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Summary 

 

The service life of bridges is often threatened by an insufficient shear force capacity in the 

transverse direction and by leakages in the sealing layer, which lead to chloride ingress and, 

therefore, corrosion damages. A thin, multifunctional interlayer of textile reinforced concrete 

called SMART-DECK was developed to prevent expensive repair work and traffic obstructions. 

This interlayer provides four functions: full-surface moisture monitoring in real-time, a chloride 

barrier, preventive cathodic corrosion protection, and increased shear force capacity. If leak-

age occurs, the cathodic corrosion protection can be switched on to protect the reinforcement 

from corrosion damage. The renewing of the damaged bridge deck sealing must not be carried 

out immediately but can be postponed over the years, e.g., to periods with little traffic. Large-

scale humidity monitoring is implemented by measuring the electrolytic resistance between 

two carbon meshes embedded in mortar. The electrolyte resistance is measured using an 

alternating current. Decreasing values in the measured electrolyte resistance indicate water 

ingress through leakages in a surface-applied membrane. Through numerical simulations, the 

theoretical size of a detectable leakage area is calculated, which depends on the geometry of 

the leakages, the electrolyte resistance of the mortar in wet and dry conditions, the position of 

the leakage, and other boundary conditions. If leakage is detected, an electrical field between 

the carbon meshes is built, called the “electrochemical chloride barrier” and suppresses the 

ingress of chlorides into the concrete. The negatively charged chloride ions are held on the 

upper carbon mesh that is polarized as an anode to prevent chloride-induced corrosion on the 

reinforcement. The question of which voltages and electrical field strengths are necessary to 

avoid critical chloride contents at the reinforcing steel is investigated. Laboratory tests showed 

that even voltages of fewer than 2 Volts reduce chloride ions behind the anode compared to 

reference probes. Furthermore, an unexpected effect was observed: higher voltages increase 

chloride ions again after passing a local minimum for specific depths of the reference probes. 

Analytical and numerical investigations elucidate this effect and, since the destructing test 

method in the laboratory did not allow research of the time dependency, determine its behavior 

and the overall behavior of the chloride concentration in the probes over time. It has been 

investigated whether the voltages to implement an electrochemical chloride barrier are smaller 

than they have to be for joint preventive cathodic protection. One advantage of this chloride 

barrier is that the anodic polarization of the carbon meshes can be reduced due to the lower 

current densities. Different voltages, electrical field strengths, anode materials, and anode ar-

rangements were investigated. 
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1 Introduction 1 

1 Introduction 

1.1 Motivation 

 

The maintenance and repair of (reinforced) concrete structures lead to great economic and 

structural efforts worldwide. The maintenance costs over all buildings can be estimated to be 

about 20 billion $ per year, with a considerable part of these costs spent on concrete structures. 

(Raupach et al., 2006) Especially infrastructure buildings like bridges are threatened by corro-

sion damages due to chloride ingress and lead to high maintenance costs. The damages are 

often detected at first when already a high degree of damage is reached due to the temporal 

intervals of bridge inspections and the existing monitoring options, which work only discretely 

at the point of installation. (Raupach et al., 2013) Monitoring a complete construction would 

need many sensors, which is not an economical solution. 

Nowadays, it is not common to use systems for cathodic corrosion protection on lanes and 

bridges because of cost concerns: primarily because the sealing has to be removed to install 

the anodes and the established impressed current anodes are expensive. In the context of a 

research project, a thin carbon-reinforced mortar interlayer was developed, which provides 

four functions: an all-over real-time humidity monitoring, a chloride barrier, preventive cathodic 

corrosion protection, and strengthening reinforcement of bridges with an insufficient load-bear-

ing capacity. This work focuses on the first, second, and third functions. The interlayer consists 

of a newly developed mortar and two layers of carbon textile reinforcement. Between those 

layers, the electrical resistivity is measured. When the sealing starts to leak, and water perme-

ates into the interlayer, a drop in the measured electrical resistivity is detected in real-time. All 

relevant data are transmitted via the internet and are presented in a simple form e.g., in a color 

scheme, to show the sealing condition. When damage in the sealing is detected, the electro-

chemical chloride barrier can be switched on. The upper carbon layer is polarized as an anode 

that holds the negatively charged chloride ions. Thus the maintenance measures of the bridge 

deck sealing can be postponed to periods with less traffic or to that point of time when a re-

newing of the sealing is planned anyway. (Driessen & Raupach, 2015a) 

This work has two primary intentions. Firstly, the question under which boundary conditions 

and with which material components full-surface monitoring of intruding water is possible 

should be answered. Secondly, it will be shown under which circumstances the knowledge 

drawn from the full-surface monitoring can help to implement an electrochemical chloride bar-

rier so that the ingress of chlorides into the concrete to the reinforcement can be prevented in 

the first place. 

 



2  1 Introduction 

1.2 State of the Art and Need for Research 

Regarding the full surface moisture monitoring, it has to be emphasized that monitoring a full 

surface in real-time using alternating current between two technical carbon layers in mortar is 

a completely new concept. For example, for a sensor monitoring the humidity distribution of 

the concrete, the Multiring-Electrode can be named. It measures the distribution of the electri-

cal resistivity of the concrete, which can be converted to water-content profiles after calibration 

with the concrete. (Raupach et al., 2013) This allows to evaluate possible corrosion rates of 

different types of corrosion, especially the corrosion rate, which is directly dependent on the 

electrical resistance of the concrete. (Warkus & Raupach, 2010) As for the Multiring-Electrodes 

for the full-surface monitoring, it is necessary to examine the properties of the mortar relating 

to electrical resistivity and humidity to develop a well-working monitoring system. To receive a 

finely graduated humidity monitoring, the mortar must have a high sensitivity for humidity, 

which means that the mortar should have a wide range in resistivity values at different points 

of moisture content. To reach these objectives, a suitable pore structure has to be found. 

(Driessen & Raupach, 2015b) 

In this context, capillary pores with low constrictivity and tortuosity could help to achieve the 

intended properties. (Reichling et al., 2012) Another challenge in measuring a greater surface 

is the influence of the leakage position in the measuring field on the measured resistivity drop. 

For questions like this, numerical simulations provide a good option.  

Although cathodic protection is often used nowadays and specified in an ISO standard (DIN 

EN ISO 12696, o. J.), the opportunity to start the protection at the moment of the possible 

threat caused by intruding chloride-contaminated water is new due to the full-surface monitor-

ing. So, the question will be solved whether commonly used voltages for cathodic prevention 

are sufficient or can even be reduced if the aim is to prevent chloride ingress from the beginning 

so that an electrochemical chloride barrier is implemented. By now, other scientific investiga-

tions focus on protecting the steel despite chlorides or removing chlorides already in the con-

crete. (Eichler et al., 2010) Therefore, usually, voltages of a minimum of 2 Volts are used. 

Additionally, the method of Electrochemical Chloride Extraction (ECE) has to be differentiated 

from the intended function in this work. First, higher voltages are standard for electrochemical 

chloride extraction, and lower voltage ranges are usually not examined. Furthermore, the chlo-

ride ions are already in the concrete. Last, it has to be mentioned that due to the anode system, 

which is placed on top of the structure, the migration direction is unidirectional from the steel 

to the anode system, whereas in the case of the electrochemical barrier, the flux direction 

changes in the structure for different regarded areas. 

So, in this work, different approaches are used to investigate the balance of forces between 

diffusion, migration, and convection of the intruding chlorides. 
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2 Theoretical Background 

This chapter briefly describes the theoretical backgrounds necessary for the investigations re-

garding the full-surface monitoring and the electrochemical chloride barrier.  

2.1 Corrosion of Steel in Concrete 

In the alkaline pore solution of concrete with Ph-values of 12.5 to 13.5, the steel reinforcement 

forms an ultrathin (<10 nm) protective iron oxide (Fe3O4/Fe2O3) or -if exposed to air-hydroxide 

(Fe(OH)3) film. This passive layer decreases the dissolution rate of steel to negligible levels. 

(Poursaee, 2016) 

Only after a local loss of this passive layer, the depassivation, either due to the loss of the 

alkaline environment through carbonation or due to intruding chlorides, the corrosion of steel 

in concrete is possible. In the case of chloride-induced corrosion, usually, galvanic cells are 

formed.  

 

Chloride-induced Corrosion 

Nowadays, mainly deicing salts and marine salts are the primary sources of chlorides threat-

ening the reinforcement. Chlorides destroy the passive layer locally. The number of chlorides 

necessary for the deterioration of the passive layer is still discussed. It is supposed to be in a 

range of 0.1 % to 2.1 % by mass of binder. (Deutscher Ausschuss für Stahlbeton e. V., 2015; 

Kosalla, 2018) 

Areas with an affected passive layer (active areas) show a lower electrical potential than pas-

sive areas on the steel.  

This potential difference leads to the active corrosion with an anodic and a cathodic reaction: 

 

Fe → Fe2+ + 2e− 2.1
 

2e− + H2O +
1

2
O2 → 2OH− 2.2

 

 

The electrons released at the anode react at the cathode under the consumption of water and 

oxygen to OH−-ions. The OH−-ions migrate to the anode and complete the galvanic cell. At 

the anode, the OH−-ions react with Fe2+ to form iron oxides or iron hydroxides, s. Figure 2.1. 

In the case of chloride-induced corrosion, anode and cathode can be separated even among 

meters. The corrosion rate usually exceeds the corrosion rate of uniform corrosion due to car-

bonation and can lead to severe mass loss of the steel. (Kaesche, o. J.)  
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Figure 2.1 Galvanic cell 

 

Further information on the formation of macrocells can be found e.g. in (Raupach, 1992) 

 

The corrosion process can be compared to an electrical circuit, which contains different re-

sistances: first, the electrolytic resistance of the surrounding concrete and then the polarization 

resistances resulting from the charge transfer between electrolyte and steel. The corrosion 

current stands in direct relation to the steel mass loss according to Faraday’s law, see e.g. 

(Warkus et al., 2006): 

 

m =
M ∗ i ∗ t ∗ A

z ∗ F
 2.3 

 

With: 

m:  Mass loss [kg] 

M:  Molar mass [kg/mol] 

i:  Current density [A/m2] 

t:  Time [s] 

A:  Electrode surface area [m2] 

z:  Valency [–] 

F:  Faraday’s constant [C/mol] 

 

Taking the mentioned resistances into account, the corrosion current of the macro element 

can be expressed as: 
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Icorr =
U

Rp,A + Rp,C + Rel
 2.4 

 

With: 

Icorr:  Corrosion current [A] 

U:  Driving voltage [V] 

Rp,A: Polarization resistance of the anode [Ω] 

Rp,C:  Polarization resistance of the cathode [Ω] 

Rel:  Electrolytic resistance [Ω] 

 

Rsteel, the resistance of the steel is not taken into account because it is negligibly small. Sup-

pose one of the resistances becomes extremely high. In that case, no significant corrosion 

rates are possible, e.g., if the concrete is extremely dry, the high electrolytic resistance be-

comes the controlling factor, see e.g.  (Warkus et al., 2006). 

 

2.2 Chloride Ingress into the Concrete  

There are different transport mechanisms for chloride ingress into concrete, namely diffusion, 

migration, and convection with flowing water, accompanied by physical and chemical bonding. 

(Torres-Luque et al., 2014; Wang et al., 2005) 

Chlorides exist in concrete in two different ways: free and bound. It is the common understand-

ing that only free chloride ions in the pore solution in concrete are movable. (Luping et al., 

2012) 

 

2.2.1 Chloride Diffusion 

Diffusion is the movement of ions under a chemical potential from a high concentration to an 

area of low concentration. For chloride transport, it has to be mentioned that only free chloride 

ions in a solution could contribute to chemical potential. (Zeng & Song, 2013) 

In the pore system of concrete, the chloride ion transport for non-steady-state conditions can 

best be described by Fick’s Second Law, s. Eq. 2.5. (Bu et al., 2014; Jensen et al., 1999) If 

other mechanisms are neglected, it predicts the chloride concentration depending on depth 

and time for a diffusion-controlled transport. 
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Under the assumption of a constant D i.e., a constant chloride-binding capacity, Eq. 2.5 is 

simplified as a common expression of Fick’s second law (Luping et al., 2012): 
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The diffusion coefficient is not a physical parameter but a system parameter in this case. This 

parameter shows the mobility or speed of the chloride ions in a medium. For chlorides in water-

saturated concrete, the diffusion coefficient is in the magnitude of the order of 1e-12 m²/s. In 

aqueous solutions, D is about 1e-5 m²/s because the diffusion can take effect in a less porous 

system. (Zimmermann, 2000) 

Luping notes that for non-steady state diffusion, the diffusion coefficient should not be constant 

but depends on the free chloride concentration. The oversimplification of a constant diffusion 

coefficient is the main reason for the large range of differences between the diffusion coeffi-

cients found in the literature. (Tang, 1996) 

 

2.2.2 Chloride Migration 

“Migration is the movement of a charged substance under the action of an electrical field. As 

in diffusion, only free chloride ions in a solution can contribute to the flow of migration.” (Luping 

et al., 2012) 

 

In the case of an electrical potential gradient, the ions move along a specific direction of the 

gradient, depending on the valence of the ions, at an average velocity: 

 

x
u




=

 

2.7 

 

Where 𝜙 is the electrical potential and u the ion mobility, which is defined through the Nernst-

Einstein-equation and is connected to the diffusion coefficient:  

 

TR

Fz
Du




=

 

2.8 

 

With:    

z:  Ion valence [-] 

 F:  Faraday constant [(A*s)/mol] 

 R:  Gas constant [J/(mol*K)] 
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 T:  Absolute temperature [K] 

 𝜙: Electrical potential [V] 

 

Accordingly, the flux of chloride ions resulting from an electrical field can be expressed as: 

 

J = c ∗ v = c ∗ D ∗
z ∗ F

R ∗ T
∗
∂Φ

∂x
 2.9 

 

Finally, under the assumption of a constant electrical field. 

 

∂Φ

∂x
=
U

L
= E 2.10 

 

With: 

U:  Potential difference [V] 

 E:  Electrical field strength [V/m] 

 L:  Length [m] 

 

the flux becomes (Luping et al., 2012): 

 

J = c ∗ v = c ∗ D ∗
z ∗ F

R ∗ T
∗ E 2.11 

 

2.2.3 Chloride Convection 

Chloride convection is the movement of chloride ions due to the movement of the water in 

which they are dissolved. While diffusion models describe the transport of chlorides well for 

water-saturated conditions of the concrete, in cases where the concrete is exposed to wetting 

and drying of the surface, e.g., reinforced concrete highway structures, the transport of chlo-

rides due to water ingress into concrete also -needs to be taken into account. (Bastidas-Arte-

aga et al., 2011) Mathematically the transport process can be described by the product of the 

moisture flux and the chloride concentration  

 

Jc = c ∗ Jm              2.12 

 

where Jc  is the convective flux of chloride ions [kg/m2·s] and Jm is the flux of moisture in con-

crete [m/s].  (Martın-Pérez, 1999) 
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2.2.4 Combined Chloride Transport 

The combined transport can be expressed by the Nernst-Planck-equation extended by the 

convection term (Nikonenko et al., 2009) 

 

J =  − D ∙  
∂c

∂x
+ c ∗ Jm + c ∗ D ∗

z ∗ F

R ∗ T
∗ E 2.13 

 

However, it is hardly possible to use a single equation to describe the complex chloride 

transport processes in concrete adequately. So, numerical approaches are a better way to 

model the transport processes of chlorides. (Luping et al., 2012; P. T. Nguyen et al., 2017; 

Nilsson, 2006) 

 

2.3 Electrochemical Rehabilitation Methods 

2.3.1 Cathodic Protection 

The first application of cathodic protection applied to concrete structures heavily contaminated 

with chlorides was mentioned in the late 1950s. (Stratfull, 1957) The application of the tech-

nique to protect bridge decks contaminated by deicing salts started in 1973 in North America. 

(Stratfull, 1974) As soon as suitable hardware like anodes, overlays, reference, and electrodes 

were developed, in the 1980s, the development of new meshed anodes based on mixed metal 

oxide activated titanium and the development of carbon-containing paints led to applications 

such as bridge decks, slabs, marine constructions or garages. (Bertolini et al., 1998) 

The main principle behind cathodic protection is a shift of the steel potential in a negative 

(cathodic) direction to stop the anodic dissolution of iron. This is achieved by rectifier installa-

tions or cell formation by contact with sacrificial metals (e.g., sacrificial anodes). (Baeckmann 

et al., 1997) 

In the case of sacrificial/galvanic anodes, the corrosion potential of the anode material is lower 

than that of the active steel areas. So, the active and passive areas get a cathodic polarization. 

The potential of active and passive areas aligns, leading to the direct inhibition of the anodic 

reaction to a reduced corrosion rate. There are two main disadvantages of galvanic protection: 

they are not adjustable due to the fixed potential difference of the electrode materials and, 

secondly, the consumption of the anode material, which leads to limited service life. So nowa-

days, nearly only impressed current anodes are used. The only difference in contrast to gal-

vanic protection is that the anode material not necessarily needs to have lower corrosion po-

tentials than the steel reinforcement but must be stable under anodic polarization. A rectifier 
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adjusts the required potential difference. In this case, the primary anodic reaction is not a metal 

dissolution but an oxygen evolution: 

 

4 OH- → 2 H2O + O2 +4e-  2.14 

 

The most used material for impressed current anodes is the mixed metal oxide (MMO) coated 

titanium. They can be regarded as inert, and service lifetimes of about 50 to 200 years are 

mentioned in the literature. (Müller & Holtzhauer, 1992) The latest research investigates the 

durability of polymer impregnated carbon meshes as anode material which can also be chem-

ically inert in the potential range up to 2200 mV vs. NHE. (Asgharzadeh, 2019) Both materials 

are often used in the form of meshes. Figure 2.2 gives a schematic impression of cathodic 

protection (CP) application. 

 

 

 

Figure 2.2 cathodic protection of steel in concrete  

 

2.3.2 Cathodic Prevention 

In the case of using cathodic protection to new structures, the technique is called cathodic 

prevention. It is based on the strong influence of the steel potential on the critical chloride 

content. With current densities in the range from 1 to 2 mA/ m2, a decrease in the potential of 

about a minimum of 100-200 mV is achieved, leading to an increase in the critical chloride 

content, which is higher than one order of magnitude. (Bertolini et al., 1998) 
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Through the prevention, current hydroxide ions are produced at the steel surface and cause 

the chloride ions to move toward the anode away from the steel. Cathodic prevention can 

prevent the initiation of a new pit, but existing pitting can propagate. So cathodic prevention 

has to be started before corrosion initiates and must be maintained throughout the structure’s 

service lifetime. If pitting corrosion has been initiated, the prevention current is not sufficient 

anymore, and cathodic protection current would be required, s. Figure 2.3. The application of 

cathodic prevention for prestressed steel will eliminate the risk of hydrogen evolution because 

a lower current is required to prevent the initiation of pitting corrosion. (Cheaitani & Laurila, 

2012) 

 

 

Figure 2.3 Graph showing cathodic prevention: (1→2→3→); cathodic protection restoring passivity 

(1→4→5→); and cathodic protection reducing corrosion rate (1→4→6→) (Cheaitani & Laurila, 

2012; Pedeferri, 1996) 

 

2.3.3 Electrochemical Chloride Extraction  

In the case of electrochemical chloride extraction (ECE), a potential gradient is produced by 

applying a direct current source between the reinforcing steel and an electrode contained in 

an electrolyte above the concrete cover. (Fajardo et al., 2006; Ihekwaba et al., 1996) An ion-

exchange resin in the electrolyte captures the chloride ions before they reach the anode, thus 

preventing the evolution of chloride gas and minimizing corrosion of the anode. As an anode 

material, a titanium mesh is used embedded in cellulose material which is soaked with water 

or another electrolyte. The negatively charged ions such as chloride or hydroxide migrate to 

the anode, and the positively charged ions like sodium or calcium to the reinforcement. In this 
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way, the chloride concentration near the reinforcement can be reduced drastically in a rela-

tively short period, usually about a few weeks. After the treatment, the anode and embedding 

electrolyte material are removed. (Tritthart & Baumgartner, 2007)  

The following reactions take place on the Cathode: 

 

H2O +
1

2
O2 + 2e

− → 2OH− 2.15 

H2O + e
− → OH− +H; 2H → H2 ↑ 2.16 

 

Because of the limited amount of oxygen available in the concrete Eq 2.15 is negligible. The 

dominant reaction is water decomposition in the surrounding of the reinforcement the concen-

tration of OH-ions increases. On the anode, pollution of water takes place too.  

The Cl- ions are uncharged under the production of chlorine gas.  

 

H2O →
1

2
O2 + 2H

+ + 2e− 2.17 

2Cl− → Cl2 + 2e
− 2.18 

 

The chloride ions are transported along the flow lines of the direct voltage field. With an anode 

arrangement usually used for chloride extraction, the following picture occurs (Tritthart & 

Baumgartner, 2007): 

 

Figure 2.4 exemplarily flow lines during electrochemical chloride extraction (Elsener, 1990; Tritthart & 

Baumgartner, 2007)  

 

The shorter the flow line, the greater the field strength and thus the migration velocity. The 

chloride extraction is low behind and in the middle between two reinforcement bars. Therefore, 

not the entire chloride is removed, and the risk exists that the remaining chloride reaches the 
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steels again after a while, and new corrosion is initiated. (Tritthart & Baumgartner, 2007) So, 

the electrochemical chloride extraction can remove the cause of corrosion but cannot stop the 

damage if the deterioration process is already advanced. Thus, this method is strictly speaking, 

not a rehabilitation method. Once corrosion has begun, chlorides are not necessary to continue 

corrosion, and ECE is not capable of repassivating highly corroded steel surfaces. (Miranda et 

al., 2007) 

 

2.4 Concrete Resistivity 

Concerning electrical conductivity, one has to distinguish between the conductivity of elec-

trons, for example in metals, and the conductivity of ions in fluids. In the case of concrete or 

mortar, the charge transport goes through the electrolyte in the pore system. The electrical 

conductivity is the reciprocal of the electrical resistivity: 

 

σ =
1

ρ
 2.19 

 

Although concrete is not a homogeneous electrolyte contrarily to aqueous solutions, the con-

crete resistivity is usually assumed to be isotropic and homogeneous within the examined ar-

eas. The concrete resistivity ρ is always a material property and the product of the absolute 

resistance R of the concrete and the cell constant k: 

 

ρ = R⋅k 2.20 

 

With: 

σ :  Electrical conductivity [1/Ωm] 

ρ:  Resistivity [Ωm] 

R:  Resistance [Ω] 

k:  Cell constant [m] 

 

The resistivity of the concrete is highly influenced by the electrolyte, the water saturation of the 

concrete, and the pore structure. The more pore water and larger pores with a high degree of 

connectivity and lower tortuosity, the lower the resistivity. The resistivity increases by longer 

curing times (hydration) or by adding reactive minerals such as blast furnace slag, fly ash, and 

silica fume. Also, drying the concrete and carbonation increases resistivity values because 

carbonation reduces the number of ions available for carrying the current and may densify the 

concrete. In the case of non-carbonated concrete, the effect of the penetration of chloride ions 
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on the resistivity is relatively small. (R. B. Polder, 2001) Further information can be found in 

(Reichling & DAfStb, 2015).  

 

For all sorts of conductivity, Ohm´s law is applicable. The electrical resistance describes the 

relation between applied voltage and resulting current. 

 

R = 
U

I
       2.21 

With: 

R:  Resistance in Ω 

U:  Applied voltage in V 

I:  Current in A 

 

2.4.1 Influence of the Moisture Content 

The conductivity of concrete exists only because of the water in the pore structure and the ions 

(Na+, K+, Mg2+, Ca2+, OH-, Cl-, SO42-) solved in it. A completely dry mortar is nearly an 

isolator with resistivity values of about 106 Ωm. In contrast, a water-saturated mortar has a 

resistivity of over 100 Ωm. (Raupach et al., 2003b) 

 

In civil engineering, the relation between resistivity and water content is often described by an 

empirical e-function, respectively logarithm function, s. e.g. Eq. 2.22 (Reichling & DAfStb, 

2015): 

 

𝑤 = 
A

ln(B∗ρ+C)−D
+ E 2.22 

 

With: 

𝑤:  Water content [M.-%] 

𝜌:  Resistivity [Ωm] 

𝐴−𝐸:  Regression parameters 

 

In fitting the function to experimental data, the aim is to extrapolate the water content for any 

measured resistivity of the concrete or mortar. 

 

2.4.2 Influence of the Temperature 

Besides the moisture content, the temperature highly impacts resistivity. The temperature de-

pendency can be described by the Arrhenius equation (Logan, 1982; Raupach et al., 2003b): 
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R1= R0*e
b*(

1

T1
-

1

T0
)
    2.23 

 

With: 

R0  Electrolyte resistance at the temperature 𝑇0 [Ω] 

R1  Measured electrolyte resistance at the temperature 𝑇1 [Ω] 

b  Temperature coefficient in Kelvin [K] 

 

For parameter b in the literature, values between 3000 and 5000 K are mentioned, depending 

on the moisture content and other concrete parameters. (Raupach et al., 2003a) 

 

2.4.3 Resistivity Measurement 

The resistivity can be measured non-destructively using electrodes placed on the concrete 

surface. This requires at least two electrodes. A voltage is applied between the electrodes, and 

the resulting current is measured, or in the opposite direction, a current is applied, and the 

voltage is measured. In the case of this work, for the calibration curves, the resistivity was 

examined on core samples. In core samples with two faces cut parallel, the resistivity is calcu-

lated by (R. B. Polder, 2001): 

 

ρconcrete = Rmeasured* B/L  2.24 

 

With: 

ρconcrete:  Resistivity [Ωm] 

Rmeasured:  Resistance between the plates [Ω] 

B:   Area of the core face [m²] 

L:   Length of the core [m] 

 

 

Figure 2.5 Two-electrode set-up (R. B. Polder, 2001) 
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2.4.4 Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a method that allows a small amplitude of 

alternating current (AC) signal to investigate the impedance characteristics of a cell. The AC 

signal is scanned over various frequencies to receive an impedance spectrum for the electro-

chemical cell. EIS makes it possible to study the capacitive, inductive, and diffusion processes 

taking place in the electrochemical cell. The impedance spectroscopy has the advantage that 

no polarization potential must be considered. Therefore, voltage and current change over time 

and, with the appearance of capacities, with a phase shift. (Baeckmann et al., 1997; Chang & 

Park, 2010; Ciucci, 2019)  

Ideal resistors induce a linear resistance to electron flow as potential changes. Capacitance C 

and Inductance L induce a resistance that depends on the frequency. (Brown, 2002) 

 

Z = R + jω̅L +
1

jϖC
  2.25 

With: 

ω = 2 ∗ π ∗ f   2.26 

Where: 

Z:  Impedance [Ω] 

R:  Resistance [Ω] 

j:  Imaginary unit 

ω: Radial frequency [rad/s] 

L:  Inductance [H] 

C:  Capacitance [F] 

f: Ordinary frequency [Hz] 

 

The impedance resulting from an inductor increases with frequency, in contrast, the impedance 

due to a capacitor is inversely proportional to frequency. In real electrical circuits, the imped-

ance is often the result of both resistive and reactive components. To simplify expression and 

computation, impedance data are often subject to vector analysis and converted to complex 

numbers, such that: 

 

Z =
E′+E′′j

I′+I′′j
= Z′ + Z′′j  2.27 

With:  

j=√−1  2.28 

 

Where: 

Z′:  Real component of impedance [Ω] 
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Z′′:  Imaginary component of impedance [Ω] 

E′:  Real component of field strength [V/m] 

E′′:  Imaginary component of field strength [V/m] 

I′:  Real component of magnetic field [Vs/m²] 

I′′:  Imaginary component of magnetic field [Vs/m²] 

 

It can be said that the real component of impedance (Z’) represents the resistance, and the 

imaginary component (Z") represents the reactance. With ac circuits, the current and potential 

may not be synchronous; instead, the two waveforms are often shifted in time. This temporal 

offset is named phase (θ). Pure resistive circuits are in phase (θ = 0), while for purely capacitive 

or inductive circuits, the current is shifted 90° ahead or behind the potential waveform. Circuits 

exhibiting a limited capacitive behavior would have a phase angle less than 90° but greater 

than 0°. The absolute magnitude of the impedance (length of the vector) and phase angle can 

be calculated according to the following equations: 

 

|Z| = √Z′2 + Z′′2 2.29 

θ = arctan
Z′′

Z′
  2.30 

 

Summarizing the results of impedance measurements over a wide range of frequencies and 

plotting both the log of the modulus of impedance and the phase angle as functions of the log 

of the frequency results in a Bode diagram. If the real and imaginary components of impedance 

are plotted on x and y coordinates, the result is named the Nyquist plot. (Brown, 2002) 

Further information can be found in (Huang et al., 2011). 

 

2.5 Previous Monitoring Techniques 

Sensor systems to monitor the risk of reinforcement corrosion are used worldwide to reduce 

the risk of undetected corrosion problems, which often cause expensive repair measures when 

detected in a late stage when cracks and spalling already appear. In areas with difficult access 

or in cases where lanes have to be closed, the automatic inspection using sensors is more 

cost-effective than onsite inspections. (Raupach & Schießl, 2003) 

For measuring the resistivity of concrete at different depths from the concrete surface, a sensor 

called multiring-electrode was developed at ibac. A scheme of the electrode is shown in Figure 

2.6. The sensor has several stainless-steel rings separated by polymer rings. This allows the 

determination of the electrolytic resistance between each pair of neighboring stainless-steel 

rings by impedance measurements. The sensors are embedded into fresh concrete or by 

mounting them into hardened concrete with a special mortar. (Raupach et al., 2003a) However, 
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with these sensors, conclusions from the resistivity to the water content of the concrete can 

only be drawn selectively for the point of installation. 

 

Figure 2.6 Schematic picture of the multiring-electrode (Raupach et al., 2001)  

 

Since 1990 a system for the installation and the reinforcement preceding the concrete place-

ment is available, the so-called Anode-Ladder-System. (Liu et al., 2021) For existing struc-

tures, the so-called Expansion-Ring-System exists. This system consists of the Expansion-

Ring-Anode and a Cathode Bar, which must be inserted into drilled holes in the concrete cover. 

The Anode-Ladder-System consists of six bars; the Expansion-Ring-Anode consists of six 

measuring rings at different distances from the concrete surface. In this way, the ingress of 

chlorides and/or carbonation from the concrete surface into the structure and the resulting 

corrosion risk of the reinforcement can be measured automatically. As long as the critical chlo-

ride content and the carbonation depth have not reached the surface of the outer anode, all 

electrical currents are low. Over time the anode-rings will be depassivated one after the other. 

In measuring the electrical currents and voltages between anodes and cathode, the relation-

ship between the depth of the critical chloride content or carbonation and time can be esti-

mated. The time to corrosion of the actual reinforcement can be estimated by extrapolation 

using appropriate calculation models. (Raupach & Schießl, 2003; R. Schießl & Raupach, 1999) 

Another development is a simple “cathode bar” made of a noble metal with a low cathodic 

polarization resistance, which does not corrode in chloride contaminated concrete. These bars 

are embedded into the concrete close to the reinforcement, which is likely to corrode. By meas-

uring the electrical macrocell current between the reinforcement and cathode bar, the devel-

opment of the corrosion rate of the existing reinforcement can be evaluated. Furthermore, ref-

erence electrodes can be installed to monitor the electrical potential of the reinforcement, and 

AC-resistance measurements can be carried out to evaluate the electrical resistivity and the 

water content after calibration with the concrete. (Raupach et al., 2016) Recently this 
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measurement principle was improved by using a polymer instead of the alkaline mortar, which 

has the advantages of a more straightforward application and reliable measuring values di-

rectly after application because no water has to be used. Further information can be found in. 

(Helm, 2021) 

 

2.6 Carbon-textile Reinforced Concrete 

2.6.1 Textile Reinforced Concrete 

“Textile Reinforced Concrete (TRC) is a high-performance cementitious composite using 

straight and parallel aligned fibers of suitable materials, e.g., AR glass and carbon, as contin-

uous reinforcement in the form of textiles”. (Brameshuber et al., 2016) 

Since the textile reinforcement does not corrode like steel reinforcement, the concrete cover 

can be held to a minimum, and thus thin concrete elements can be realized. Another area of 

application for TRC is strengthening layers for concrete structures. (Hegger & Voss, 2008; 

Peled et al., 2017) 

Mainly alkali-resistant (AR-) glass rovings, carbon rovings, and aramid rovings which consist 

of several filaments produce textiles as reinforcement materials. The number of filaments in 

one roving can be calculated as a function of the diameter and density by the fineness in g/km 

(tex, Titer). A 320 tex roving consists of approx. 800 filaments”. (Raupach et al., 2006) 

The load-bearing behavior of TRC depends on the interaction between the textile reinforce-

ment and the mortar matrix, especially the load transfer from mortar to textile reinforcement. 

Textiles are coated to activate the whole roving, including internally located fibers. 

Due to the coating, superior load transfer from the concrete to all the fiber filaments is achieved, 

and additionally, the impact of damage during the concreting process is minimized. (Morales 

Cruz et al., 2015) 

Nowadays, epoxy resin or styrene-butadiene rubber (SBR) is used for coating. (Kulas, 2013) 

 

2.6.2 Carbon Textiles Used for Cathodic Protection 

For the use as an anode material in cathodic protection projects, technical carbon textiles are 

relatively new, and research work is limited. (Asgharzadeh, 2019; Asgharzadeh & Raupach, 

2019; Wei et al., 2020) 

The most used anode material is titanium because of its high current capacity, lightweight, and 

low consumption rate. However, it is costly and hinders the broad application of ICCP systems. 

Therefore, as an alternative, carbon fiber reinforced polymer (CFRP) anodes have gained 

much interest because of their high conductivity and affordable price, especially in the case of 

prevention systems when current densities are lower, and so requirements on the anode sys-

tem are less strict. (Zhang & Tang, 2019)  
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Considering the Pourbaix diagram of carbon, one could conclude that carbon is unsuitable for 

an impressive current anode. (Chini et al., 2008) investigated the polarization behavior of car-

bon through polarization curves from 20 mV to 5000 mV and the effect of chlorides on corro-

sion. Due to the problem that it is impossible to measure the exact surface area of the exposed 

fibers for the current density, (Chini et al., 2008) used cross-section corrosion monitoring. “In 

this method, ten bundles of 24000-filament thread were cast in a non-conductive epoxy. The 

transparent pipe was used as a mold to monitor the accuracy of the procedure. After molding, 

the specimen was cut and ground to have a smooth and clear cross-section. This method gives 

a surface area of around 10 mm2. (Chini et al., 2008) The investigations were carried out in a 

simulated pore solution with 1 and 3 % NaCl added. As a result, it was stated that carbon has 

a passive-active-passive behavior in alkaline solution with passive condition up to 500 mV 

polarization and then active up to 2500 mV. From that point, it starts the second passive con-

dition. Adding chlorides into the solution increases the corrosion current densities at high po-

larization values. Still, this effect is slight at low polarization values, and chloride ions do not 

play a significant role. 

Oxygen reduction has been observed from 750 mV polarization which could lead to mechani-

cal damage of the surface of the carbon. (Chini et al., 2008) In (Chini, 2010), it is stated that 

carbon has a passive-active behavior with passivity up to polarization potentials of 300 mV and 

active behavior above this potential in the alkaline region. (Bertolini et al., 2004) investigated 

the behavior of a cementitious conductive overlay anode. The anode consisted of nickel-

coated carbon fiber in a cementitious mortar. They conducted tests on concrete specimens 

with two layers of rebars that simulated reinforced concrete slabs. Therefore, anodic current 

densities in the range 10–100 mA/m² concerning the anode surface were imposed. The ce-

mentitious conductive coating turned out to be suitable for CP and showed good behavior 

when a current density of up to 20 mA/m2 was applied for two years. However, current densities 

of over 50 mA/m2 lead to a damaged cementitious matrix due to the acidity produced by the 

anodic reaction after just 1–2 months of use. So (Bertolini et al., 2004) suggested a maximum 

current density of 10–15 mA/m2, referred to the surface of concrete covered by the anode, and 

a distance of 1 m between primary anodes for a safe design. (Lambert et al., 2015) used 

carbon fiber reinforced polymers (CFRP) to provide structural strengthening and electrochem-

ical corrosion protection to reinforced concrete elements suffering from corrosion-related dam-

age. The test program consisted of 12 beams with uncorroded control beams, corroded control 

beams, beams with only a strengthening function, and beams with the mentioned dual function. 

Furthermore, different applications were used, namely longitudinal CFRP fabric and U-wrap-

ping fabric. (Lambert et al., 2015) came to the results that CFRP fabric anode can operate at 

very high current densities of about 128 mA/m2 of steel area with only a small loss of mechan-

ical bond. Furthermore, they found out that U-wrapping effectively reduces the de-bonding at 

the CFRP fabric anode and concrete surface interface. If this de-bonding is reduced, the 
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strength of dual-function beams increases significantly by 111.37 % compared to the corroded 

control beam. (Lambert et al., 2015)  

(Asgharzadeh, 2019) investigated the durability of carbon textile under anodic polarization us-

ing a simulated pore solution and mortar. He generated current density-potential curves 

through a potentiodynamic experiment and used SEM images to detect decomposition of the 

sizing of the carbon filaments as a result of anodic polarization. He found that impregnated 

carbon textiles degraded the epoxy and SBR impregnations. Still, the carbon fibers’ degrada-

tion was not observed for potentials up to 2200 mV vs. NHE. He examined that decomposition 

of the sizing and epoxy matrix occurs in the transition region of its current density-potential 

curves at potentials of about 900 mV vs. NHE and 1050-1150 mV vs. NHE. The SBR impreg-

nation is decomposed at potentials of 490 mV vs. NHE. After 240 days of potentiostatic polar-

ization, no visible damage had occurred to the mortar test specimens. (Asgharzadeh, 2019) 

The carbon meshes used in (Asgharzadeh, 2019) are the same for the experiments in this 

work.  

 

2.6.3 Smart Deck 

In the context of a joint research project, an innovative, multifunctional, and thin (35 mm) inter-

layer was developed, which provides significant benefits - in comparison to state of the art - 

for new and existing bridge constructions. This interlayer is based on textile concrete and pro-

vides four functions: an all-over real-time humidity monitoring, a chloride barrier, preventive 

cathodic corrosion protection, which can be adjusted by sections, and a reinforcement of those 

bridges with insufficient load-bearing capacity. Using the monitoring system early recognition 

of damages in the sealing layer and combined with the cathodic corrosion protection, prevent-

ing traffic obstructions is possible. The renewing of the bridge deck sealing must not be carried 

out immediately but can be postponed to periods with little traffic. All four functions are realized 

by textile reinforcement, consisting of carbon and a newly developed mortar. The interlayer is 

divided into sections arranged transverse to the lane. Each section builds a separate sensor.  
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The electrical resistivity between the two carbon layers is measured. When the sealing starts 

to leak and water permeates into the interlayer, a drop in the measured electrical resistivity is 

detected. The operator of the bridge construction receives a note about the leakage in real-

time. Therefore, all relevant data are transmitted via the internet and are presented in a simple 

form. When damage in the sealing is detected, the cathodic corrosion protection can be 

switched on. Thus, the constructional measures of the bridge deck sealing can be postponed 

to periods with less traffic or to that point of time when a renewal of the sealing is planned 

anyway. An electrical field is generated between the carbon and the reinforcement with a rec-

tifier, which disables chloride migration into the construction. Thus, the depassivation of the 

steel is prevented. 

 

Figure 2.7 : Smart Deck: intelligent, multifunctional interlayer for bridges (Driessen & Raupach, 

2015b) 

Figure 2.8 Smart Deck: Measurement of the resistivity (Driessen & Raupach, 2015b) 
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3 Experimental Investigations and Development of the 

Theoretical Models 

3.1 Structure of the Investigations 

Figure 3.1 gives an overview of the investigations carried out in the context of this thesis and 

the papers in which they are discussed. 

 

 

Figure 3.1: Overview of the structure of the thesis 

 

Paper II gives an overview of the functions of SMART-DECK and the laboratory tests, simula-

tions, and outdoor installations carried out to investigate these. For the functionality, two main 

aspects have to be examined. Firstly, it has to be investigated under which circumstances and 

extensive leakage detection is possible. Therefore, in paper I, numerical investigations were 

carried out to quantify the influence of the mortar's leakage size, shape, depth, position, and 

water content on the detectability. With the knowledge from the investigations shown in papers, 

I and II one has the tool to determine the point of time when corrosion prevention becomes 

necessary due to intruding water and chlorides. At this point, the electrochemical chloride bar-

rier and, a bit later, the preventive cathodic protection should be switched on. The difference 

between both is that the Electrochemical Chloride Barrier leads to a reduced chloride ingress 

due to the electrical field. In contrast, the Preventive Cathodic Protection leads to a higher 

critical chloride content because of the cathodic polarization of the steel. To access the 

Preventive Cathodic Protection

Combination of Preventive
Cathodic Protection and 

Electrochemical Chloride Barrier

Out of scope of this thesis
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practicability of the electrochemical chloride barrier, laboratory tests (paper III) and analytical 

and numerical modeling (paper IV) were carried out. So, as a result of this work, it is possible 

to conclude under which circumstances and to which extent the electrochemical chloride bar-

rier can provide corrosion prevention.  

 

3.2 Supplement to Laboratory Tests 

The measuring technique was developed entirely at the Institute of Building Materials Re-

search of RWTH Aachen University. A multichannel measurement device was developed for 

the main series, which can be seen in Figure 3.2 and Figure 3.3. It was planned to measure 

with a four-electrode set-up. In this process, the carbon meshes were supposed to be the outer 

electrodes, and two metal pins in the middle of the carbon layer should work as the inner 

electrodes. However, the electrical connection between the metal pins and the mortar did not 

work reliably, so the voltage was applied on the carbon meshes. The instant-off potential was 

measured to calculate the voltage in the electrolyte, respectively the potential gradient that 

determines the chloride barrier's effectiveness. Using the externally applied voltage between 

anode and cathode is improper for investigating the chloride migration because it contains the 

voltage drops at the electrodes. Therefore, the potential gradient relevant for the chloride mi-

gration would be overestimated. 

 

The potential gradient ΔU was calculated by use of formula 3.1: 

 

ΔU = UOn − UInst 3.1 

 

With: 

UOn: On-Potential [V] 

UInst: Instant-Off-Potential [V] 

 

It is known that the polarization of the electrodes does not change immediately after the system 

is switched off and that the spreading resistances at the electrodes are negligible due to the 

parallel arrangement. Thus, the observed potential drop is considered to occur over the mortar 

of the specimen only and can therefore be seen as the voltage contributing to the migration 

process. 

 

The current was measured continuously. The measurement instrument can work in a voltage 

range between 0-10 V and a current range between 0-250 mV. 
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Figure 3.2: Utilized current sensors (1/2) 

 

 

Figure 3.3: Utilized current sensors (2/2) 

 

Detailed Information about the laboratory tests is provided in paper III. 
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4 Multifunctional Carbon-reinforced Concrete Inter-

layer for Bridges 

4.1 SMART-DECK: Multifunctional Carbon-reinforced Concrete Interlayer 

for Bridges 

4.1.1 Abstract 

The service life of bridges is often threatened by an insufficient shear force capacity in the 

transverse direction as well as by leakages in the sealing layer which led to chloride ingress 

and, therefore, corrosion damages. A thin, multifunctional interlayer of textile reinforced con-

crete called SMART-DECK was developed to prevent expensive repair work and traffic ob-

structions. This interlayer provides three functions: full-surface moisture monitoring in real-

time, preventive cathodic corrosion protection, and increased shear force capacity. The bridge 

operator can monitor the condition of the sealer in real-time. The relevant data are transmitted 

via the internet and show the state of the sealer in a simple color scheme. If leakage occurs, 

the cathodic corrosion protection can be switched on to protect the reinforcement from corro-

sion damage. The renewing of the damaged bridge deck sealing must not be carried out im-

mediately but can be postponed over years, e.g., to periods with little traffic. In this paper, the 

scientific approach for the realization of the system is presented, beginning with laboratory pre-

tests on the materials and numerical simulations. The results are used to test the system’s 

functions in the laboratory and later on two demonstrators. An outlook will present the following 

research questions. 

 

4.1.2 Introduction 

A sustainable and efficient transport infrastructure becomes more and more critical because 

of the increasing traffic density. Damages on bridges lead to reduced service life and long-

term problems: chloride ions can migrate into the concrete, which causes corrosion of the re-

inforcement and thus threatens the durability of the construction. The corrosion of the rein-

forcement can only be seen on the bridge’s surface when a high degree of impairment is al-

ready reached. At that point, comprehensive building operations are necessary, leading to 

traffic obstructions and thus to economic losses. By now, sensors for monitoring humidity in 

constructions or sensors that help estimate the probability of corrosion exist, but these sensors 

work only discretely at the point of installation. (Raupach et al., 2013)  

Monitoring a complete construction would need many sensors, which is often not economical. 

The interlayer will be divided into sections arranged transverse to the lane. Each section builds 

a separate sensor. Two technical textile layers are arranged with a spacing of 15 mm. The 

electrical resistivity between the two layers is measured as seen in Figure 4.1.  
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Figure 4.1. Schematic representation of the structure and functioning of SMART-DECK 

 

When the sealing starts to leak and water permeates into the interlayer, a drop in the measured 

electrical resistivity is detected. The operator of the bridge construction receives a notification 

about the leakage. It is planned to monitor the condition of the sealing in real-time. Therefore, 

all relevant data are transmitted via the internet and are presented in a simple form e.g., in a 

color scheme. When damage in the sealing is detected, the cathodic corrosion protection can 

be switched on. Thus, the constructional measures of the bridge deck sealing can be post-

poned to periods with less traffic or to that point of time when a renewal of the sealing is 

planned anyway. An electrical field is generated between the carbon and the reinforcement 

with a rectifier, which disables chloride migration into the construction. Thus, the depassivation 

of the steel is prevented. (Driessen & Raupach, 2015b) 

 

4.1.3 Structure and Materials 

SMART-DECK is constructed modularly, meaning that the three functions can be installed in 

various combinations needed for the particular building. For example, if the load-bearing ca-

pacity of the bridge is sufficient, only the monitoring and the function of the preventive cathodic 

protection will be installed. In this case, the system can be reduced by one carbon layer and 

becomes even thinner, reducing the carbon needed and costs. The modularity allows the in-

stallation of the system in existing constructions as well as in new bridges. The general struc-

ture consists of two carbon meshes which are kept at a distance of 15 mm with spacers and 

placed on the shot-blasted construction concrete. The covering of the mortar above and below 

the carbon meshes is 10 mm. The interlayer covers the full-bridge superstructure between the 

cantilevers. Currently, the average measuring field has a width of 1.20 m. The length depends 
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on the width of the bridge. The measuring fields have a spacing of 20 mm between each other 

to guarantee electrical disconnection.   

 

4.1.3.1 Textile Carbon Reinforcement 

The reinforcement of SMART-DECK is biaxial carbon meshes with a mesh size of 38 mm. 

These are impregnated with a special epoxy resin. Insulating spacers are preinstalled to guar-

antee the spacing between the carbon meshes and the spacing to the construction concrete. 

The carbon meshes are anchored to prevent the floating of the carbon reinforcement during 

the pouring of the mortar. Figure 4.2 shows the carbon meshes with the spacers before pouring 

the mortar. 

 

 

Figure 4.2. Carbon textile reinforcement of some measuring fields before placement of the mortar 

 

4.1.3.2 Mortar 

A high-performance mortar specially developed for the project was used. The mortar has a 

maximum grain size of 4 mm. It meets the competing demands of being flowable enough that 

the textile reinforcement is fully embedded and stable enough to manufacture a gradient of 2.5 

% of the road's inclination.  

To receive a finely graduated humidity monitoring, the mortar must have a high sensitivity for 

humidity. The mortar should have a wide range in resistivity values at different moisture con-

tents. To reach this objective, a suitable pore structure has to be found. In this context, capillary 

pores with low constrictivity and tortuosity could achieve the intended properties. (Reichling et 

al., 2012)  
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Therefore screening of different mortars was conducted by investigating the water content/ 

resistivity behavior of the mortars. (Driessen & Raupach, 2016)  

The procedure is described in the next chapter. 

 

4.1.4 Monitoring 

4.1.4.1 Relationship between Water Content and Resistivity 

The detection of leakages is based on measuring the resistance between two layers of carbon 

textiles. Using calibration curves, one can conclude the water content of the mortar from the 

resistivity values. (Elkey & Sellevold, 1995)  

Under an intact sealer after a few years of desiccation, the mortar shows high resistivity values. 

If leakage occurs, water permeates into the interlayer, and a drop in resistance is measured. 

Empirically, a frequency of 108 Hz provides good results. At this frequency, no significant po-

larization of the electrodes occurs, and this frequency guarantees that the cable length does 

not lead to a falsification of the measured values. For SMART-DECK, a voltage of 2 V was 

chosen. Impedance tests showed that 108 Hz lays in the acceptable frequency range. Figure 

4.3 shows the impedance and phase angle for a frequency range from 10 - 10000 Hz for the 

SMART-DECK set-up for two different time points. 

 

 

Figure 4.3. Impedance and phase angle for 10-10000 Hz 

 

The calibration curves for the relation between water content and resistivity were prepared in 

the laboratory using a two-electrode-set-up. An alternating voltage is applied, and the resulting 
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current is measured. The ratio of these values leads to the alternating current resistance re-

spectively, the electrolyte resistance of the mortar. Using Ohm’s law: 

 

R = U/I   4.1 

With: 

R: Electrolyte resistance [Ω] 

U: Applied voltage [V] 

I: Current [A] 

 

For the investigations, frequencies from 100 Hz to 100 kHz are tested. The resistances depend 

on the geometry of the specimen. To compensate for this, a geometry factor is used: 

 

ρ = R⋅k    4.2 

With: 

ρ: Resistivity in Ohm-meters [Ωm] 

R: Electrolyte resistance in Ohm [Ω] 

k: Geometry factor in meter [m] 

 

Specimens are stored underwater for these measurements until the measured resistivity val-

ues stay constant. The measured values and the weight of the specimens are recorded. After-

wards, the specimens are dried to reach low water contents. Starting at these contents, differ-

ent moisture contents are being adjusted by adding various amounts of water. The specimens 

are packed in a closed environment to reach a homogenous water distribution. After two 

weeks, the specimens are being unpacked and weighed. The resistivity is measured before 

the specimens are dried again up to a constant weight and then weighed again. Based on 

these data, the relationship between humidity and resistivity values can be calculated.  

Having determined the resistivity values with the corresponding moisture contents, a regres-

sion analysis using the following regression function is carried out. (Brameshuber et al., 2003; 

Harnisch, 2003) 

 

   

4.3 

With: 

u: Moisture content referred to the mass of mortar [M.-%] 

ρ: Mortar resistivity [Ωm] 

A-E: Regression parameters 

 

E
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A
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The measured values and the according regression curve can be seen in Figure 4.4 for the 

chosen mortar (M2).  

 

 

Figure 4.4. Relationship between water content and resistivity of the investigated mortars 

 

As a reference, two other mortars (M1 and M3) which were tested are pictured. However, 

mortar M3 showed a more disadvantageous rheological behavior than mortar M,2. For mortar 

M1, the regression curve evolves with a lower gradient and therefore shows a lower sensitivity. 

Therefore, mortar M2 was chosen and is the base for all subsequent investigations.  

 

4.1.4.2 Numerical Simulations 

Numerical simulations were carried out using the calibration curve as an input parameter. As 

the main question, it should be investigated which leakage size of the sealer is detectable 

under different boundary conditions, such as the resistivity values of the dry mortar under an 

intact sealer or the wet mortar in a leakage zone. Other influencing parameters are the position 

of the leakage in the measuring field and the form of the leakage or the depth up to which 

water is soaked into the mortar. Based on laboratory tests, resistivity values up to 1000 Ωm 

represent a wet mortar in a leakage zone, and resistivity values above 1000 Ωm correspond 

to a dry mortar under the intact sealer. However, these values cannot be interpreted as a sharp 

threshold. The more significant the difference in resistivity values between a dry and a wet 
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mortar, the easier is the detection of leakages. Furthermore, detection becomes easier with 

greater leakage sizes and smaller measuring fields. The numerical simulations showed that 

even leakages of a few percentages of the total field size are detectable. The other main result 

is that besides the resistivity values and the leakage size, only the depth of a leakage signifi-

cantly influences the detectability. (Driessen & Raupach, 2019)  

 

Comparison between one and two Carbon Layers 

Simulations were carried out for two different variants of SMART-DECK:  

• For the standard set-up where the resistance is measured between the two carbon 

meshes. 

•  For the possible set-up with just one carbon layer where the resistance is measured 

between the carbon layer and the steel reinforcement of the construction concrete. 

For the second option, the resistivity values of the construction concrete were presumed to be 

three times higher than the respective assumed resistivity values of the SMART-DECK mortar 

because it is expectable that the construction concrete dried up over decades before the first 

damage of the sealing occurs. The AC DC module of the software COMSOL Multiphysics was 

used for these simulations. For the electrical potential of an electrolyte in an electrical field, the 

following equation holds in general: (Krey & Owen, 2007) 

 

−∇ ∗ (ε0 ∗ εr ∗ ∇V) = 0   4.4 

 

With: 

V:  Potential [V]  

𝜺𝟎:  Electrical field constant [-] 

𝜺𝒓:  Relative permittivity [-] 

 

With the assumption of an isotropic material of the electrolyte, a constant frequency, tempera-

ture, and a constant magnetic and electrical external field, Eq. 4.4 can be rewritten as: (Lehner, 

2006) 

 

∆V = 0  4.5 

 

So, the potential in the mortar can be computed under the mentioned assumptions for given 

boundary conditions, i.e., potentials or voltages of the carbon layers, respectively. 

The relationship between potential, current density, and electrolyte resistance is described 

by Ohm's law, which can be expressed with the following formula assuming isotropic electro-

lytes: (Jackson et al., 2006, S. 200) 
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i = −
1

ρ
∇V  4.6 

With: 

i:  Current density in A/m² 

ρ:  Resistivity in Ωm 

V:  Potential in V 

 

The differential equation system consisting of equations five and six are solved numerically 

with COMSOL to compute the resistivity ρ as an output parameter. 

In this context, the voltage applied can be chosen arbitrarily because the res (cf. Eq. 4.6).  

 

 

Figure 4.5: Simulated resistivity drops for intruding water for the standard structure and the structure 

with the measuring field 

 

Figure 4.5 compares the simulated resistivity drops for intruding water for the standard struc-

ture on the left side and the structure with the measuring field between one carbon layer and 

the reinforcement on the right.  
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Figure 4.6. Simulated resistivity drops for different structures, different leakage sizes, and various initial 

resistivities 

 

The resistivity drops caused by leakage and intruding water are greater for the version on the 

right side due to the greater resistivity value of the construction concrete and, therefore, the 

greater difference to the values of the wet mortar in the leakage zone. With a measuring reso-

lution up to 0.01 Ωm, leakages of a few percentages of the total field size are detectable for 

both versions. Nevertheless, one must consider that the original structure with two carbon 

meshes allows the detection of leakages in the SMART-DECK layer. At t in the second version, 

the chloride contaminated water has already reached the construction concrete when detection 

is possible.  Of course, the resistivity values decrease with the depth of the leakage. The sim-

ulated resistivity values over the depth of the measuring field are compared in Figure 4.7 and 

Figure 4.8.  
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Figure 4.7. Resistivity values as a function of the leakage depth for the one-textile-layer version 

 

 

Figure 4.8. Resistivity values as a function of the leakage depth for the two-textile-layer version 

 

In this example, a mortar resistivity of 1000 Ωm and a concrete resistivity of 3000 Ωm were 

presumed. This leads to a combined resistivity of approximately 2630 Ωm as a reference re-

sistivity in a condition without leakages for the version with one carbon layer. Starting from this 

reference resistivity, a clear drop in the resistivity values for this version can be seen at first at 

a depth between three to four centimeters, thus in the area of the construction concrete. So, 

one has to weigh between the advantages of the one-carbon layer version, which are the re-

duced costs and the thinner layer thickness, and the disadvantages like the deeper chloride 

ingress. Furthermore, different possible reinforcement ratios and construction concrete lead to 
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more varying conditions in the SMART-DECK version with just one carbon layer, making fur-

ther investigation necessary. 

   

4.1.4.3 Monitoring in Laboratory Tests 

To test the detectability of leakages, artificial leakages were produced on top of mortar speci-

mens in the laboratory. Specimens with a size of 440 x 480 x 35 mm³ were cast. The structure 

with two carbon meshes with a spacing of 15 mm was used. The specimens were sealed with 

epoxy by leaving out artificial leakages. A different form, size, or position of the leakage was 

tested on each specimen. Water basins were formed on top of the specimen to guarantee a 

permanent water admission, as illustrated in Figure 4.9.  

 

 

Figure 4.9. Specimen for the detectability-test with two artificial leakages 

 

The carbon meshes of the specimens have electrical connections for a continuous resistance 

measurement during the testing time. The resistance is measured with frequencies between 

10 Hz and 10 kHz. Figure 4.10 shows an exemplary plot of a resistance measurement. For 

two days, the resistance was measured before water was applied.  

 



36  4 Multifunctional Carbon-reinforced Concrete Interlayer for Bridges 

 

Figure 4.10. Exemplary resistance measurement during water admission 

 

The resistance measurement was pursued without a break during the water admission, so one 

can see that a few hours after water admission, a significant drop in resistance at all frequen-

cies occurs. The discrepancy of the 10 Hz curve can be explained by a polarization of the 

electrodes at this frequency.  

Besides the moisture content, the temperature dramatically impacts the resistance. With in-

creasing temperatures in the structure, the ion mobility within the electrolyte increases, and 

the conductivity increases. (Osterminski et al., 2012)  

The Arrhenius equation describes the impact of temperature in concrete. (Raupach et al., 

2003a) 

 

R1= R0*e
b*(

1

T1
-

1

T0
)
    4.7 

 

With: 

R0  Electrolyte resistance at the temperature T0  [Ω] 

R1  Measured electrolyte resistance at the temperature T1 [Ω] 

b  Temperature coefficient in Kelvin [K] 

 

The temperature coefficient should be determined for each mortar or concrete. In literature, a 

range between 3000-7000 K is mentioned depending on the moisture content and concrete 
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properties, see for example. (Bürchler, 1996; Raupach, 1992; Raupach et al., 2003a) For a 

temperature compensation of the resistance values, the temperature coefficient for the 

SMART-DECK mortar was investigated in the laboratory. Therefore, specimens with a two-

electrode-set-up inside, pictured during preparation in Figure 4.11, were partially-saturated 

(25-30 %: 60-65 %; 85-100 % moisture content).  

 

 

Figure 4.11. Specimen for the investigation of the temperature dependence of the mortar 

 

After adjusting the water content, the specimen was sealed with epoxy and stored under dif-

ferent temperatures (-10; -2; 0; 5; 20; 50 °C). For the SMART-DECK mortar, a temperature 

coefficient of 4040 K for the estimated initial saturation of the mortar could be validated as 

appropriate, which can be seen in Figure 4.12.  

 



38  4 Multifunctional Carbon-reinforced Concrete Interlayer for Bridges 

 

Figure 4.12. Validation of the temperature compensation 

 

As the temperature coefficient depends on the humidity, the appropriate coefficient will change 

with ongoing desiccation of the mortar  

 

4.1.4.4 Monitoring on Outdoor Demonstrators 

Besides the investigations in the laboratory, two outdoor demonstrators were built. The first 

has a size of 80 m². The aim was to test the detectability of leakages under natural weather 

conditions. On demonstrator four, electrically disconnected measuring fields were realized. 

Electrical connections were made, and cables were stored in a control box near the demon-

strator. As in the laboratory, artificial leakages were produced by applying water basins on the 

surface of the demonstrator and sealing the rest of the surface with epoxy. Water basins were 

used to prevent fast desiccation because it is assumed that if actual leakages occur in the 

sealing layer, an accumulation of water over the SMART-DECK layer takes place. Figure 4.13 

shows the surface with the artificial leakages.  
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Figure 4.13. Sealed demonstrator with artificial leakages 

 

Again, different forms, sizes, and positions of the leakages were tested. The newly developed 

full-surface resistance measurement is simultaneously verified via multiring sensors. These 

sensors usually have nine rings of stainless steel separated by isolating plastic rings.  The 

resistance between neighboring rings can be measured by applying an alternating voltage. 

That way, one receives a graded profile of the resistance over the depth. (Brameshuber et al., 

2003; Raupach, 2005; Raupach et al., 2007) 

However, the comparison of these two measuring techniques can only estimate the correct-

ness of the values. The resistance can be measured with a resolution of 0.01 Ω up to values 

of 20 Ω and with a resolution of 0.1 Ω over this value. Figure 4.14 shows a part of the data 

transmission of the measuring values of the demonstrator.  
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Figure 4.14. Temperature, resistivity, and temperature-compensated resistivity of one measuring field 

 

Recorded are the resistance values, the temperature, and the temperature compensated re-

sistance values. It can be seen that the resistance values follow the temperature fluctuations 

over the day, which shows a good sensitivity of the measuring technique. Furthermore, this 

ensures that no exists between the two carbon layers, which could be the case when the two 

carbon layers are pressed together during the mortar pouring. During the few test months of 

the demonstrator, only a slow increase in the resistivity values could be observed showing the 

desiccation of the plate. Due to the high-water content of the fresh mortar a leakage detection 

was not yet possible.  

Therefore, a second demonstrator on a newly constructed bridge was realized in 2019. The 

resistivity values will be measured over years, and the measuring technique will be tested for 

the first time under actual traffic conditions. The second modification compared to the first 

demonstrator is the power supply, which will be ensured with a solar panel placed near the 

bridge construction. So even on bridges where no electricity grid is available, SMART-DECK 

can be applied. The cables from the carbon layers are led over a short distance to the solar 

panel and a measuring box. On the pole of the solar panel, a module is attached, which pro-

vides the measuring data from the bridge via LoRa-technique (Long Range Wide Area Net-

work) to a computer placed in a nearby building. From there, the data can be accessed via a 

remote connection, see Figure 4.15. 
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Figure 4.15. Data transmission 

 

As in the first demonstrator, temperature sensors and multiring sensors were installed. The 

measuring technique, the solar power supply, and the data transmission with LoRa have been 

tested on the university ground and will be started at the demonstrator bridge in the following 

weeks. 

 

4.1.4.5 Further Functions of SMART-DECK 

Cathodic Prevention 

If the monitoring data show a leakage in the bridge deck sealing that cannot be repaired im-

mediately, the cathodic prevention is switched on. In this case, the carbon layers serve as an 
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impressed current anode. The prevention of chloride-induced steel corrosion in concrete 

through impressed current is established nowadays. (Baeckmann et al., 1997; DIN EN ISO 

12696, o. J.; Eichler & Gieler‐Breßmer, 2018) 

The suitability of carbon textiles as an impressed current anode has been investigated, e.g., 

by (Asgharzadeh, 2019). Potentiostatic tests showed that carbon textiles deliver a constant 

current over the investigation period and cathodic protection with carbon textiles is possible 

without destruction of the carbon as long as a polarization of the anode of more than 2200 mV 

vs NHE is excluded.  

While cathodic protection is used for structures already affected by chloride-induced corrosion, 

cathodic prevention is used for systems that will presumably be contaminated by chlorides. 

(Bertolini et al., 2013)  

Cathodic prevention relies on the fact that the critical chloride threshold increases as the po-

tential of steel decreases. So even very low current densities (<2 mA/m2) polarize the rein-

forcement to values in which steel works under conditions of “imperfect passivity” so that initi-

ation of pitting is prevented even if high levels of chlorides accumulate at the surface of the 

steel by penetrating through the cover concrete. (Bertolini et al., 2009, 2013) 

The cathodic prevention was tested on the first outdoor demonstrator to realize different pro-

tection zones with varying reinforcement ratios. In accordance with (Raupach, 1992), the effect 

of the cathodic prevention was tested in carrying out a depolarization measurement. The an-

odic potential shift after a 24-hour-disconnection of the power supply was higher than 150 mV, 

indicating that the carbon textiles embedded in the selected mortar are a suitable anode sys-

tem. SMART-DECK's first and second outdoor demonstrators are one of the first large-scale 

testing areas for cathodic protection systems with carbon reinforcement. By now, the function-

ality of carbon as an impressed current anode in concrete was only tested on small specimens 

as in (Asgharzadeh, 2019).  

 

Strengthening 

The third function was investigated at the Institute for Structural Concrete of the RWTH Aachen 

University. The strengthening effect was examined concerning its flexural and shear capacity. 

With tests on small-scale specimens, the load-bearing properties of different combinations of 

the textiles and mortar were investigated. Therefore, reinforced concrete slab segments were 

strengthened with a carbon-reinforced concrete layer. The load position and the tensile rein-

forcement ratio were varied for investigating the bending and shear capacity. The influence of 

the additional layer on crack formation and capacity was examined. The investigations showed 

that strengthening bridge deck slabs with SMART-DECK is possible. (Herbrand et al., 2017)  

Regarding the bending strength, a duplication of the bearing capacity was achieved, and con-

cerning the shear force capacity, an increase of 23,5 % and 56 % was reached. (Büttner, 2020) 
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4.1.5 Conclusion and Outlook 

The described investigations and results can be summarized as follows: 

• The numerical simulations showed that leakages of a few percentages of the total field 

size are detectable with the single-layer-set-up or the standard structure of SMART-

DECK. 

• Laboratory tests proved the simulated detectability of artificial leakages through re-

sistance measurement 

• The measuring technique and data transmission was tested on the first demonstrator 

and installed under actual traffic conditions on a natural bridge construction 

SMART-DECK will be tested with an alternative power supply in the following months. 

On the scientific side, the question of which potential gradients are necessary to prevent chlo-

ride ions from migrating into the matured concrete and from damaging the reinforcing steel is 

investigated. The negatively charged chloride ions will be held on the carbon mesh, which is 

polarized as an anode by applying an electrical field between the carbon meshes and the steel. 

It could be possible that the resulting current densities are smaller than they have to be for the 

standard (preventive) cathodic protection so that an electrochemical chloride barrier is imple-

mented. Therefore, laboratory tests and numerical simulations were carried out for materials 

with different diffusion resistances and with different potential gradients. The results will be 

presented in publications in the following months. 
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5 Simulations for the Detection of Leakages through 

Resistivity Measurements 

5.1 Numerical Simulations for the Detection of Leakages in Bridge Deck 

Sealers through Resistivity Measurements 

5.1.1 Abstract 

By measuring the electrolyte resistance between two carbon meshes embedded in a textile-

reinforced concrete interlayer on bridges, large-scale humidity monitoring is implemented. The 

electrolyte resistance is measured using an alternating current. Decreasing values in the 

measured electrolyte resistance indicate water ingress through leakages in the bridge deck 

sealer.  

The monitoring will positively affect the durability of a bridge structure since defects in the 

sealer can be detected in an early stage, which allows cost-effective and timely measures to 

be taken to prevent corrosion initiation of the reinforcing steel. 

Through numerical simulations, the theoretical size of a detectable leakage area is calculated, 

which depends on the geometry of the leakages, the electrolyte resistance of the mortar in wet 

and dry conditions, the position of the leakage, and other boundary conditions. 

 

5.1.2 Detection of Leakages through Resistivity Measurements 

Leakages in sealers applied on concrete bridge decks commonly threaten the structure’s du-

rability as water and dissolved chloride ions can easily permeate into the concrete cover, which 

may eventually lead to corrosion of the steel reinforcement. In practice, leakages often remain 

largely unnoticed until corrosion damage is observed on the external surfaces. In this stage, it 

is already costly to repair these damages to the structure. For more proactive maintenance of 

bridges, the idea of full surface humidity monitoring was developed, which is intended to trans-

mit the relevant data in real-time. Until now, only sensors which measure selectively at the 

point of installation are available. (Raupach, 2005; Raupach et al., 2013) For a full surface 

humidity monitoring, the resistance between two carbon meshes having an in-between spacing 

of 15 mm is measured. The measured resistance can then be converted into a resistivity which 

allows a quantification of the moisture content to assess the occurrence of leakage. The resis-

tivity of concrete may vary over a wide range with resistivity values of about 106 Ωm for dry 

concrete, whereas water-saturated concrete is characterized by an electrolyte resistivity of ap-

proximately 100 Ωm. (Raupach et al., 2003b) 
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5.1.2.1 Relationship between Moisture Content and Resistivity 

Knowing the exact relationship between moisture content and resistivity values of a specific 

mortar and detecting a change in the electrolyte resistance, one can estimate the amount of 

water permeating the structure. The relationship between moisture content and mortar resis-

tivity can be investigated in laboratory tests under well-defined conditions. 

Mortar specimens are stored underwater for laboratory investigations until full saturation is 

achieved. In this condition, the electrical resistance and the weight of the specimens are meas-

ured. The resistance is measured with a two-electrode set-up, and the specimens are dried at 

70 °C until low moisture contents are obtained. When such a condition has been achieved, a 

wide variety of moisture contents are being adjusted by adding different amounts of water. 

Following this treatment, the specimens are packed vapor resistant to reach a homogenous 

water distribution. After a few weeks-reinforced, the specimens are unpacked and weighed. In 

addition, the electrolyte resistance is being measured. Eventually, the specimens are dried at 

105 °C until a constant weight is achieved, and this dry weight is measured. Based on these 

data, the relationship between moisture content and resistivity values can be calculated. 

(Driessen & Raupach, 2015b) This requires the conversion of an AC resistance into a resistivity 

which is achieved using a cell constant according to Eq. 5.1 (Kaufman, 2000). 

 

l
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5.1 

With: 

ρ: mortar resistivity [Ωm] 

Rel: measured resistance [Ω] 

A: cross-sectional area of the mortar specimen [m2] 

l: distance between the electrodes in m  

 

Having determined the resistivity values with the corresponding moisture contents, a regres-

sion analysis is carried out using the following regression function (2) (Harnisch, 2003): 
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With: 

u: moisture content referred to the mass of mortar [M.-%] 

ρ: mortar resistivity [Ωm] 

A-E: regression parameters 
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This regression curve is based on an empirical formula derived by (Brameshuber et al., 2003). 

Figure 5.1 shows the measured values and the calculated regression curve. This regression 

curve serves as the primary input for the numerical simulations. 

 

 

Figure 5.1. Calculated relationship between water content and resistivity 

 

For the numerical simulations, values ranging from zero to 1000 Ωm represent the wet mortar 

in the leakage zone, and values above 1000 Ωm are representative of the mortar in a dry state 

under an intact sealer. Of course, there is not a precise threshold level that separates between 

the wet and dry conditions of a mortar but a gradual transition depending on the conditions for 

desiccation, such as temperature, humidity, and the presence of a sealer. However, these 

influencing parameters were not part of the numerical simulations but will be examined in la-

boratory tests later in the project. Preliminary tests show that after a few months of desiccation, 

the specimens reach water contents between 6 -7 M. -%, which is demonstrated by resistivity 

values of about 1000 Ωm. 

 

5.1.3 Numerical Model and Parameter Study 

The interlayer arrangement applied on bridge decks was transferred to specimens with a cross-

section of 30 by 30 cm2 for laboratory testing. (Driessen & Raupach, 2015b) These specimens 

serve as the model for the numerical simulations. This downscaled model enables shorter 

calculation times. Under real conditions, the measurement areas on bridge decks will be about 

5-10 m2. In the following, the results will be given in relative sizes to transfer the results to all 

possible geometries. The interlayer arrangement is built up of a 10 mm mortar bottom layer, 

serving as the contact zone to the matured concrete. On this bottom layer, two carbon meshes 

with an in-between spacing of 15 mm are placed. Each carbon mesh is embedded in a cement-



5 Simulations for the Detection of Leakages through Resistivity Measurements 47 

based mortar. The top layer consists again of 10 mm mortar. Both carbon meshes have a 

mesh size of 38 mm. The basic model is shown in Figure 2 with a leakage zone in the center. 

 

 

Figure 5.2. Basic model with a leakage zone in the center 

 

Between the upper and bottom carbon mesh, a fixed AC voltage is applied with the lower 

carbon mesh connected to the ground. In the following, the system of the two carbon meshes 

is called “anode” to distinguish it from the reinforcement steel in the bridge deck, which acts as 

the cathode. However, this is not treated in the present paper. The voltage applied can be 

chosen arbitrarily since various voltages lead to different currents at constant resistance, the 

parameter of interest, provided that no polarization of the carbon meshes occurs. This assump-

tion is justified because the resistivity will be measured with alternating current. The resistivities 

for the mortar in wet and dry conditions are the input values for the numerical simulations, 

resulting in respective values for the conductance as an output. To determine the resistivity, 

the geometry factor for the system with the mesh anode was first calculated as dependent on 

both the specimen size and the roving quantity. The resulting regression curve for the geome-

try factor is depicted in Figure 5.3. This conversion from resistance into resistivity is essential 

for comparing the numerical results because only the resistivity is corrected for geometry ef-

fects. 
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Figure 5.3. The form factor for the numerical model depending on the model size 

 

The majority of the numerical simulations were carried out with the arrangement and geometry 

of the model shown in Figure 5.2, which corresponds to a roving quantity of seven in each 

direction and a geometry factor of 6.15 m. Moreover, numerical simulations with a model size 

of 10 m² were calculated for comparison. The results of both models given in relative sizes 

matched with a negligible difference of 0.17 %. Thus, the assumption that the results can be 

transferred to all possible measuring fields seems to be correct. 

 

Investigated Parameters 

The main issue to be resolved through numerical simulations is which size of a local defect in 

a sealer can be detected at which resistivity values of the wet mortar are located in the leakage 

zone and at which resistivity values of the dry mortar under an intact sealer. Moreover, the 

shape, dept, and position of the leakage in the measuring field could influence the measured 

drop in the resistivity values. Another question is whether there is a difference between the 

situation in which just a single leakage at a time occurs and the situation that numerous smaller 

leakages occur nearly at the same time, which are distributed over the measuring field. In 

addition, it was examined if the simplification of the mesh anode to a flat full surface anode is 

allowed concerning the resulting error. Table 5.1 provides an overview of the varied parame-

ters.  

 

Table 5.1. Varied Parameters 

 Dimensions Range 

Size of the leakage 

zone 
% of the total field 1-100 
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Resistivity of the leak-

age zone 
Ωm 150; 250; 500; 700 

Resistivity of the dry 

mortar 
Ωm 

1000; 5000; 7000; 

100000 

Depth of the leakage  cm 1-3  

Position of the leakage - center; edge 

Number of leakages - 1; 4; 9 

The shape of the leak-

age 
- cubic; cylindrical 

Shape of the anode - mesh; flat 

 

5.1.4 Results of the Numerical Simulations 

First, the spatial distribution of the electrical current was expressed as a current density, and 

the flow direction of the applied current was plotted. Due to the relatively low resistivity of the 

leakage zone, it is logical that the current flows in the direction of the leakage zone, as exem-

plified in Figure 5.4.  

 

  

Figure 5.4. The flow of the resulting electrical current 

 

Accordingly, the current densities in areas nearer to the leakage zone are higher. This can be 

observed in Figure 5.5 on the left side, which shows a view from above. On the right side, one 

can see a sectional view between the two carbon meshes. Only in the leakage zone increased 

current densities appear, so the majority of the applied current will flow through the leakage.   
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Figure 5.5. Current densities are shown from above (left) and between the carbon meshes (right) 

 

5.1.4.1 Influence of Different Resistivities and Sizes 

In the first simulations, the resistivities for wet and dry conditions of the mortar and the size of 

the leakage were varied. Figure 5.6 shows four combinations of resistivity values, starting with 

the smallest difference between resistivity values in wet and dry conditions up to the greatest 

difference shown at the bottom.  

 

 

Figure 5.6. Distribution of the potential for different mortar resistivity combinations. 

 

As an example, Figure 5.7 shows the calculated drop in mortar resistivity for various leakage 

resistivities based on a dry mortar resistivity of 1000 Ωm under an intact sealer. According to 

the numerical simulations, this is the resistivity that can theoretically be derived with the meas-

uring technique.  
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Figure 5.7. Drop-in resistivity values caused by different mortar resistivities in the leakage zone 

 

The larger the leakage, the easier it will be detected by the decrease in resistance. Secondly, 

the lower the resistivity of the leakage zone, the easier the leakage can be found. From Figure 

5.7 it can be deduced that leakages with the size of a few percentages of the total field size 

are detectable. The depicted case is the one with the harshest conditions for the detection of 

leakages being investigated. All other cases show higher resistivities of the dry mortar and, 

therefore, larger drops in resistivity caused by the leakages. For better comparison, the resis-

tivity is shown in Ωm. The resistance in Ω depends on the field size. The smaller the measuring 

field, the larger are the measured drops, and the easier leakages are detected.  

All curves show some bends caused by the mesh structure of the anode. 

Figure 5.8 shows the resistivity decrease for different resistivity combinations of wet and dry 

mortar.  
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Figure 5.8. Drops in resistivity with 150, 250, 500, and 700 Ωm leakage resistivities and 1000, 5000, 

7000, and 10000 Ωm resistivities of the dry zone 

 

It becomes evident that the resistivity of the dry measuring field has a higher impact on the 

detectability of leakages than the resistivity of the leakage zone. The differences between the 

different resistivity values of the measuring fields can be recognized, while the differences 

between the leakage resistivities are very small. Under natural conditions, effects like fluctua-

tions in temperature or humidity could even overlay these. This results from the fact that the 

regression curve of moisture content versus resistivity follows a logarithmic relationship. There 

is just a small spectrum in which values representing a wet condition vary however, a large 

range exists of possible values representing a dry condition. As a consequence, for the appli-

cation on a bridge deck, it is necessary that a mortar demonstrating high resistivity values in a 

dry state is used and that the mortar will be given some time to dry out before a reliable detec-

tion of leakages is possible. On the other hand, even small amounts of water which permeate 

into the interlayer can be detected under these circumstances.  

 

5.1.4.2 Influence of the Leakage Depth 

 

Besides the size of the defective sealer and the resistivity of the mortar under the defective 

sealer, and the resistivity of the remaining field, other parameters could influence the detecta-

bility of leakages. The first parameter considered is the depth up to which water has penetrated 

the interlayer. Figure 5.9 shows resistivity values for a leakage depth of 1 cm to 3 cm. The 

actual measuring field starts at a depth of 1 cm and ends at a depth of 2.275 cm, which is the 

space between the two carbon meshes (here shown by the coloured area).  As an example, 

the mortar resistivity of 10000 Ωm and a leakage resistivity of 150 Ωm and 700 Ωm are plotted 

as a function of the leakage depth.  
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Figure 5.9. Influence of the leakage depth based on calculated results obtained from numerical simula-

tions 

 

The resistivity decreases with the depth of the leakage. Notifiable is the sharp drop in resistivity 

values when the leakage has nearly reached the lower carbon mesh, however, without touch-

ing it. This is probably because almost a low resistance path between the upper and lower 

carbon mesh is produced in the leakage zone. The zone with higher potentials is not strictly 

limited to the leakage itself but expands behind the leakage, as shown in Figure 5.6. Conse-

quently, resistivity values drop quickly before the second carbon mesh is reached. The curve 

flattens as soon as the lower carbon mesh is reached. The flattening graph results from the 

use of a mesh-type anode. If a continuous flat plate anode would have been modelled, the 

graph would show constant values after reaching the second carbon mesh. Here, because of 

the open mesh structure of the anode, the flow lines of the current partly reach the backside 

of the mesh and lead to slightly decreasing resistivity values behind the extent of the second 

carbon mesh. For usage on a bridge deck, this means that water which seeps under a sealer 

but does not penetrate sufficiently deep to enter the mortar will be hard to detect. However, it 

can be assumed that if the mortar is dried out, the leakage water will be absorbed soon and 

moisture penetration to greater depth seems likely.  

   

5.1.4.3 Variation of Further Parameters 

 

In the following steps, the remaining parameters shown in Table 5.1 are investigated. It be-

came apparent that the shape of the leakage, e.g., cubic or cylindrical, the position of the 

leakage in the measuring field, and the number of leakages (compared to a reference leakage 

with the accumulated size of the variety of smaller leakages) just have a negligible influence 
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on the detectability. This is exemplified in Figure 5.10 for a dry mortar resistivity of 5000 Ωm 

and the case that the leakage depth is at a maximum of 3 cm.  

 

 

Figure 5.10. Parameters with negligible impact on the detectability of leakages 

 

The differences in resistivity for the smaller leakage sizes result from a different amount of 

anode material in the leakage zone. Under the condition of very small leakages, the shape of 

the leakage and the mesh structure of the anode lead to relatively high differences in the 

amount of anode material touched by the leakage and, therefore, to different resistivities. At 

higher leakage sizes, this impact becomes smaller.  

 Only the geometry of the anode affected the drop in resistance values, but merely if the leak-

age depth has not already reached the second carbon mesh. Figure 5.11 shows this effect. In 

contrast to Figure 5.10, where all parameters were investigated under the condition that the 

leakage depth covers the entire measuring depth up to the second carbon electrode, Figure 

5.11 shows a leakage depth of 2 cm. In this case, a short circuit is not considered realistic. 

Here, the geometry of the anode affects the drop in resistivity. While flat anodes lead to low 

spreading resistances, more discrete anodes generally result in higher resistances. As a con-

sequence, the mesh anode will lead to lower drops in resistivity values. (Raupach, 1992)  
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Figure 5.11. Impact of the anode structure in combination with the leakage depth 

 

However, small over-or underestimates of resistivity drops are not critical for detecting leak-

ages. There will always be various measuring fields nearby, so the changes in resistance val-

ues can be seen relative to the neighbouring measuring fields. Thus, it is possible to adjust if 

an actual leakage occurs or if other boundary conditions lead to the measured change in val-

ues. 

 

5.1.5 Conclusions and Outlook 

Based on the findings of the numerical simulations, the following conclusions can be drawn: 

 

• Leakages having a limited size of a few percentages of the total surface area are de-

tectable 

• Resistivity values of a mortar located under an intact sealer in a dry environment must 

be high compared to the resistivity values obtained for a water-saturated condition 

which means that leakages can be detected as soon as some desiccation of the mortar 

proceeded. 

• The main impacts of various boundary conditions on the detectability of leakages were 

demonstrated 

 

This paper focused on the theoretical aspects regarding the detection of leakages. Neverthe-

less, as mentioned before, parameters like temperature and humidity have an additional effect 

on the actual detectability of leakages under natural conditions. Therefore, additional labora-

tory tests will be carried out under different climatic conditions and temperature compensation. 

Furthermore, the theoretical results will be validated under practical conditions on a demon-

stration panel with a size of about 100 m² by artificially produced leakages. 
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6 Experimental and Model-Based Investigations of the 

Chloride Barrier 

6.1 Application of Electrical Fields to Reduce Chloride Ingress into Con-

crete Structures 

6.1.1 Abstract 

In the context of a joint research project, a system for monitoring, protecting, and strengthening 

bridges using a textile-reinforced concrete interlayer has been developed, consisting of two 

carbon layers with a spacing of 15 mm and a special mortar. This setup led to the idea to build 

up an electrical field between the carbon meshes, which suppresses the ingress of chlorides 

into the concrete. This paper focuses on the question of which voltages and electrical field 

strengths are necessary to prevent critical chloride contents at the reinforcing steel. For this 

purpose, extensive laboratory tests have been performed, followed by a numerical simulation 

study. 

By applying an electrical field, the negatively charged chloride ions are forced to move to the 

upper carbon mesh that is polarized as an anode. It has been investigated whether the volt-

ages to implement an electrochemical chloride barrier are smaller than they have to be for the 

common preventive cathodic protection. One advantage of this chloride barrier is that the an-

odic polarization of the carbon meshes can be reduced because of the lower current densities. 

Therefore, different voltages, electrical field strengths, anode materials, and anode arrange-

ments were investigated. 

 

6.1.2 Introduction 

Due to de-icing measures, bridges are often threatened by chloride ions which penetrate the 

concrete and cause corrosion of the reinforcement and thus threaten the durability of the con-

struction. The corrosion of the reinforcement can only be seen visually when a high degree of 

impairment is already reached. (Cady & Weyers, 1983; P. Schießl & Raupach, 1993)  

Comprehensive building operations are necessary, leading to traffic obstructions and thus to 

economic losses.  (R. Polder et al., 2016)  

Therefore, in a joint research project, the interlayer SMART-DECK was developed. The inter-

layer provides three functions: all-over real-time humidity monitoring, preventive cathodic cor-

rosion protection, and strengthening the shear force. When the sealing starts to leak and water 

permeates into the interlayer, a drop of the measured electrical resistivity is detected, and the 

operator of the bridge construction receives a note about the leakage. If an event of damage 

in the seal is being detected, the cathodic corrosion protection can be switched on. Thus, the 

constructional measures of the bridge deck sealing can be postponed to periods with less 
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traffic or to that point of time when a renewal of the sealing is planned anyway. An electrical 

field is generated between the carbon meshes with a rectifier, which reduces chloride diffusion 

into the construction. Thus, the depassivation of the steel is prevented. (Driessen & Raupach, 

2015b; Driessen-Ohlenforst et al., 2020) 

This article focuses on using the electrical field as an electrochemical chloride barrier. Figure 

6.1 shows the chloride ingress without the electrical field on the left side and the expected 

qualitative chloride profile with an electrical field on the right side. 

 

 

Figure 6.1. Qualitative Schematic diagram of the chloride ingress without (left side) and with (right side) 

the electrochemical chloride barrier 

 

6.1.3 Theoretical Background 

The prevention of chloride-induced steel corrosion in concrete through impressed current is 

established nowadays. (Baeckmann et al., 1997; DIN EN ISO 12696, o. J.; Eichler & Gieler‐

Breßmer, 2018)  

The suitability of epoxy-impregnated carbon textiles as an impressed current anode has been 

investigated, e.g., by (Asgharzadeh, 2019). Potentiostatic tests showed that the investigated 

carbon textiles deliver a constant current over the investigation period and cathodic protection 

with carbon textiles is possible without destroying the carbon for the investigated impregna-

tions as long as a potential of the anode more than 2200 mV vs NHE is excluded.  

While cathodic protection is used for structures already affected by chloride-induced corrosion, 

cathodic prevention is used for structures that will presumably be contaminated by chlorides. 

(Bertolini et al., 2013)  
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Cathodic prevention relies on the fact that the critical chloride threshold increases as the po-

tential of steel decreases. Even current densities which are lower than the current densities 

usually used for cathodic protection (< 2 mA/m2) polarize the reinforcement to values in which 

steel is under conditions of “imperfect passivity” so that initiation of pitting is prevented even if 

high levels of chlorides accumulate at the surface of the steel by penetrating through the cover 

concrete. (Bertolini et al., 2009, 2013) 

The method described in this paper goes a step further and refers to the question of whether 

common voltages for the cathodic prevention are sufficient or can even be reduced if it is the 

aim to prevent chloride ingress from the beginning so that an electrochemical chloride barrier 

is implemented. A similar term, namely “cathodic protection barrier”, was used before in an-

other project (Bruns & Raupach, 2009), but was instead used to describe a form of cathodic 

prevention where the corrosion potential of the passive reinforcement is polarized in such a 

way, that the reinforcement cannot form the cathode of the macro-element anymore. In con-

trast, due to the full-surface real-time monitoring, in this work, the opportunity exists to apply 

an electrical field that works against the diffusion and convection of the chlorides right from the 

beginning to prevent chloride ingress. By now, other scientific investigations focus on the ques-

tion of protecting the steel despite the presence of chlorides or removing chlorides that are 

already in the concrete. (Eichler et al., 2010) Therefore, usually, voltages of a minimum of 2 

Volts are used. Other literature focuses on the question of using chloride migration to pull 

chlorides through a specimen to conclude other concrete parameters such as diffusion coeffi-

cients. (Luping & Nilsson, 1993; Tang, 1996; Tang & Nilsson, 1997)  

The electrochemical chloride barrier can be applied in two different variants. By default, the 

interlayer includes two carbon layers, see Figure 6.1. In between those, the resistivity is meas-

ured, and in case of occurring leakages, the voltage is applied. Though, if no structural 

strengthening is needed, it is also possible to use only one carbon mesh to gain a thinner layer 

and reduce costs. In this case, the resistivity is measured between the one-carbon mesh and 

the reinforcement. Here, the electrical field is applied between the carbon mesh and the rein-

forcement, which is usually done for cathodic prevention or protection.  

 

Despite different focuses in other research works, the transport processes of the chlorides are 

naturally the same, namely diffusion, convection, and migration. Here, diffusion refers to the 

movement of chloride ions from higher concentration regions to lower concentration regions. 

Migration or electro-migration means the movement of chloride ions due to an electrical field. 

Convection occurs due to the chloride ions being carried along with the fluid. The latter can be 

neglected if the specimens are water-saturated. These transport mechanisms can be de-

scribed by the Nernst-Planck-equation. (Atkins & De Paula, 2013)  

In the present case, the structure of the specimens makes it necessary to distinguish two areas 

of the specimen, see  Figure 6.2.  
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Figure 6.2. Transport processes of chlorides in the specimens used within this work 

 

In area I, all transport processes work in the same direction, while in area II, the actual chloride 

barrier appears with the migration working against the diffusion and convection of the chlorides 

into the mortar. This leads to Eq. 6.1 for area I and Eq. 6.2 for area II. 

 

J =  − Deff ∙  
∂c

∂x
+ v ∙ c + um ∙ c   6.1 

J =  − Deff ∙  
∂c

∂x
− v ∙ c + um ∙ c   6.2 

With: 

J:  Molecular flow [mol/(m²s)] 

Deff:  Diffusion coefficient [m2/s] 

v:  Mean migration speed in the electrical field [m/s] 

um:  Mean mass velocity [m/s] 

c:  Concentration of chloride ions [mol/m3] 

 

6.1.4 Experimental Investigation 

6.1.4.1 Testing Procedure 

The test procedure is divided into two main series. One series of mortar specimens was water-

saturated before starting the measurements, and the other series was dried. Thus, the dried 

specimens allow an additional view of convection apart from the mechanisms of diffusion and 

migration. In each series, the applied voltages to generate an electrical field and the distances 

in between the electrodes were varied, resulting in different electrical field strengths. By 
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doubling the voltages while simultaneously doubling the anode distance, the electrical field 

strength can be held arithmetically constant, and the question of whether effects depend on 

absolute voltages or electrical field strengths can be investigated. The aim was to test voltages 

that are not harmful to the structure of the carbon meshes, which is why 2V was applied as the 

maximum external voltage. As mentioned before, previous research showed that this voltage 

leaves the carbon meshes unaffected. In addition, 1 V and 0.5 V were applied as external 

voltages. The external voltage consists of voltage drops at the surface of the carbon electrodes 

and the voltage drop within the concrete (IR), which is referred to as “electrolyte voltage” in the 

following. In the following diagrams, the electrolyte voltages will be mentioned instead of the 

externally applied voltages because these determine the actual electrical field.   

The focus lies on carbon meshes as an anode material. Nevertheless, some reference tests 

with titanium meshes were carried out. Table 6.1 gives an overview of the varied parameters. 

 

Table 6.1. Test Program 

Series 
Anode 

Material 

External 

voltages 

in V 

Anode 

dis-

tance in 

mm 

Amount 

Total 

amoun

t 

Refer-

ence 

speci-

mens 

(with 0 V) 

Water-

saturated 

speci-

mens 

Carbon 

0.5 

15 3 

27 12 (4 for 

each an-

ode dis-

tance) 

30 3 

45 3 

1 

15 3 

30 3 

45 3 

2 

15 3 

30 3 

45 3 

Titanium 2 

15 3 

9 30 3 

45 3 

Dried 

speci-

mens 

Carbon 

0.5 

15 3 

27 

12 (4 for 

each an-

ode dis-

tance) 

30 3 

45 3 

1 

15 3 

30 3 

45 3 
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2 

15 3 

30 3 

45 3 

Titanium 2 

15 3 

9 45 3 

45 3 

 

6.1.4.2 Materials and Test Set-up of the Specimens 

For the experiments, specimens with a surface area of 20 cm × 20 cm or 10 cm × 10 cm for 

the reference specimens were cast. The heights of the specimens varied with the distance 

between the anodes. Above and below the anodes, a mortar covering of 10 mm was produced. 

Figure 6.3 shows the anode meshes with spacers and electrical connections before embed-

ding them in mortar.  

 

 

Figure 6.3. Carbon meshes with spacers and electrical connections 

 

A porous composition was used for the mortar to ensure feasible testing times. Because the 

laboratory tests aimed to investigate the effect of the chloride barrier and not the material test-

ing, results and insights are transferable to other mortar compositions. Table 6.2 shows the 

composition and other characteristics of the mortar in the experiments. A Polymer-modified 

Cement Concrete with a maximum aggregate size of 4 mm is used for the actual application 

on a bridge.   

 

Table 6.2. Composition and characteristics of the mortar 

Material Kg/m3 Resulting parameters 

Cement CEM1 363 Flow spread: 146 mm 
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Water 254 Density: 2.169 kg/l 

Air void content: 3.5 % 

w/c-ratio: 0.7 

Sand 0.1-0.5 706 

Sand 0.5-1.0 403 

Sand 1.0-2.0 443 

Total 2169 

 

After curing the specimens, water basins were applied on top of the specimens containing a 

homogeneous solution of 4 % NaCl (0.7 mol/l) that was refilled regularly throughout the meas-

urements. All specimens were coated with epoxy on the sides to prevent inhomogeneous con-

ditions. The final test specimen can be seen in Figure 6.4. 

 

 

Figure 6.4. Final specimen with water basin on top 

 

6.1.4.3 Measurements 

After filling the 4 % NaCl solution into the water basins and covering the basins with a lid, the 

measurements were started. The respective voltage was applied between the carbon meshes 
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with specifically developed equipment. Each day, the instant-off potential was measured for 5 

seconds, recording 250 potential values. The currents were measured continuously. The chlo-

ride ingress was determined by analysing the depth profile of the chlorides by grinding some 

additional specimens every few weeks, drying the grinded mortar, and carrying out a potenti-

ometric titration in the chemical laboratory. These specimens were stored and the test speci-

mens under laboratory climate (20°C/ 65 % rel. humidity). All measurements were stopped 

after approx. 110 days when the chlorides reached the specimen bottom of the dried series, 

respectively, as soon as the reference probes showed increased chloride values in the lowest 

layer. Afterwards, the inner square of all specimens was resected, which can be seen in Figure 

6.5, grinded, and the chloride depth profile was analysed by titration. 

 

 

Figure 6.5. Dimensions and area for the chloride sampling 

 

6.1.5 Results and Discussion 

6.1.5.1 Water-saturated Series  

For a better overview, the chloride values were plotted over the depth of the specimens for the 

specimens with the same geometry or the same anode distances, respectively. Figure 6.6 

shows the percentage of chloride concentration over the depth of the water-saturated speci-

mens, exemplarily for the middle anode distance of 30 mm after 110 days.  
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Figure 6.6. Relative chloride concentration of the water-saturated specimens under different voltages 

(duration: 110 days) 

 

It can be seen that all applied voltages lead to a reduction of chlorides in contrast to the current-

less reference. At the bottom of the specimens, approx. 20 % fewer chlorides were detected 

for the applied voltages compared to the reference. No differences in the curves of the meas-

ured values for the different voltages can be seen when all measurement points are referred 

to the first measurement point (individual initial concentration). By looking at the absolute chlo-

ride values in M-% referred to concrete mass, the results can be investigated in more detail. 

Figure 6.7 shows these absolute values for the same specimens as before, complemented by 

the standard deviations.  
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Figure 6.7. Absolute chloride concentrations of the water-saturated specimens under different voltages 

 

It can be seen that above the first carbon mesh, the application of the highest voltage even 

leads to higher chloride concentrations than the reference. Between the two carbon meshes, 

the 195 mV line crosses the reference line but still shows higher chloride concentrations than 

the 12 mV and 2 mV lines. Only on the bottom of the specimens the 195 mV line shows the 

same chloride concentration as the lower voltage specimens. This indicates that in these ex-

periments, higher voltages are not generally able to prevent chloride ingress better than lower 

voltages because of the higher chloride contents above the first carbon mesh. By determining 

the electrolyte voltages, it can be shown that higher externally applied voltages lead to higher 

voltages in the electrolyte. One can exclude those higher voltages only lead to higher con-

sumption of current at the electrodes. Table 6.3 shows the voltages in the electrolyte, and the 

measured currents for the corresponding externally applied voltages for the previous diagrams.  

 

Table 6.3. Voltages with resulting voltages in the electrolyte and measured currents 

Voltages in V 
IR-Drop/ voltages in the 

electrolyte in mV 
Currents in µA 

0.5 2 6 

1 12 21 

2 195 1150 
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Although the voltages in the electrolyte and the measured currents are comparatively small, 

they are measurable and can work against diffusion.  

All in all, the results show that all investigated voltages lead to a reduction of chloride concen-

tration compared to the reference if the effects of diffusion and migration are investigated. This 

observation also seems to be independent of the used anode material. A reduction of the chlo-

ride concentration by the same magnitude was achieved by using titanium meshes as a refer-

ence, which can be seen in Figure 6.8.  

 

 

Figure 6.8. Absolute chloride concentrations of the water-saturated specimens with titanium meshes 

 

It has to be mentioned that the same external applied voltage of 2 V leads to higher electrolyte 

voltages if titanium meshes are used instead of carbon meshes. This can probably be ex-

plained by the higher voltage drop on the carbon meshes impregnated with epoxy resin.  

 

6.1.5.2 Dried Series  

The picture changes if convection is occurring, too. Figure 6.9 shows the absolute chloride 

concentration in M-% for dried specimens for the same exemplary geometry.  
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Figure 6.9. Absolute Chloride concentrations of the dried specimens under different voltages 

 

It can be seen that the applied electrical field induces nearly no reduction in chloride concen-

tration. A small reduction in comparison to the reference at the bottom of the specimens is 

achieved for all voltages. It seems that the convection in the dried specimens in combination 

with the diffusion overweighs the effect of migration concerning the prevention of chloride in-

gress. 

To take a look at the other geometries apart from the one with an anode distance of 30 mm 

and to investigate the effect of the resulting different electrical field strengths, Figure 6.10 

shows the mean values of the chloride concentrations for all specimens with 1 V as external 

voltage summed up in the various electrical field strengths.  
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Figure 6.10. Chloride concentrations of the dried specimens depending on the electrical field strengths 

 

Here again, the chloride concentration in the dried specimens regarding convection could only 

be slightly decreased over the specimens´ depths. Secondly, once again, it can be seen that 

the higher electrical field strengths lead to higher initial chloride concentrations above the up-

per carbon mesh. This also allows the conclusion that not the absolute voltage determines the 

effectiveness of the chloride barrier but, as expected according to the theory, the electrical field 

strengths. Nevertheless, it is reasonable first to consider the applied voltages as long as spec-

imens with the same geometries were compared because, in this case, a doubling of the ex-

ternal voltage leads to a doubling of the arithmetical electrical field strength. 

 

6.1.5.3 Comparison of the Results with Numerical Simulations 

For validation of the laboratory results, first numerical simulations of the laboratory tests were 

performed, followed by a more detailed numerical simulation study. A 3D model was created 

with the COMSOL Multiphysics software using, amongst others, the modules “Chemical Re-

action Engineering Module” and “AC/DC Module”. The structure of the laboratory test speci-

men was modelled as shown in Figure 6.11.  
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Figure 6.11. Numerical model in COMSOL Multiphysics: distribution of the chloride concentration in 

mol/m3 

 

More specifically, the middle anode distance of the laboratory specimens was chosen. As in 

the laboratory, on top of the specimens, a sodium chloride solution was applied, and the chlo-

ride ingress over 650 days was simulated for an external electrolyte voltage of 0; 0.1; 0.2; 0.3; 

0.4; 0.5; 0.8; 1; 2 and 3 V over the depth of the specimens. According to the described test 

setup, the electrolyte could be assumed to be homogeneous and isotropic because the labor-

atory test showed that the chloride barrier worked properly only in at least partly saturated 

conditions, for the simulations, a resistance of a water-saturated mortar of around 150 Ωm was 

chosen, and convection was neglected. Figure 6.12 shows the results of the numerical simu-

lations for water-saturated conditions, namely the chloride concentration over the specimen 

depth for different applied voltages.  
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Figure 6.12. Results of the numerical simulations for water-saturated conditions: Chloride concentration 

over the specimen depth for different voltages 

 

Again, the position of the carbon meshes is highlighted by the black lines. By comparing Figure 

6.7 and Figure 6.12, the simulations show the same effect of higher chloride contents for the 

higher voltages around the upper anode. Only after an individual intersection for each graph 

with the reference graph of 0 V between the middle of the two meshes, the applied voltages 

lead to lower chloride concentrations than the reference. To take a closer look at the area 

behind the lower carbon mesh, which is the area that should be protected against chlorides, 

one can see that even the smallest applied voltages lead to a reduction in chloride concentra-

tion compared to the reference for longer testing times (see Figure 6.13). The time when the 

chloride barrier starts to take effect depends on parameters like the exact diffusion coefficient 

and electrical resistance of the mortar.  
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Figure 6.13. Results of the numerical simulation for water-saturated conditions: Chloride concentration 

behind the lower carbon mesh at depth 3.5 cm for different voltages 

 

6.1.6 Conclusions & Outlook 

All in all, the following conclusions can be drawn from the laboratory test and numerical simu-

lations: 

● In laboratory tests, the effect of a chloride barrier with electrolyte voltages between 

2 mV – 400 mV corresponding to the electrical field strength of 0.07 V/m – 13.33 V/m 

compared to a current-less reference was proven for water-saturated specimens re-

gardless of the anode material.  

● The effect of the chloride barrier for these voltages in the viewed testing time of 110 

days was not high enough to overweigh diffusion and convection. Furthermore, it will 

probably not work for wholly dried mortar conditions. However, for an actual structure, 

wholly dried conditions of the mortar are unlikely anyway. 

● Numerical simulations showed the same effect of an effective chloride barrier for water-

saturated specimens. After a certain period, all applied voltages lead to reduced chlo-

ride concentrations below the lower carbon mesh.  

 

Future investigations will focus on further numerical simulations to investigate the question of 

which applied voltages at a given depth led to the best effectiveness of the chloride barrier. 

Furthermore, the question of whether just a balance of forces between diffusion, convection, 

and migration leads to the described effects or if other aspects such as decomposition voltage 
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or geometry effects influence the results. Finally, an analytical solution of the equation for the 

specific boundary conditions of the described situation will be investigated.  

 

6.2 Analytical and Numerical Investigation of an Electrochemical Chlo-

ride Barrier for Reinforced Concrete Structures 

 

6.2.1 Abstract 

During the development of a carbon-reinforced mortar interlayer for bridges, the idea of an 

electrochemical chloride barrier arose. An electrical field is generated between two carbon 

meshes, and the negatively charged chloride ions are held on the polarized upper carbon mesh 

to prevent chloride-induced corrosion in the reinforcement. Laboratory tests unexpectedly 

showed that higher voltages lead to an increase in chloride ions for certain depths of the ref-

erence probes. This paper discusses the implementation of analytical and numerical models 

that finally explain the effect only by the acting diffusion and migration with the help of a finite 

differences model and FEM simulations. The effect of the local minimum is limited to positions 

above the depth of the first carbon layer of the test specimens. It is caused by the lines of the 

electrical field between the first and second carbon layers. According to the experimental and 

FEM simulation results, higher voltages lead to lower chloride concentrations for all positions 

below the first carbon layer only after sufficient time duration. Therefore, the intended effect of 

an electrochemical chloride barrier can, in general, only be observed and confirmed after a 

certain time, depending on position, conditions, and parameters. 

 

6.2.2 Introduction 

In the course of a research project, an interlayer for bridges was developed to be used for 

multiple purposes. The 35 mm thin interlayer consisted of two carbon meshes with a spacing 

of 15 mm, each embedded in a newly developed mortar. By measuring the resistivity between 

the carbon meshes, leakages in the sealing layer of the bridge were detected by decreasing 

resistivity values due to intruding water. When a leak was detected, an external voltage be-

tween the two carbon layers was supposed to reduce the chloride ingress and, therefore, pre-

vent corrosion damage in the reinforcement. Furthermore, the textile reinforcement led to 

greater shear force strength. (Adam et al., 2020; Driessen-Ohlenforst et al., 2020) The function 

of chloride ingress prevention was named the “electrochemical chloride barrier”. It aims to re-

duce or even eliminate the necessity of expensive maintenance and repair measures due to 

chloride-induced corrosion of the reinforcement. Thus, traffic obstructions can be prevented, 

which often lead to economic losses. 
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To investigate and confirm the effectiveness of chloride ingress prevention, laboratory tests 

were performed. In (Driessen-Ohlenforst & Raupach, 2021), it was demonstrated that voltages 

between 0.5 and 2 Volts reduce chloride concentration behind the anodic polarized mesh for 

water-saturated specimens and carbon, as well as titanium as an anode material. Due to the 

destructive testing method of chloride titration on the grinded probes, no time effect was inves-

tigated in the laboratory. Analytical and numerical investigations were performed to take any 

time-dependent effects into account, which will be described in this paper. Furthermore, the 

laboratory test results showed that higher voltages do not generally lead to lower chloride con-

centrations in all specimen depths at the investigated testing time but that certain local minima 

exist, up to which the concentration decreases and the voltage increases, to increase again 

when a certain voltage value is passed. An investigation of this effect over time and space is 

focused on throughout the investigations detailed in this paper to clear out potential doubts 

about the effectiveness of the electrochemical chloride barrier. 

 

To date, various research works have focused on the question of electrochemical chloride 

extraction (ECE). (de Almeida Souza et al., 2017; H. Y. T. Nguyen et al., 2018; Tissier et al., 

2019) In these studies, simulations have also been used to investigate the effect of chloride 

movement through concrete; however, in comparison with this work, major differences exist 

(Chen et al., 2021; Xu et al., 2021; Xu & Li, 2019) - Firstly, for electrochemical chloride extrac-

tion, much higher voltages are standard and lower voltage ranges are not usually examined. 

Secondly, the chloride ions are already in the concrete. Finally, due to the anode system, which 

is placed on top of the structure, the migration is unidirectional from the steel to the anode 

system, whereas, in the case of the electrochemical barrier, the flux direction changes in the 

structure depending on which area is observed. The latter is the starting point for the discussion 

in the following. Figure 6.14 provides a schematic comparison of the above-mentioned differ-

ences between previous work and this paper. 

  

 

Figure 6.14. Comparison ECE vs. EC-Barrier 
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6.2.3 Materials and Methods 

To start any numerical and analytical investigations of the time- and space-dependent behav-

iour of the chloride ions in an EC-barrier, s. Figure 6.14, it must be described as a mathemati-

cal-physical problem, which is to be solved. A reasonable simplification of the problem and the 

boundary, as well as initial condition, is targeted to also allow for the derivation of analytical 

and efficient numerical solution approaches to explain the experimentally observed phenome-

non. 

 

6.2.3.1 Simplified Mathematical–physical Problem 

The flow of the particles in the probe can be described in the two areas - first, from the top of 

the specimen to the first carbon layer (I) (s. Eq. 6.3) and, second, from the first to the second 

carbon layer (II) (s. Eq. 6.4), which can be seen in Figure 6.15.  

  

 

Figure 6.15. Schematic picture of the investigated structure and ion movement 

 

There is a diffusion term, which results from Fick's first law, as well as a convection and migra-

tion term originating from the direction of the electrical field and the water flow into the probe, 

respectively. The latter is assumed here as constant in time and space. This results from the 

considerations that the height of the bath with the 4% NaCl solution that was applied to the top 

of the probes, and thus the value of the hydrostatic pressure, is constant over time, as well as 

from the incompressibility of the fluid and a constant electrical field in between the layers. 

 

(I)    J =  − Deff ∙  
∂c

∂x
+ v ∙ c + um ∙ c 6.3 
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(II)   J =  − Deff ∙  
∂c

∂x
− v ∙ c + um ∙ c 6.4 

 

With: 

J: Molar flow of the NaCl ions [mol/(m²*s)] 

Deff:  Diffusion coefficient of NaCl ions in mortar [m²/s)] 

c: Concentration of NaCl ion in mortar  [mol/m³)] 

x: Position along the depth of the probe [m] 

v: Average speed of NaCl ions in electrical field [m/s] 

um: Average mass-related speed [m/s] 

 

The continuity equation describes the relationship between the change in concentration in vol-

ume over time and the flow: 

∂c

∂t
+
∂J

∂x
= 0 6.5 

 

After substituting Eq. 6.3 and 6.4 into Eq. 6.5, we obtain: 

(I)    
∂c

∂t
=   Deff ∙  

∂2c

∂x2
− [v + um] ∙

∂c

∂x
 6.6 

(II)    
∂c

∂t
=   Deff ∙  

∂2c

∂x2
− [um − v] ∙

∂c

∂x
 

6.7 

 

By combining the constants, v and um, both equations can be represented in the familiar form 

of the one-dimensional unsteady convection–diffusion equation: 

∂c

∂t
=   Deff ∙  

∂2c

∂x2
− veff ∙

∂c

∂x
 6.8 

 

Where: 

(I)   veff = v + um 6.9 

 

(II)    veff = um − v 6.10 

 

With: 

veff:  Effective speed of the NaCl ions [m/s] 

 

In addition, the following initial and boundary conditions apply: 

 

For t = 0, 0 ≤ x ≤ L:  c = 0  
6.11 
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For t ≥ 0, x = 0: − Deff ∙  
∂c

∂x
= veff ∗ (c0 − c) 6.12 

For t ≥ 0, x = L: 
∂c

∂x
= 0  6.13 

 

With: 

c0:  Concentration of the NaCl ions in the NaCl solution [mol/m³] 

L:  Length / Depth of the probe [m] 

 

Different approaches for obtaining analytical and numerical solutions to the problem were de-

rived, each with different advantages and disadvantages, e.g., regarding the simplification of 

the problem, the complexity of implementing the solution, and the computational load. They 

are discussed in the following sub-sections. 

While sub-section 2.2 and 2.3 refer to an analytical and efficient numerical solution approach 

of the simplified 1D-problem assuming one material only, section 2.4 deals with a more com-

plex numerical solution approach for the problem in 3D assuming a multi-material geometry. 

 

6.2.3.2 2.2. Analytical Solution of the Simplified 1D-Problem 

(Bastian & Lapidus, 1956) provide the basis for an approach to analytically solve the system 

of equations. First, the variables are changed as follows: 

 

c − c0 = w ∗ e
veff∗x
2∗Deff

 − 
veff
2 ∗t

4∗Deff 6.14  

 

With this, as well as with 

 

h =
veff

2 ∗ Deff
 6.15 

 

With: 

h:  Film coefficient [m] 

 

Eq. 6.8, 6.11, 6.12 and 6.13 can be simplified according to (Danckwerts, 1995): 

 

Deff ∙  
∂2w

∂x2
=
∂w

∂t
 6.16 

For t = 0, 0 ≤ x ≤ L: w = −c0 ∗ e
−h∗x  6.17 

For t ≥ 0, x = 0: 
∂w

∂x
= h ∗ w 6.18 
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For t ≥ 0, x = L: 
∂w

∂x
= −h ∗ w 6.19 

  

 

According to (Carslaw & Jaeger, 1959), the transformed solution then looks like: 

 

w = 2 ∗∑e−Deff∗αn
2∗t ∗

αn ∗ cosαn ∗ x + h ∗ sinαn ∗ x

(αn
2 + h2) ∗ L + 2 ∗ h

∞

n=1

∗ I 6.20 

Where: 

I = ∫ −c0 ∗ e
−h∗x ∗ (

L

0

αn ∗ cosαn ∗ x + h ∗ sinαn ∗ x)dx 6.21 

Based upon Eq. 6.20 and 6.21, (Bastian & Lapidus, 1956) formulated the solution for the con-

centration at x=L, and (Mohsen & Baluch, 1983) formulated the solution for different boundary 

conditions. The integral in Eq. 6.21 is solved to give for 0<x≤L considering Eq. 6.17 to 6.19: 

 

−
I

c0
= αn ∗ [

e−h∗x

αn
2 + h2

∗ (−h ∗ cos αn ∗ x + αn ∗ sinαn ∗ x)]
0

L

 6.22 

 

This finally results in: 

 

−
I

c0
=

e−h∗L

αn
2 + h2

∗ (−2 ∗ αn ∗ h ∗ cosαn ∗ L + (αn
2 − h2) ∗ sinαn ∗ L)

+
2 ∗ αn ∗ h

αn
2 + h2

 

6.23 

 

where, according to (Carslaw & Jaeger, 1959), αn represents the roots of: 

 

tan αn ∗ L =
2 ∗ αn ∗ h

αn
2 − h2

 6.24 

 

Eq. 6.24 can be transformed to: 

 

2 ∗ h

tanαn ∗ L
= αn −

h²

αn
 6.25 

 

With the substitution 

 

αn ∗ L = rn 
6.26 



78  6 Experimental and Model-Based Investigations of the Chloride Barrier 

 

Eq. 6.25 finally becomes: 

2 ∗ cot rn =
rn
h ∗ L

−
h ∗ L

rn
 6.27 

 

According to (Carslaw & Jaeger, 1959), the positive roots can be found in any interval 

[n*π,(n+1)*π]  for n∈N. This allows us to calculate w according to Eq. 6.20 and, finally, taking 

into account the change in variables according to Eq. 6.14, to calculate the time- and depth-

dependent solution for the concentration c. In Eq. 6.20, the infinite sum is approximated by a 

finite sum using the first n terms. 

 

6.2.3.3 Numerical Solution with Finite Differences of the Simplified 1D-Problem 

The finite difference method is an established method for solving differential equations based 

on the discretization of derivatives. (Doubova et al., 2018; Li, 2020; Meister & Sonar, 2019) 

Using the finite difference method, Eq. 6.8 can be discretized for the numerical solution on grid 

points in a two-dimensional time-space grid and is represented as follows: 

 

ci
j+1

− ci
j

dt
= Deff ∗

(ci
j
− 2 ∗ ci

j
+ ci−1

j
)

dx2
− veff ∗

(ci+1
j

− ci−1
j
)

2 ∗ dx
 6.28 

 

Where: 

ci
j
= c(t = j ∗ dt, x = i ∗ dx)   6.29 

    

With: 

ci
j
: Discretized solution for the concentration [mol/m³] 

j: Time index in solution grid, j∈N0, j=0.. nt 

i: Spatial index in solution grid, i∈N0, i=0.. nx  

nx: Maximum spatial index in solution grid, nx∈N 

nt: Maximum time index in solution grid, nt∈N 

dt: Time increment in solution grid [t] 

dx: Spatial increment in solution grids [m] 

 

For the initial and boundary conditions, the following holds: 

 

For j = 0, i = 0. . nx:  ci = 0  6.30 



6 Experimental and Model-Based Investigations of the Chloride Barrier 79 

For j = 0. . nt : − Deff ∗
(c1
j
− c0

j
)

dx
= veff ∗ (c0 − c0

j
) 6.31 

For j = 0. . nt, i = nx : 
ci+1 − ci
dx

= 0  6.32 

 

Eq. 6.28 is transformed to determine the concentration. For area I, the result for the water-

saturated case with convection due to migration only and after introducing a fitting factor for 

the migration speed is: 

 

ci
j+1

= ci
j
+ Deff ∗

dt

dx2
∗ (ci+1

j
− 2 ∗ ci

j
+ ci−1

j
) − fnet ∗ v ∗

dt

2 ∗ dx
∗ (ci+1

j

− ci−1
j
) 

6.33 

With: 

 

fnet: Fitting factor for the migration speed [-] 

 

Assuming an electric field exclusively in area II, fnet=0 applies in Eq. 6.33. However, the fitting 

factor can also be used later to model a weakened effect of the electric field in area I. The latter 

can be observed in the results from the FEM simulations discussed in the following section of 

this paper. In this context, the area I can be divided into subareas with different fitting factor 

values to approximate this effect. 

 

For area II, the following applies: 
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j
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dx2
∗ (ci+1

j
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j
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j
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j
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j
) 6.34 

 

For j=0..𝑛𝑡,i=𝑛𝑡, the following applies: 

 

ci
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j
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∗ (ci

j
− 2 ∗ ci

j
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j
) + veff ∗

dt

dx
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j
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j
) 6.35 

 

For j=0..𝑛𝑡, the following applies: 

 

c0
t =

(veff ∗ c0 +
Deff
dx

∗ c1
t)

veff +
Deff
dx

 6.36 
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Thus, the discretized concentration c𝑖
𝑡 can be determined starting from Eq. 6.33 for t=0 as well 

as from Eq. 6.34 to 6.36 for all following time steps for all grid points. It is to be iterated over 

all time and location indices, i.e., ci
j+1

 is calculated for j=0..( nt-1) and i=1.. nx. 

 

6.2.3.4 Solution with the Finite Element Method for the 3D Problem with Multi-material 

Geometry 

Using the finite element method (FEM), modern FEM multiphysics simulation software like 

COMSOL can solve transient problems arising from differential equations for almost arbitrarily 

complex geometries in 3D space and potentially consider multiple materials as well as physical 

phenomena at the same time. COMSOL is proprietary and commercially available. It is pro-

vided by COMSOL AB. (COMSOL - Software for Multiphysics Simulation, o. J.; Pepper & Hein-

rich, 2017) 

To calculate the ingress of NaCl ions into the probe, the simulation software COMSOL was 

used. In COMSOL, the problem was not modeled in 1D but 3D, based on a specifically de-

signed multi-material geometry resembling the actual bridge construction as much as possible, 

as shown in Figure 6.16. 

 

 

Figure 6.16. 3D model of the multi-material geometry for the FEM simulation with COMSOL 

 

The model was designed as a multi-material 3D geometry of two carbon meshes included in a 

block of mortar. Within the simulation, in between the two carbon layers, a difference in the 

electrical potential is defined that automatically leads to the generation of realistic electrical 

field lines within and around the layers, which influences the flow of chloride ions. 

As an initial condition, the concentration of NaCl within the probe was defined to be zero, while, 

as a boundary condition, a 4% NaCl solution was applied to the top of the probe, leading to a 

continuous ingress over time. 

In COMSOL, the modules “AC/DC” and “Chemical Reaction Engineering” were used to simu-

late the NaCl ingress into the probe. In this way, the transient and 3-dimensional behavior of 

the NaCl ions due to diffusion and migration could be considered. Since the probes are 
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assumed to be water-saturated, convection due to water transport into the probe was ne-

glected. Therefore, the mathematical problem solved with COMSOL, for various  distances 

and different levels of potential in the carbon layers, goes beyond the one described in Eqn. 

(1)-(11) and more accurately resembles the actual set-up due to the consideration of 3-dimen-

sionality, electrical field lines, and the materialistic existence of the physical carbon layers. 

 

During the modelling, the two problem types, “Electrical Currents” and “Transport of Diluted 

Species”, were added and configured according to a coupled simulation. 

For “Electrical Currents”, the default set of equations for the stationary case was selected with 

the default value of 50 ohm for the reference impedance, whereas for the “Transport of “Diluted 

Species” Eqn. (6)-(11) were adopted and given for the 3D case. Only migration in the electrical 

field was activated as a transport mechanism for which the Nernst-Einstein relationship was 

selected as an option in COMSOL for modeling. 

For both problems, in COMSOL, the physics-controlled meshing option was activated, includ-

ing free tetrahedron meshes. The size of the elements was configured to be “extra-fine”, re-

sulting in a minimum and maximum element size of 0.0555 cm and 1.29, respectively.  

For the solution, quadratic shape functions were chosen for the “Electrical Currents” and linear 

ones for the “Transport of Diluted Species”. Table 6.4 shows the relevant parameter values 

configured for the multi-physics simulation. 

 

Table 6.4: Simulation parameters 

Parameter Value Unit 

Length / Width / Height of mortar specimen 0.3318/0.3318/0.035 m 

Spacing of the carbon meshes 0.038 m 

Length / Width / Height of carbon layers 0.3318/0.3318/0.00225 m 

Depths of the carbon meshes from top 0.01/ 0.025 m 

Shape Function “Electrical Currents” Quadratic - 

Shape Function “Transport of Diluted Spe-

cies” 

Linear - 

Discretization Method Physics-controlled - 

Mesh Type Tetrahedron - 

Min. / Max. Element Size 0.0555/1.29 cm 

Curvature Factor 0.3 - 

Solver (both problems) Linear iterative - 

Nonlinear method for damping (both prob-

lems) 

Newton (constant) - 

Termination Technique Tolerance - 



82  6 Experimental and Model-Based Investigations of the Chloride Barrier 

Termination Tolerance 1 - 

Total number of Degrees of Freedom 560989 - 

 

6.2.4 Results - Evaluation and Visualization of the Solutions 

Based on the mathematical approaches introduced, a variety of solutions for different param-

eter configurations were calculated for visualization and comparisons. The comparisons serve 

two purposes: First, assuring a rough consistency between the solutions for the same param-

eter configurations as an indicator of valid implementations; second, investigating specific be-

havior of the NaCl concentration in several solution approaches, i.e., the behavior of NaCl 

concentrations over different migration configurations at specific depths of the probe. Differ-

ences in the various approaches to obtaining a solution are identified and discussed. 

 

The analytical solution was calculated using a symbolic MATLAB script, which was also used 

to determine the positive roots in (25), for the following parameters over a period of 1 s. Note 

that the units here refer to parameters integrated over the cross-section area of the specimen 

due to the assumed 1-dimensionality of the problem. 

 

Table 6.5. Parameter values used for the visualized analytical solution 

Parameter Value Unit 

c0 44.44 mol/m 

L 1 m 

Deff 1 1/s 

h 1 m 

 

The parameters chosen here do not yet correspond to realistic values of the observed use-

case. In particular, the choice of a significantly increased diffusion coefficient, which leads to 

correspondingly high ion flux, is intended to reveal irregularities in the calculated solution as 

well as differences between the analytical and numerical solutions.  

Figure 6.17 shows the calculated NaCl concentration along with the depth for different time 

points. 
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Figure 6.17. Analytical solution results for the concentration over position for different times 

 

Figure 6.18 shows the NaCl concentration calculated and visualized accordingly based on the 

finite differences solution with only area II being considered for reasons of comparability. 

Despite the high ion fluxes, there are no significant differences, especially for later time points. 

Thus, it can be derived that the numerical method generally provides a very well approximated 

solution with negligible errors for, at least, an equally fine discretization, i.e., identical, or 

smaller values for dt and dx, for smaller fluxes due to lower, more realistic diffusion coefficients. 

 

Figure 6.18. Finite differences solution results for the concentration over position for different times 
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The finite differences solution offers the decisive advantage that, in contrast to the analytical 

solution, the different migration directions in areas I and II can be considered. 

In addition, weakly pronounced field lines, as can be seen later in the results of the FEM sim-

ulation, can be considered in area I.  

The finite differences solutions were calculated for both areas over a total period of 410 d for 

the parameter values shown in Table 6.6. A weakened effect of the electrical field in the area 

I was considered using fitting factors for the migration speed, cf. Eqn. (30). 

 

Table 6.6. Parameter values used for the visualized finite differences solutions 

Parameter Value Unit 

c0 63.25 mol/m 

L 0.035 m 

Deff 1e-12 1/s 

h 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 

20, 50, 100, 200, 500, 1000 

m 

dt 886 s 

dx 0.00035 m 

Lnet1 0.01 m 

Lnet2 0.025 m 

 

Where: 

Lnet1:  Depth of the first net of the E-field [m] 

Lnet2:  Depth of the second net of the E-field [m] 

 

Through the fitting factor in Eq. 6.33, the effect of the electric field at different depth ranges 

was modeled as follows: 

 

𝑓𝑛𝑒𝑡 = 

{
 

 
0.1 ∗  𝑚𝑖𝑛(ℎ, 1)2 𝑓ü𝑟 𝑥 < 0.005 𝑚

0.2 ∗  𝑚𝑖𝑛(ℎ, 1)2 𝑓ü𝑟 𝑥 < 0.010 𝑚
0 𝑓ü𝑟 𝑥 > 0.025 𝑚

1, 𝑒𝑙𝑠𝑒

 6.37 

 

Whereas the reasoning for the last two fitting factor values is obvious, the first two values here 

(x < 0.005 m and x < 0.010 m) are the results of an optimization aiming for maximum similar 

values of the resulting concentrations as they were observed in the experiments. 

Figure 6.19 shows the calculated concentration for different migration velocities along with the 

depth. Higher migration velocities partly lead to higher concentrations in the initial area and 

lower concentrations in deeper areas. 
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Figure 6.19. Finite differences solutions for concentration over position for different migration velocities 

(t=410 d) 

 

The effect of the migration speed on the concentration at different depths is clearly shown in 

the following image for t = 410 d. The trends for higher migration velocities of higher concen-

trations in the lower depths and lower concentrations in deeper areas, as indicated by the 

previous figure, are confirmed. Moreover, there is an effect in area I slightly above the first 

layer where a local minimum is formed. Here, higher migration velocities initially lead to lower 

concentrations before they lead to higher concentrations again. However, it is also clear that 

higher migration velocities always lead to lower concentrations in the deeper layers, i.e., at 

positions in area II below the first carbon layer, which is the expected effect of the chloride 

barrier. The transition from area I to area II is marked in Figure 6.20. 
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Figure 6.20. Finite differences solution for concentration over migration speed for different positions 

(t=410 d) 

 

The behavior described can also be seen in the following figures, which consider the dimension 

of time and thus also consider the time dependency of the concentration versus the migration 

speed. 

 

 

Figure 6.21. Finite differences solution for concentration over migration speed and time (Position = 

0.008 m; area I, slightly above the first carbon mesh). 

 

Figure 6.21 illustrates that the local minimum of the concentration over the migration speed 

slightly above the first carbon layer in area I only forms after a few months. In Figure 6.22, on 

the other hand, a consistent positive trend can be seen in the concentration over the migration 

speed in the middle of area I for all time points. 
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Figure 6.22. Finite differences solution for concentration over migration speed and time (Position = 

0.008 m; area I, slightly above the first carbon mesh). 

 

Figure 6.23 shows the concentration curve in area II in the middle of the sample. Here, in 

contrast to the previous image, the concentration decreases steadily over the migration speed 

for all the time points. 

 

 

Figure 6.23. Finite differences solution for concentration over migration speed and time. 

 

In Figure 6.24, referring to the bottom of the specimen, it can be seen that the concentration 

curve predictably also decreases steadily for all time points. After 410 days, the concentration 

for the two highest migration velocities at the end of the sample is still close to 0. 

The temporal gradient of the concentration also increases strongly for the smallest migration 

velocities, i.e., stationarity is still far from being reached after 410 days. 
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Figure 6.24. Finite differences solution for concentration over migration speed and time (Position = 

0.035 m, area III, bottom). 

 

6.2.5 Visualization and Discussion of the FEM Solution 

Based on the parameter configuration and the initial and boundary conditions as described 

above, a variety of simulations was performed for different potential differences between the 

carbon layers ranging from 0 V to 3 V.  

Figure 6.25 shows the distribution of the NaCl concentration along with the depth without an 

electrical field, a case serving here as a reference for the other non-zero cases. As expected, 

for t = 650 d, a continuous and smooth change of the NaCl concentration along the depth can 

be seen, which mainly seems to be 1-dimensional due to the constant distribution at the same 

depth along with the other directions. 

 

 

Figure 6.25. A 3D model of the FEM solution for the NaCl concentration for 0 V at t = 0 d (left) and t = 

650 d (right) 

 

Compared to Figure 6.25, Figure 6.26 illustrates a significantly different concentration distribu-

tion for the same t = 650 d due to the applied potential differences of 0.5 V and 1 V. For both 

cases, a clear dependency can also be seen on the other directions. The concentration of NaCl 

is much higher at and around the carbon meshes. A continuous and smooth change of the 
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NaCl concentration in the case of 0 V cannot be observed anymore. The maximum concen-

tration values even seem to be higher than in Figure 6.25.  

Apart from that, for the higher voltage of 1 V, the maximum concentration is higher than for the 

case of 0.5 V. 

 

 

Figure 6.26. A 3D model of FEM solution for the NaCl concentration at t = 650 d for 0.5 V (left) and 1 V 

(right) 

 

An observation that can be made in Figure 6.26 is an increased concentration above the first 

carbon layer for both cases, with the case of 1 V showing higher concentrations at these loca-

tions than the case of 0.5 V, contradicting the first expectation that the electrical field would 

exist only between the two carbon layers. 

Figure 6.27 provides the reason for this effect; the rounded shape of the potential lines also 

reaches depths above the first and below the second carbon layer. The qualitative course of 

the potential lines does not change with changing voltages. Furthermore, a shift in one carbon 

layer of about half the mesh size does not lead to a significant change in the chloride concen-

trations. 

 

 

Figure 6.27. A 2D cut of the FEM solution for the NaCl concentration at 1 V and t = 650 d showing 

potential lines 

 

The resulting concentration over the depth of the probe at t = 410 d is plotted in Figure 6.28. 
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Figure 6.28. FEM solutions for the NaCl concentration over depth for different voltages at t = 410 d 

 

It can be observed that higher voltages lead to higher concentrations at certain positions, es-

pecially around the first carbon layer, i.e., the higher the voltage, the higher the concentration. 

However, this effect is reversed the more you transition from the first carbon layer to the top or 

the bottom because the chloride ions are either dragged more into the probe from the top or 

are held back more from diffusing into depth, respectively, the higher the voltage is. It can be 

seen in Figure 6.28 that from a position slightly above the depth of the second layer, all volt-

ages provide a lower concentration than the reference, which represents the desired chloride 

barrier effect. 

 

To elucidate this effect and due to the additional time dependency, the NaCl concentration is 

shown in Figure 6.29 at the bottom of the probe over time up to 650 d. It becomes apparent 

that t = 410 d approximately marks the time point from which all voltages provide a lower 

concentration than the reference.  

Otherwise, it seems that the curves of lower voltages are based on higher gradients over time 

than those of higher voltages; i.e., the longer one waits, the lower the concentration at the 

bottom will be for higher voltages compared to lower voltages. Here, for t = 410 d, the concen-

trations at 2 V and 3 V are not the lowest; the lowest is the concentration at 0.3 V. 
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Figure 6.29. FEM solutions for the NaCl concentration over time at x = L (area III bottom) 

 

6.2.6 Discussion – Overall Solution Comparison and Evaluation 

To compare the analytical and finite differences solution approach, differences between the 

solution values were evaluated over time and position along the depth of the specimen by 

subtracting the analytical solution values from the ones from the finite differences solution. 

Figure 6.30 shows the differences between the concentration curves for identical parameter 

values, cf. Table 6.2. Only area II of the specimen was considered. 
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Figure 6.30. Differences between concentrations from analytical and finite differences solution 

 

There are no significant differences, especially for later time points. Thus, it can be derived 

that the numerical method generally provides a very well approximated solution of the simpli-

fied 1D problem for, at least, an equally fine discretization, i.e., identical or smaller values for 

dt and dx, for equal or smaller fluxes. 

However, during the discussion of the analytical and finite differences solution, it became ap-

parent that the results of the analytical solution can primarily only serve for checking the validity 

of the solution values obtained by the implementation of the finite differences method for a 

specific set-up without changing migration directions over the depth of the probe. Even though 

it is possible with the help of the analytical solution to model migration acting against diffusion, 

the missing change of the migration directions and, therefore, an incorrect boundary condition 

at the top of the probe renders the analytical solution too simplified and thus unrealistic. 

The finite differences model, by contrast, can consider changing migration directions along the 

depth with the correct boundary condition at the top. A fitting factor was introduced for the finite 

differences model, s. Eq. 6.33, to consider a weakened effect of the electrical field above the 

depth of the first carbon layer.  

The according solutions were investigated thoroughly over position and time for different mi-

gration velocities. 
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The FEM solution was finally used not only to solve the simplified mathematical–physical prob-

lem in 1D but also to obtain a model as close as possible to reality, i.e., considering a multi-

material 3D geometry and the exact shapes of the electrical field lines. This led to solutions 

showing 3D distributions of the NaCl concentrations over time. It could be seen that the appli-

cation of potential differences leads to dependencies on more than one spatial dimension. 

 

From both the finite differences and the FEM solutions, it could be seen that higher migration 

velocities or voltages, respectively, lead to higher concentrations in an area slightly above the 

first carbon layer, whereas lower concentrations appear for higher migration velocities or volt-

ages, respectively, the more you move to the bottom of the probe, which is the intended effect 

of the electrochemical chloride barrier, see Figure 6.31.   

 

 

Figure 6.31. Investigated effect in the finite differences and the finite elements solution for t = 410 d 

 

The finite differences solution did not show decreasing concentrations at the very top of the 

specimen for increasing voltages, in contrast to the FEM solution. Also, for the FEM solution, 

the curves for the higher voltages cut the curves for the lower voltages below the first carbon 

layer in area II, in contrast to the finite differences solution, where this takes place above the 

first carbon layer. The reason for that might be the mathematical limitations of the finite differ-

ences method or the underlying simplification of the mathematical-physical problem. However, 

the experimental investigations showed the cut below the first carbon layer in accordance with 

the FEM solution (Driessen-Ohlenforst & Raupach, 2021). 
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The unexpected effect of higher chloride concentrations for higher voltages or electrical fields 

of the chloride barrier, respectively, which was observed in the course of the experimental 

investigations, shows slightly above the first carbon layer for both the finite differences and the 

finite elements solution, cf. Figure 6.31 and Figure 6.32. 

 

 

Figure 6.32. Investigated effect in the experimentally determined chloride concentration for t = 110 d 

 

Figure 6.21 shows a local minimum occurring after a certain amount of time, i.e., the chloride 

concentration decreases with the migration speed up to a certain migration speed before it 

increases again. This explains the unexpected observation in the experimental and model-

based investigations only by acting diffusion and migration. 

In summary, the magnitude of the order of the chloride concentration values calculated with 

the finite differences and FEM solutions, as well as the aforementioned effects, are consistent 

with the ones observed in experimental investigations that motivated this paper. 

 

6.2.7 Conclusions 

Higher chloride concentrations for stronger electrical fields, as well as a local minimum of the 

chloride concentrations over the strength of the electrical field or the migration speed, respec-

tively, were observed for one duration for certain depths in test specimens with an electro-

chemical chloride barrier in experiments preceding this work. (Driessen-Ohlenforst & Raupach, 

2021) These effects were unexpected, could not be explained in the first place, and were, 

therefore, investigated in this paper analytically and numerically. The following conclusion 

points can be derived based upon the results discussed: 
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• The effects found in the experiments can be confirmed by the developed and presented 

finite differences model and the performed FEM simulations and are explainable solely 

by the acting diffusion and migration in the test specimens. 

• While the performed FEM simulations modeled the chloride flow the closest to reality 

and revealed the weakened electrical migration above the first carbon layer, the finite 

differences model also showed the investigated effects above the first carbon layer.  

• The effect of the local minimum is limited to positions above the depth of the first carbon 

layer of the test specimens. It is caused by the electrical field between the first and 

second carbon layer, also generating a weakened electrical migration directed into the 

test specimen slightly above the first carbon layer.  

• According to the experimental results and the FEM simulation, higher migration veloc-

ities or stronger electrical fields, respectively, lead to lower chloride concentrations for 

all positions below the first carbon layer only after sufficient time duration. Therefore, 

the intended effect of an electrochemical chloride barrier can, in general, only be ob-

served and confirmed after a specific time, depending on conditions and material pa-

rameters. FEM can help to approximate this change point. 
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7 Results and Discussion 

The investigations presented in paper I-IV deal with the question under which circumstances 

a leakage detection based on resistivity measurement is possible with the carbon-reinforced 

interlayer and if an application of an electrochemical chloride barrier is possible. 

 

Paper I focuses on the question under which boundary conditions a leakage detection is pos-

sible. Numerical simulations were carried out to quantify the effect of the leakage size, form, 

position, depth, and the differences in water contents between leakage area and remaining 

mortar on the detectability. Paper II takes a closer look at leakage detection in laboratory tests 

and under open weathering.  

 

While the first papers deal with using the two carbon layers as electrodes for the leakage de-

tection, paper III and IV investigate the case that leakage occurred, and the electrochemical 

chloride barrier is switched on. Here paper III deals with the laboratory investigations on the 

chloride barrier, and paper IV gives an analytical and numerical validation of the results found 

in the laboratory.  

 

The main results are summarized in the following.  

 

7.1 Detectability of Leakages 

In the parameter study which was carried out in the course of the numerical simulations in 

paper I, the size of the leakage zone, resistivity of the leakage zone, resistivity of the dry mortar, 

depth of the leakage, the position of the leakage, number of leakages, shape of the leakage 

and shape of the anode were varied and their influence on the detectability calculated. It was 

found that the resistivity of the dry measuring field has a higher impact on the detectability of 

leakages than the resistivity of the leakage zone itself. The differences in the output caused by 

different resistivity values of the measuring fields can be recognized, while the differences 

between the leakage resistivities are very small. Under actual conditions, effects like fluctua-

tions in temperature or humidity could even overlay these. This results from the fact that the 

regression curve of moisture content versus resistivity follows a logarithmic relationship. There 

is just a small spectrum in which values representing a wet condition vary, however, a large 

spectrum of possible values exists, representing a dry condition. Consequently, for the appli-

cation on a bridge deck, it is necessary that a mortar with high resistivity values in a dry state 

is used and that the mortar will be given some time to dry out before a reliable detection of 

leakages is possible. On the other hand, even small amounts of water which permeate into the 

interlayer can be detected under these circumstances. The only other parameters besides the 
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moisture content with a considerable effect on the detectability are the leakage size and the 

depth. Parameters like the position of the leakage, number of leakages, shape of the leakage, 

and shape of the anode have a negligible impact on the detectability. 

In Paper II, the leakage detection of artificially produced leakages in the laboratory could be 

shown. Therefore, a temperature coefficient of 4,040 K for the estimated initial saturation of 

the mortar could be validated as appropriate. As the temperature coefficient depends on the 

moisture content with the ongoing desiccation of the mortar, the appropriate coefficient will 

change. Furthermore, the resistivity measurement on a large-scale outdoor demonstrator 

could be proved, however, leakage detection on the outdoor demonstrator was not possible 

up to that point due to the limited desiccation of the mortar. 

 

7.2 Electrochemical Chloride Barrier 

Paper III presents the results of the extensive laboratory tests regarding the electrochemical 

chloride barrier. The testing program is divided into a series with water-saturated specimens 

where diffusion and migration are the dominant transport mechanisms and a series with com-

pletely dried specimens where convection is investigated.  

For the dried series, it is observed that above the first carbon mesh, the application of the 

highest voltage (195 mV in the electrolyte) even leads to higher chloride concentrations than 

the reference. The highest investigated voltages between the two carbon meshes lead to lower 

chloride concentrations than the reference but still show higher chloride concentrations than 

the 12 mV and 2 mV specimens. Only on the bottom of the specimens, the 195 mV specimen 

shows the same chloride concentration as the lower voltage specimens. This indicates that in 

these experiments, higher voltages are not generally able to prevent chloride ingress better 

than lower voltages because of the higher chloride contents above the first carbon mesh. By 

using the electrolyte voltages, it can be shown that higher externally applied voltages lead to 

higher voltages in the electrolyte, and one can exclude that those higher voltages only lead to 

higher consumption of current at the electrodes. Although the voltages in the electrolyte and 

the measured currents are comparatively small, they are measurable and can work against 

diffusion. All in all, the results show that all investigated voltages lead to a reduction of chloride 

concentration compared to the reference if the effects of diffusion and migration are investi-

gated. This observation also seems to be independent of the used anode material. A reduction 

of the chloride concentration by the same magnitude was achieved by using titanium meshes 

as a reference instead of carbon.  

In Contrast, for the dried series, nearly no reduction in chloride concentration is induced by the 

applied electrical field. Just a small reduction in comparison to the reference at the bottom of 

the specimens is achieved for all voltages. It seems that the convection in the dried specimens 

in combination with the diffusion overweighs the effect of migration regarding the prevention 
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of chloride ingress. Paper III also presents the first numerical simulations to verify the labora-

tory results. The simulations show the same effect of higher chloride contents for the higher 

voltages around the upper anode. At first, between the middle of the two meshes, the applied 

voltages lead to lower chloride concentrations than the reference. Having a closer look at the 

area behind the lower carbon mesh, which is the area that should be protected against chlo-

rides, it is shown that even the smallest applied voltages lead to a reduction in chloride con-

centration compared to the reference for longer testing times. The time when the chloride bar-

rier starts to take effect depends on parameters like the exact diffusion coefficient and the 

electrical resistance of the mortar.    

Paper IV carries on with the theoretical approach to clarify the observed effects. Therefore, an 

analytical solution, a numerical solution with finite differences, and a numerical solution with 

FEM were carried out. During the comparison of the analytical and Finite Differences solution, 

it got clear that the results of the analytical solution can only serve for checking the validity of 

the solution values obtained by the Finite Differences method for a specific set-up without 

changing migration directions over the depth of the probe. Even though it is possible with the 

help of the analytical solution to model migration acting against diffusion, the missing change 

of the migration directions and, therefore, an incorrect boundary condition at the top of the 

probe makes the analytical solution a too simplified unrealistic one. 

 

However, the analytical solution helped to confirm the correct implementation of the Finite Dif-

ferences model, which, on the contrary, can consider changing migration directions along the 

depth with the correct boundary condition at the top. A fitting factor was introduced for the 

Finite Differences model, which considers a weakened effect of the electrical field above the 

depth of the first carbon layer. The according solutions were investigated thoroughly over po-

sition and time for different migration velocities. 

 

The FEM solution was finally used considering a multi-material 3D-geometry with a mesh an-

ode and, therefore, the exact shapes of the electrical field lines. This led to solutions showing 

3D-distributions of the NaCl concentrations over time. It could be seen that the application of 

potential differences leads to dependencies on more than one spatial dimension. 

 

From both the Finite Differences and the FEM solutions, it could be seen that the more you 

move into the direction of the top of the probe, the more you will experience the effect that 

higher migration velocities lead to higher concentrations. In contrast, when moving into the 

direction of the bottom, the solutions show lower concentrations for higher migration velocities, 

which is the intended effect of the electrochemical chloride barrier. In between the top and the 

bottom, slightly above the first carbon layer, where turns, a local minimum occurs after a certain 
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amount of time, i.e., the chloride concentration decreases with the migration velocity up to a 

specific migration velocity before it increases again.  

In contrast to the FEM solution, lower concentrations at the top of the specimen for higher 

voltages than for lower voltages leading to local maxima of the chloride concentration over 

depths could not be observed with Finite Differences, which is due to the mathematical limita-

tions of the Finite Differences method. 

In summary, the magnitude of order of the chloride concentration values calculated with Finite 

Differences and FEM and the aforementioned effects are consistent with the ones observed in 

experimental investigations. 

 

Naturally, the FEM solution is less simplified and helped gain more insights, e.g., into the 

shapes of the electrical field lines or the dependency of the concentration distribution on the 

spatial dimensions. However, the Finite Differences solution is much less expensive and po-

tentially able to be developed into a model that supports the real-time monitoring of the set-up 

on a bridge by continuous approximations of the concentration curve over depth and time, 

dependent on the current electrical field or migration velocity, respectively. 
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8 Conclusion and Outlook  

8.1 Conclusion 

As an overall result of this work, the following conclusions can be summarized: 

 

1) The numerical simulations showed that leakages of a few percentages of the total field 

size are detectable with the single-layer-set-up or the standard structure of SMART-

DECK. The results of the simulations were proved by Laboratory tests, and the meas-

uring technique and data transmission was tested and installed under actual traffic con-

ditions on a real bridge construction 

2) Resistivity values of a mortar located under an intact sealer in a dry environment must 

be high compared to the resistivity values obtained for a water-saturated condition 

which means that leakages can be detected as soon as some desiccation of the mortar 

proceeded. If this pre-condition is fulfilled, the main impacts of various boundary con-

ditions on the detectability of leakages were demonstrated 

3) In laboratory tests, the effect of a chloride barrier with electrolyte voltages between 2 

mV – 400 mV corresponding to the electrical field strength of 0.07 V/m – 13.33 V/m 

compared to a current-less reference was proven for water-saturated specimens re-

gardless of the anode material. However, for completely dried specimens, the effect of 

the chloride barrier for these voltages in the viewed testing time of 110 days was not 

high enough to overweigh diffusion and convection. Therefore, it will probably not work 

for completely dried mortar conditions. However, on a real structure, completely dried 

conditions of the mortar are unlikely anyway. 

4) Numerical simulations showed the same effect of an effective chloride barrier for water-

saturated specimens. After a certain period, all applied voltages lead to reduced chlo-

ride concentrations below the lower carbon mesh. The effects found in the experiments 

can be confirmed by the developed and presented finite differences model and the 

performed FEM simulations and are explainable solely by the acting diffusion and mi-

gration in the test specimens. According to the experimental results and the ones from 

the FEM simulation, higher migration velocities or stronger electrical fields, respec-

tively, lead to lower chloride concentrations for all positions below the first carbon layer 

only after sufficient time duration. Therefore, the intended effect of an electrochemical 

chloride barrier can, in general, only be observed and confirmed after a specific time, 

depending on conditions and material parameters. FEM can help to approximate this 

change point. 
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Figure 8.1: Summary overview of the research results and procedure 
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8.2 Outlook 

An influential parameter in all models is the diffusion coefficient regarding the electrochemical 

chloride barrier. Therefore, it would be rational to carry out all simulations with a range of com-

mon diffusion coefficients to estimate the susceptibility to errors of the models referring to the 

diffusion coefficient. To apply the electrochemical chloride barrier on real structures, it could 

be necessary first to investigate the respective diffusion coefficient of the present mortar or 

concrete. This could also be the first challenge to use the model for an individual adjustment 

of preventive cathodic protection measures. To meet this challenge, a parameter study with 

the other main parameters, such as the water content of the mortar, should be carried out. By 

now, in laboratory tests, only completely dried specimens or completely water-saturated spec-

imens were tested. It would be reasonable to try some intermediate stages. Furthermore, the 

laboratory tests were already carried out over more than 100 days. To gain more experimental 

information on the time-dependent chloride ingress, it would be necessary to grain probes, 

investigate the chloride content at different times, and extend the testing time. 

 

Concerning the leakage detection through resistivity measurements, it has to be said that the 

system has been applied on a bridge under real traffic since summer 2019. Over the following 

decades, the functionality will be constantly monitored. Because the first demonstrator had to 

be removed after the project period, no long-term experience over years with artificial leakages 

on large scale could be gained until now. To monitor the fluctuations in resistivity measure-

ments during long-term desiccation of the mortar, large-scale specimens could be exposed to 

the weather over years. Therefore, an artificial leakage on each specimen should be provided 

but covered initially. At different times the cover could be removed, and the leakage detection 

could be tested. 
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