha array  

A standard Wenner-Alpha protocol (25 electrodes), with maximal parameters a = 48 cm 
(8*6 cm) and an electrode distance of 6 cm, has been set up. This protocol reaches a 

maximum measurement depth of 0.249 m. The investigation depth is obtained by the next 
calculation:  

mmaze 249.048.0*519.0519.0 ===  (5.2) 

The value 0.519 comes from Table 3.3.  

 

Figure 5.60 shows the inversion results. As in the previous paragraph, the images are 

constructed on the base of the same dataset (i.e. the same measured pseudo-section).     

Figure 5.60 (a) gives the inversion result of the robust inversion of the dataset, using finite 

elements for the forward modelling. The tomographic image doesn’t show the internal 

anomaly. The front leaf is shown as an area with a higher resistivity, but the thickness is also 
underestimated (approximately 6 to 7 cm instead of 8.5 cm). The explanation has already 

been given in the previous paragraph 5.1.1.1. One can detect an area with a high resistivity at 
the bottom of the image, but it is not clear if it is the back leaf or the backside of the wall.  

 
Similarly as with the Wenner-Schlumberger array, one could attempt to improve the 

tomographic image by including known extra information in the inversion process. The 
image of Figure 5.60 (b) is constructed by using a different approach than in the previous 

paragraph. Instead of incorporating the knowledge of the thickness and the resistivity of the 
front leaf, by fixing the resistivity of the front outer leaf on a value of 2000 Ωm, the original 

dataset is modified by setting all the apparent resistivity values with a depth of investigation 
(ze) smaller than 8 cm on a resistivity value of 2000 Ωm. The result of the inversion does not 

lead to a clearer or more correct image of the masonry test wall. The only benefit is that the 
back leaf starts to appear in the resistivity image.  

 
Similarly to Figure 5.59 (c), the tomographic image of Figure 5.60 (c) is constructed by 

incorporating even more information into the inversion process, trying to prove the presence 

of the internal cavity in the dataset. The inversion is done with incorporation of the 

knowledge of the thickness and the resistivity of the front and back leafs, by fixing their 

resistivities on a value of 2000 Ωm. The backside of the wall is fixed by a resistivity value of 

about 100000 Ωm.  

 

Also in this case, the result of the inversion does not lead to a clearer or more correct image 

of the masonry test wall. This measurement suggests that, identically to the Wenner-Alpha 

array, the Wenner-Schlumberger array is not able to locate the cavity in the test specimen. It 

is able to measure the presence of the front and back leafs, and can thus be used in practice to 

evaluate the delamination of the inner and outer leafs, but preferably not to assess the inner 

state of the massif. This confirms the conclusion stated in paragraph 3.3.1 of Chapter 3, 

where, based on numerical modelling of a three-leaf wall with a cavity, the Wenner-Alpha 

was not able to clearly show the presence of the cavity (see Figure 3.9 (c)). Only the presence 

of the outer leafs could be detected. 
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(a) Robust inversion 

 
(b) Fixation on 2000 Ωm of all measurements with ze <8cm in data-file before inversion 

 
(c) 100000 Ωm for the air behind the wall + 2000 Ωm for the front and back paraments 

 
Resistivity scale from 0 to 14500 Ωm 

Figure 5.60: Inversion results of the Wenner-Alpha measurements in the middle of the masonry test wall. 

All the above inversions are represented on the same resistivity scale. 

5.1.1.3 Tomography based on the dipole-dipole array  

Based on the numerical simulations discussed in paragraph 3.3.1 of Chapter 3 (modelling of 

a three-leaf wall with a cavity), the dipole-dipole array seemed the most suitable to detect the 
presence of the cavity [see Figures 3.9 (a) and (b)]. Also the presence of the outer leafs could 

be detected. Measurements with the dipole-dipole array on the masonry test wall will prove 
the suitability of this electrode configuration to survey historic masonry massifs.  

 
A standard dipole-dipole protocol (25 electrodes), with maximal parameters a = 12 cm 

(2*6 cm) and n = 8, and an electrode distance of 6 cm, has been set up. This protocol reaches 
a maximum measurement depth of 0.268 m. The investigation depth is obtained by the next 

calculation:  

mmaze 268.012.0*236.2236.2 ===  (5.3) 

The value 2.236 comes from (Table 3.3).  

 

Changing the inversion parameters: 

The measured dataset (i.e. pseudo-section) is then processed (inverted) in different ways to 
improve the tomographic image. Next to the use of the robust inversion and a finer finite 

element mesh, also an extended model is produced, which allows model block to be inverted 
left and right from the dataset. This has not been done for the Wenner-Alpha and Wenner-
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Schlumberger datasets because of their worse horizontal data coverage. Figure 5.61 shows 
the tomographic images of the following inversions: 

Figure 5.61 (a): Robust inversion          
Figure 5.61 (b): Standard inversion 

Figure 5.61 (c): Robust inversion with fixed resistivity of 100000 Ωm, simulating the 
air behind the wall   

Figure 5.61 (d): Robust inversion with fixed resistivity of 2000 Ωm for the front outer 
leaf 

Figure 5.61 (e): Fixation on 2000 Ωm of all measurements with ze < 8cm in data-file 
before inversion 

Figure 5.61 (f):  Fixation on 100000 Ωm for the air behind the wall + 2000 Ωm for the 
front outer leaf 

Figure 5.61 (g): Fixation on 100000 Ωm for the air behind the wall + 2000 Ωm for the 

front and back outer leafs 

 

Figure 5.61 (a) gives the inversion result of the robust inversion of the dataset using finite 

elements for the forward modelling. The tomographic image does show the internal anomaly. 

The dimension of the cavity in the tomography appears larger than it is in reality (circa 20 cm 

instead of 12 cm), and is situated deeper in the wall (18 cm instead of 12 cm. The image 

gives a somewhat distorted representation of reality, but the anomaly is undoubtedly present 

in the measurements. The front leaf is shown as an area with a higher resistivity, but the 

thickness is also underestimated (approximately 6 to 7 cm instead of 10 cm). The explanation 

has already been given above (paragraph 5.1.1.1). The presence of the back leaf or the 

backside of the wall is not visible on the image.  

 

Comparing Figure 5.61 (a) with the tomographic image of the standard inversion of      

Figure 5.61 (b), one can conclude that the front leaf and the anomaly are also present on the 
image, but that the contours are smoother, making this inversion less suitable for the 

detection of sharp resistivity changes (as cavities and most anomalies are). 
 

Similarly to the inversions discussed in paragraphs 5.1.1.1 and 5.1.1.2, one could attempt to 
improve the tomographic image, by including known extra information in the inversion 

process. The tomographic image of Figure 5.61 (c) is constructed by incorporating the 
knowledge of the thickness of the wall, by programming the backside of the wall as a fixed 

resistivity value of 100000 Ωm. The front leaf and the anomaly are present on the image, and 
also on the backside of the wall. The depth of the anomaly is still overestimated, and the 

width is even bigger (approximately 40 cm) than in Figure 5.61 (a).   
 

The inversion of Figure 5.61 (d) has been done with incorporation of the knowledge of the 
thickness and the resistivity of the front leaf, by fixing the resistivitiy on a value of 2000 Ωm. 

Compared to Figure 5.61 (a), no improvement has been made.  
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(a) Robust inversion 

 
(b) Standard inversion 

 
(c) Robust inversion with fixed resistivity of 100000 Ωm for the air behind the wall 

 
(d) Robust inversion with fixed resistivity of 2000 Ωm for the front parament 

 
(e) Fixation on 2000 Ωm of all measurements with ze < 8cm in data-file before inversion 

 
(f) 100000 Ωm for the air behind the wall + 2000 Ωm for the front parament 

 
(g) 100000 Ωm for the air behind the wall + 2000 Ωm for the front and back paraments 

 
Resistivity scale from 0 to 14500 Ωm 

Figure 5.61: Inversion results of the dipole-dipole measurements in the middle of the masonry test wall. 

All the above inversions are represented on the same resistivity scale. 
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The image of Figure 5.61 (e) is constructed by using a different approach. Instead of 
incorporating the knowledge of the thickness and the resistivity of the front leaf, by fixing the 

resistivity of the front outer leaf on a value of 2000 Ωm, the original dataset is modified by 
setting all the apparent resistivity values with a depth of investigation (ze) smaller than 8 cm 

on a resistivity value of 2000 Ωm. The result of the inversion does not lead to a clearer or 
more correct image of the masonry test wall.  

 
Fixing the front leaf at a resistivity value of 2000 Ωm and programming the backside of the 

wall as a fixed resistivity value of 100000 Ωm, the inversion of Figure 5.61 (f) resulted. The 
anomaly is the most clearly visible. Although the depth of the anomaly is still overestimated, 

the dimensions and the contours come close to reality. The back leaf is not visible on the 
image. 

 

The last inversion on this dataset is done by fixing the front and back leafs at a resistivity 

value of 2000 Ωm and programming the backside of the wall as a fixed resistivity value of 

100000 Ωm. Figure 5.61 (g) does not show much improvement, compared to Figure 5.61 (f). 

The anomaly even takes the same resistivity value as the back leaf (2000 Ωm), which means 

that it could easily be misinterpreted. 

 

Dipole-dipole survey 14cm away from the middle of the masonry test wall: 
The measured dataset (i.e. pseudo-section) is also processed (inverted) in different ways to 

improve the tomographic image. Figure 5.62 shows the tomographic images of the following 

inversions: 

Figure 5.62 (a): Robust inversion           

Figure 5.62 (b): Fixed resistivity of 100000 Ωm, simulating the air behind the wall  

Figure 5.62 (c):  Fixation on 100000 Ωm for the air behind the wall + 2000 Ωm for the 

front outer leaf 
Figure 5.62 (d): Fixation on 100000 Ωm for the air behind the wall + 2000 Ωm for the 

front and back outer leafs 
 

Figure 5.62 (a) gives the inversion result of the robust inversion of the dataset. The 
tomographic image shows the internal anomaly. It must be stated that when measuring at 

14 cm away from the middle of the test specimen, the electrodes are already positioned next 
to the anomaly. The high resistivity is therefore due to the influence of the cavity next to the 

survey line. This is because the potential field in the wall is, of course, three-dimensional. 
The tomographic image is thus the two-dimensional representation of a three-dimensional 

phenomenon that is measured with a geo-electrical survey. The dimension of the cavity in the 
tomography appears bigger than it is in reality and is situated deeper in the wall. The image 

gives a somewhat distorted representation of  reality, but the influence of the proximity of the 
anomaly is undoubtedly present in the measurements. Again, the front leaf is shown as an 

area with a higher resistivity, but the thickness is also underestimated (approximately 6 to 
7 cm instead of 8.5 cm). The presence of the back leaf or the backside of the wall is not 

visible on the image.  
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The inversion of Figure 5.62 (b) tries to improve the tomographic image, by including known 
extra information in the inversion process by incorporating the knowledge of the thickness of 

the wall and by programming the backside of the wall as a fixed resistivity value of 
100000 Ωm. The front leaf and the influence of the proximity of the anomaly are present on 

the image, and also the backside of the wall.  
 

Fixing the front leaf at a resistivity value of 2000 Ωm and programming the backside of the 
wall as a fixed resistivity value of 100000 Ωm, the inversion of Figure 5.62 (c) resulted. The 

influence of the proximity of the anomaly is the most clearly visible. Although the depth of 
the anomaly is still overestimated, the dimensions and the contours come close to reality. The 

back leaf is not clearly visible on the image. 
 

 
(a) Robust inversion 

 
(b) Robust inversion with fixed resistivity of 100000 Ωm for the air behind the wall 

 
(c) 100000 Ωm for the air behind the wall + 2000 Ωm for the front parament 

 
(d) 100000 Ωm for the air behind the wall + 2000 Ωm for the front and back paraments 

 
Resistivity scale from 0 to 14500 Ωm 

Figure 5.62: Inversion results of the dipole-dipole measurements 14 cm away from the middle of the 

masonry test wall. All the above inversions are represented on the same resistivity scale. 

 

The last inversion on this dataset is done by fixing the front and back leafs at a resistivity 

value of 2000 Ωm and programming the backside of the wall as a fixed resistivity value of 

100000 Ωm. Figure 5.62 (g) does not show much improvement, compared to Figure 5.62 (f). 

The influence of the proximity of the anomaly is decreasing. 
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The measured dataset shows a drawback of two-dimensional tomography. One can 
misinterpret the location of an anomaly, due to the influence of a cavity next to the survey 

line. This is because the potential field in the wall is, of course, three-dimensional. The 
tomographic image is thus the two-dimensional representation of a three-dimensional 

phenomenon that is measured with a geo-electrical survey.   
 

Differential resistivity maps, filtering out the geometric boundary conditions: 
In accordance with the approach of Hilde Janssen (Janssens, 1993) and Katleen Venderickx 

(Venderickx, 2000), one could try filtering out the influence of the geometric boundary 
conditions, by constructing a differential resistivity map. The Res2Dmod forward modelling 

freeware is used for the building of relative differential maps for the dataset as measured with 
the dipole-dipole array.  Three models have been constructed, as shown in Figure 5.63. After 

the model is constructed, the pseudo-section is calculated numerically (forward modelling) 

for the dipole-dipole array. This artificially produced dataset is then inverted with the same 

inversion parameters as the original dataset (i.e. robust inversion, finite element, extended 

model, model refinement) to construct a tomographic image (inversion result). This inversion 

result is then subtracted from the original inversion of the measured dataset of                

Figure 5.61 (a), thus producing a differential resistivity map, hopefully only showing the 

relevant anomalies.   

 

The first model consists of a homogeneous 30 cm thick wall, with a resistivity of 500 Ωm. 

This value is derived as the average value, as estimated in the previous inversion results. The 

air behind the wall is given a high resistivity value of 100000 Ωm [see Figure 5.63 (a)]. The 

result of the inversion is given in Figure 5.63 (b). 

 

The second model simulates a 30 cm thick wall, consisting of a front leaf (10 cm thickness) 

with a resistivity of 2000 Ωm and a back leaf (20 cm thickness) with a resistivity of 500 Ωm. 
These values are derived from the average value as estimated in the previous inversion 

results. The air behind the wall is given a high resistivity value of 100000 Ωm (see         
Figure 5.63 (c)). The result of the inversion is given in Figure 5.63 (d). 

 
The third and last model simulates a 30 cm thick wall, consisting of a front and a back leaf 

(both 10 cm thick) with a resistivity of 2000 Ωm and an inner core with a resistivity of 
500 Ωm. The air behind the wall is given a high resistivity value of 100000 Ωm (see      

Figure 5.63 (e)). The result of the inversion is given in Figure 5.63 (f). 
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(a) Numeric model of a homogeneous 30cm thick wall in Res2Dmod 

 
(b) Inversion of the calculated dipole-dipole pseudo-section (forward modelling) of the above model 

        
(c) Numeric model of a 30cm thick wall with front leaf with 10 cm thickness and higher resistivity 

 
(d) Inversion of the calculated dipole-dipole pseudo-section (forward modelling) of the above model 

        
(e) Numeric model of a 30cm thick wall with front and back leaf with 10 cm thickness 

 
(f) Inversion of the calculated dipole-dipole pseudo-section (forward modelling) of the above model 

 
Resistivity scale of the inversion results from 0 to 14500 Ωm 

Figure 5.63: Res2Dmod numerical model and the inversion result of the calculated dipole-dipole pseudo-
section, obtained by forward modelling. 
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After subtracting the inversion result of the three above images [respectively Figure 5.63 (b), 
(d) and (f)] from the robust inversion result of Figure 5.61 (a), the following differential 

resistivity maps appear (Figure 5.64):  
 

          
(a) Robust inversion, same tomographic image as Figure 5.61 (a) 

 
(b)  Differential resistivity map, i.e. Figure 5.61 (a) minus Figure 5.63 (b); Numeric model of a 
homogeneous 30cm thick wall 

        
(c)  Differential resistivity map, i.e. Figure 5.61 (a) minus Figure 5.63 (d); Numeric model of a 30cm 
thick wall with front leaf with 10 cm thickness and higher resistivity 

 
(d)  Differential resistivity map, i.e. Figure 5.61 (a) minus Figure 5.63 (f); Numeric model of a 30cm 

thick wall with front and back leaf with 10 cm thickness 

Figure 5.64: Differential resistivity maps constructed by subtracting of the inversion results of 

respectively Figure 5.63 (b, d and f) from those of Figure 5.61 (a). 

 
The examination of the above differential resistivity maps leads to the conclusion that in all 

three cases, the anomaly (cavity) appears very clearly on the image. There is not much 
difference between the three differential resistivity maps, proving that the influence of the 

thickness of the wall is dominant, in comparison with the influence of the outer leafs. The 
dimension of the cavity in the differential maps still appears bigger than it is in reality 

(circa 20 cm instead of 12 cm), and it is still situated deeper in the wall (18 cm instead of 
12 cm), but can be visualized more clearly than in Figure 5.61 (a).  
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5.1.1.4 Conclusions 

The measurements done with the Wenner-Schlumberger and Wenner-Alpha arrays suggest 
that they are not able to locate the cavity in the test specimen. They are able to measure the 

presence of the front and back leafs, and can thus be used in practice to evaluate the 
delamination of the inner and outer leafs, but preferably not to assess the inner state of the 

massif.  
 

The capability of the dipole-dipole array to locate the cavity in the test specimen has been 
proven. It is able to measure the presence of the front leaf and can thus be preferably used in 

practice to evaluate the delamination of the front leaf and to assess the inner state of the 
massif. The incorporation of extra known information before inverting the data, generally 

improves the tomographic image, making the interpretation easier.  
 

The creation of differential resistivity maps to filter out geometric boundary conditions, 
provides the best images to draw conclusions about the inner state of the structure. 

5.1.2 Two-sided approach 

5.1.2.1 Comparing 2×24 versus 2×8 electrodes 

Figure 5.66 shows the resistivity maps of two dipole-dipole measurements performed on the 

test wall. The first measurement is performed with 48 electrodes, the second one with 16. 

Both measurements have a C1C2P1P2-configuration. By means of this comparison, it is 

verified in which way the electrode distance has an influence on the detecting capacity of the 

measurement setup.     

 
Array C1C2-P1P2 C1C2-P1P2 

Electrodes 2×24 2×8 

Electrode-distance 6cm 6cm 

Data points 131 49 

Inversion parameters Finite differences Finite differences 

Duration of the survey 9 minutes 4 minutes 

Table 5.9: General information about the measured datasets for the two C1C2-P1P2 surveys 

 
Protocol 2x24 electrodes Protocol 2x8 electrodes 

C1 C2 P1 P2 C1 C2 P1 P2 

2 3 25 26 3 4 9 10 

2 3 26 27 3 4 10 11 

2 3 27 28 3 4 11 12 

    3 4 12 13 

2 4 25 27 3 4 13 14 

2 4 26 28 3 4 14 15 

2 4 27 29 3 4 15 16 

Table 5.10: Extract from the protocol for 2x24 electrodes (Left) and 2x8 electrodes Right) 
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Figure 5.65: Location and numbering of the 

electrodes in the middle of the test specimen. 

The backside of the wall is equipped with 
the same amount of electrodes. 

Table 5.10 represents a fragment of both protocols. 
The protocol of the measurement with 48 

electrodes (see Figure 5.65 for the position and 
numbering of the electrodes) is composed in such a 

way that the potential difference for each current 
electrode pair at the level of the opposite potential 

electrode pair, and the pairs before and after it, are 
measured. In addition to this, pairs are composed 

with a double electrode distance, for which the 
measurements also come from the opposite 

potential electrode pair, and the pairs before and 
after it.     

  

The protocol of the measurement with 16 

electrodes has been elaborated in a totally different 

way (see Figure 5.65 for the position and 

numbering of the electrodes). For each current 

electrode pair, the potential difference has been 

measured at the level of all possible potential 

electrode pairs (see Figure 5.66 Middel right). This 

protocol could not be composed the same way as 

the previous protocol, because in that case, there 

would not be enough data points. Res2Dinv only 

supports inversions with at least 20 data points.    

 

Let us observe the inversion as indicated in Figure 5.66 (Left). The measurement clearly 

shows an increased resistivity, of which the height (i.e. vertical dimension in the tomographic 
image) is comparable to that of the little insulation block. The location is also correct, only 

the shape of the anomaly is not correct. It appears horizontally stretched in the tomographic 
image. In paragraph 5.2, this stretching of an anomaly for the C1C2-P1P2 array will prove to 

be inherent to this setup. The RMS-value (Abs. error in Figure 5.66 Left) is very low, giving 
an indication for the good quality of the dataset. The RMS-value represents the fit between 

the measured and calculated apparent resistivity values. Notice the area at the bottom of the 
tomographic image with a slightly higher resistivity. In paragraph 5.2, some indications will 

be given that this is due to the inversion process by the Res2Dinv programme.  
 

Another important finding is that the average resistivity appears to be more or less five times 
bigger than when measuring with the one-sided approach. Comparing Figure 5.66 (Left) to 

Figure 5.61 (a) shows for example, that the average resistivity of the cross-borehole 
tomography is around 2500 Ωm and for the dipole-dipole one-sided tomography circa 

500 Ωm. The numerical simulations of paragraph 5.1.2.2 will confirm this. Notice that the 
outer leafs don’t appear in the tomographic image. A final remark that has to be made here, is 

that the one- and two-sided surveys as mentioned above, have not been performed the same 

day, so there is some influence of the relative humidity and the moisture content, present in 

both datasets.  
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The inversion result of the reduced protocol (with 2×8 electrodes) is represented in       
Figure 5.66 (Middle left). The measurement shows two areas with an increased resistivity. 

The high resistivity area at the top is due to the influence of the anomaly. The location is also 
correct, only the shape of the anomaly is not correct. It is assumed that the high resistivity at 

the bottom is an amplification of the remark stated above. In paragraph 5.2, some indications 
will be given that this is due to the inversion process by the Res2Dinv programme.  

 
When investigating the raw data of the second measurement, it becomes clear that this false 

representation is due to the inversion process. Figure 5.66 (Right) represents the raw data as 
resistivities according to the average location of the electrode configurations. This figure 

shows that the increased resistivity at the bottom is possibly a consequence of the inversion 
process. The anomaly is definitely measured close to the little insulation block. An increased 

resistivity can thus be measured when an electrode distance of 18 cm is used. For cross-

borehole measurements, it is consequently also possible to previously perform a 

measurement with a larger electrode distance and to refine locally in the deviating areas only 

afterwards. Another explanation for the high resistivity at the bottom could be found when 

looking closer at the used protocol.  

 

As explained above (see Figure 5.66 Middle right), for each current electrode pair, the 

potential difference has been measured at the level of all possible potential electrode pairs. 

On Figure 5.66 Middle right, for example, the measurement on potential electrodes P7 and 

P8 (when C1 and C2 are under current), is influenced by the insulating block. This 

measurement and similar ones most likely decrease the numeric conditioning of the inversion 

process.     

 

Nevertheless, the measurements do not perfectly match with the expected result. The 

anomaly is transformed in the tomography. It is however remarkable that the location of the 
increased resistivity is the same in both measuring results. A higher resistivity is measured, 

more or less on the location of the little insulating block. One should be careful when 
building a protocol. In the case of the interpretation of the 2×8 – measurement, it was better 

to evaluate the raw data, rather than the inversion result. It has been experimentally verified 
(see also paragraph 5.2.1.2.2) that a protocol should not be built with measurements whereby 

the potential electrodes are placed too far away from the current electrodes, to avoid the risk 
of a worse inversion result, compared to the interpretation of the raw data. In general, the 

best inversion results have been accomplished when building a protocol conform Table 5.10 
or Figure 5.68 Right.  
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Figure 5.66: Tomographic image of the inversion result on the masonry test wall with the C1C2-P1P2 
array; Left: 2×24 electrodes; Middle Left: 2×8 electrodes; Middel right: protocol used with 2×8 

electrodes ; Right: Raw data with the resistivity in function of the average location on the array.  The 

black box indicates the location of the polystyrene block 

5.1.2.2 Numerical modelling 

In order to investigate the influence of the inversion process itself and the geometric 

boundary conditions due to the finiteness of the masonry structures, two numerical models 

have been built by using the finite element software package Ansys. The first one simulates 

an infinitely stretched plane homogeneous wall with a thickness of 20 cm and a constant 

resistivity (see paragraph 5.2.1.2.1). This model can be used to study the 2D-effect of 
geometric boundary conditions, similar as for example 2D-heat flow problems. This model is 

representative for large masonry surfaces, which are often dealt with in practice. The second 
model simulates the masonry test wall. The numerical model measures 156×62×30 cm. The 

model limited in space, is surrounded by six plane areas into which no current can flow. This 
model can be used to study the 3D-effect of geometric boundary conditions, similar as for 

3D-heat flow problems. 

5.1.2.2.1 Infinitely extended wall: C1C2-P1P2 versus C1P1-C2P2 

In order to investigate the difference between the C1C2-P1P2 versus the C1P1-C2P2 

electrode configuration for cross-borehole measurements, a theoretical model in Ansys has 
been set up first (to calculate the forward modelling). A model has been chosen that was big 

enough in the extended directions of the wall. The potential on the outer edges of the model 

has been equated to zero Volt. The element mesh has been refined, close to the current 

electrodes as well as to the potential electrodes. This element mesh is represented in      

Figure 5.67.        
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Figure 5.67: Left: Finite element mesh of a cross-borehole model; Right: electrode positions 

 

On this structure, a current is each time successively sent on another electrode. By 

subtracting the resulting data of two calculations, a dipole-dipole configuration can be 

composed (i.e. C1P1-C2P2 or C1C2-P1P2).     

 

This model has been set up with a homogeneous resistivity of 30 Ωm and an electrode 

distance of 10 cm. By means of this model, invertible files have been made according to the 

measurement protocols. The result of the inversions is represented in Figure 5.68. 

 
This figure clearly shows what is described in paragraph 3.1.2. The setup with current 

electrodes on both sides (C1P1-C2P2), gives a very good image. The resistivity of 30 Ωm 
can be retraced in the resistivity map as the average value.   

 
The setup with both current electrodes on the same side, gives an image with much higher 

resistivities. As already discussed in paragraph 3.1.2, these resistivities have values of more 
than the double of the exact values. The programme Res2Dinv does not enable us to interpret 

these values correctly, because of the modified boundary conditions for cross-borehole 
measurements on a wall, in comparison to the measurements in the soil.     

 
As a conclusion, it can be stated that for an infinitely stretched wall, the measurements 

performed with the C1C2-P1P2 array, result in a tomographic image with resistivity values 

of approximately twice the value of the real resistivities of the wall, regardless the thickness. 

The C1P1-C2P2 array does not suffer from this effect and approximately provides the 

correct resistivity values.    
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Protocol 2x16 electrodes: 107 data points 

C1 C2 P1 P2 

5 6 20 21 

5 6 21 22 

5 6 22 23 

4 6 19 21 

4 6 20 22 

4 6 21 23 

 

… … … … 

Figure 5.68: Inversion result of a cross-borehole measurement on a numerical model with a homogeneous 

resistivity of 30 Ωm and electrode distance of 10 cm; Left: C1C2-P1P2; Middle left: C1P1-C2P2; Right: 
Extract of the protocol of the C1C2-P1P2 measurements. 

5.1.2.2.2 Numerical model of the masonry test wall: C1C2-P1P2 array 

The second model simulates the masonry test wall. The numerical model measures 

156×62×30 cm. The model limited in space, is surrounded by six plane areas into which no 

current can flow. This model can be used to study the 3D-effect of geometric boundary on 

the measured C1C2-P1P2 dataset with 2×24 electrodes, as already discussed in 

paragraph 5.1.2.1 (see Figure 5.66, Left). The measured dataset has an average (apparent) 

resistivity value of 3605 Ωm (average of the measurements, not of the inversion result). The 

numerical model is given a homogeneous resistivity of 3000 Ωm. In this model, a current is 

each time successively sent on another electrode. By subtracting the resulting data of two 
calculations, a dipole-dipole configuration can be composed (i.e. C1C2-P1P2). This model 

has been set up with an electrode distance of 6 cm. By means of this model, invertible files 
have been made according to the measurement protocols. The tomographic images are 

represented in Figure 5.69. 
 

Figure 5.69 Left:  
Inversion of the artificial dataset, based on the numerical homogeneous model (resistivity 

3000 Ωm) of the masonry test wall, the scale is in Ωm. Notice the high overall values of the 
inversion result, compared to the model resistivity of 3000 Ωm. The artificial dataset 

(calculated by forward modelling) has an average (apparent) resistivity value of 15871 Ωm. 
This indicates that the resistivity appears to be more than five times bigger in the C1C2-P1P2 

array than in reality. This confirms the finding made in paragraph 5.1.2.1. Another important 
remark is the presence of the high resistivities at the top and bottom of the tomographic 
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image. This seems to be a recurring numerical error or curiosity when inverting cross-
borehole data with Res2Dinv. The code of this commercial software package is not 

accessible and acts thus as a black box, making it difficult or even impossible to find out why 
this distortion takes place during the inversion of the data. A possible explanation could be 

the fact that the Jacobian matrix (as defined in equation 2.52 of Chapter 2) is calculated from 
a half-infinite subsoil model for each iteration step of the inversion process, introduces this 

distortion in the tomographic image. Unfortunately, it was not possible to develop adequate 
inversion software in this thesis to investigate this hypothesis more thoroughly. This could be 

done by calculating the Jacobian matrix for each iteration, based on the 3D-model of the 
masonry test wall, and comparing the inversion result with the tomographic image coming 

from Res2Dinv. 
 

   
Scale in Ωm Scale in Ωm Without dimension 

Figure 5.69: Left: inversion of the artificial dataset, based on the numerical homogeneous model of the 
masonry test wall, the scale is in Ωm; Middle: normalized image of the previous inversion, the scale is in 

Ωm; Right: relative difference map constructed by dividing the measured data by the artificial dataset, 

based on the numerical homogeneous model of the masonry test wall, Scale without dimension. 

 
Figure 5.69 Middle:  

The advantage of using a homogeneous 3D-model to eliminate geometric influences, is that 
the resistivity value given to the model blocks, is not important; only the relative influence on 

the measurements is important. This can not be done in case the model consists of more than 
one resistivity value. One could try to eliminate the influence of the geometry by rescaling 

the artificial dataset of Figure 5.69 Left, based on the numerical homogeneous model of the 
masonry test wall. One could compare the average resistivity value of the measured dataset 

(3605 Ωm, as already mentioned) with the average of the artificial dataset. The artificial 
dataset (calculated by forward modelling) has an average (apparent) resistivity value of 
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15871 Ωm. Rescaling the artificial dataset with a factor 0,227 (= 3605/15871) normalises the 
artificial dataset in comparison with the measured dataset. As mentioned, this can only be 

done for homogeneous numerical models. The image of the normalized artificial dataset is, 
of course, the same is the original artificial dataset; only the scale differs (compare        

Figure 5.69 Left to Figure 5.69 Middle Left).  
 

Figure 5.69 Right:  
Another approach to improve the tomographic image is to eliminate the influence of 

geometry by the following philosophy: a relative difference map is constructed by dividing 
(before inversion) the measured data by the artificial normalised dataset, based on the 

numerical homogeneous model of the masonry test wall. The idea is that the artificial dataset 
carries the 3D-effect in it. By dividing the measured data by the corresponding artificial data, 

the 3D-effect is eliminated.  

 

100×








simulation

measured
: before inversion     (5.5) 

 
This transforms the measured data into a dataset as if they were measured in the subsoil (i.e. 

a half-infinite medium). It appears that the measured data are then transformed into a dataset, 
as would have been measured in a half-infinite medium (subsoil). This means that the 

inversion by Res2Dinv will not be distorted as mentioned above. Indeed, the image of   

Figure 5.69 Right doesn’t show the higher resistivities at the top and bottom. This strongly 

supports the assumption made above, i.e. that the distortion of the tomographic image after 

inversion is due to the fact that the Jacobian matrix is calculated from a half-infinite subsoil 

model for each iteration step of the inversion process. Figure 5.69 Right clearly shows the 

presence of the anomaly in the middle. The outer leafs are still not visible. Assuming that the 

above argumentation is correct, meaning the distortion of the inversion process is eliminated 

this way, and the higher resistivity at the top indicates possible drying at the top of the wall. 

A disadvantage of this approach is that no quantitative representation can be done this way. 

The scale is difficult to interpret, but one can intuitively feel and argument the following: by 

dividing the measured data by the artificial data before inversion, a value below ‘one’ 

indicates a lower measured resistivity than what would have been measured on the same 

electrodes in case of a homogeneous wall. A value above ‘one’ indicates a higher measured 

resistivity than what would have been measured on the same electrodes in case of a 

homogeneous wall. One could extrapolate this idea to the tomographic image:  
 

Values below 100: no significant difference between model and wall, meaning there are no 
anomalies. 

 

Values above 100: significant difference between model and wall, meaning there possibly are 

anomalies. 

 

It must be noticed that the construction of relative difference maps using finite element 

modelling leads to the best tomographic image. This conclusion was already stated by 

Janssens and Venderickx (Janssens, 1993; Venderickx, 2000); in spite of this, they didn’t 

incorporate numeric inversion of the dataset. 
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5.2 Sandbox 

In order to perform measurements for which the location of the anomaly itself can be 

determined, a sandbox is made. The wood has a thickness of 18 mm and the inside 

dimensions of the sandbox are 120x20x60 cm³. It is filled with sand until the edge 

(Volume = 0.144 m³). By using the sandbox, a variety of possible anomalies can easily be 

simulated. Also experiments on the accelerated measuring technique are done on the 

sandbox.  

5.2.1 Two-sided approach 

5.2.1.1 Preliminary tests 

16 rustproof nails of 6 cm are hit on a height of 30 cm in the two longest sides. The nails are 
hit deeply enough, so that the contact surface with the sand is large enough – the nails are hit 

3 cm deep in the sand – and the crocodile clips can still easily be fixed. A polystyrene 
insulation bloc is placed in the box at different, consecutive locations.         

 

  

Figure 5.70: Left: electrode set-up; Right: picture of the setup in the laboratory 

 

The intermediary distance of the 16 electrodes is 5 cm. This way, the measurement is 
performed on 75 cm of the box and there will be little influence of the crosscut wooden 

walls. When the first measurements start, the terrameter does not perform any measurement. 
The used sand was too dry, due to what no current could be transported. In order to obtain a 

uniform mixture, the sand is put into a mixer and 10 liters of water are added to moisture it 
(7 % of the sand volume). The sand and the water are each time mixed during one minute 

and then replaced in the sandbox. After this, the measurements are performed without any 
problem. The electrode positions are numbered as in Figure 5.70 Left and Figure 5.67 Right.         

 

Location of the simulated anomalies: 

Figure 5.71 shows the different positions of the anomaly, on which measurements have been 
performed. The size of the anomaly also varies. This way, a cavity is simulated. These tests 

have already been described in (Bernaerts and Moens, 2006) and have been one of the first 

cross-borehole measurements ever performed in a laboratory for use on masonry. 
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(a) central big anomaly (b) without anomaly (c) low anomaly 

  
(d) anomaly at the top (e) high anomaly 

Figure 5.71: Location and dimensions of the anomalies 

 

Protocol used:  

The measurements are made by using the C1P1-C2P2 dipole-dipole array, as defined in 
Chapter 3. An extract of the protocol and some general information on the measured datasets 

are given in Table 5.11. 
 

Array C1P1-C2P2 

Electrodes 2×16 

Electrode-distance 5cm 

Data points 225 

Inversion parameters 
Finite elements 

Robust inversion 

 

 

 

Table 5.11: Left: General information about the measured data; Right: extract from the protocol. 

 

Inversion results: 
The inversions are done using finite elements for the forward modelling and the robust data 
inversion option is chosen. Figure 5.72 shows the tomographic images after inversion. The 

black blocks indicate the actual places of the anomalies. All the images are set on the same 
resistivity scale (the same scaling parameters are set for the different inversions), allowing a 

more quantitative comparison of the results.    
 

 
 

 

Protocol 2x16 electrodes 

C1 C2 P1 P2 

5 6 17 18 

  18 19 

  19 20 

  … … 

  31 32 

6 7 17 18 

  … … 

  31 32 
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Figure 5.72 (a): inversion result of the simulated cavity of Figure 5.71 (a) 
For the first measurements, an insulation block of 30x20x10 cm³ is placed in the centre of the 

box. On the figure, the anomaly is clearly visible in the central part of the box. The 
dimensions do not match with reality. They are too wide and too short. The influence of the 

wooden casing is visible, but the rest of the inversion is relatively even. This is logical, given 
that the sand is a homogeneous material.    

 
Figure 5.72 (b): inversion result of Figure 5.71 (b) 

A measurement is performed on the box when the insulation block is not present. This 
measurement is performed at the end. This way, it can also be verified if there are significant 

resistivity differences as a consequence of pressure and moisture. The tomographic image is 
not as expected and gives a quite inhomogeneous impression. This indicates that the digging 

in the sand, in order to place and replace the anomalies, disturbs the resistivity of the sand.  

The sand is less compact here in the area that has already been excavated, which leads to 

higher electrical resistivity values. These higher resistivity values can also be explained by 

the drying of the (excavated) sand.     

 

Figure 5.72 (c): inversion result of the simulated cavity of Figure 5.71 (c) 

In the tomographic image on Figure 5.72 (a), the insulation block appeared to be easily 

visible. In the model of Figure 5.71 (c), it is checked if this cavity is visible if the height 

decreases. The insulation block is sawn in two and its measurements become 30x10x5 cm³. 

This way, a low and large cavity is simulated. The inversion shows an anomaly again. This 

time, the difference between the resistivities of the sand and those of the anomaly, are much 

smaller. The relative difference of the resistivities close to the anomaly, gives us an idea 

about its height. In order to obtain more information about this dimension, several cross-

borehole measurements can be performed above each other. The electrical current can easily 

avoid the high resistivity by passing just above and beneath the flat anomaly, resulting in 
lower resistivity values on the location of the anomaly. Like in Figure 5.72 (a), the 

dimensions of the anomaly do not match with reality. The anomaly is also too short in the 
inversion image.       

 
Figure 5.72 (d): inversion result of the simulated cavity of Figure 5.71 (d) 

The lower side of the insulation block with measurements 30x10x5 cm³, is placed 10 cm 
above the electrodes. Due to this, not the anomaly itself is measured, but its possible sphere 

of influence. On the inversion, a slightly increased resistivity can be noticed in the area under 
the simulated anomaly. The influence of the walls is clearly present. Like in Figure 5.72 (a), 

the dimensions of the anomaly do not match with reality. The anomaly is also too short in the 
inversion image.           

 
Figure 5.72 (e): inversion result of the simulated cavity of Figure 5.71 (e) 

The insulation block (30x10x5 cm³) is placed upright in the box and the measurement is 
performed once more. This way, a high and narrow cavity is simulated. The result shows an 

anomaly in the centre. The area of the increased resistivity extents itself further than the 

deviation in the width, which was also the case for the previous measurements. Its length is 

rather well indicated here.   
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(a) central big anomaly (b) without anomaly (c) low anomaly 

  
(d) anomaly at the top (e) high anomaly 

 
Resistivity scale in Ohm.m, electrode spacing 5 cm. 

Figure 5.72: Inversion results of the cross-borehole measurements. All the tomographies are presented on 

the same scale. Notice the black blocks in the above figures, indicating the correct places of the anomalies. 
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Conclusions:  
The results with the cross-borehole protocols show the anomaly is visible for each inversion, 

but the correct dimensions of the insulation block can not be read. This requires further 
investigation. The influence of the wooden wall of the sandbox is visible for all inversions. 

The interpretation on the base of two-dimensional cross-borehole measurements is 
sometimes confusing. When observing the inversions of the simulations like in Figure 5.71 

(c) and (d), an increased resistivity is shown in both cases. If it is not known which situation 
is dealt with, interpretation errors can be made. A possible solution to this problem, are three-

dimensional cross-borehole measurements, as will be discussed further on in this chapter 
(paragraph 5.3).  

 
One could remark that the protocol that has been applied in the above measurements 

(described in Table 5.11), is using too many measurements. In the next paragraph, some 

further improvements of cross-borehole measurements are described. 

5.2.1.2 Improvements on the two-sided approach 

In this paragraph, the cross-borehole protocol will be rationalized and the influence of the 

electrode configuration, the number of data points and the creation of relative difference 

maps will be discussed. 

5.2.1.2.1 Influence of electrode configuration 

Figure 5.73 (Left and Middle left) shows the resistivity maps of the two measurement setups 

on the sandbox: C1C2-P1P2 and C1P1-C2P2. These measurements have been performed on 
the sandbox when it was only filled with sand, in other words: when it was made as 

homogeneous as possible. Table 5.12 represents a number of parameters of the 
measurements. The electrode positions are numbered as in Figure 5.65.  

 
Array C1C2-P1P2 C1P1-C2P2 

Electrodes 2×24 2×24 

Electrode-distance 4cm 4cm 

Data points 131 131 

Inversion parameters Finite differences Finite differences 

Table 5.12: General information about the measured datasets for the C1C2-P1P2 and C1P1-C2P2 arrays 
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Left: C1C2-P1P2 homogeneous sand box 

Middle left: C1P1-C2P2 homogeneous sand box 
Middle right: C1C2-P1P2 sand box with anomalies 

Right: C1P1-C2P2 sand box with anomalies 

Figure 5.73: Left and Middle left: Inversion result of the C1C2-P1P2 and C1P1-C2P2 measurements on 
the homogeneously filled sandbox, both with 48 electrodes and a=4cm; Middle right and Right: Inversion 

result of the C1C2-P1P2 and C1P1-C2P2 measurements on the sandbox with two circular anomalies 
(respectively at 18 cm and 48 cm from the first electrode; see the circles in the tomographies above) 

 

Here also, the scales have a different size for the two setups. From the above, it appears 

however that the C1P1-C2P2-setup will approximatively indicate the correct resistivity. 

Therefore, it can be concluded that the average resistivity of the sand is situated around 

160 Ωm. Notice the difference in the average resistivity value between the C1C2-P1P2 

(circa 750 Ωm) and the C1P1-C2P2 (circa 150 Ωm) arrays. The difference is more or less a 

factor five and was expected from the findings of 5.1.2.2.2. Indeed, the sandbox is a small 

object with the same basic shape as the masonry test wall leading to similar 3D-geometric 

effects influencing the measurements performed by the C1C2-P1P2 array. This factor five 

cannot be generalized and is dependant from the 3D-shape and dimensions (i.e. geometry) of 

the specimen. Nevertheless, the factor five is found for the masonry test wall, the numerical 

simulations and the sandbox as well. This is because the dimensions of these specimens are 
similar in scale.   

 
An important difference between the two measurement setups is the sensitivity of the 

electrode configurations for the reception of the anomalies’ shape. In order to investigate 
this, two anomalies have been placed in the sandbox, in the shape of a tubular cavity with a 

diameter of 56 mm. The first cavity is located at 18 cm from the first electrode, the second 
cavity at 48 cm. Again, both measurement configurations have been applied.     

 
Figure 5.73 (Middle right and right) shows the resistivity maps of these measurements. In the 

C1C2P1P2-configuration, two separate areas with an increased resistivity can clearly be 
noticed.   
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The C1C2P1P2 configuration also shows two areas with an increased resistivity, but this 
remains low, compared to the resistivity close to the electrodes. The elongated shape of the 

anomalies in the C1C2P1P2-configuration can be explained by means of the measurement 
sensitivity, represented on the sensitivity plot in Figure 3.14. 

 
A measurement setup will be very sensitive to resistivity changes if successive measurements 

first observe an anomaly with a positive sensitivity, and then with a negative sensitivity (or 
vice versa). That is why the location in the vertical direction is very well differentiated here. 

The size of the resistivity values is still too large, but as far as the quality is concerned, the 
cavities can be clearly localized.       

 
The results allow to conclude that generally, a dipole-dipole measurement setup with a C1P1-

C2P2-configuration provides the most correct results, quantitatively speaking. However, the 

C1C2-P1P2-configuration appears to be more suitable to detect anomalies on a relative scale. 

For practical reasons (see paragraphs 5.2.2 and 5.3), the C1C2-P1P2-configuration has been 

chosen to work with.        

5.2.1.2.2 Influence of the number of data points 

Not only the electrode configuration has much influence on the results, but also the number 

of data points. The more data points are used, the more detailed the obtained image is, 

normally speaking. However, this does not just mean that the result corresponds better to 

reality. This problem is illustrated by means of a comparison between a dipole-dipole array 

with 131 data points and a dipole-dipole array with 291 data points. Both have a C1C2P1P2-
configuration. The trial setup is the same as above, with two tubular cavities with a diameter 

of 56 mm, at 18 and 48 cm from the first electrode. The electrode positions are numbered as 
in Figure 5.65. 

 
Array C1C2-P1P2 C1C2-P1P2 

Electrodes 2×24 2×24 

Electrode-distance 4cm 4cm 

Data points 131 291 

Inversion parameters Finite differences Finite differences 

Duration of the survey 11 minutes 24 minutes 

Table 5.13: General information about the measured datasets for the C1C2-P1P2 array with 131 and 291 
data points 

 

Table 5.14 represents a fragment from both protocols. The dipole-dipole protocol with 131 
data points is elaborated in such a way that for each current electrode pair, the potential 

difference at the level of the opposite potential electrode pair, and the pairs before and after 
it, are measured. In addition to this, pairs have been formed with a double electrode distance, 

for which the measurements also come from the opposite potential electrode pair, and the 
pairs before and after it. The dipole-dipole protocol with 291 data points is elaborated such as 

the protocol with 131 data points, with the difference that it measures the potential 
differences of the seven closest potential electrode pairs, instead of only the three closest 

electrode pairs.      
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Protocol 2x24 electrodes 131 data points Protocol 2x24 electrodes 291 data points 

C1 C2 P1 P2 C1 C2 P1 P2 

5 6 28 29 5 6 26 27 

5 6 29 30 5 6 27 28 

5 6 30 31 5 6 28 29 

    5 6 29 30 

    5 6 30 31 

    5 6 31 32 

    5 6 32 33 

4 6 27 29 4 6 25 27 

4 6 28 30 4 6 26 28 

4 6 29 31 4 6 27 29 

    4 6 28 30 

    4 6 29 31 

    4 6 30 32 

    4 6 31 33 

Table 5.14: Extract from the C1C2-P1P2 protocols with respectively 131 data points (left) and 291 data 

points (right). 

 

Figure 5.74 (Left and Middle left) represents the resistivity maps of both measurements. The 

circles indicate the location of the anomalies that have been placed. It is clear that the dipole-
dipole array with 131 data points matches with reality and that this one can therefore best be 

applied. The resistivity map of the dipole-dipole array with 291 data points provides a much 
worse image.     

 
If the measurement data of the protocol with 291 data points are reduced to 131 

measurements of the other protocol, a good inversion is obtained again. Because there are too 
many measurements, a high resistivity appears at the bottom of the image, masking the 

(desired) details. It is not clear yet why this increased resistivity appears. The inversion 
process probably converges to a local minimum in the target function. Here also, further 

investigation will be necessary to find out the exact reason for this local minimum. This 
seems to be a recurring error, also in the following measurements. By making differential 

maps, this effect has been neutralized later on (see paragraph 5.2.1.2.3). Another reason 
could be that the signal to noise ratio becomes worse when the potential pair is further away 

from the current pair, adding bad data points to the dataset.  
 

It must be noticed that a similar effect was already observed in paragraph 5.1.2.1. Another 

explanation for the high resistivity at the bottom could be found when looking closer at the 

used protocol. As explained above (see Table 5.14), for each current electrode pair, the 

potential difference has been measured at potential electrode pairs placed three levels above, 

just in front and three levels below the current electrode pair. It appears from the 

experimental data that a protocol should not be built with measurements whereby the 

potential electrodes are placed too far away from the current electrodes. Otherwise, the risk 

of a worse inversion result increases. These particular far away measurements most likely 

decrease the conditioning of the inversion process. In general, the best inversion results have 

been accomplished when building a protocol conform Table 5.14 Left (131 data points)   
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Left: C1C2-P1P2 with 131 data points 

Middle left: C1P1-C2P2 with 291 data points 
Middle right: tomography before tubes insertion  

Right: tomography after tubes were inserted   

Figure 5.74: Left and Middle left: Inversion result of the C1C2-P1P2 measurements, with respectively 
131 and 291 data points on the sandbox with two circular anomalies, with a diameter of 56 mm 

(respectively at 18 cm and 48 cm from the first electrode; see the circles in the tomographies above), both 

with 48 electrodes and a=4 cm; Middle right and Right: Inversion result of the C1C2-P1P2 

measurements before and after the insertion of two PVC-tubes with a diameter of 35 mm (respectively at 
18 cm and 48 cm from the first electrode; see the circles in the tomographies above) 

For all further measurements, protocols will be used that will be restricted to the three 

potential measurements lying the closest to the used current electrodes. Table 5.15 represents 
a fragment of the generally used protocol for a dipole-dipole C1C2-P1P2-configuration, for 

the current electrode pair C4C5.  
 

Current electrode Potential electrode 

  P3 P4 

C4 C5 P4 P5 

  P5 P6 

Table 5.15: Extract of the generally used protocol for a C1C2-P1P2 array. 

5.2.1.2.3 Differential resistivity maps 

A differential resistivity map is a resistivity map on which two inversion results are 

subtracted from one another. This way, it is possible to detect introduced changes. A 
condition for this differential maps is that measurements should be performed before and 

after structure modifications. This method enables to clearly notice a resistivity increase as 
well as a resistivity decrease.      
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In general, anomalies smaller than the electrode distance, can not be noticed. The next test 
clarifies that an anomaly change can effectively be noticed, even if it is smaller than the 

electrode distance.     
 

On the setup, two measurements have been performed; both of the type C1C2-P1P2 with 131 
data points (cf. Table 5.13). The first measurement has been applied on the homogeneous 

sandbox. For the second measurement, two PVC-tubes have been introduced with a diameter 
of 35 mm. The first tube is situated at circa 18 cm from the first electrode, the second one on 

48 cm. Figure 5.74 (Middle right and Right) shows both resistivity maps next to each other. 
Between both figures mutually, there is a limited difference to be noticed, close to the 

locations of the tubes.    
 

If only the measurement after the introduction of the tubes is performed, users would 

probably draw a false conclusion. Due to the increased resistivity left at the bottom, and the 

irregularity of the resistivity map, the tubes do not manifest themselves sufficiently in the 

result (see Figure 5.74 Right). 

 

If now both results are subtracted from one another, all the irregularities, which complicate 

the detection of the anomaly, will be annulated. Boundary effects and systematical errors in 

the inversion process will thus be subtracted from one another, due to what, only the 

modification in the structure remains. In Figure 5.75 (Left), this difference is shown and the 

location of the tubes can clearly be deducted.    

 

The location of the tubes is undoubtedly the right one. The anomaly’s shape is however, 

rather elongated over the thickness of the wall. The elongated shape of the anomalies in the 

C1C2-P1P2-configuration can be explained by means of the measurement sensitivity, 

represented on the sensitivity plot, as already indicated in Figure 3.14. 
 

Figure 5.75 (Middle and Right) shows the result of the differential resistivity maps for a 
setup with 2 PVC-tubes of 56 mm, for a C1C2-P1P2-configuration as well as for a C1P1-

C2P2-configuration. As expected, the C1C2-P1P2-configuration represents the most clearly 
differentiated anomalies, but the shape is only accurately differentiated in the height. 

Although the C1P1-C2P2-setup represents rounder shapes, users will have more difficulties 
to draw conclusions about the right size of the anomaly.     
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Left: C1C2-P1P2 homogeneous sand box 

 
Middle: C1C2-P1P2 sand box with anomalies 
Right: C1P1-C2P2 sand box with anomalies 

Figure 5.75: Left: Differential resistivity map of a 48 electrode C1C2-P1P2 array. The map was created 

by subtracting the tomographic image before inserting tubes with a diameter of 35 mm from the 

tomographic image after the insertion of both circular 35 mm tubes (i.e. subtracting the Middle right 
image of Figure 5.74 from the Right image of Figure 5.74); Middle: Differential resistivity map of the 
tomographic images created by measuring with the C1C2-P1P2 array before and after the insertion of 

two PVC-tubes with a diameter of 56 mm; Right: Differential resistivity map of the tomographic images 

created by measuring with the C1P1-C2P2 array before and after the insertion of two PVC-tubes with a 
diameter of 56 mm. 

5.2.1.2.4 Conclusion 

For investigation on structures, both cross-borehole measurements will prove their utility. If a 

historic wall is investigated, the C1P1-C2P2 setup can provide good results. If it is the aim to 

follow up a grout injection, the C1C2-P1P2 setup will be better, as long as one keeps in mind 

that the anomalies’ shapes will be distorted. Consequently, this last method will further be 

applied, in order to follow up the grout injections. 
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5.2.2 Accelerated measuring technique: cross-borehole tomography 

5.2.2.1 Simulation of realistic anomalies 

The method discussed in Chapter 4 (paragraph 4.2), enables to quickly perform an important 

number of measurements. This way, different physical models could be investigated. By 

developing differential resistivity maps, we could especially verify modifications in the 

structure. During these tests, a cavity, a crack and a detached outer leaf were consecutively 

simulated by means of insulating materials introduced in the sandbox. 

5.2.2.2 Simulation of an isolated cavity 

At first, it was verified in which way the application of a PVC-tube with a diameter of 
35 mm can be observed. Consecutively, the tube is applied at three different locations, in 

such a way that cavities remain in all of the front locations (see Figure 5.76).    
 

   

Figure 5.76: Left: Experimental sand box test setup with different simulations of anomalies, seen from 

the potential (i.e. passive) side; Middle left: seen from the top with the potential (i.e. passive) side at the 

right; Middle right: Differential resistivity map (cross-borehole tomography through the sand box at the 

height of the electrodes) after the placement of a plastic tube with a diameter of 35 mm. The tube was 
placed 10 cm from the last potential electrode; Right: Differential resistivity map after the placement of a 

halfway cut PVC-tube. 

 

Figure 5.76 (Middle right) shows a differential resistivity map indicating the resistivity 

increase as a consequence of the application of the last tube. This tube is located at 10 cm 

above the bottom side of the measured area. In the horizontal direction, the tube is more or 

less centralised. (see Figure 5.76; Left and Middle left). 

 

On the differential map in Figure 5.76 (Middle right), a resistivity increase can clearly be 

observed on the location where the tube was applied. In the horizontal direction, the increase 

is not situated exactly in the middle. This minor deviation can be explained by the fact that 

the tube was not applied perfectly in the vertical direction.     

 

The represented shape of the resistivity increase is rather stretched out in the width, due to a 

different detecting capacity in the horizontal and vertical directions. This principle has 

already been discussed in Figure 3.14. 
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5.2.2.3 Simulation of internal cracks 

During the second test, we will verify in which way a cut PVC-tube, with a diameter of 
125 mm can be observed. In the previous test, we only used a full tube, which is an approach 

for possible cavities. In reality however, historic masonry also often contains cracks. This 
anomaly gives us an idea of the way in which a crack in a wall could be observed. This 

situation differs from the cavities, given the fact that a crack only stops the current 
perpendicularly to the direction of the crack. The current parallel to the crack area won’t be 

influenced. The material will show an anisotropic resistivity.       
 

By inserting a sawn (i.e. half round) PVC-tube, a crack area in the masonry is imitated. The 
half PVC-tube is situated at 10cm of the upper edge of the measured area. Figure 5.76 

(Right) shows the result, again in the shape of a differential resistivity map.      
 

At the location of the crack, an increased resistivity can clearly be noticed. The area is, 
however, spread over a certain thickness, while a crack should actually be extremely thin. 

This can be explained by two reasons:  

• Given the fact that a cut tube has been used to simulate the crack, this is not a plain 

crack, but one with a certain curve. Due to this, a part of the sand in between, won’t 

conduct current anymore, or at least, it won’t conduct much current. The test could be 
repeated with a plain insulating plate.    

• Another reason for the fact that the area is spread out, is that the inversion functions with 
finite blocks. Therefore, it is almost impossible to calculate very thin structures.  

5.2.2.4 Simulation of detachment between outer and inner part of a wall 

An approximate test supposed to illustrate the detachment of the outer leaf, is performed by 

placing a synthetic plate parallel to the edge. This plate is more or less located at the height 

from the 6th till the 14th electrode, close to the potential side (see Figure 5.77).    

 

  

Figure 5.77: Left and Middle: placement of the plastic plate; Right: Differential resistivity map (cross-

borehole tomography threw the sand box at the height of the electrodes) after the placement of the 

isolating plate. 
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Figure 5.77 (Right) shows the differential resistivity map indicating the resistivity increase as 
a consequence of the placement of an insulating plate at the potential side (right side). In this 

figure, the location of the plate can not clearly be distinguished. The area representing a 
resistivity increase is more widely spread, to almost all over the total width of the sand box. 

On the location of the plate itself, a resistivity decrease is observed.    
 

Although this test provides an unexpected inversion result, the image can be used to detect 
this type of anomaly in on-site structures. If a similar image is obtained during a 

measurement campaign, this will probably be due to a detached outer leaf on the potential 
side.     

5.2.2.5 Remarks 

By means of test measurements, some elements were better worked out, like the placement of 

the filter against a disturbance of the electricity network and the program for the handling of 

the measuring results, which was better adapted to different situations. This adaptation was 

especially necessary for the trial setup with the insulating plate, because between some 

potential electrodes only very small potential differences have been recorded. This caused 

difficulties during the detection of the starting and end points of each measurement cycle. 

The detection is performed by searching for places on the time line where the potential 

values show a large standard deviation. When such a moment passes, we know that the pulse 

has arrived. By raising the standard deviation to a power, this effect has been increased, 

which made detection possible again.        

5.3 On-line follow up of grout injection 

In order to simulate an on-site grout injection, two important tests have been performed on 
the sand box in the laboratory. In the sand box, an area will be injected with tennis gravel. 

The gravel actually consists of crushed bricks and consequently, it has a comparable degree 
of water absorbency (i.e. capillarity). In order to make sure the material will be easy to inject, 

only the fraction between 2 and 4 mm was used.  
 

The used accelerated measuring technique is discussed in Chapter 4 (paragraph 4.2). The 
same technique was used in paragraph 5.2.2. This technique enables to quickly perform an 

important number of measurements.     

5.3.1 Grout properties 

The injections are performed with a “stop” grout, developed for injections on the Basilica of 

Tongeren (see also paragraph 6.1 in Chapter 6). (Keersmaekers et al., 2006a; Keersmaekers 

et al., 2006b; Van Gemert et al., 2003, Van Rickstal et al., 2003a). The grout is composed 

according to the following composition and mix procedure.    

 

A composition of cement and lime is mixed and dried slowly in a closed box. 90% of the 
total water quantity is poured into the mixing box. The composition of cement and lime is 

added in the mixing box to the major part of the water. At a speed frequency of 
2400 revolutions per minute, it is being intensively mixed during 2 minutes. The mixture 
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remains untouched during 2 minutes. Meanwhile, the rest water is mixed with a 
superplasticizer, Glenium 27. After these 2 minutes, half of the water-Glenium 27 mixture is 

added. All of the mixture is mixed during 3 minutes, again at a speed of 2400 revolutions per 
minute. Again, the mixture remains untouched during 2 minutes, after which the other half of 

the water-Glenium 27 mixture is added. Eventually, the whole mixture has to be mixed one 
more time during 2 minutes.               

 

CEM III (g) Ca(OH)2  (g) W/B-factor (ratio) water (ml) Glenium 27 (g) 

3150 1350 0.675 3040 45 

Table 5.16: Composition of the “stop” grout, used for the consolidation of the columns foundations of 
Our Lady’s Basilica at Tongeren, Belgium. 

 

The detectability of the grout injection depends on the grout resistivity itself, in relation to 

the injected structure. In paragraph 5.2 it has been shown that the sand has a resistivity of 

circa 160 Ωm. The resistivity of the grout is measured in a special setup, in which current is 

sent through the grout and a potential difference is measured, Figure 5.78:       

 

 

Figure 5.78: Experimental setup for the determination of the resistivity of a fluid. 

 

The resistivity is calculated on the base of Pouillet’s law (Lauriks, 2002). 
 

l

RA
=ρ              (5.6) 

 

with: 

ρ = resistivity (Ωm) 

R = resistance (Ω) 
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A = surface area (m²) 

l = length (m) 

 

This test is at first performed on tap water and afterwards on the grout. The average 

measured resistivities are the following:   

 

ρwater= 16.76 Ωm  ρgrout= 2.49 Ωm 
 

The resistivity of the tap water matches rather well with the value of 15 Ωm, which can be 
retrieved in the literature. Notice that the resistivity of the used grout is a lot lower than that 

of the water. The better conductivity can be explained by the large number of ions in the 
solution.    

 
Because the resistivity of the grout is a lot lower than that of the sand, one can expect that the 

influence of an injection will be clearly visible. Consequently, there is no need to add an 
additive to enable the monitoring.   

5.3.2 First test for the on-line follow up of a grout injection  

5.3.2.1 Experimental setup 

A recess in the sand box was made and filled with tennis gravel. The recess has a volume of 

circa 4.5 litres, located at a height of 12 to 37.5 cm in relation to the bottom side of the sand 

box.    

 

Figure 5.79: Experimental setup for the first test for the follow up of a grout injection. Frontal view at the 
top. Seen from above at the bottom. Notice the indication of the electrodes. 

In the gravel, a little hose with a diameter of 3 mm is placed, through which the grout will be 

injected. The bottom side of the tube is placed 3 cm under the upper side of the gravel 

volume. The injection will thus rather occur from top to bottom. The lower side of the hose is 

located at circa 5 cm from the electrodes row. Because we only perform 2-dimensional 
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measurements, only an image will be constituted at the height of this electrodes row. A two-
dimensional measurement offers the advantage that the measurement period is restricted to 

less than 90 sec. Before the actual injection, a reference measurement has been performed. In 
relation to this measurement, differential maps will be elaborated, in order to follow-up the 

grout movement.   

 

Figure 5.80: Experimental setup for the first test for the follow up of a grout injection. The form of the 
gravel volume is shaped by a membrane which was removed before the experiment started. 

5.3.2.2 Execution of the injection 

The injection and the measurement are performed in cycles of 2 minutes. The measurement 
starts 30 seconds after the beginning of the injection. 90 seconds later, the cycle starts again 

with a new injection. This cycle will be repeated until the grout does not spread in the gravel 
anymore. During this latest injection, the grout flew upwards, next to the little hose, which 

can be observed in Figure 5.81 (right).    

 

Figure 5.81: Left: injection of the grout; Right: Pouring out of the grout at the surface, suggesting the 

gravel volume is fully injected and the test can be stopped.  

 

Every 120 seconds a volume of 30 or 60 ml grout was injected. 30 ml grout was added 

during the first 10 injections. After that, the grout volume was increased to 60 ml. After 21 

injections, the gravel volume was full. No more grout could be injected in the sand box 

anymore. A total of 960 ml of grout was thus injected. During the injection, it is important to 

stir the grout regularly, given the fact that the mixture may not segregate. Moreover, the trial 

can not last longer than 1h30, because afterwards, the grout does not have the ideal 

rheological characteristics anymore in order to be easily injectable.        
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5.3.2.3 Measurements results 

After having performed the measurements, we handled all the data and set up the differential 
resistivity maps. Figure 5.82 shows the resistivity decrease after 1, 4, 8, 12, 16 and 20 

injections.  
 

It can clearly be observed that the resistivity around the injection point starts to decrease and 
that this area is systematically extending. On the resistivity maps, the bigger extension of the 

area downwards and to the left, is remarkable. Out of this, it can be deduced that the injection 
is not well radially distributed.    

 

Figure 5.82: Differential resistivity maps. From the left to the right: after injection 1 - 4 – 8 – 12 – 16 and 

20 (i.e. after the injection of 30 – 120 – 240 – 420 – 660 and 900 ml grout). The reference map, used to 

produce all the differential resistivity maps, is made by measuring the cross-borehole section before the 
first injection was made. The black point in the above images shows the injection point.    

5.3.2.4 Injection result 

While excavating the hardened injected volume, it is remarkable that the injection has indeed 
been completed most successfully in the areas where the resistivity decreased the most. 

Figure 5.83 shows the injected volume after excavation. The location where the injection 
tube was situated is indicated on it. On the left picture, it can be seen that the biggest part of 

the grout is located more to the left of the injection point. On the second picture, it becomes 
clear that the injection has also been deviated more downwards.  

 
The incomplete injection can be explained on the base of several elements:  

• The grout has been injected under very low pressure. In reality, a controlled pressure is 

applied in order to obtain a more uniform consolidation.  

• The extremity of the hose is only located at a depth of 3 cm under the surface of the 

gravel volume; due to this, the already injected volume is causing a kind of blockade. 
Eventually, the grout will choose the way with the lowest resistance.  

• At a certain moment, the sand above the gravel will have a lower flow resistivity than the 
injected area. That is why the grout will consolidate a part of the sand. 
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Figure 5.83: View from the side (left) and from the front (right) of the injected volume after hardening of 

the grout; Left: Notice the injection point (arrow) and the survey line (electrode array); Right: Notice the 
injection point 

 

At a certain moment, the grout next to the injection tube broke through until the surface. (see 
Figure 5.81, right), after which the injection has been stopped. After having sawn the 

consolidated volume, one can remark that a relatively compact structure has been constituted, 
except for a few small cavities.     

 

Figure 5.84: Cross section of the injected volume. 

 

If the measuring results (i.e. inversion results) were immediately available, this incomplete 
consolidation would already appear during the injection. In case of a grout injection on 

historic masonry, one could have intervened on time this way. The above experiment proved 
the feasibility to collect the data fast enough to detect the grout flow in time.  

 
There are two technical disadvantages which should be solved when a commercial 

measurement system will be build to detect the grout flow in real time: 

• The Terrameter SAS 1000 (i.e. current source), combined with the Lund Imaging System 
(i.e. switch box) is too slow to switch current from one electrode to another. A 

customised (i.e. faster switching) current source and switch box should be developed. 
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• The data must be processed (i.e. inverted) manually, using the Res2Dinv software. 
Res2Dinv can run in batch mode, which makes it possible to include it in an overall 

software which controls the measurements on one hand, and the processing of the data 
on the other. When such a software algorithm is developed which allows the automatic 

inversion of datasets and the subsequent calculation of relative difference maps, one can 
build a system which produces real time images of the resistivity changes during 

injection.       

5.3.3 Second test for the on-line follow up of a grout injection  

5.3.3.1 Experimental setup 

As mentioned in Chapter 4, paragraph 4.2, it is possible to compose a 3D-image of separate 

cross-borehole measurements. The functioning of this method is verified by means of the 

next trial setup.    

 

Figure 5.85: Experimental setup for the second test for the follow up of a grout injection. Left: Location 

of the gravel zones; Right: Setup of the electrode arrays. 

 
The sand box of the previous measurements has now been placed upright and has been 

equipped with 6 electrode rows (3 at the front, 3 at the back). This enables us to measure 9 
cuts, as indicated in Chapter 4, paragraph 4.2.8.    

 
In the sand box, 3 areas in gravel have been applied:  

- Zone 1: 200 cm³ gravel 

- Zone 2: 600 cm³ gravel 

- Zone 3: 1000 cm³ gravel 

-  

These areas have a different volume and are located through different cuts (see Figure 5.85), 

so that we can verify how precise the measurements are. An area situated at a large distance 

from the cut, is expected not to have any influence on the cut anymore. All cavities will be 

injected with an hydraulic grout, with an identical composition as the one in the previous 
injection test.   
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5.3.3.2 Execution of the injection 

The injections have been executed with intervals of 3 minutes. In the first gravel area (at the 
bottom, lowest volume), volumes of 50 ml grout have been injected each time; in the other 

areas, 100ml per cycle has been injected each time.   
 

The injected volumes per cycle are represented in Table 5.17.  
 

grout injection zone injected volume (ml) remarks 

1 1 50  

2 1 100  

3 1 150 Measurement failed 

4 1 200  

5 1 250  

6 1 300  

7 1 350 zone 1 filled 

8 2 100  

9 2 200  

10 2 300  

11 2 400  

12 2 500  

13 2 600  

14 2 650 zone 2 filled 

15 3 100  

16 3 200  

17 3 300  

18 3 400  

19 3 500  

20 3 600  

21 3 700  

22 3 800  

23 3 900  

24 3 1000  

25 3 1100 zone 3 filled 

Table 5.17: Injected volumes during each injection step. 

 
Given that for each area the total injected volume was higher than the present gravel volume, 

a part of the sand around the gravel area will also be consolidated.    
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5.3.3.3 Measurements results 

Figure 5.86 shows a front view of the measurement setup, together with the final differential 
resistivity map. The three consolidated structures can be clearly observed. We can also 

remark that a higher volume has been injected than the gravel volume.   
 

 
 

Figure 5.86: Left: 3×16 current electrodes, the potential electrodes (3×16) at the backside; Middle left: 

position of the volumes of gravel to be injected and the result of the inversion; Middle right: 3D-view of 
the location of the gravel zones; Right: 3D-differential resistivity map, i.e. 3D-inversion result at the end 

of the injection. 

 

 

Figure 5.87: 3D-representation of the differential resistivity maps after:  

Top: injections 1 -2 - 4 – 5 - 6 – 7 with reference measurement (i.e. before the first injection)   

Middle: injections 8 – 9 – 10 – 11 – 13 – 14 with reference measurement 7      
Bottom: injections 15 – 17 – 19 – 21 – 23 - 25 with reference measurement 14 

 



Chapter 5: Laboratory tests 

132 

 

Figure 5.87 shows the consecutive differential maps. For the differential maps, a reference 
measurement should always be made. For the injection in the first area, the pre-measurement 

is used as a reference. For the injection in the second and third area, measurements 7 and 14 
respectively function as reference measurements. 

 
The differential measurements have been transformed in a modification in terms of 

percentage of the resistivity. Afterwards, the limit has been fixed at a resistivity decrease of 
50 %. These images have been incorporated in the figures. This allowed us to compare the 

differential maps in a univocal way. The resistivity decrease of 50 % has been chosen, so that 
the latest images showed injected volumes with a size comparable to the volumes that were 

really excavated. In case of an on-site grout injection, one does not have this knowledge, of 
course. One could also determine this value in another way. If the expected cavity percentage 

is known, a calculation can be made where the grout front should be located after a certain 

amount of injected grout. On the base of this estimation, one can set up the limit value.  

5.3.3.4 Injection results 

After having excavated the hardened volumes, it appears that the injections have been 

performed rather well and that almost all of the gravel has been injected (Figure 5.88). 

Because the outer layer consists of consolidated sand, it becomes clear that a part of the sand 

has been injected as well.     

 

Figure 5.88: Injected gravel volumes after excavation. Left: Zone 1; Middle: Zone 2; Right: Upper zone 3 

 

In the upper volume, one area is worse consolidated. This can also be deducted from the 

differential map in Figure 5.89. 

 

Figure 5.89: Left: Top view of the badly consolidated region of gravel zone 3; Right: the corresponding 
3D-differential resistivity map.    
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The causes of this bad injection are the same as those mentioned during the first grout 
injection (see paragraph 5.3.2.4). Here also, the area was situated close to the upper side of 

the sand volume, causing a certain sand volume also to be injected upwards.     
 

The fact that it can be observed on the differential maps that a small part of the volume has 
not been injected, proves the high resolution of this method. The use of the cross-borehole 

technique, combined with differential maps, appears to be a powerful instrument for the on-
line follow-up of a grout injection.   

 

Figure 5.90: Left: Front view of the 3D-differential resistivity map of the biggest injected volume 
(zone 3); Right: Front view of the biggest injected volume after excavation. 

 

On Figure 5.90, it can clearly be observed that the injected volume has become that high that 
it has surrounded a current electrode. Due to this, the measurement result shows a deviating 

area at the bottom side. Due to a direct contact between the grout and the electrode, the 
resistivity close to this electrode seems to have suddenly intensively decreased.     

 
The same two technical disadvantages as stated before (see paragraph 5.3.2.4) apply here:  

• The Terrameter SAS 1000 (i.e. current source), combined with the Lund Imaging System 

(i.e. switch box) is to slow. 

• The data must be processed (i.e. inverted) manually, using the Res2Dinv software.  
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6 Geo-electrical techniques: Case studies 

 

 

During the course of the thesis, some opportunities arose to perform geo-electrical 

measurements on real historic sites in Belgium. Surveys were done on the 12th century city 

wall “Handbogenhof” in Leuven. The aim was to find the buttresses at the rear side of this 

historical rampart (see Keersmaekers, 2003; Van Rickstal et al., 2003b; Keersmaekers et 

al., 2004). Measurements in order to find the dimensions of the foundations of the Church of 

Saint-Jacobs in Leuven, have also been executed and reported in (Bernaerts and 

Moens, 2006). 

 

In this chapter, only two case studies will be discussed. In paragraph 6.1, the case of Our 

Lady’s Basilica at Tongeren will deal with the application of geo-electrical tomographies to 
control the efficiency of the injection of the columns’ foundations with hydraulic grout. 

Paragraph 6.2 will describe the geo-electrical surveys that have been done on the Tower of 
the Virgins at Scherpenheuvel-Zichem. The aim was to evaluate the overall structural state of 

the masonry of the partially collapsed tower. It was decided to focus on the outer side of the 
walls, because of the negative influence of the weathering on the outer parts of the structure. 

Also a first attempt to perform a 3D geo-electrical tomography on a real historic structure has 
been done, leading to promising results for the future.      

6.1 Our lady’s Basilica at Tongeren 

6.1.1 History 

Tongeren is an old Roman city, with a history of more than 2000 years (it is the eldest city of 

Belgium, founded around 15 B.C.). The city emerged out of the Roman fortress “Atuatuca 

Tungrorum”. The city centre is an accumulation of remains of successive civilisations and 

cultures. Archaeological excavations in the ‘Vrijthof’ market place, next to the church, 
indicated that the gothic church was built just on top of a most interesting archaeological site. 

Archaeological research in the Vrijthof market, at the south side of the church, goes back to 
1844 (Vanderhoeven and Van Gemert 1998). At that time, J.L. Guioth discovered a series of 

foundations, which he and his successors in the 19
th
 century interpreted as the remains of a 

Roman fortress. At the re-arrangement of the Vrijthof site in 1994-1996, extensive 
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excavations revealed that these remains are parts of two different defensive walls of the 
medieval Minster: one dating from the 10th century and one from the 12th century. At the 

same time, a Roman town house with bath house from the 2
nd

 and 3
rd

 centuries was 
discovered, as well as a tower and connecting sections of the 4th century town wall. The 

archaeologists were convinced that the remains of the bath house were only the southern 
exterior walls of a rich urban residence, of which the remaining parts are situated under Our 

Lady’s Basilica. 
 

Considering the rich archaeological context of the Vrijthof market, next to the Basilica, it 
was certain that the site of the Basilica itself contained very important historic layers. The 

excavation in the church (which started in 1999 and will end in August 2008) revealed the 
presence of different interesting layers. In the Basilica’s subsoil, remains have been found of 

a luxurious Roman house dating from the 3rd century, abundantly decorated with frescoes and 

equipped with a basin and a bath house with floor heating. The eldest remains on this 

location are the remains of Roman pile dwellings dating from the 1st or 2nd century. Apart 

from this remnant of the city founders, in the 5
th
 and 6

th
 centuries, the eldest known church 

was built. This very ordinary, single-nave stone construction had a semi-round apsis on the 

east side and an entrance on the west side.                  

 

Before the entrance, there was the cemetery, that has been removed in the early 19
th
 century, 

under the reign of Napoleon, because it was forbidden to bury people in churches, and more 

generally, in the built-up area. Figure 6.91 gives an idea of the extent of the excavations. 

Between the 9th and 11th centuries, different parts of the church have been rebuilt: a widening 

by three meter, a more monumental entrance and a floor in pink mortar were some of the 

realizations. Buttresses were placed against the outer walls and the church was lengthened by 

eight meter on the west side.               

 

Figure 6.91: Left: Different phases in the excavation of the Basilica; Right: Image of the remains under 

the middle nave of the Basilica, taken during the excavation of phase 2 (taken in the winter of 2005). 
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In the 12
th
 century, a brand new Roman church with three naves and a square tower at the 

west side was built. In 1240, the construction of the actual gothic church was started, because 

the Roman church had been so seriously damaged by sieges and fires that it could not be 
repaired anymore. The construction of the choir, the transept and the nave, which was four 

side chapels long, lasted until the 14
th
 century. Because the Roman tower against which this 

construction leaned, was in such a bad state, in 1442 the realisation of a gothic tower was 

started, which took almost a century. The Roman tower was broken down in 1529, after 
which the nave could be completed.                

 
Due to the many setbacks, different restorations have been executed in the Basilica. This 

explains why the church looks totally different now. At the time, there was much less 
decoration outside and a lot more inside, and furthermore, houses were built against the 

Basilica. The first repair has been executed in 1598, after the tower was struck by lightning 

and got on fire. In 1602, this has been repaired, but on Eastern Monday 1606, the 

construction collapsed and had to be repaired again. The tower became a source of concern, 

because in July 1677, it was once more damaged during a thunderstorm. One month later, the 

French army besieged Tongeren and burnt everything down. Louis XIV paid a fortune to 

rebuild the church, but after the reconstruction of the nave in 1680, there was no money left 

for the tower. That is why the city council transferred the ownership of it to the chapter, 

which decided to install a new carillon in 1707.                      

 

The last restoration, by which the actual image of the church was determined, dates back 

from 1846. Completely according to the spirit of Viollet-Le-Duc, the following principle was 

used: ‘make a gothic construction as gothic as possible’. However, the conception of gothic 

that has been used here was one which did not correspond to the real gothic. The whole 

Basilica has suffered from this. The inside was scraped to the marl, although a real gothic 

church used to be painted from top till bottom. This painting has thus been lost during the 
restoration in the 19th century. Furthermore, the baroque main altar has been removed in that 

period and replaced by a retable that was bought in Antwerp. This retable is an authentic 
work of art from the 16th century, but here also, all the painting has been removed, resulting 

in the fact that it looks totally different now.                 
 

Not only the outside, but also the inside of the church used to be different from now. The 
canons were quite modern when they installed a baroque main altar in 1734. In 1750, they 

ordered the actual organ, the only part that still exists nowadays. It was made by organ 
builder Le Picard.   

6.1.2 Disclosure of the remains under the church 

The idea was concretized in the early 90’s, when it was decided to restore the famous organ 

built by Le Picard. At this occasion, it was also decided to modify the existing air heating 

installation into a classic floor heating, which would improve the control of the air 

temperature and be beneficial to the life expectancy of the recently restored organ. The 

information given below is mostly derived from (Vanderhoeven and Van Gemert, 1998).   
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The installation of the floor heating provided the opportunity to have the subsoil of the 
Basilica excavated by a team of archaeologists. However, religious life in the church is very 

active, and the church is an important monument as well. One had to look for a solution that 
could satisfy the desires and needs of all parties involved. In 1995, the church council 

ordered to consider the necessary consolidation and strengthening works during the 
realization of the cellar, and also to supervise its execution. The proposed solution was the 

construction of an archaeological cellar under the church. This cellar will be an underground 
archaeological field. The cellar will not have a solid concrete bottom floor. Visitors will walk 

on the bottom soil surface of the excavations, to keep the archaeological sensation as 
complete and as realistic as possible.       

 
From the beginning on, it was clear that the excavation of an archaeological cellar 

underneath the existing church structure would cause huge structural problems. From 

existing small cellars, it was estimated that foundation depth of walls and columns would be 

about 2.7 to 3.0 m. The necessary excavation depth for an accessible cellar, taking into 

account the necessary space for a roof plate and a new flooring system for the church, would 

be 3 m. To give the visitors the real feeling of an archaeological site and not of a crypt under 

the church, it was decided to excavate the central nave and the adjacent aisles as well as a 

part of the choir. This presents a surface of about 20 m by 40 m, in which the column 

footings and the wall foundations would be stand-alone elements. By removing the soil 

around the foundations, one would also take away its constraining action on the foundation 

masonry (Figure 6.92). Moreover, the direct foundations at depths of about 3 m, than become 

direct foundations on the soil surface. The load carrying capacity of surface foundations is 

very limited and uncertain, and the unconstrained rubble masonry of the foundations has 

nearly no strength. Both effects significantly endanger the structure, which would almost 

certainly cause it to collapse.   

 
Therefore, the project was preceded by a preliminary investigation to reveal the composition 

and quality of the foundation masonry, and to study possible injection grouts for 
consolidation of the masonry, to strengthen it sufficiently to be able to transfer the anchoring 

forces of the micro piles (see Figure 6.93). The consolidation procedure was adapted 
according to the findings from the preliminary investigations. Ground anchors with tension 

capacity of 200 kN are installed in the north and south wall of the cellar.  They secure these 
walls during the excavation, when exterior horizontal soil pressures are acting on the 

freestanding walls, not yet supported by the roof plate. Micro piles and ground anchors must 
be anchored in a stable masonry, able to take up the concentrated forces from piles and 

anchors. Therefore, the masonry walls are injected with mineral grout. For more information 
about the composition of the hydraulic grout (Keersmaekers et al., 2006a; Keersmaekers et 

al. 2006b).  
 

The intervention had to be performed in phases. The decision to split up, has been taken after 
the church council had required that the Basilica should (at least partially) remain in use. It 

was obligatory that the normal worships could take place as usual. Moreover, the Basilica 

had to fully remain in use during the ‘Kroningsfeesten’ [The Crowning festivities] in July 

2002. During these festivities, no traces of archaeological activity or of strengthening works 

in execution were allowed.                 
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Figure 6.92: Left: Foundation in equilibrium, mostly due to the positive effect on the bearing capacity of 

the weight of the adjacent soil (passive ground pressure); Right: Loss of bearing capacity 
(approximately 70 %) due the archaeological excavation of the church, leading to an almost certain 

collapse (figure taken from Loosen and Maertens, 2007). 

 

Figure 6.93: Cross-section of the archaeological cellar (figure taken from Vanderhoeven and Van 
Gemert, 1998) 
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Therefore, the Basilica has been split up into a western phase, from the tower onwards until 
the first half of the central nave (execution period from May 1999 until September 2001), 

into an eastern phase, from the second half of the central nave until the transept (execution 
period from September 2004 until August 2006), and into a last phase, immediately after the 

previous one: the remaining choir part, located on the east side (execution period from 
August 2006 until 2008).         

 
A geo-electrical tomography has been performed to control the efficacy of the injection 

under a representative column. The findings of this survey have been confirmed by 
boroscopies (see paragraph 6.1.3.4). 

6.1.3 Geo-electrical measurements: One-sided approach  

After the injections of phase 2 and during the excavation of the archaeological cellar, geo-

electrical tomographies have been executed to control the efficacy of the injection. 
Unfortunately, it was not possible to perform tomographies before the injection with the 

hydraulic grout.  

6.1.3.1 Electrode set-up 

In the central area of the Basilica, measurements are performed on the foundation wall, 
running under the northern columns. A row of 48 electrodes is set out on the location of the 

red line in Figure 6.94. Afterwards, the dipole-dipole and the Wenner-Schlumberger 
configurations are used for the measurements.   

 

  

Figure 6.94: Left: The red line represents the location of the electrode array in the church; Right: After 

injection and excavation of the church, some passage ways through the foundation wall were made, 

allowing a good inside view of the quality of the injected masonry. The filling of the voids with grout 
during injection, appears to have been very successful.   

 

The steel nails, functioning as electrodes, are hit at an intermediary distance of 15 cm in the 

injected chain wall. They are placed as well as possible in a horizontal joint, situated at 

80 cm from the upper side (see Figure 6.95 Left). In some places, the nails slightly deviate 
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from the joint, due to a stone or to grout through which the nail can not go. The centre of the 
investigation line is the column. It spreads itself out between electrodes 19 and 29, between 

which much grout has been injected. The configuration – using 48 electrodes – sums up from 
left to right. No electrodes are skipped. Figure 6.95 indicates the setup. The investigated wall 

has a thickness of 150 cm. 
 

  

Figure 6.95: Left: position of the electrodes 80cm under the column.; Right: view of the electrode setup.  

6.1.3.2 Tomography based on the Wenner-Schlumberger array  

Measurements are performed on the foundation massif with the Wenner-Schlumberger array. 
A standard Wenner-Schlumberger protocol, with maximal parameters a = 30 cm (2*15 cm) 

and n = 10, and an electrode distance of 15 cm, has been set up. This protocol reaches a 
maximum measurement depth of 1.2045 m. The investigation depth is obtained by the next 

calculation:   

mmaze 2045.13.0*015.4015.4 ===  (6.1) 

The value 4.015 comes from (Table 3.3). The inversion process calculates apparent 

resistivities for a depth until 1.20 m. 
 

The acquisition delay amounts to 0.4 s and the acquisition time is 0.2 s. Modifying these 
parameters does not lead to an important difference in the measurement data. The robust data 

inversion option was chosen in accordance with the conclusions drawn from 
paragraph 2.4.3.2.  

 
Because measuring on masonry massifs leads to a bigger resistivity variation, a restriction of 

the resistivity interval has been used during the inversion. By defining the interval in 

different ways, it is possible to clarify the resistivities on all locations (see Figure 6.96a 

and b). On both figures, the front outer leaf is visible although on some places, a horizontal 

layer is interrupted by lower resistivity values.  

 

By changing the resistivity’s scale from a maximum value of 5000 Ωm to a maximum value 

of 2100 Ωm, the outer leaf becomes more clearly visible in the tomographic image      

(Figure 6.96b). The measurement does not go through the entire wall (with a thickness of 
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150 cm). At 120 cm of the left side of the measurement, there is an anomaly with an 
increased resistivity. As said before, the measurement with the other acquisition time and 

delay provides quasi the same inversion image and therefore, it is not represented here.   
 

The Absolute error or RMS-value (which gives the Root-Mean-Square differences between 
the calculated pseudo-section and the measured pseudo-section) diminishes slightly from 

23.3 % after 3 iterations to a minimum value of 17.6 % after 5 iterations (Figure 6.96b). For 
the last two iterations, the extended model was also used. The anomaly still appears in the 

tomographic image, suggesting a hole or cavity in the foundations masonry massif.   
 

Data Figure 6.96a Figure 6.96b 

Array type Wenner-Schlumberger Wenner-Schlumberger 

Number of electrodes 48 48 

Distance between electrodes 15 cm 15 cm 

Acquisition time/delay 0.4s/0.2s 0.4s/0.2s 

Inversion parameters Robust/finite differences Robust/finite differences/ 

extended model 

Number of iterations 3 5 

Abs. error 23.3 % 17.6 % 

Resistivity interval 0 – 5000 Ωm 0 – 2100 Ωm 

Table 6.18: Setup data for the Wenner-Schlumberger measurements 

 

 
(a) resistivities between 0 and 5000 Ωm 

 
(b) resistivities between 0 and 2100 Ωm 

Figure 6.96: Tomographic images (i.e. inversion results) of the Wenner-Schlumberger measurements.  
Top: resistivitiy scale between 0 and 5000 Ωm; Bottom: resistivitiy scale between 0 and 2100 Ωm, notice 

the outer parament becomes more visible. Notice the anomaly at 1.2 m from the left at a depth of about 
40 cm.  

 

It was decided to perform a 2D geo-electrical tomography with another electrode 

configuration to confirm the presence of the anomaly, assuming an anomaly measured with 

two different arrays is probably not a coincidence. Theoretical analysis and experience in 

laboratory circumstances already showed the potential of the dipole-dipole array (see 
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Chapters 3 and 5). The next paragraph 6.1.3.3 will discuss the results of the 2D geo-electrical 
tomography, based on the dipole-dipole array and measured on site. 

6.1.3.3 Tomography based on the dipole-dipole array  

A standard dipole-dipole protocol, with maximal parameters a = 30 cm (2*15 cm) and n = 10 
and an electrode distance of 10 cm, has been set up. This protocol reaches a maximum 

measurement depth of 0.823 m. The investigation depth is obtained by the next calculation:  

mmaze 823.03.0*742.2742.2 ===  (6.2) 

The value 2.742 comes from (Table 3.3). The inversion process calculates resistivities for a 

depth until 0.82 m. 
 

The inversion in Figure 6.97 has a very high resistivity variation. The maximum absolute 
resistivity value is 5 times higher than in the Wenner-Schlumberger tomography (26000 Ωm 

compared with 5000 Ωm for the Wenner-Schlumberger measurements). Closer analysis of 
the data suggests that the most absolute resistivity values are between 750 and 4350 Ωm. It is 

only the anomaly at 130 cm from the left in the tomographic image of Figure 6.97 that shows 
this high resistivity value of 26000 Ωm. Notice the presence of the same anomaly, now 

measured with a different electrode array, suggesting a cavity or hole in the masonry massif. 
It appears that the dipole-dipole array gives a sharper contrast for the Wenner-Schlumberger 

between the anomaly and the rest of the wall. Extra iterations and adaptations of the 

resistivity interval do not help to obtain a better distribution of the resistivities. The RMS-

value is here 34.9%, which is very high, but in case of extra iterations, the anomaly remains 

visible.  

 

The inversions show that the average RMS-error on the measurements is higher than when 

the investigation is performed on the soil. Due to the smaller input current (10 mA), the 

measured potentials decrease and the procentual influence of the noise becomes higher, 

which increases the error in the result.      

 
Data Figure 6.96a 

Array type Dipole-dipole 

Number of electrodes 48 

Distance between electrodes 15 cm 

Acquisition time/delay 0.4s/0.2s 

Inversion parameters Robust/finite differences 

Number of iterations 3 

Abs. error 34.9 % 

Resistivity interval 0 – 26000 Ωm 

Table 6.19: Setup data for the dipole-dipole measurements 

Further investigation is necessary here, given that the wall is injected and that it is possible 

that the anomaly represents a forgotten cavity. The next paragraph 6.1.3.4 describes the 

boroscopic survey, which was executed to confirm the presence of the anomaly (suggesting a 

hole or cavity), measured in both geo-electrical surveys.  
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(b) resistivities between 0 and 26000 Ωm 

Figure 6.97: Tomographic image (i.e. inversion results) of the dipole-dipole measurements. The 

resistivitiy scale between 0 and 26000 Ωm; Bottom: : resistivitiy scale between 0 and 2100 Ωm, Notice the 

anomaly at 1.3 m from the left at a depth of about 45 cm.  

6.1.3.4 Verification of the measurements by boroscopy 

Boroscopic investigation of a wall consists of the drilling of a borehole, which is thereafter 

investigated by an endoscope (the combination of drilling the hole and examining it with an 

endoscope is also called “boroscopy”). It’s an interesting technique to verify the accuracy of 
the measurement results. This way, certain anomalies in the measurement results can be 

verified. The endoscope is a bar equipped with a light source and a lens. Through an 
objective, one can visually inspect the internal state of the wall.  

 
Apart from the internal images on the hand of the endoscopy, conclusions can also be drawn 

out of the preliminary drilling. On the base of the mechanical resistivity that is encountered, 
one obtains information about the hardness of the stone rock. More resistivity during the 

drilling indicates the more coherent structure of the harder materials. Also inspection of the 
dust coming out of the drilled hole provides information about the content of the inner wall. 

The combination of the drilling results and the results of the endoscopy itself provide a good 
internal image of the structure. Unfortunately, these (Minor Destructive Test) MDT-

measurement methods provide only a very local image of the structure. Furthermore, the 
structure is locally damaged.            

 
In the centre of the location of the supposed anomaly with increased resistivities, we 

vertically drill with a borer with a diameter of 25 mm. Different materials arise: first, the 

concrete of the beam for the vaults (immediately drained away), than the lighter powder, the 

material of the outside of the chain wall, the dark grey of the injection grout and finally, the 

red of the brick. During the drilling, a smaller resistivity is perceived at an approximate depth 

of 80 cm, where the anomaly in the inversion is located. While introducing the endoscope, 

the presence of the cavity is not immediately clear. Because during the drilling, there was 

less resistivity at the level of the anomaly, it is suspected that the cavity has again been filled 

with stone parts and sand.         

 

However, for the investigation of the chain wall, cores have been drilled. Next to the location 

of the anomaly in the inversion, a core has been drilled with a hydraulic-circulation drilling, 

which has not been filled up afterwards (Figure 6.98). This core was drilled in the middle of 

the 150 cm thick wall after injection with grout to verify the quality of the injected masonry 

massif. After extensive research of the log book of the executed works and after interviewing 

the workmen involved, we concluded that the drilled hole was never filled up again 
afterwards. It seems justified to conclude that the measured anomaly is in fact this drilling 
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hole, which has been left open after the drilling and probably filled itself by debris like sand 
and broken stones. Later on, the concrete ringbeam has been put on it in order to support the 

vaults.   
 

  

Figure 6.98: Left: Location of the drilled core; Right: image of the borehole after drilling the core. The 

diameter is around 15 cm. Note that the core is situated in the middle of the 150 cm thick wall.  

 

Another opportunity which arouse to control the quality of the injections, was that after the 

injection and excavation of the church, some passage ways through the foundations wall 

were made, allowing a good inside view of the quality of the injected masonry. The filling of 

the voids with grout during the injection appears to have been very successful. The 

homogeneous tomographic images of Figure 6.96 and Figure 6.97 (with the expectance of 

the present anomaly and the outer leaf) already suggested a good consolidated injected 

masonry.  

6.1.3.5 Interpretation of the anomaly’s depth: ze (F1D) versus ze (45°) 

On the basis of the above conclusion that the anomaly visible in the tomographic images of 
the Wenner-Schlumberger and dipole-dipole arrays, is in fact the drilling hole, which has 

been left open after the drilling and which has filled itself by debris like sand and broken 
stones, it must be concluded that the depth of the anomaly has not been measured correctly. 

As mentioned above, this core has been drilled in the middle of the 150 cm thick wall, after 
injection with grout, to verify the quality of the injected masonry massif, meaning that the 

anomaly should be visible in the tomographic images at a depth of around 75 to 80 cm. The 
Wenner-Schlumberger survey has shown the anomaly at a depth of circa 40 cm            

(Figure 6.96), the dipole-dipole survey has shown the anomaly at a depth of circa 45 cm 
(Figure 6.97). 

 
It seems that both surveys underestimate the correct depth of the anomaly. The tomographic 

image is built, based on the convention whereby the position of the apparent resistivity 
values is assigned by using the 1D-Fréchet or 1D-sensitivity function as defined in 

paragraph 3.2.2. When using the convention as mentioned in paragraph 2.3.1 (see          

Figure 2.11), to assign an apparent resistivity value to a physical point in the substrate, the 

following depths for the anomaly can be derived: 
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Wenner-Schlumberger: 
Depth of the measured anomaly in the tomography of Figure 6.96 ze/a (F1D) = ± 40 cm. 

Using Table 3.3, when “n” is increasing, the average depth based on ze/a (45°) is ± 40 % 
deeper than ze/a (F1D), resulting in a depth for the measured anomaly ze(45°) = ± 56 cm. This 

gives a better approximation of the real depth of the anomaly (between 75 and 80 cm). The 
real depth is still underestimated.  

 
Dipole-dipole: 

Depth of the measured anomaly in the tomography of Figure 6.97 ze/a (F1D) = ± 45 cm. 
Using Table 3.3, when “n” is increasing, the average depth based on ze/a (45°) is ± 100 % 

deeper than ze/a (F1D), resulting in a depth for the measured anomaly ze(45°) = ± 90 cm. This 
gives a better approximation of the real depth of the anomaly (between 75 and 80 cm). The 

real depth is now slightly overestimated. 

 

On the basis of the above reasoning, one should be careful when interpreting the depth of an 

anomaly in a tomographic image. Depending on which convention (F1D versus 45°) is used, 

the result can correlate better or worse to the real location of the anomaly. A boroscopic 

investigation to verify the accuracy of the measurement results is therefore mandatory. In this 

case, the 45° - convention has given better results than the 1D-Fréchet convention, but this 

conclusion can not be extrapolated for geo-electrical investigation on masonry in general. 

More research should be done on this subject. 

 

In geophysics, such problem is solved by rescaling the tomographic image, using the data in 

depth from a mechanical sounding or boring. This approach might also be applicable for geo-

electrical tomographic data of masonry by using the result of boroscopic surveying. 

However, in doing so, one should be aware of the fact that the lateral heterogeneity of 

masonry makes it more difficult to rescale the tomography. 

6.2 Tower of the Virgins at Scherpenheuvel-Zichem 

6.2.1 History 

The “Maagdentoren” or “Virgins’ Tower“ is located at the left bank of the Demer river and is 

a 26 meter high, 15 meter wide, ferruginous sandstone tower (Belgiumview, 2007; Red de 
Maagdentoren, 2007; Oost and Geyskens, 1982). The walls have a thickness of 4.2 meter at 

the base and 1.8 meter at the top. Over history, a lot of reparations, renovations and 
restorations have been done. This exceptional piece of military architecture from the late 

Middle Ages was built in 1380. The original function is unclear, but it can be assumed that 
the tower served multifunctional purposes. It was used for residential, military and 

prestigious purposes. The tower was partly destroyed during the Eighty Years’ War around 
the 16th century. The upper level and the entrance have been demolished. 
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A series of necessary repairs were executed in 1863 and 1905. After that, the tower 
deteriorated for the rest of the century, resulting in a partial collapse of a part of the outside 

parament in 1995. The biggest catastrophe occurred on June the first 2006, when a huge part 
of the outside wall collapsed (see Figure 6.99).             

 

   

Figure 6.99: Left: The Virgins’ Tower at Zichem before the collapse on the first of June 2006; Middle: 
The Tower after the collapse on the first of June 2006; Right: Old representation of the Tower. Notice the 

presence of the defense platforms (red square), which were demolished in the past (Red de 

Maagdentoren, 2007; Oost and Geyskens, 1982) 

 
The Virgins’ Tower is used as a realistic test site for the measurement methods elaborated in 

this thesis. It is an interesting case because, due to the collapse, the fracture areas provide 
extra information about the state and the construction of the tower walls.  

 
Thanks to the continuous structure, boundary effects are also limited, in comparison to the 

measurements in the laboratory. However, the thick construction less easily allows 

measurements through the wall. In case of measurements on one side of the wall, it is even 

impossible to map the full wall thickness.       

6.2.2 Overview of the measurements 

- Test measurement 

Before the actual measurements were started, a little test measurement has been 

performed to verify if the Virgins’ Tower is suitable as case study. It was checked if 

relevant information could be measured with the available equipment.    

 

- One-sided approach 

The geo-electrical resistivity method is sufficient to obtain a general image of the wall, 

given that the duration of the measurement in the investigation of a wall section is not 

that important as in case of an injection. Thanks to the built-in electrode test, one can be 

sure that a good contact between the electrode and the substrate is guaranteed.  
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Previous investigation (as proven in the previous chapters) has shown that the dipole-
dipole configuration is a good alternative to obtain a general image of a structure. This 

way, changes taking place perpendicularly on the wall, will be registered relatively well.    
 

- Two-sided approach: 3D-cross-borehole  

Because in case of the cross-borehole method, measurements have to be performed on 

both sides of a wall, it is easier to use two separate pieces of measurement equipment.   
Therefore, the accelerated measurement method is applied. This way, current electrodes 

and potential electrodes can both be served on one side of the wall. The disadvantage 
here is that an electrode test on the potential side will be impossible. One can only draw 

conclusions afterwards, out of the measured data, relating to the bad contacts of some 
electrodes.       

 
- Verification of the measurements by boroscopy 

In the frame of this case, drillings and endoscopies (the combination of drilling the hole 
and examine it with an endoscope is also called “boroscopy”) are interesting in order to 

verify the accuracy of the measurement results. This way, certain anomalies in the 
measurement results can be verified.   

6.2.3 Test measurement  

6.2.3.1 Electrode set-up 

On sixteen electrodes, at an intermediary distance of 10 cm, a standard dipole-dipole protocol 

was performed. At a distance of 3 m of the current electrodes, two potential electrodes were 

placed at an intermediary distance of 50 cm. The measurement setup becomes clear in    

Figure 6.101. The locations on the Tower, where the test measurement and the dipole-dipole 

survey have been performed (see paragraph 6.2.4), are shown in Figure 6.100.  

 

It was verified that the potential electrodes were at such a distance still affected by the 

injected current. These parameters match with the measurement that will be performed 

afterwards. The largest distance at which a signal has to be caught, is 3 m.    
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Figure 6.100: Position of the survey lines on the tower (see paragraph 6.2.4); Above: detail with in white 
the position of the electrodes and in black the position of the historic defense platform, removed in an 

unknown past.        

 

Figure 6.101: Electrode setup for the test measurement: 16 current electrodes are placed over a 150 cm 

span of the wall. Two potential electrodes (placed 50 cm from each other) are installed 3 meter from the 

current electrodes.   

6.2.3.2 Result of the test measurement 

A part of the measured signal is represented in Figure 6.102. This clearly shows that the 
signal has been caught 3 meter further without any problem, and that it still has a good 

quality. Consequently, it could be concluded that the presupposed survey would be 
performed successfully.  
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Figure 6.102: Potential difference between two electrodes placed 3 meter away of the current electrodes. 

The electrical field, caused by the injected current is clearly detected at the potential electrodes. 

6.2.4 One-sided approach 

6.2.4.1 Electrode set-up 

Two dipole-dipole measurements were performed on the Virgins’ Tower. In each 

measurement, the maximum number of electrodes (64) was used with an intermediary 

distance of 10 cm, so that a survey line of 6.3 meter was considered. The total investigated 

area had a length of 11.1 meter given that the two dipole-dipole measurements overlapped 

over an area of 1.5 meter (Figure 6.103).   

 

A standard dipole-dipole protocol, with maximal parameters a = 6*10 cm = 60 cm and n = 6 

and an electrode distance of 10 cm, has been set up. This protocol reaches a maximum 

measurement depth of 1.038 m. The investigation depth is obtained by the next calculation:  

mmaze 038.16.0*73.173.1 ===  (6.3) 

The value 1.73 comes from (Table 3.3). The inversion process calculates apparent 

resistivities for a depth until 1.06 m. 
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Figure 6.103: Top: position of the electrodes on the wall (white line); Middle: Electrode setup for both 
dipole-dipole measurements; Bottom: inversion result of dipole-dipole measurements and the location of 

the boreholes for the endoscopical survey. Notice the lower resistivities for the left part of the resistivity 

map. In this area, the historic defense platform removed in an unknown past was situated. Notice the 

higher resistivities in the right part of the resistivity map. In the middle, a triangular area without data 
points is present. Notice that the resistivities vary between 0 and 82000 Ωm, which are rather high values. 

6.2.4.2 Result of the geo-electrical measurements 

Because the two dipole-dipole measurements have an overlap of 16 electrodes, some 
measurements have to be performed a second time. The overlapping data are used to 

determine the reproducibility of the measurement. The data of the two measurements can be 
combined in one large data-file, in which double data are averaged. By performing an 

inversion on the combined measurement data, a resistivity card of 11.1 m x 1.06 m is 

obtained.    

 

Figure 6.103 clearly shows that only a small part of the wall section is considered. Although 

the wall has of course an exceptional thickness, this is yet a good example of the restrictions 

of surface measurements. In the area in which the two measurements overlap, a triangular 

area (grayish area in Figure 6.103, bottom), of which there are no data points. The inversion 

process completes this area in the resistivity card. 
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In general, it can be observed that at the level of the area where transformation works have 
been performed in the past, the results are better than those outside the area. This allows us to 

deduce that the internal state of this area finds itself in a clearly better condition. By means of 
an old picture of the Virgins’ Tower (see Figure 6.99, right), it is known that a little tower 

was situated at this location in the past. This little tower has disappeared in a certain 
unknown period, but it has still offered protection against the rain and the wind during a few 

centuries. So, this area might have been exposed to erosion for a shorter period.          

6.2.4.3 Result of the endoscopical survey 

The total investigated area has a length of 11.1 meter. On the hand of the results of the 

dipole-dipole measurement, interesting locations for the endoscopies have been determined. 

Figure 6.103 (Middle) indicates the location of these endoscopies and boreholes 1 to 3.   

6.2.4.3.1 Borehole 1 

Drilling of the borehole: 

The drilling is started at the surface, at the level of a joint.  

 
0 cm     -   55 cm Equal mechanical resistance (hard) 

55 cm     - 110 cm Softer 

110 cm     - 135 cm Hard 

135 cm     -   … cm hard (ferruginous sandstone) 

Table 6.20: Interpretation of the mechanical resistance and the drill dust during the drilling of 
borehole 1. 

The powder of this drilling shows that the wall is rather dry, in general. Moreover, it can be 

assumed that the outer leaf on this location has a thickness of circa 55 cm. It is assumed that 
the general thickness of the outer leaf amounts to 45 cm, on average.     

 

Endoscopical surveying of the borehole: 

While performing the endoscopy, 7 relevant locations were observed. In the next table, the 

observations on these locations are described. The figures are the images taken by a digital 

camera attached to the endoscope.      

 
1. 30 cm Small anomaly at the top left 
2. 38 cm Deteriorated zone top left 

3. 50 cm Heavily deteriorated 

4. 74 cm Good 
5. 90 cm Lightly deteriorated at the top 

6. 106 cm Good 

 deeper Probably good 

Table 6.21: Interpretation of the endoscopical survey of borehole 1. 

 



Chapter 6: Geo-electrical techniques: Case studies 

 

 

 

152 

   
1. depth: 30 cm 2. depth: 38 cm 3. depth: 50 cm 

   
4. depth: 74 cm 5. depth: 90 cm 6. depth: 106 cm 

Figure 6.104: Endoscopical survey of borehole 1. 

Normally speaking, a kind of condensation can be observed on the image of the endoscope 
when it is introduced (the average relative humidity of a thick historic outside wall is 

typically between 80 and 85 %, so when the endoscopes light is not warmed up the lens yet 
when penetrating the borehole, condensation on the lens will take place). Given that it could 

not be observed now, this is an extra indication that the wall is relatively dry on the inside.  
 

On the resistivity card of the dipole-dipole measurement, at the level of borehole 1        

(Figure 6.103 at the bottom), it can be seen that, according to the results of the drilling and 

the endoscopy, there is indeed a worse area. This area is located at a depth of about 90 cm 

(estimation), after which a better area starts.    

6.2.4.3.2 Borehole 2 

Drilling of the borehole: 

 
0 cm     -   40 cm Equal mechanical resistance (ferruginous sandstone) 

40 cm     -   50 cm Slighly softer 

50 cm     - 102 cm Harder 

102 cm     - 107 cm Softer 

107 cm     -   … cm Harder (even harder then outer leaf, i.e. parement) 

Table 6.22: Interpretation of the mechanical resistance and the drill dust during the drilling of 
borehole 2. 

 

During the drilling, again a lot of dry dust has been released, coming from the ferruginous 
sandstone.  
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Endoscopical surveying of the borehole: 

Out of the endoscopy, 4 important locations can be deduced.  

 
1. 30 cm Top: transition between parement - bricaillon  

2. 37 cm Bad, deteriorated zone 

3. 51 cm Better zone 

4. 73 cm Small anomaly at the top, the rest looks rather good 
 deeper Good 

Table 6.23: Interpretation of the endoscopical survey of borehole 2. 

 

   
1. depth: 30 cm 2. depth: 37 cm 3. depth: 51 cm 

  
4. depth: 73 cm Deeper: good 

Figure 6.105: Endoscopical survey of borehole 2. 

 

In general, a dry sandy impression is obtained. The results of the endoscopy and the drilling 
indicate that there is a bad area, until a depth of circa 50 cm. On Figure 6.103 (left), where a 

fraction of the resistivity card of the dipole- dipole measurement at the level of boreholes 
2 and 3, is represented, it is clearly visible that after 50 cm (estimation), a better area is 

reached. Small anomalies visible on the endoscopy can not be measured on the other hand. 
This can be explained by the fact that these anomalies are smaller than the electrode distance 

or that they have relatively no influence on the results, compared to the bad areas.          

6.2.4.3.3 Borehole 3 

Drilling of the borehole: 

 
0 cm     -   85 cm Equal mechanical resistance 

85 cm     - 120 cm hard (ferruginous sandstone) 

120cm     - 130 cm Softer 

130 cm     -   … cm Harder 

Table 6.24: Interpretation of the mechanical resistance and the drill dust during the drilling of 

borehole 3. 
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Endoscopy 

On the hand of the endoscopy, 4 areas have been noticed.  

 
1. 35 cm Transition between parement - bricaillon 

2. 49 cm Less deteriorated then the deteriorated zone of borehole 2 

3. 58 cm Top left: small deteriorated zone, the rest looks good 

4. 88 cm Small anomaly 

Table 6.25: Interpretation of the endoscopical survey of borehole 3. 

 

    
1. depth: 35 cm 2. depth: 49 cm 3. depth: 58 cm 4. depth: 88 cm 

Figure 6.106: Endoscopical survey of borehole 3. 

 

Although it can be deduced on the hand of the resistivity results, depicted in Figure 6.103 

(left), that the leached area at the level of borehole 3 is less deeply extended than that at the 

level of borehole 2, it is not clearly indicated by the drilling and the endoscopy. During this 
endoscopy, it has been noticed that the quality of the wall appeared to be better in borehole 3 

than in borehole 2, which does match with the resistivity card.       

6.2.4.4 Conclusions on the one-sided, dipole-dipole approach  

In general, the results of the endoscopies and drillings match well with the findings of the 

dipole-dipole measurement. The dipole-dipole measurement provides good results for the 
global image, but small anomalies are hard to observe. Because the last 2 boreholes are 

located in the area where transformation works were performed, it was expected that the 
findings would be quite different from those of the first endoscopy. On the hand of a visual 

inspection, it can be noticed that the degradation of this surface is bigger for the broken part. 
At the inside however, the quality of the broken part is better. This clearly proves that 

conclusions about the internal structure should not be made just like that, on the hand of only 

a visual inspection of the surface.       

6.2.5 Two-sided approach 

6.2.5.1 Electrode set-up 

In case of a cross-borehole measurement, the wall thickness should be restricted, so that the 

current can be guided through the full wall thickness. Therefore, the measurement is 

performed at the top of the tower, in a niche, where the wall is not so thick, namely 

2.45 meter (see Figure 6.107).  

 
The accelerated measurement method has been applied for this cross-borehole measurement. 

The measurement setup is the same as that of the second grout injection in the laboratory (see 
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paragraph 5.3.3). This method has been applied in order to obtain a 3D-image of the 
structure. Moreover, it was the only method that could be applied because otherwise the 

available cables were not long enough.   
 

Three measurements were performed: firstly, a measurement with 2 times 3 electrode rows, 
with an intermediary distance of 1 m, followed by a second measurement with an 

intermediary distance of 0.5 m. In each row, the electrodes are situated 0.2 m from each 
other. The last measurement is the same as the second, but previously about 4 liter of water 

has been poured into a borehole. The aim of this was to notice a resistivity decrease.   
 

  

Figure 6.107: Left: View from the inside to the outside at the top of the tower.  Right: The niche were the 

measurements were done. 
    

Given that the Virgins’ Tower is a real-life test site, it is not allowed to perform a grout 

injection just like that. Therefore, the injection is simulated on the hand of water. The 

previously performed reference measurement enables us to elaborate differential resistivity 

cards with the measurements after the injection. After the reference measurement, the water 

is injected in the borehole, with a depth of 125 cm. After the injection, another measurement 
is performed within an interval of 3 minutes.     
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6.2.5.2 Protocol 

 

Figure 6.108: Cross-borehole measurements setup; Left: Top view of the first set of measurements with 

1 meter distance between the electrode rows; Right: Top view of the second set of measurements with 

0.5 meter distance between the electrode rows.   

 
These measurement setups match with the setup described in paragraph 5.3.3. Given the 

different distances due to the niche, it was necessary to pay attention to this, while processing 
the data.   

6.2.5.3 Result of the 3D-cross-borehole measurements 

Performing the survey and making the measurements did not go that smoothly. Initially, 

some problems were encountered at the current side, due to a bad contact of some electrodes. 

After these problems were solved by an extra moistening of the electrodes, the measurement 

could be started. The contact of the potential electrodes could not be tested, and probably 

there were still some electrodes which gave a bad contact. Still, the measurement has been 

processed into a 3D-image. Figure 6.109 gives an image of the absolute resistivity, not a 

differential resistivity card. Figure 6.109 represents the 3D-resistivity map of the second set 

of measurements (distance of 0.5 meter between the electrode rows). An isoresistivity surface 

(resistivity set on a value of 300 Ωm) is shown by Figure 6.109 Left. In the Middle, the 

contour map of the resistivities (Ωm) is given and the Right image of Figure 6.109 shows a 

picture of the electrode setup with indication of the crack and the transition between the 
ferruginous sandstone and the bricks (see hereafter). 

 
On this image, two lines can be recognized:  

- The transition from the ferruginous sandstone to the brick:  

On the resistivity card, it can be seen that the structure shows a vertical separation. The 

resistivity of the upper part is higher than that of the lower part. One could however expect 

that the ferruginous sandstone is easily conductive compared to the brick (due to the higher 

iron content). This contradictory result could be explained by the fact that there is less water 

present in the upper part of the wall or by a bigger porosity of the sandstone.  
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- A crack in the structure:  

At the right lower part of the wall, there is a big crack that can be retrieved on the resistivity 
card as a transition between a high resistivity on the right of it, and a low one on the left.        

 

Figure 6.109: 3D-resistivity map of the second set of measurements (distance of 0,5 meter between the 
electrode rows); Left: isoresistivity surface (300 Ωm); Middle: contour map of the resistivities (Ωm); 
Right: Picture of the electrode setup with indication of the crack and the transition between the 

ferruginous sandstone and the bricks. 

 

As mentioned above, these measurements have not been performed in an optimal way. The 
resistivity cards are thus not fully reliable.  

 

After injecting the water, the differential resistivity card shows an extremely low resistivity 

change. This result could actually be expected. After all, a measuring area of 2*3*2.45 m³ = 

14.7 m³ is measured here, while only 0.004 m³ of water has been injected. This is less than 

0.03 % of the total volume of the measured structure.   

6.2.5.4 Conclusions on the 3D-cross-borehole measurements  

Due to possible bad contacts on the potential side, one has to be careful with the 

interpretation of the measurement results. Still, some transitions in the material can clearly be 

seen. The measurements before and after the injection also clearly match, which indicates 

that the measurement can definitely be reproduced.     
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“Questa essere opera inutile.” 
 
“I know that many will call this useless work.”  

 
Leonardo da Vinci
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7 Conclusions and recommendations 

 

 

The purpose of non-destructive tests is to measure the internal composition of the structure as 

completely as possible, in a cost-efficient way. (Maierhofen et al., 2003). This implies that 

large volumes ought to be measured with minimal damage and as cheap as possible. It has 

been shown in this thesis that geo-electrical surveying accomplishes this requirement and it is 

therefore very useful to adapt this technique for use on masonry. The technique was 

originally developed for geophysical surveying of the subsoil, but in the past and present 

time, adaptation of the technique is done for the evaluation of the inner structure of building 

constructions in general, and masonry walls in particular. This thesis clearly shows that with 

the appropriate tools and appropriate procedures geo-electrical survey of masonry is a 

suitable non-destructive tool for the diagnosis of a deteriorated structure, for judging the need 
of restoration, for controlling the efficacy of injections with hydraulic grout.   

 
This last chapter summarizes the conclusions of the performed research. The main findings 

are summarized (paragraph 7.1) and recommendations for future research are made 
(paragraph 7.2). 

7.1 Summary and general conclusions 

This thesis aimed to contribute to two fundamentally relevant and important articles of the 

Venice Charter, with regard to the conservation and restoration of our cultural heritage: 

Respect for the original material and the necessity of archaeological study, as pointed out in 

article 9, and the authorization of modern, state of the art techniques, in case traditional 

techniques have proven to be inadequate, as mentioned in article 10. Therefore, it is self-

evident that non-destructive techniques fulfill both articles. NDT respect the authenticity of 

the artifact; therefore, it is appropriate to use them as modern, state of the art techniques for 

the evaluation and study of structures. This thesis has focused on the geo-electrical technique 

or electrical resistivity method, which originally has been developed in geophysics, a branch 

of geology. 
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7.1.1 Geo-electrical techniques as a NDT for masonry 

In the second chapter, the basic principle of geo-electrical measuring techniques, i.e. the 

general conductivity theory, has been discussed. Secondly, the work done in two doctoral 

theses, finished at the Reyntjens laboratory and dealing with the filtering of the 

measurements, so that only the relevant anomalies in the masonry wall remain 

(Janssens, 1993; Venderickx, 2000), has been briefly discussed. It has then been pointed out 

that the interpretation of the measurements made in these two studies, was based on the 

apparent resistivity values. The basic idea of this thesis was to implement further 

developments of the geo-electrical technique in geophysics and to try to adapt them for use 
on masonry. The basic idea behind geo-electrical tomographies, for the one-sided approach 

as well as for the two-sided approach, was then pointed out. Different electrode 
configurations are given. The measurement sequence to build a pseudo-section is explained.  

 
The basic idea behind the necessity to numerically invert the data has been discussed. 

Inverting the data from a measured pseudo-section to a tomographic image, which represents 
the real resistivity distribution of a cross-section of the substrate, is an important 

improvement with regard to the work done in (Janssens, 1993; Venderickx, 2000). The 
mathematical background of the inversion process and the used software were studied, in 

order to get a good understanding of the influence of the different parameters in the inversion 

process. Some important recommendations for the inversion of data coming from masonry 

structures have been indicated. The fixation of resistivity values in the model before the 

inversion is a possibility in the used software, which is based on the assumption of a half-

infinite medium, the subsoil. The inversion of data measured on masonry can therefore be 

improved by defining a high resistivity, representative for the air, behind the wall (when its 
thickness is known). It is also better to use the robust variant of the Gauss-Newton method 

when sharp transitions of resistivity values are expected. This is the case for masonry 
structures, for which the aim is to look for voids or deteriorated areas, which manifest 

themselves as high resistivities when filled with air, or very low resistivities when filled with 
moisture. By using the robust Gauss-Newton inversion method, the sharp transitions in 

resistivity between the masonry and the anomalies are accentuated.   
 

The resolution of geo-electrical investigation, performed with electrodes on the ground 
surface (geophysics) or by placing the electrodes on one side of the wall (one-sided 

approach), is exponentially decreasing in function of the depth. This is a fundamental 
physical restriction that can not be resolved by the reconfiguration of the surface arrays or the 

computer modelling. Therefore, in geophysics a method has been developed in order to 
obtain a better, constant resolution when going deeper. This happens by performing 

measurements with electrodes in boreholes, so that the electrodes are closer to the structures 
that have to be investigated. This approach is generally known as the “cross-borehole” 

research. In this thesis, it has been investigated whether this technique could be applied on 

walls. The inversion result will have a much better resolution than when measurements are 

performed on only one side of the wall. This technique has been developed as the two-sided 

approach in this thesis. 

 



Chapter 7: Conclusions and recommendations 

161 

 

7.1.2 Adaptation of geo-electrical techniques to masonry 

The third chapter (i.e. Adaptation of geo-electrical techniques to masonry) started with a 

focus on the difference between subsoil investigations and measurements on masonry. This 

has been done for the one-sided as well as for the two-sided approach. In geology, surface 

measurements and their processing are based on a half-infinite massif. For a verticular wall, 

the height and width can, in most cases, be considered as infinite. While the width and height 

of the wall are extended, its thickness is, however, mostly restricted, which causes another 

current line and potential development than in case of a half-infinite structure. While 

handling the measurement results, the influences of the fact that the structure is finite should 
be filtered out in order to detect locations with a ‘really’ abnormal resistivity, representing 

the anomaly. 
 

Some suitable electrode arrays for masonry have been suggested, based on theoretical 
considerations for the one- and two-sided approaches. These theoretical considerations have 

then been verified by using numerical models. The parameters influencing the choice for a 
certain array, were the depth of the influenced zone, the sensitivity for horizontal and vertical 

resistivity changes, the horizontal data coverage and the signal strength. The first two 
parameters have been investigated in a theoretical way, using sensitivity functions. The 

sensitivity function gives the influence on a measured potential difference (at the surface of a 

substrate like the subsoil or a masonry massif) when the resistivity value of a block in the 

substrate slightly changes. The higher the sensitivity value, the higher the effect on the 

measured potential difference through the changing of the resistivity value of the block. This 

way, the limits of a certain measuring technique or a certain electrode configuration could be 

investigated.  
 

On the basis of the above theoretical analysis, it has been concluded that for the one-sided 
approach, the dipole-dipole and the Wenner-Schlumberger array potentially proved to be 

most suitable when performing measurements on masonry structures. The pole-pole and 
Wenner-Alpha have proved less suitable. Further analysis, based on numerical simulations, 

has justified the above choices. The dipole-dipole and the Wenner-Schlumberger could 
retrace a cavity in a numerical three-leaf model of a masonry wall. The pole-pole array seems 

to be less adequate for this purpose, due to its lower resolution. The Wenner-Alpha 
configuration also turned out not to satisfy the expectations. Only the dipole-dipole can 

discover masked cavities, which indicates that the dipole-dipole is the most adequate to 
measure on masonry structures. These conclusions have been verified in the laboratory as 

well as in real case studies (see further).  
 

After studying the sensitivity functions for different electrode configurations used for the 
two-sided approach, it has been stated that the dipole-dipole array has a better resolution, 

compared to the pole-pole and pole-dipole arrays. One can expect better results from the 

cross-borehole measurements on masonry (i.e. two-sided approach) than when surface arrays 

are used (i.e. one-sided approach). The used dipole-dipole arrays (C1P1 - C2P2 and C1C2 - 

P1P2) have a good sensitivity and will thus provide reliable results. The influence on the 

measurements of the geometric difference between the subsoil and a wall has been clearly 

illustrated. The C1C2-P1P2 array, for example, shows a different current line pattern of a 
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measurement on a wall, compared to the same measurement in the subsoil. In case of the 
wall, twice as much current has to stream along one side; the current lines and the potential 

lines are situated twice as close to one another. Therefore, the measured potential differences 
will become twice as high. On the side of the potential electrodes, the current can not go 

farther than the wall limits. The potential differences will still become higher because of this. 
In case of numerical inversions, for which calculations are made according to geologic 

boundary conditions, one may expect resistivities more than twice as big as the real 
resistivities. In spite of this disadvantage, we have continued to work in this text with the 

C1C2-P1P2-electrode configuration, because of the practical reasons which will be explained 
hereafter.    

 
A similar analysis of the C1P1-C2P2 array has shown that adaptation to masonry does not 

imply important modifications of the streamlines, given the fact that only a restricted amount 

of current streamed out of the two boreholes. Consequently, the measured potential 

differences will be slightly higher than expected, but the deviation is not important at all. If 

the inversion of these measurements is executed with the existing software (Res2Dinv), a 

relatively correct resistivity image would be obtained. 

       

One of the predefined objectives of this thesis was the on-line monitoring of grout injections. 

The measurement speed, some ten minutes per measurement, achieved with traditional 

equipment which is commercially available for geo-electrical resistivity tomography (one-

sided approach), is not suitable for this application. With this method, one could only collect 

a few measurements within the time that the grout is being injected, but it is precisely during 

the liquid period that one is interested in the reaction of the grout. It is namely only possible 

to adjust the injection process during the injection period. In this work, a different setup has 

therefore been used, in which the current electrodes are located on one side of the wall 

(current or active side) and the potential electrodes on the other side (potential or passive 
side). The measurement performed this way can be considered as a cross-borehole 

measurement with C1C2-P1P2 as setup. This method will enable us to spot local resistivity 
changes rather well. On the base of the new setup, the eventual duration of the measurements 

could be reduced to circa 2 minutes and 30 seconds. This duration counts for a measurement 
that represents a 3D-image of the progress of the grout in the substrate. So far, the equipment 

is the restrictive factor. It is almost certain that it will be possible to achieve a higher speed in 
the future.  

7.1.3 Adjusting the equipment 

In the fourth chapter, some adaptations made to the measuring equipment, have been 

discussed. The standard equipment, commercially available to perform geo-electrical 

tomographies, consists of a powerful current source, a highly accurate device to measure the 

potential differences and a switch box to control the right electrodes, as respectively current 

or potential electrodes. This way, geo-electrical surveying can be done automatically. In 

order to use the technique for the on-line follow-up of grout injections, the basic technique 

and equipment had to be adapted to perform the measurements to construct geo-electrical 

tomographic images more quickly. The bottleneck of the for this thesis commercially 

available system (i.e. Terrameter SAS1000) is that it is not possible to measure potential 
differences parallel to each other, meaning precious time is wasted. Furthermore, the 
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measurements are treated one by one and during these measurements, communication with a 
pc is impossible. Moreover, because the distances of measurement setups are limited by 

cable lengths, it will be more practical during a cross-borehole measurement to dispose of 
two separate pieces of measurement equipment. Therefore, new equipment has been 

developed in order to measure the potential differences using hardware capable of measuring 
parallel analogue channels. Many technical problems had to be tackled in order to build a 

measurement system, capable of measuring the grout flow through the substrate. Deductions, 
theoretical considerations and modellings in the finite element package Ansys have proven 

that a large number of measurements could be made simultaneously and that measurement 
points could be combined afterwards out of the data. An acceleration by a factor larger than 

10, has been achieved. Eventually, 3D-measurements have been performed within circa 2,5 
minutes.       

 

By the development of a user-friendly programme, the user has been enabled to process the 

measurements very quickly and correctly, in which complex algorithms always ensure a 

correct processing of the datasets. Here also, in a less visible way, attention has been paid to 

performance. The quickest algorithms have been used for the many calculations, enabling us 

to process an entire 3D-measurement into invertible files. Moreover, the use of protocol files 

has been adopted for this. This way, users will be easily enabled to elaborate other 

measurement arrays on the base of the measurements.         

 

The differential resistivity maps have been reconsidered, but this time, after that an inversion 

process was applied (with the exception of the differential map of Figure 5.12 Right). By 

doing so, correct resistivity differences have been obtained and moreover, their interpretation 

was unambiguous. The use of cross-borehole measurements has spectacularly increased the 

accuracy of the measurements. The cross-borehole measurements and the differential 

resistivity maps have ensured a particularly high detection degree of the resistivity changes. 
By developing other, smaller help programmes, it became possible to represent the 

differential resistivity maps immediately.       
 

A combination of different 2D-measurements has led to the creation of a 3D-image 
(Chapter 5, paragraph 5.3), offering the user a special image of the grout injection. By 

selecting a procentual resistivity decrease here, the injected volumes get a particular shape 
and volume. The following paragraph describes the laboratory tests which were done with 

the new accelerated measurement technique.   

7.1.4 Laboratory tests 

A lot of geo-electrical measurements have been performed in the laboratory to experiment 

with the geo-electrical technique for use on masonry. Protocols for different array types and 

electrode configurations are developed and tested for both the one- and two-sided 

approaches. In order to imitate this historic masonry as well as possible, a test wall has been 

built with the outer leafs of normal bricks laid with lime mortar. A bricaillon, consisting out 

of broken bricks mixed with lime mortar, serves as filling. In the centre of the wall, there is a 

little polystyrene insulation block of 12 cm high, 12 cm wide and 8 cm thick, simulating a 

cavity. A sand box has been built to simulate more situations like cracks, detachment 
between outer leaf and inner core of a three-leaf wall, grout injections …  
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Measurements performed on the masonry test specimen proved that the dipole-dipole array is 
the most suitable. The capability of the dipole-dipole array to locate the cavity in the test 

specimen has been proven. It is also able to measure the presence of the front leaf and can 
thus be preferably used in practice to evaluate the delamination of the front leaf and to assess 

the inner state of the massif. The incorporation of extra known information before inverting 
the data, generally improves the tomographic image, making the interpretation more 

appropriate.  
 

The measurements performed with the Wenner-Schlumberger and Wenner-Alpha arrays 
suggest that they are not able to locate the cavity in the test specimen. They are able to 

measure the presence of the front and back leaf, and can thus be used in practice to evaluate 
the delamination of the inner and outer leafs, but preferably not to assess the inner state of the 

massif.  

 

Also numerical modelling is used to eliminate (i.e. filter out) the influence of geometrical 

boundary conditions. The model has been constructed by using finite element based 

commercially available forward modelling software (Res2Dmod). The creation of differential 

resistivity maps to filter out geometric boundary conditions, provides the best images to draw 

conclusions about the inner state of the structure. 

 

The measured data have shown a drawback of two-dimensional tomography. One can 

misinterpret the location of an anomaly, due to the influence of a cavity next to the survey 

line. This is because the potential field in the wall is three-dimensional, of course. The 

tomographic image is thus the two-dimensional representation of a three-dimensional 

phenomenon that is measured with a geo-electrical survey.   

 

When both sides of the wall are accessible, it has been proved that it is better to use the two-
sided approach. The measurements done on the masonry test wall and the numerical 

modelling of the wall using finite elements, have led to some interesting findings. It has been 
found that, for an infinitely stretched wall, the measurements performed with the C1C2-P1P2 

array result in a tomographic image with resistivity values of approximately twice the value 
of the real resistivities of the wall. The C1P1-C2P2 array does not suffer from this effect and 

delivers approximately the correct resistivity values. When measuring on the sandbox and the 
masonry wall with the C1C2-P1P2 array, the average resistivity appears to be more or less 

five times bigger than compared to the C1P1-C2P2 array, due to the 3D-effect. This factor 
five cannot be generalized and is dependant from the 3D-shape and dimensions (i.e. 

geometry) of the specimen. Nevertheless, the factor five is found for the masonry test wall, 
the numerical simulations and the sandbox as well. This is because the dimensions of these 

specimens are similar in scale (see paragraph 5.2.1.2.1). 
  

The best approach to improve the tomographic image of a two-sided measurement campaign 
is to eliminate the influence of geometry, by constructing a relative difference map, by 

dividing (before the inversion) the measured data by the artificial normalised dataset, based 

on the numerical homogeneous model of the masonry test wall. The idea is that the artificial 

dataset carries the 3D-effect in it. By dividing the measured data by the corresponding 

artificial data, the 3D-effect is eliminated. This transforms the measured data into a dataset, 
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as if they were measured in the subsoil (i.e. a half-infinite medium). It appears then that the 
measured data are transformed into a dataset, as would have been measured in a half-infinite 

medium (subsoil).  
 

Tests on a sand box have also been performed with the C1P1-C2P2 dipole-dipole array, 
proving the constant resolution in depth, which was the big advantage of the two-sided 

approach, compared to the one-sided approach. Thereafter, the protocols have been adjusted 
and it has been concluded that the number of data points necessary to have sufficient 

resolution, can be strongly reduced. A comparison between the C1P1-C2P2 dipole-dipole 
and C1C2-P1P2 dipole-dipole arrays has indeed proved that the latter showed resistivities 

more than twice as big as the real resistivities, as it has theoretically been predicted.  
 

Very interesting was that the technique has proved to be very sensitive to detect the relative 

resistivity difference. When measuring before and after altering the situation (for example, 

the intrusion of a plastic tube) and by subtracting both tomographic images, a differential 

resistivity map could be constructed, showing only the resistivity change in the substrate. 

This has nourished the hope to construct a protocol, in order to follow up an hydraulic grout 

injection in real time.  

 

The accelerated measuring technique has been tested on a sand box filled with sand and 

gravel (tennis brick) volumes, to measure and visualize the grout flow during the injection of 

the gravel volumes. In the laboratory, a reproducible test has been developed, to prove the 

possibility to monitor grout injections. This sandbox with gravel cavities can be very easily 

built, and moreover, the specimen can easily be modified. Different tests in the laboratory 

have shown that the incomplete grout injections can be traced in great detail.     

 

This elaborated method is a good step forward towards a workable instrument to investigate 
the quality of grout injections during the injection. Although the measurements are processed 

afterwards for the moment, this technique can already be applied in its actual form. During a 
grout injection, measurements can be in execution and afterwards, the data can be processed 

and interpreted. If it appears that a particular area has not sufficiently been injected, it is 
possible to focus on that area later on.      

7.1.5 Case studies 

In the sixth chapter, two case studies have been discussed. At first, the application of geo-

electrical tomographies to control the efficiency of the injection of the columns foundation 

with hydraulic grout, at Our Lady’s Basilica in Tongeren, has been described. Geo-electrical 

tomography using the one-sided approach with the Wenner-Schlumberger and dipole-dipole 

arrays, has been done. Both arrays have pointed out the same anomaly in the chain wall. 

 

Boroscopic surveying has been used on site to verify whether the measured anomaly was 

really present. It has been concluded that the measured anomaly most likely was a core 

drilled at the location of the anomaly in the inversion, which has not been filled up 

afterwards.   
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Secondly, the geo-electrical surveys that have been done on the Tower of the Virgins at 
Scherpenheuvel-Zichem, have been described. In that case, the aim was to evaluate the 

overall structural state of the masonry of the partially collapsed tower. Also a first attempt to 
perform a 3D geo-electrical tomography on a real historic structure has been done, leading to 

promising results for the future.      
 

A one-sided dipole-dipole survey has been done. It could be concluded that at the level of the 
area in which transformation works were performed, the results of the tomographic resistivity 

image were better (i.e. lower resistivity values) than those outside the area. It is known that a 
little tower was situated on this location in the past. This little tower offered protection 

against the rain and the wind during a few centuries. So, this area might have been exposed 
to erosion for a shorter period.  

 

Although the measurements in the laboratory have proved the influence of the geometric 

boundary conditions on the measurements, the results of the surveys on real historic masonry 

on site, have turned out to be very successful. This is most probably due to the fact that the 

surveys have been done on large surfaces, meaning the wall acts as an infinitely stretched 

wall, diminishing the influence of geometry on the measurements and the inversion result. 

The test specimens in the laboratory (i.e. the masonry test wall and the sandbox) have much 

smaller dimensions, which influences the measurements much more.  

7.1.6 Final conclusion 

The geo-electrical techniques as described in this research, have been adapted from 
geophysics for use as a non-destructive technique on historic masonry. Theoretical 

considerations and numerical modelling have shown how they could be reconsidered for use 
on masonry. They have been further developed and tested in laboratory, and finally subjected 

to the ultimate test: historic masonry on site in two case studies. It has been shown in this 
thesis that geo-electrical surveying is a cost-efficient, quick, accurate, non-destructive 

technique for the evaluation of the inner structure of building constructions in general, and 
masonry walls in particular. The geo-electrical survey of masonry is becoming a suitable, 

non-destructive tool for the diagnosis of a deteriorated structure, to judge the need of 

restoration and to control the efficacy of consolidation injections. 

 

 

 

 

 

 

 



Chapter 7: Conclusions and recommendations 

167 

 

7.2 Recommendations for future research 

7.2.1 Refinement of inversion software for the processing of geo-electrical 

data of masonry  

The commercially available inversion programme (i.e. Res2Dinv) used in this thesis in order 
to calculate geo-electrical measurement data, starts from the assumption of a half-finite 

medium (geophysical context). As indicated, this assumption does not match with reality in 

the context of masonry structures. In this thesis we kept using the existing inversion software, 

and calculated differential resistivity maps to filter out the influence of geometric effects. It 

would be better to invert the measuring data by means of a more sophisticated inversion 

programme (based on the finite element package of Ansys). This way, the influence of 

geometry on the measurement is immediately filtered out for the interpretation. We expect 

that in such case the resistivities found with different arrays will present a closer match.     

 

It is considered to further develop an inversion software using a link between Ansys (forward 

modelling) and Matlab (inversion), and in which (global optimisation-) algorithms are used 

that have already been developed in the Division of Building Mechanics (Teughels, 2003). 

 

A preliminary model is described in (Stroobant and Verkest, 2006), were a concise model has 

been elaborated with only 2 variable parameters (resistivity values). By setting up a 

theoretical measurement on the model itself, the potential differences have been calculated 

by forward modelling.   

 
With these potential differences and the knowledge of the structure’s geometry, the 

resistivities have been redefined. Ansys has been used for the forward modelling as well as 
for the inversion process.   

 

Figure 7.110: Simple model for inversion with only two different parameters (i.e. two resistivities) 

 
For the inversion, the ‘optimization toolkit’ available in Ansys, has been used, enabling us to 

retrace the original resistivities very accurately. Unfortunately, this is a time-consuming 
operation, in which the accuracy strongly depends on the number of iteration steps. In this 

case, it also concerns only a very simple example. A realistic example consists of hundreds 
or thousands of parameters, because it has to be possible to modify the resistivity in each 

element. For each iteration, an entire forward model has to be calculated, which would be 
very time-consuming.       
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A common inversion procedure will focus on a target function. In this case, the function can 
be the RMS-value of the deviation of the potential differences of the model, with regard to 

the measured potential differences. Given that this function contains different minima, it will 
be badly conditioned. Therefore, an inversion process will have many chances to converge to 

a local minimum of the target function, instead of to the global minimum. In the Division of 
Building Mechanics, research has already been done concerning the approach to the global 

minimum, instead of to the local minimum. (Teughels, 2003).         
 

A proper, customized inversion programme would enable us to take the boundary conditions 
fully into account. Because of this, quantitative values of the resistivities could be obtained 

for each measurement setup. If one has more certainty of these quantitative values, one will 
be better enabled to identify certain phenomena such as cavities, delamination, salt and 

moisture content, … When such inversion programmes will become available, deformations 

in the conceptualization will completely disappear and unexpected results will no longer be 

obtained. A first step could be the development of an inversion process for a wall with a 

certain thickness. In order to be able to apply the technique proposed in the next paragraph, a 

self-developed inversion software is also needed (7.2.2).     

7.2.2 One-sided approach: on-line monitoring of grout injection 

In case one would like to monitor an on-line grout injection where it is not possible to 

approach the masonry massive from both sides (as is necessary for the proposed method, as 
described in Chapter 5, paragraph 5.3), the following technique and measuring protocol can 

be suggested. 

7.2.2.1 Parallel tomography with the simultaneous dipole-dipole array 

The simultaneous measurement of parallel sections offers the possibility to collect measuring 

data quickly enough, in order to follow up a grout injection on-line when the wall is 

accessible from only one side. This way, an idea can immediately be obtained of the internal 

state of the entire wall and not only of one single section. Of course, the following should be 

taken into account: the current electrodes of a parallel array also influence the potential 

measurements on the other sections. This has its influence on the geometric factor that has to 

be used to calculate the apparent resistivity values. Figure 7.111 illustrates the general 

deduction for the formulation of the apparent resistivity.        

 

Parallel arrays: 

 

Figure 7.111: General parallel four-electrode configuration 
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Suppose that two sections are made (the extension to several sections is analogous). C1 and 
C3 are the positive current electrodes, C2 and C4 are the negative current electrodes. 

Analogously to the deduction of equation (2.16), the deduction of the apparent resistivity for 
the measurement on the upper section is now:       

 
By means of formula (2.11), the following potential contributions can be found:  
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This way, the total potential in points P1 and P2 becomes:   

 

• as a result of the current through C1C2: 
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• as a result of the current through C3C4: 
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The potential difference between the points P1 and P2 is now:  
 

 
 

• as a result of the current through C1C2: 
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• as a result of the current through C3C4: 
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The total potential difference measured now between P1 and P2 is: 
 

 equation (7.7): 
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By means of equation (7.7), the apparent resistivity ρ can be calculated. Notice that in this 
case, no uniform formulation for the geometric factor G can be determined, due to the 

dependence of the two following currents: IC1C2 and IC3C4. Only if both currents were equal, a 
formulation for the geometric factor G could be found:  
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In this exceptional case (both currents equal), the apparent resistivity for the measurement on 
the upper section can be found by:   

 

 
I

V
G

∆
= .ρ          (7.9) 

 

In this formula, ∆V is the potential difference between P1 and P2, and I the current through 
C1 and C2, and also through C3 and C4. As above, the apparent resistivity value of the lower 

section in Figure 7.111 can also be determined. This paragraph thus shows that it is possible 
to measure parallel arrays. In combination with the possibility to perform different 

measurements simultaneously on one section, with the dipole-dipole array (directly for 
different n-values, i.e. for one pair of current electrodes, different potential pairs are 

immediately measured simultaneously), the necessary measuring time is considerably 
reduced. Principally, a new type of array is created due to this. It will be called “Parallel 

tomography with the simultaneous dipole-dipole array". The forward modelling during the 
inversion will have to take this into account (see paragraph 7.2.2.2).    

7.2.2.2 Parallel inversion and relative difference maps  

The problem with parallel measurements on different sections is that they are not supported 

by the commercially available inversion programme Res2Dinv. With the forward modelling, 

as it is used in the programme, the pseudo-section can only be calculated on the base of 

maximum two current electrodes and two potential electrodes. The programme needs a 

uniform formulation to calculate the geometric factor. Consequently, this software can not be 

used to perform parallel measurements. For parallel measurements, there is no uniform 

formulation of the geometric factor as indicated in paragraph 7.2.2.1 (equation (7.7). The best 

way to proceed would be to develop the appropriate inversion software. The following 

equations out of Chapter 3 will have to be adapted.     
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• finite elements:  
          

S = K.ΦΦΦΦ         (2.45)  

 

• finite differences:  

 

C. Φ
~

=S         (2.20) 

 

In both equations, S is a column matrix indicating in which model points current has to be 
added. The solution of both equations indicates in each point (x,z) the value of the potential 

function Φ (or Φ
~

 in the case of finite differences, i.e. the potential distribution in the wave 
number domain Ky). Analogously to the finite differentiation in appendix A.1 or finite 

elements in appendix A.2, the distribution of the apparent resistivity distribution can be 
calculated out of this. Consequently, it is perfectly possible to add current in more than two 

current electrodes via S.     

 

The following is important in this context: the software Res2Dinv is made for 2D-sections. 

For the forward modelling, this section is subdivided in plain elements. The entire 

mathematical deduction in Chapter 2 has been set up in two dimensions (x,z – surface). For 

parallel measurements, the current electrodes are located in the x,y – surface. It will thus be 

necessary to rewrite the finite difference equations or the finite element equations for the 

forward modelling into three dimensions. A 3D-programme for forward modelling 

(Res3Dmod) is already commercially available, but this programme also is not able to take 

more than two current electrodes into account.       

 

The forward modelling step can be perfectly programmed in a finite element programme like 

Ansys, analogously to the approach discussed in paragraph 7.2.1. This way, the different 

sections can be measured parallel to each other and be inverted. In a first study of a wall, a 

number of parallel sections can be measured. After this, a number of drillings are executed 
on the base of these sections. It is then decided whether a grout injection is necessary or not. 

If it is, then the sections are measured again during and after the injection. The inversion of 
these measurements then starts with the model that was the result of the first prospection. 

Due to this, the iteration will be considerably accelerated. It could also be interesting not to 
compare the new sections with the old ones, but simply to map the resistivity difference 

during or after the injection, with the resistivity distribution as measured in the initial 
situation (cf. the procedure as discussed in Chapter 5, paragraph 5.3).   

7.2.3 General recommendations 

The datasets for the on-line follow up of the grout injections have temporarily been processed 

afterwards, but a contractor wants to see this processing on-line. It is possible that we will 

have to wait for this until the many operations can be processed more quickly by computers. 

If an inversion process is developed that is much more performing than the actual processes, 

a short-term solution might be found for this. Once the problems are solved, this method can 

be used successfully as a technique for the on-line monitoring of grout injections.  
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The measuring method has been improved a lot, so that the measurements can be performed 
more quickly. However, modifications are still possible. For instance, the terrameter could be 

replaced by a current source that could be controlled from the labview environment. So far, 
the Terrameter and the data processing are the restrictive factors in terms of speed.  

 
Although the measurements themselves are performed fast enough, the necessary preparation 

works remain time-consuming. On some locations, it is difficult to hit the nails, and 
furthermore, this method still causes restricted damage to the structure which might not 

always be permitted or acceptable. Both of these disadvantages could be solved by research 
on alternative electrodes. 

            

 



Appendices 

173 

 

Appendix A: Mathematical background                             

of forward modelling

 

 

The aim of inverse modelling is the inversion of the measured apparent resistivities to real 

resistivities of the substrate. Forward modelling will be a crucial step in the inversion 
process. Forward modelling is necessary to calculate the apparent resistivity values, as would 

be measured given a particular distribution of the resistivities in the substrate. As already 
stated in paragraph 2.1.1, the problem of forward modelling can be translated into finding a 

solution for equation (2.5). 
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This is a second-order differential equation and can be solved in two ways. The first method 

is analytical. This method is the most accurate, but is not usable for more complex resistivity 
distributions. The analytical method can only be used for relatively simple cases (for example 

as the one discussed for a homogeneous half-infinite medium in paragraph 2.1.2).      
 

Numerical methods are the only alternative for more complex problems. A first numerical 
approach of the forward modelling problem was already formulated by Dey and Morrison at 

the end of the seventies. For a more detailed mathematical discourse of their proposed 
numerical solutions: see (Dey and Morrison, 1979). Their method is based on finite 

differences. Only the principle of the method is briefly discussed in appendix A.1. Silvester 
and Ferrari (Silvester and Ferrari, 1990) gave a strong impulse to the introduction of finite 

element methods in the science of electricity, for solving field problems. The formulation of 
the forward modelling problem using finite elements (matrix equations), is discussed in 

appendix A.2 and is based on first-order triangular elements.  
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A.1 Forward modelling: problem formulation and solution using 

finite differences 

Only the basic mathematical principles of the method using finite differences to solve 

equation (2.5) are briefly discussed here. This numerical approach of the forward modelling 
problem was at first formulated by Dey and Morrison at the end of the seventies (Dey and 

Morrison, 1979).  The following steps can be distinguished:    
 

• It is assumed that the conductivity in the y-direction σy is constant. The conductivity 

distribution in the medium σ(x,z) of the medium (wall), is only depending on x and z.  

 

• The Fourier transform from ‘y’ to the wave number domain ‘Ky‘ is taken. This 
computation, which makes the transformation from the spatial, three-dimensional 

domain (x,y,z) to the wave number domain, is completely analogue as the well known 

Fourier transform, from the time domain to the frequency domain. This is done 

because differential equations are more easily solvable in the wave number domain 

than in the spatial domain. 

 

• The following boundary conditions are required: the requested potential field Φ(x,y,z) 

must be continuous, no current can leak away and the potential on infinity must be 

zero. 
 

• The substrate (subsoil or wall) is then divided in rectangular blocks. The known 

conductivity distribution σ(x,z) is now spread to each knot i,j (a knot is a corner in the 

grid of rectangular blocks and is defined by the coordinates i and j, respectively the 

row and column in the grid. The conductivity σi,j is now known in each knot. The 

solution of the problem gives the potential division as a function of w and z in the 

wave number domain Ky and this for knot i,j.   

 

• Equation (2.5) is now transformed to the wave number domain Ky and is defined for 

each knot (σi,j is known). This equation still contains the so-called Laplace-operator 

∇2
, representing a second-order derivative in the three-dimensional space.   

 

2
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2

2

2

2
2

zyx ∂

∂
+

∂

∂
+

∂

∂
≡∇    !the second term is zero (σy constant) 

  

The numerical method based on finite differences will estimate these second-order 

derivatives with the following expression, valid for each distribution Pi,j [valid for 

σ(x,z) and Φ(x,z) in Ky]: 
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This way, no double integrals must be calculated in order to get rid of the Laplace-

operator ∇2. When using the finite element method (see appendix A.2), it will be 
necessary to calculate these double integrals. This is the reason why finite element 

calculations are more time-consuming. The result of the forward modelling is very 
similar for both numerical methods.   

 

• It is now possible to rewrite equation (2.5) for each knot i,j, in the wave number 

domain Ky with the help of equation (A.1). All these equations together form a 

system of equations that can be collected in a matrix: 

 

C. Φ
~

=S        (A.2) 
 

C is the capacity matrix and only depends on the spatial distribution of the 

conductivity σ(x,z) and the location of each knot i,j (xi,zj). C is not dependent on the 

injected current.  S and Φ
~

 are both column matrices. S depicts in which knots current 

is injected. Φ
~

 gives for each knot the value of the potential in the wave number 

domain Ky. A simple example illustrates this.   

 

• An example for the construction of the matrix equation (A.2): 
 

Consider a medium, subdivided in four rectangular blocks, resulting in nine knots. 
Current is injected in knot 4 at the surface 

 

 

Figure A.112.  Medium, subdivided in four rectangular blocks, resulting in nine knots. Current is 

injected in knot 4 at the surface 
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The matrix equation C. Φ
~

=S, for this situation becomes: 
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 (A.3) 

 

In the above matrix equation: 
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(A.4) is the coupling coefficient between knot (i,j) and (i-1,j). 
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(A.5) is the coupling coefficient between knot (i,j) and (i+1,j). 
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(A.6) is the coupling coefficient between knot (i,j) and (i,j-1). 

 

 
jjj

jijiji

b
zzz

c
∆∆+∆

+−
=

−

+

).(

)(2

1

,1,,
σσ

       (A.7) 

  

(A.7) is the coupling coefficient between knot (i,j) and (i,j+1). 

 

Notice that the coupling coefficients only depend on the spatial distribution of the 

conductivity σ(x,z) and the place of the considered knot i,j (xi,zj) and his adjacent knots. By 

coupling every knot with his adjacent knots, the continuity of the solution is insured.   
 

 
 

 



Appendices 

177 

 

• The solution of (A.2) is given by the following equation: 

 

 Φ
~

=C-1.S        (A.8) 

 

• Transforming (A.8) from the wave number domain Ky to the spatial domain (function 

of x and z), gives for each knot the correct value of the potential function Φ.  

  

• Since the potential function Φ (i.e. potential field distribution) and the injected 

current are known, it is possible to calculate the apparent resistivity (using equation 

(2.17)) for every position of the current and potential electrode, when the correct 

geometrical factor is taken into account. This apparent resistivity must be ascribed to 

a particular location in the cross section. This needs a certain convention. For 

example, the convention as shown in Figure 2.11). A more fundamental method to 

assign an apparent resistivity value to a physical point of the substrate is based on so 

called “sensitivity functions, as discussed in paragraph 3.2.2 of Chapter 3. If this is 

done for all the different locations of the current and potential electrodes, and if all 

the apparent resistivity values are connected to their respective data points, than the 

pseudo-section is known, and the forward modelling is finished.      
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A.2 Forward modelling: problem formulation and solution using 

finite elements 

In this paragraph, the basic principles behind the numerical solution, using finite elements for 

the forward modelling problem, are given. The aim is to calculate the potential distribution in 
a medium (continuum), starting from current injections on the surface and a particular 

resistivity distribution of the substrate. This is a typical ‘stationary field problem’ like heat 
transport, diffusion in porous materials, torsion, magnetostatics, etc. Typical for stationary 

field problems is that they are all based on the same differential equation: ‘the quasi-
harmonic equation”. This equation will be written for the forward modelling problem, as 

stated above (electrical conductivity). Finally, the finite element formulation is derived. 
Figure A.113 shows a scheme of a medium and its boundaries.  

 

 

Figure A.113. Scheme of the medium and his edges. 

 

Figure A.113 shows the edge (Γ) and the volume (Ω) in which an element is marked. The 

potential distribution V(x,z) is the searched field variable in this element. It is assumed that 
the resistivity distribution only varies in function of x and z (in the plane perpendicular to the 

subsoil or the wall surface) and not in the y-direction. This implies the following:    
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• Quasi-harmonic differential equation 

 
The described quasi-harmonic differential equation has the following general form: 
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Equation (A.9) is the scalar form of equation (2.4). 
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In this equation: 
 

zx σσ ,   :  conductivity in x- and z-direction     [Ω
-1

m
-1

] 










∂

Φ∂
−=

x
J xx σ  :  current intensity in x-direction  [A/m²] 










∂

Φ∂
−=

z
J zz σ  :  current intensity in z-direction  [A/m²] 

),( zxI   :  internal current source   [A/m³] 

 

Φ    :  the wanted potential function in x and z  [V] 

 

Concerning the boundary conditions, no potential is applied on the edge Γ and no current can 
leak away along de edges: 

 

0ˆ =Φ−Φ    : on edge Γ2, this is done by an appropriate choice of Φ
      

0.. ==
∂

Φ∂
+

∂

Φ∂
nzzxx Jn

z
n

x
σσ  : on edge Γ1     (A.10) 

 

In this equation (A.10), no externally applied boundary current is assumed: 
 

0=nJ   :  externally applied boundary current on edge Γ1 

 

Another assumption is that no internal current sources are present, meaning I(x,z) in equation 

(A.9) vanishes. 

 

• Equivalent integral expression 
 

(A.9) and (A.10) are combined and rewritten as (A.11): 
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J
~

 :  unknown component of the current intensity perpendicular on the edge  Γ2 

 

This is the equivalent integral expression. In (A.11) vv,  are arbitrary weight functions in x 

and z. The mathematical prove for this is as follows: 
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 Theorem: 
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 Prove: 

When A(ϕ) is not zero in a particular point of the defined volume Ω, immediately a 

function v can be found, so that the first part of equation (A.11) differs from zero. An 

analogue argumentation can be made for the second part of equation (A.11).  

 

• Partial integration 

 
First part of (A.11): 
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Applying the divergence theorem of Gauss on the first part of equation (A.13), which gives 

the relation between the volume and the line integral: 
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This part then becomes: 

 

∫∫
ΓΩ

Γ
∂

Φ∂
=Ω

















∂

Φ∂

∂

∂
dn

x
vd

x
v

x
xxx ...... σσ  

 

Applying the Gauss theorem for all parts of equation (A.11), the following expression is 

derived: 
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(A.14) can be rewritten when ( vv −= ) is chosen (they can be arbitrary chosen). Notice that 

Γ = Γ1 + Γ2 .  This results in: 
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The first part of (A.15) can be rewritten using matrices: 
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In this equation: 
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Equation (A.9) shows that: 
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Incorporating (A.17) in (A.15): 
 

 0.
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dJvdJv
T       (A.18) 

 

This is the eventual equivalent integral expression. 

 

• Finite element division (mesh) 
 
Triangular first order elements are chosen in this mathematical discourse. Other elements are 

also possible. These triangular first order elements have linear shape functions. The enclosed 

volume Ω is now divided in such elements, as illustrated in Figure A.114. 
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Figure A.114.  Element partitioning (meshing) of the enclosed volume Ω 

 

On this figure: 
 

Γ1
e     

= part of the element edge belonging to the overall edge Γ 

Γ2
e    = boundary with adjacent elements 

 

The equivalent integral expression (A.18) is now rewritten for element e: 
 

  0.
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2

=Γ+Ω−∇ ∫∫
ΓΩ ee

dJvdJvT       (A.19) 

 

The second part in (A.19) gives the current intensity (current flux) to the adjacent elements.  

This part can’t be found in equation (A.18). 

 

• Linear shape functions of the triangular first order element 

 

Goal of the finite element approach is the formulation of a function 
−

Φ , dependent from x 

and z, which is the approximation of the exact potential distribution Φ .  

This approximation 
−

Φ  has the following form: 
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If the shape functions (interpolation formulas) 
e

l

e

k

e

j
NNN ,,  satisfy in the coordinates (xi,zi), 

then: 

 

 
imiim zxN ,),( δ=   for m = j,k,l and i = j,k,l 

 

Then the value of the approximation Φ  in knot i is the potential in (xi,zi) for i=j,k,l (i.e. the 

shape function takes value 1 in the knots).   
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How do these shape functions look like? 
 

 

Figure A.115.  Coordinates of the three knots of a triangular element. 

 

Linear shape functions are used.  Φ  will thus be a linear equation in x and z, representing a 

plane, because the variation of the potential within an element can increase or decrease in the 

x- and z-direction. The general expression for a plane is:    
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The approximation of Φ  in the knots is then (see Figure A.115): 
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In this way equation (A.20) is recognized. It can be proven that C-1 always exists. 

 

• Construction of the system of equations 

 
Recapturing the equivalent integral expression for an element (A.23): 
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According to (A.20) the following approximation of the potential function holds within each 
element: 
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Moreover, inside this element the following is valid (further elaboration of equation (A.17)): 
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Applying Galerkins choice i.e. choose the function v in equation (A.19) equal to the shape 

functions: 
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This can now be integrated in equation (A.19): 
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Analogue equations for vk and vl are formulated. The left part of (A.23) is equated with: 
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Then the analogue equations for vk and vl are added. 

 

 

The right part of (A.23) is equated with: 
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Resulting in: 
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Written in matrices, the above becomes: K
e
.ΦΦΦΦ

e 
= J

e
    (A.24) 

Remarks: 
e

J  implies that the current intensity to adjacent elements is concentrated in the knots. 

A positive 
e

j
J  means that current flows from knot j to element e. Current is drawn 

away from knot j. In knot j there must be an equilibrium of current flows (cf. 

Kirchhoff’s
8
 Current Law). Mathematically, this can be written as follows: 
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         (A.25)   

 
The summation is limited to the elements adjacent to knot j. Sj is the current which is 

injected directly into the knot. This way, it is possible to incorporate the injected 
current at the surface (via C1 and C2) during geo-electrical measurements to the finite 

element model.  
 

Finally (A.25) can be rewritten with the aid of (A.23): 
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Equation (A.26) is expression j of the system of equations: 

 

S = K.ΦΦΦΦ     (A.27) 
    

Notice again the possibility to explicit, by adding current to a particular knot (via S). The 

solution of (A.27) gives the value of the potential function Φ in every point (x,z). 

Analogously to finite differences (see appendix A.1), one can calculate the apparent 
resistivity distribution from this potential function.  

 
 

 

                                                   
8 Gustav Robert Kirchhoff (March 12, 1824 – October 17, 1887) was a German physicist who contributed to the 

fundamental understanding of electrical circuits, spectroscopy, and the emission of black-body radiation by 

heated objects. He coined the term "black body" radiation in 1862, and two sets of independent concepts in both 
circuit theory and thermal emission, are named "Kirchhoff's laws", after him. 
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Appendix B: Different non-destructive techniques

B.1 Infrared thermography (IRT) 

Infrared thermography is a process in which heat at any temperature can be converted into a 
thermal image, by using specialised scanning cameras. It has been observed that buildings or 

structures with defects such as the debonding of plasters, frescos and mosaic or delaminating 
concrete, emit differing amounts of infrared radiation. If a substrate surface with an even 

colour and texture is viewed with an infrared camera, it will appear quite uniform when the 
substrate is free of defects. However, if there are any cracks or delaminations within the 

substrate, the surface will heat up faster under solar IR-radiation in these areas and hot spots 
will be observed in the thermal record (Titman, 1990; Titman, 1999). Another application is 

the examination of water leakage in buildings with IRT (Tovacuoglu et al., 2007). Also the 
bonding between FRP (Fibre Reinforced Polymers) and concrete can be evaluated with IRT 

(Galietti et al., 2007) or the presence of steel inclusions or voids in different substrates, can 

be monitored with thermography (Magnani et al., 2007).  

 

Because of the method’s potential, a brief research program was conducted at the Reyntjens 

Laboratory in 2004, trying to refine the method in order to use it as a technique to detect 

irregularities like voids, delamination and cracks. Numerical models based on finite element 

calculations for heat transfer problems under non-stationary boundary conditions (Voltra 

from Physibel
9
) were used to simulate specific situations. The wall was set on a constant 

temperature of 0 °C. One side of the wall is heated to 20 °C until stationary regime is 

reached. Then the temperature drops again to 0 °C. These are the non-stationary boundary 

conditions that were used. An example of a simulation of the delamination between the 

rubble filling and the outer parement of a brick tree-leaf wall is shown in Figure B.116. The 

influence of the delamination is shown as a local enhancement of the surface temperature. 

The conclusion of the theoretical calculations was that, due to the inertia of the stone wall, 

the time needed between heating and the detection of deeper anomalies, was not practical. 
When looking for anomalies closer to the surface as the debonding of plasters, frescos and 

mosaic or delaminating concrete, the numerical models showed the potential of IRT.  

                                                   
9 www.physibel.be 
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Figure B.116. Software model representative for the partial delamination of the outer leaf with the inner 

core; due to symmetry, only one forth is modelled 

In literature, similar conclusions ware stated regarding the resolution. Based on the findings 
of (Maldague, 2002), the following rules concerning thermal contrast were stated by 
(Meola, 2007):  

• the loss of thermal contrast is proportional to the cube of the defect depth and the 
radius of the smallest detectable defect, should be at least one time larger than its 
depth under the surface; 

• the thickness of the damaged area plays an important role, because a large radius 

defect is hardly distinguishable if it is very thin (Meola et al., 2004) 
 

A brief testing program was performed, using a sand volume in which hollow objects, 
simulating voids, can be buried (see Figure B.117). Using an infrared camera provided by the 
Division of building Physics (AVIO TVS 2000 MKII LW stirling cooled infrared camera 
with a temperature range between -40 °C to 300 °C and a thermal resolution of 0,1 °C at 
30 °C on a black body), it is possible to visualize the surface temperature of the sand volume. 
Numerical simulations showed that most anomalies show only small temperature differences 
during heating or cooling. Luckily, the available infrared camera had a thermal resolution of 
0.1°C, which is sufficient for this purpose. In the test case of Figure B.117 three plastic cups 
are buried at different depths (respectively 5, 10 and 15 cm under the sand surface). Heating 
is provided through electrical cooking plates under the sand volume. Notice that the plastic 
cup closest to the surface, is the first to be detected (after approximately 30 minutes of 
heating). It took a long time for the heat to transfer to the surface of the sand volume (as 
predicted in the numerical models). According to the first rule concerning thermal contrast, 
stated by (Meola, 2007) above, it was not possible to detect smaller anomalies (ping-pong 
balls) spread in the sand volume in the same order as the plastic cups (i.e. 5, 10 and 15 cm 
under the sand surface). 
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Figure B.117. Left: Infra-red image of the heated sand; Right: Laboratory test 

    

The most obvious advantage of infrared thermography is that there is no contact needed 
between the camera and the object to be investigated. In addition, the large monitoring 

capacity is an advantage, because a large number of points can be monitored simultaneously 
in one image. A possible problem is that the radiation measured by the camera, does not 

depend only on the object surface temperature, but that it is also a function of the emissivity, 
so the brightness of different objects within a scene does not necessarily give a clear 

indication of their relative temperatures (Clark et al., 2003). 
 

Other developments in thermographic imaging resulted in a technique called “Pulse Phase 
Thermography (PPT)”. This technique is reported as a novel powerful technique of the use of 

thermal non-destructive testing. It employs application of the ‘Discrete Fourier Transform’ 
(DFT) to thermal images obtained according to flash heating of the front surface of a 

specimen. The computed phase diagrams are then used for defect visualization in a wide 

range of materials (Ibarra-Catanedo et al., 2005; Marinetti et al., 1999).  

 

A lot of research has been done in laboratory circumstances, proving the potential of the 

method, but because of the amount of parameters to be controlled (heating time, depth of 

anomaly, size of anomaly, time of observation after starting/stopping the heating), only a 

qualitative image of present anomalies can be expected when real sites are examined. 

Therefore, it is better to use IRT to scan large areas in a qualitative way, in order to detect 

potential problem areas, which in turn can be investigated more thoroughly with other non-

destructive techniques.   
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B.2 Radar (ground penetrating radar, GPR) 

Ground penetrating radar is a remote sensing and geophysical method based on the emission 

of a very short electromagnetic pulse (1–20 ns, see Figure B.118 b) in the frequency band of 

10 MHz to 2.5 GHz (Arias et al., 2007). Depending on the depth being investigated and the 

required resolution, different antennas are selected. The higher the frequency, the better the 

resolution, but the shallower the penetration depth.   

 

The resolution in depth is a function of the frequency of the antenna and can be defined as 

the minimal distance between two reflectors that can be resolved. Generally, an object is 

resolvable if its dimensions are greater than ¼ of the wavelength (λ) of the incident radiation 

(Padaratz and Forde, 1995), when considering favourable conditions of propagation. It is 

noticeable that smaller objects can also be detected (small metal reinforcement, masonry bed 

joints …). A direct result of this formula is that higher frequencies ensure a better resolution, 

because they have a smaller wavelength than lower frequencies.  

 

The most common method is the reflection mode where the reflected energy, caused by 
changes in the material properties, is recorded (Figure B.118 a). The pulse is generated by an 

antenna. Moving this antenna over the substrate creates an image, representing the reflected 
signal. This image is called a radargram (2D, i.e. x-position in metre versus time in seconds, 

Figure B.118 c). In literature, the reflection method is also referred to as the impulse-echo 
configuration or impulse radar, i. e. transmitter and receiver are on the same side (Lualdi et 

al., 2003; McCann and Forde, 2001; Maierhofer et al., 2003).  
 

When parallel radargrams are made, it is possible to construct a 3D image (i.e. . x- and y-
position in metre versus time in seconds). Slices of different times (i.e. depths) can be 

plotted. When the average signal velocity of the radar pulse is estimated (calibration 
measurements) in cm/ns (i.e. distance/time), then it is possible to represent radargrams and 

time slices as a function of investigation depth. Data processing is essential after a radar 
survey. Some common aims of data processing are (Hugenschmidt and Mastrangelo, 2006; 

Leucci, 2006; Leucci and Negri, 2006; Leucci et al., 2007): 
 

• improvement of the signal/noise ratio 

• correction of surface reflection to time/depth zero 

• correction of the position of reflection energy that was reflected sideways, also called 

migration 

• amplification of signals depending on travel time, also called gain correction 
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Figure B.118. a: GPR reflection mode principle; b: Emitted and recorded signal; c: Radargram; d: time 
slice; images taken from (Hugensmidt and Mastrangelo, 2006). 

  

With GPR information on masonry and stone walls concerning the thickness, the localization 

of detachments and the moisture content and/or distribution can be obtained (Binda et 
al., 2000; Neuwald-Burg et al., 1992; Maierhofer et al., 1997). Nevertheless, GPR techniques 

have difficulties recognizing structural elements like bricks, stones and joints, which are 
important to obtain information about the inner structure. Better results are obtained when 

transmitter and receiver are positioned on different sides of the structure (Colla et al., 1997; 
Kong and By, 1995; Valle et al., 1999).  

 
Although important technical improvements have been made to the GPR-technology, it still 

remains difficult to interpret the results correctly. Specialized training is required to perform 
this kind of surveys successfully. A few years ago, a European Commission funded research 

project “onsiteformasonry”
10

 started, which was aimed to provide improved methodologies 
for the evaluation of historic masonry, based on non-destructive (NDT) and minor-

destructive (MDT) testing techniques. A new light high-frequency antenna with separate 

transmitter and receiver was developed, enabling impulse-echo and tomographic 

measurements with enhanced spatial resolution. Also better strategies for data acquisition for 

3D and tomographic investigations, as well as adequate software for 3D-data inversion were 

developed (Lualdi et al., 2003). 

                                                   
10  See www.onsiteformasonry.bam.de for more information 
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B.3 Sonics 

This technique uses audible (sonic) or high-frequency (ultrasonic) sound. One can state that a 

low frequency is less quickly muffled and, consequently, that sonar investigation is suitable 

for those cases in which the sound wave has to cover a larger distance. The best known 

example of this is probably the echography, where the reflected sound wave is shown on the 

hand of complex techniques. Firstly, the reflected sound waves are converted into an 

electrical signal (i.e. AC-current signal) which is than converted into video images by a so 

called scan converter. The result of it is a very detailed image of the foetus or the investigated 

human organ.      

 

In case of material investigation, a sound wave is sent into the material that has to be 

investigated. In homogeneous materials, in which a local defect is searched for, the reflection 

of the sound wave is used in order to localize the defect and to determine the size. This 

method is not suitable for masonry: it contains too many transitions between mortar and 

bricks, little areas that have not been filled with mortar or imperfections in the brick, so that a 

large number of reflections would provide a diffuse image. That is why a method is used 
which defines the pass-through speed (i.e. seismic velocities) of a sound wave. Because 

internal imperfections increase the pass-through time of a sound wave, similar imperfections 
can be detected and their size can be estimated.      

 
Ultrasonic investigations made on masonry structures are very difficult to interpret due to the 

inhomogeneous material, leading to scattering reflections and refractions (Berra et al., 1988; 
Hobbs and Wright, 1987; Valle et al., 1999). Due to the smoother surface of concrete and 

thus an easier acoustic contact between transducer and surface, some successful applications 
to concrete structures are recorded (Krause et al., 1997; Krause et al., 2001; Mielentz et 

al. 2002). The main problem for the correct evaluation of the seismic velocities on the scale 
of a wall, is the necessity of measuring arrival times that are a couple of orders of magnitude 

shorter than usually in geophysics. To obtain a good resolution, it is necessary to work with 
very high frequencies. But high frequencies lead to a very high attenuation of the signal. This 

is why ultrasonics is not commonly used on masonry. Practically, the useful range resulted in 
the high sonic frequencies up to 4000 and to 5000 Hz. Due to lower frequencies, sonic 

methods seem to be more appealing to masonry than ultrasonics, but they have a lower 

resolution.  

 

When both sides of the masonry are accessible, sonic tomography is possible. A number of 
receivers (i.e. geophones) are placed on one side of the wall. On the other side of the wall, a 

series of pulses is generated by hitting the surface along a profile in correspondence to the 
receivers’ line. For every shot, the arrivals to all receivers are recorded. The source-receiver 

rays cover a section across the wall (Marchisio et al., 2000). The interpretation consists of a 
tomographic reconstruction of the distribution of the sonic velocities across the section. The 

output of the method is an image of the ideal section (tomography) across the wall. This 
allows pointing out eventual cavities, flows or layering in the structure etc. It is also 

interesting that an image shows the variations of the velocity that mainly depend on the 
dynamic elastic moduli of the material. A combination with the flat-jack method, one can 

collect information about the stresses and the stiffness of the materials.   
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