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 1 
Introduction  

 

This chapter presents a general introduction to the topic of stray current, its 

occurrence and relevance to practice. The positive and/or negative effects of stray 

current on cement-based materials are outlined with respect to stray current levels 

as encountered in practical situations. The research strategy, developed towards 

the scope and objectives of this research project, is presented. The chapter 

concludes with a layout of the thesis, including a brief outline per chapter.  
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1.1 General introduction 

Stray current is a current flowing in soil, water, or any other at least semi-conductive 

medium, produced by nearby electrical installations and distributed through metal 

conductors in these media.. It can be the result of direct current (DC) or alternating 

current (AC), predominantly with a frequency of 50 Hz (public electricity supply) or 

162/3 Hz (traction power supply). The flow of stray current has to be avoided or 

minimized not only because of safety concerns, but also because of the possible 

negative effects on buried materials and structures. In order to minimize these negative 

effects, standards and safety regulations, e.g. EN50122-1 1997, EN50122-2 1999, 

EN50122-3 2010, IEC61439, specify the maximum permissible electrical current 

related to DC electrified railways, traction systems, grounding and returning circuits, 

interfaces between AC and DC installations.  

EN50122-2 stipulates maximum values of 60 V for DC currents and 25 Vrms* for 

AC currents for the accessible (step) voltages as function of time during electrical 

leakage from public transport equipment, ancillary equipment (fixed installations) and 

electronic applications for railways. EN50122-3 states lower maximum permissible 

voltages of 25 V. Except the above general possibilities for stray current flow, there is a 

number of undesirable stray current sources, including external cathodic protection (CP) 

installations, DC transit systems, subways, streetcars, welding operations and electrical 

power transmission systems.  

Stray currents were reported to affect not only steel reinforcement embedded in 

concrete (Bertolini et al. 2007; Chen et al. 2012; Lingvay et al. 2011; Yang et al. 2008; 

Chen et al. 2011), but they can also cause degradation of the cement-based matrix 

(Susanto et al. 2013). Any electrical field, including stray current, will influence cement 

hydration by altering ion and water transport. This is because in such condition, ion and 

water migration will add-up to diffusion-controlled ion transport process.  

The rate of water migration in hardening concrete is strongly dependent on ion 

concentration and the magnitude of applied electric field (McInerney et. al 2004). 

Consequently, stray currents will modify material properties and can affect the 

behaviour and integrity of reinforced concrete structures. Negative effects of electrical 

current, including stray current have been reported, e.g. altered bulk matrix properties, 

reduced mechanical properties, increased permeability (Koleva et al. 2008; Susanto et 

al. 2013). Also positive effects of electrical current are reported, but only at early 

cement hydration in terms of strength development in case of “electrical” curing 

(Bredenkamp et al. 1993).  

In addition, due to the cement hydration process a capillary pore refinement at early 

ages occurs in mortar specimens (Heritage 2001). The hydration process is accelerated 

by the application of electrical current. These microstructural changes, together with 

subsequently affected diffusivity and permeability of the matrix, would determine 

 

 
*In practice, AC voltages (and currents) are always given as rms values. The term rms stands for root 

mean square, the algorithm used to obtain the DC equivalent value from points on a waveform graph (e.g. 

sine wave, square wave, triangle wave etc.). The procedure consists of squaring all the positive and 

negative points on a waveform graph, averaging those squared values, then taking the square root of that 

average. The relationship between root mean square voltage (Vrms) and maximum/peak voltage (Vmax) is 

given by (Boylestad 2016): 𝑉𝑟𝑚𝑠 = 𝑉𝑚𝑎𝑥/√2. For example, a 25V AC supply means 25Vrms with the peak 

voltage about 35.4V.  



3 

1 

altered transport properties, as well as long-term performance of a cement-based 

material. To this end, the aim of this research was to achieve a step forward towards 

defining the effect of stray current, in view of positive or negative influences, on 

cementitious material properties. 

Various environmental conditions, to which structures may be exposed, were 

considered. Fig. 1.1 illustrates a scenario where stray current effects can be expected in 

a real concrete structure. The figure illustrates several exposure condition i.e. sealed, 

partly and fully submerged condition for a reinforced concrete structure. The stray 

currents in real practice are hard to measure, while stray current effects on corrosion of 

steel reinforcement are reported extensively. These effects on concrete bulk properties 

are normally not considered because they are assumed not to effect the concrete 

properties significantly. The stray current levels have been reported in the range from 

less than one Ampere to several Amperes or even tens of Amperes (Chen 2017, Xu et al. 

2017, Xu et al. 2016, Kolář 2014). The stray current density levels depend on the cross 

section/surface area where the currents flow through. For instance, in practical cases 

stray current levels have been measured between 1A/m2 and 1.5 A/m2 (Galsgaard and 

Nielsen 2006). Sandidzadeh and Shafipour (2012) reported stray current leaks from rails 

of 1.37 Amperes, of which 0.06 Amperes flow through the reinforced concrete structure 

and cause severe damage to the steel reinforcement. By considering three different 

cross-sectional areas of reinforced concrete structures i.e. 1963, 804, and 314 mm2 (i.e. 

values from BS EN 10080 (2005)), the stray current density through reinforced concrete 

structures would be 31, 75 and 191 A/m2, respectively. 

 

 

 
 

Fig. 1.1 Examples of concrete structures in submerged condition and sealed bulk matrix. Location: in 

front of the Amsterdam central station, the Netherlands. (Photo: A. Susanto) 

 

 

High levels of stray current were reported by Sun et al. (2017) from high voltage 

direct current (HVDC) transmission systems.  They pointed out that the current leaking 

from HVDC transmission system into the earth is 1200A. From the current of 1200A, 

the stray current flow through buried structures (e.g. water/gas pipeline, reinforced 

concrete structures) is still 238.8A. By considering the diameter of water pipelines 

between 30 and 48 inches, the stray current flow through the steel water pipeline will be 
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in the range of 98 and 527 A/m2. A schematic picture of stray current spectrum is given 

in Fig. 1.2.  

 

 

    
 

 

 

Fig. 1.2 Schematic picture of stray current spectrum: a) Interrupted input of stray current; b). Constant 

input of stray current. 

 

 

Estimation of resulting corrosion damage over a certain period of time can be made 

using Faraday’s law, supposed that the magnitude of stray current is known and that 

there is a uniform mass loss. Since stray current induced steel corrosion is non-uniform 

(i.e. anodic and cathodic areas result from the stray current outflow and inflow, 

respectively) such calculations cannot easily be made and are not reported for damage 

quantification with regard to (reinforced) cement-based materials. More importantly, the 

cumulative effect of stray current on a bulk concrete matrix is perhaps more significant, 

considering the fundamental principles and behaviour of a cement-based matrix with 

age and with respect to environmental conditions. This includes the effect of electrical 

currents (incl. stray current) on cement hydration, potential leaching-out effects, 

microstructural and micromechanical properties.  

 

 

1.2 Scope and Objectives  

The main objective of this research project was to investigate the effects of stray current 

on long-term performance of cement-based materials. The results from this work will 

contribute to a better understanding on the influence of, and consequences from, stray 

current flow. For instance, a differentiation between beneficial (positive) and 

detrimental (negative) effects of stray current on cement-based materials was aimed at 

in this research, which is a point of significant importance for the real practice. The 

exposure conditions of real structures (as in Fig. 1.1) were simulated, focusing on the 

following aspects: 

a) Evaluation of the effect of low stray current levels on the properties of cement-based 

materials (i.e. microstructural, mechanical and electrical properties). 

a. Interrupted input of stray current (e.g. from 

subway  transport systems)  
b. Constant input of stray current (e.g. from 

HVDC transmission systems) 
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b) Investigation of the potentially beneficial and/or detrimental effects of stray current 

on the properties of cement-based materials in different environmental conditions.  

c) Numerical simulations of the effect of stray current flow on the hydration process 

and temperature development in cement-based materials, and evolution of materials 

properties.  

d) Assessment of the effect of stray current on materials’ properties of different 

mixtures of hardened, 28-days old, cement-based materials.  

  

 

 

Fig. 1.3 Schematic representation of research strategy of this research 

 

 

1.3 Research strategy 

In view of the main objective of this work and to address the aspects of research interest 

and of practical significance listed in Section 1.2, a research strategy was developed, 

schematically presented in Fig. 1.3.  The research strategy comprised an experimental 

sequence as outlined below. 

a) Preliminary study to investigate the effect of low level stray current (10mA/m2) on 

material properties of hardening mortar specimens in different external 

environmental conditions. Compressive strength and electrical resistivity 

development of hardening mortar specimens were measured. Pore structure changes 

in mortar specimens subjected to stray current flow were evaluated by Mercury 

Intrusion Porosimetry (MIP) and through Environmental scanning electron 

microscopy (ESEM) and compared to control (no stray current) conditions. Chemical 

analysis of the conditioning water (external medium) was also carried out, using 

Inductive Coupled Plasma spectrometer (ICP-AES). These results were of interest 

for evaluating possible leaching out of alkali ions in conditions of stray current (or 

without stray current) for specimens partly submerged in water. Numerical 

simulation of stray current distribution in the external medium and through the solid 

(mortar) matrix in partly-submerged conditions was also performed. The results 
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indicated the potential (voltage) and current density distribution in mortar specimens 

and were linked to the mechanical and microstructural properties of these specimens 

in conditions of 10 mA/m2 stray current. 

b) To quantify the potentially positive and/or negative effects of stray current, a range 

of stray current was considered (i.e. 100mA/m2 and 1A/m2). Different environmental 

conditions i.e. sealed condition,  partly submerged and fully submerged in water and 

alkaline medium were considered. The development of compressive strength and 

electrical resistivity of the mortar specimens were measured. Porosity and pore size 

distribution of the bulk mortar matrix under stray current flow were determined using 

MIP and ESEM image analysis and compared to control specimens. Chemical 

analysis of the conditioning water was performed using ICP-AES to determine 

changes in alkali ions concentration (Na+, K+ and Ca++) due to leaching of ions from 

the mortar cubes. Chemically bound water in all conditions was measured for 

calculating the degree of cement hydration.  

c) To quantify the temperature development in cement paste due to stray current, low 

current density levels (i.e. 10mA/m2 and 100mA/m2) and high current density levels 

(i.e. 1A/m2 10A/m2 40A/m2 and 60A/m2) were applied. The heat release in cement 

paste under low levels of stray current flow was measured using isothermal 

calorimetry. The heat release data was used to calculate the degree of hydration.  

Porosity and pore size distribution in the bulk matrix, affected by stray current flow, 

were characterized using MIP. Numerical simulation and experimental validation 

were performed to quantify the influence of stray current flow on the hydration 

process and temperature development in hardening cement-based materials and 

evolution of materials properties.  

d) To address the influence of stray current flow on the properties of hardened mortar 

specimens (i.e. initially cured in a fog-room with 98% RH for 28 days), compressive 

strength, electrical resistivity and pore structure were measured. The results were 

compared to those of young mortar specimens, after curing in a fog-room with 98% 

RH for 24h only, to elucidate the effect of curing age. The effect of stray current on 

the pore size distribution of hardened bulk matrix with different w/c ratio (i.e. 0.35 

and 0.5) was also studied. The effect of stray current on porosity and compressive 

strength of mortar specimens were evaluated and compared with calculated effects.  

 

1.4 Layout of the thesis 

This thesis consists of seven chapters. The layout of the thesis is given in Figure 1.4. 

 

Chapter 1 presents a brief introduction, including an outline of the levels of stray 

current as encountered in the field, practical implications in real practice and stray 

current effects on cement-based materials, scope and objectives, and research strategy. 

Chapter 2 comprises a literature survey on the state of the art and practice-related 

challenges for cement-based materials, subject to stray current flow, including stray 

current through porous materials (e.g. concrete), stray current flow in hardening and 

hardened cement-based materials, electrical curing of concrete, ion and water transport 
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due to stray current flow. In addition, the effects of stray current on material properties 

(i.e. electrical, microstructural and transport properties) are discussed. 

Chapter 3 deals with the effects of low level stray current (i.e. 10mA/m2) on 

microstructural, mechanical and electrical properties of hardening mortar in arbitrary 

environmental condition (i.e. the hardening mortar specimens were partly submerged in 

water). 

Chapter 4 deals with the effect of stray current flow on the development of material 

properties of mortar at early ages in water-submerged, Ca(OH)2-submerged and sealed 

conditions. The tests in various surrounding media aimed at a clear differentiation of a 

diffusion-controlled process (alkali ions leaching due to concentration gradient between 

pore solution in mortar specimen and surrounding medium) and a migration-controlled 

process (ions and water transport in stray current conditions). The effect of stray current 

on the evolution of material properties of cement-based materials by considering 

various environmental conditions was examined.  

Chapter 5 deals with the effect of stray current flow on the hydration process and 

temperature development and evolution of materials properties in cement-based 

materials. Experiments were performed in isothermal condition at 20°C to investigate 

heat release and microstructural changes in hardening cement paste due to the effect of 

stray current on the rate of hydration. In order to quantify effects of stray current on 

microstructural properties of cement-based materials, the evolution of the capillary 

porosity of cement paste as a function of the degree of hydration was calculated. The 

evolution of the capillary porosity of cement paste as a function of the degree of 

hydration was calculated. Apparent diffusion coefficients were calculated from 

microstructure parameters (i.e. capillary porosity).  

 

Chapter 6 deals with the effect of stray current on material properties of hardened 

mortar specimens, cured for 28-days in a fog-room with 98% RH. The effect of w/c 

ratio, curing conditions and various external environments on the microstructural, 

electrical and mechanical properties of hardened mortar specimens subjected to stray 

current were investigated.  

Chapter 7 summarizes the results of the research and presents the conclusions. 

Recommendations for future research topics are also presented.  
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Fig. 1.4 Layout of the thesis 

 



 

2 
State-of-the-art and practice-related 

challenges of stray current  

 

This chapter outlines main aspects and considerations with regard to stray current 

flow through porous materials. First, a literature survey of stray current flow in 

cement-based systems is presented. This is done by presenting stray current flow 

in hardening and hardened cement-based materials and electrical curing of 

concrete. Moreover, the effects of stray current on (the evolution of) material 

properties (i.e. electrical, microstructural, transport properties) with respect to 

durability are highlighted. 
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2.1 Stray current flow in cement-based materials 

Porous solids, as concrete, contain a continuous solid phase that forms the basis of the 

porous framework. This porous framework, or pore structure, comprises pores of 

different number, shape, size, different level of pore interconnectivity, etc. The pore 

structure can contain fluid, gas, or a mixture of theses (Liu and Chen, 2014). The liquid 

phase, contained by the pore structure, or the pore water, may vary in chemical 

composition. For an ordinary (e.g. Portland cement-based) concrete, the pore water is 

predominantly alkali ions and water based. Ions and pore water can be transported 

within the pore structure under concentration gradients from one to another portion of 

the pore network i.e. ion and water transport are in this case diffusion controlled. When 

an external electrical field is applied to a cement-based system, an additional water an 

ions transport mechanism will be initiated i.e. ion and water migration, that can either 

add-up equally to diffusion controlled transport, or can be a predominant transport 

mechanism. In the former case, as with diffusion-controlled transport only, chemical 

alterations in the bulk matrix are possible, e.g. enhanced cement hydration for a material 

in fresh state (Heritage 2001, Bredenkamp 1993). In the latter case, when migration 

would be a predominant mechanism, microstructural changes, as for instance variation 

in the portion of connected and disconnected pore space, would be possibly 

predominant (Babaahmadi et al. 2015, Susanto et al. 2017). This is because not only 

enhanced hydration would take place (for a fresh hydration stage), but it is likely that 

enhanced formation of hydration products in one area of the network, would not be the 

same as in other locations, considering properties of the pore network as 

interconnectivity and tortuosity (Layssi et al. 2015, Sengul et al. 2008, Backe et al. 

1998). This will result in a non-uniform distribution of connected and disconnected pore 

space, the consequence of which will be non-uniform electrical properties as 

conductivity/resistivity of the bulk vs concrete cover for instance (Liu and Shi 2012, 

Zhang et al. 2018).  

In all occasions when a cement-based system is affected by an electrical field, as 

for instance stray current, conductivity of the material, which is inversely proportional 

to resistivity, would be affected by ion and water transport as a result of migration. This 

is because in an electrical field, ions can be forced to drift as a response to that field. 

The drift velocity is proportional to the magnitude of an electric field (Griffiths 1999). 

Hence, the magnitude of the electrical field will determine the level of change (if any) in 

material properties of the cement-based system, e.g. microstructure, electrical 

properties, micromechanical properties, strength, etc. In other words, since all these 

properties are determined by cement hydration, any alteration of the hydration process, 

e.g. due to ion and water migration, would be reflected in altered material properties. In 

conclusion, if concrete as a porous material in conditions of electrical current flow 

(stray current respectively) is considered, the main phenomena with regard to 

ion/water transport are diffusion and migration-related. More details with regard to 

diffusion and migration are discussed in Section 2.2.2.1. 

Electrical conduction in composite porous materials (e.g. in concrete) is related to 

the mobility of ions in the pore solution. For concrete, the aqueous phase is initially 

saturated with hydroxyl, sodium and potassium ions, accompanied later on by a smaller 

concentration of calcium ions. These ions determine and/or affect the electrical 

conduction. Other soluble ions, such as aluminium, silicates and others are present, but 

only at a low concentration, and thus don’t significantly affect electrical conduction 
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(Neville 1995). The electrical conductivity, as well as electrical resistivity, of porous 

materials (e.g. concrete) is significantly affected by the pore network and pore 

connectivity, conductance of the pore fluid, temperature and degree of saturation. 

 

2.1.1  Stray current flow in hardening cement-based materials 

A detailed knowledge of the cement hydration process is a prerequisite for 

understanding the microstructure development in hardening concrete with and without 

the influence of stray current flow, including pore network characteristics of the cement 

matrix. Specific conditions, which could exert negative effects, can be, for example, low 

relative humidity, elevated reaction temperature, electrical (stray) current flow, etc.  

Stray current flow through hardening concrete causes an increase in temperature of 

the hydrating material due to resistive heating, or Joule heating. Basically, Joule heating 

is a transformation of electrical energy into thermal energy, following the energy 

conservation principle. The heat generated when stray current flows through the 

material (e.g. concrete) for a specific time is given by the square of the current 

multiplied by the product of the resistance of concrete and the time (Halliday et al. 

2013). The heat generated, which is reflected in an increase of temperature of the 

concrete, increases with increasing level of stray current flow. It was reported that 

temperature increases in cement paste in the range of 2-10°C under applied current 

density of 10-60A/m2 (Susanto et al. 2015). The temperature increase due to Joule 

heating may influence the hydration process and properties of cement-based materials. 

Cement hydration is a process involving a series of chemical and physico-chemical 

reactions. These reactions are accompanied by liberation of heat of hydration, the result 

of the exothermic chemical reaction between cement and water. The heat generated by 

cement hydration raises the temperature of concrete. The hydration process depends on 

the chemical composition of cement, cement fineness, water-cement ratio, and 

temperature as main factors (Hewlet 2004). The chemical composition of cement is the 

most important influencing factor. It has been reported that the cement fineness 

determines the ultimate degree of hydration as well as the hydration rate (Hu et al. 2014; 

Bentz et al. 2010). As cement fineness is increased, the peak temperature increases 

(Bentz et al. 2010). Water-to-cement ratio also influences the kinetics of cement 

hydration. At early stage, cement pastes with higher w/c generally exhibit a higher rate 

of hydration than the lower w/c pastes. This is due to more water available for the 

dissolution of reactants and the nucleation/precipitation of hydration products (Bentz 

2006).  

During the cement hydration process, heat evolution as a result of cement hydration 

can be measured using an isothermal calorimeter. The rate of heat evolution during 

cement hydration can be classified in five stages, i.e. dissolution stage, dormant period, 

acceleration stage, deceleration stage and steady stage (Fig. 2.1) (Mindess et al. 2003). 

Stage 1 represents the dissolution stage, which starts immediately after the contact of 

cement with water, where dissolved ions and water react with Tricalcium aluminate 

(C3A) and gypsum. The rapid early reaction rate in Stage 1 is followed by a period of 

low reactivity in Stage 2, known as the dormant stage. The length of the dormant period 

depends on the fineness of the cement, the temperature, the presence of retarders or 

accelerators and the chemical composition of the cement (including the gypsum content 

and admixtures (Odler et al. 1979; Livingston et al. 2001). This stage will generally not 

exceed 5 hours. In Stage 3, the alite (C3S) and belite (C2S) phases start to hydrate and 
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release heat. Cement setting begins and heat generation is remarkably accelerated. In 

stage 4 (i.e. deceleration stage), the rate of heat release slows down gradually as the 

amount of available, un-hydrated, cement declines. A shoulder/second peak can be 

observed in this stage (Fig. 2.1), which can be attributed to a renewed formation of 

ettringite as a result of secondary C3A hydration. In the stage 5 (the steady stage), the 

rate of hydration is very low and proceeds until reaching a steady state.  

 

 

 
 

Figure 2.1 Rate of heat evolution during hydration of Portland cement (Mindess 2003). 

 

 

  Temperature has two effects on hydration kinetics. The first effect is an increase 

of reaction rate. Secondly, an increase of the amount of hydration products at higher 

temperature, which slows down the permeation of free water through the hydration 

products (Pimenta Teixeira et al. 2016, Lothenbach et al. 2007,  Escalante-Garcia 

2005). The maximum temperature in hardening concrete structures should not exceed 

60C, which is related to the risk of internal damage, e.g. crack formation (DANISH 

Ministry of Transport 1985). In line with this result Odler et al. (1986) found that curing 

temperatures above 50°C result in a lower ultimate strength of concrete. The effect of 

temperature on properties of cement-based materials has been investigated by many 

researchers. Elkhadiri et al. (2009) reported that curing temperatures from 22 to 55°C 

increase the hydration rate and strength development at early age. However, higher 

temperatures, up to 85°C, have an adverse effect on long-term strength. Experimental 

results showed that after 28 days the porosity was more than 20 % higher due to 

increasing meso- and macro-porosity, which would explain the decline in strength of 

the pastes cured at 85°C. Brue stated that high curing temperatures result in coarsening 

of the pore structure due to ettringite dissolution and C-S-H alteration (Brue et al. 2012). 

In agreement with Brue, Van Breugel (1991) pointed out that reaction temperatures 

beyond 20°C result in less outward growth of the reaction product and hence a higher 

capillary porosity. 

Beside temperature effects, electrical current flow in cement-based materials may 

also effect ion and water transport. In hardening cement-based materials, migration 

involves transport of charged ions and complex ions (Thaker 2012). Aghajani et al. 

(2015) and Saito et al. (2000) reported that electrical current accelerates alkali ions 

leaching in cement-based materials submerged in water, in which concentration gradient 

between pore solution in cement-based materials and external medium are present 
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(Aghajani et al. 2015, Saito et al. 2000). With regard to alkali ions leaching, 

Babaahmadi et al. (2015) pointed out that Na+ and K+ ions have higher solubility and 

mobility in the pore solution than that of Ca2+ ions. Consequently, Na+ and K+ ions will 

dominate the diffusion and/or migration process more significantly in the early 

hydration stages, and will not vary substantially on later stages. Alkali ions leaching 

promotes coarsening of the pore structure, leads to increase transport properties (e.g. 

permeability, diffusivity) and decrease in mechanical properties (Roessler et al. 1985, 

Young et al. 1988). Under electrical current flow, the concrete bulk material undergoes 

changes in materials properties (i.e. mechanical, electrical and microstructural 

properties), thus influencing the overall performance of the concrete.  

 

2.1.2  Stray current flow in hardened cement-based materials 

Dry/hardened concrete has a relatively high electrical resistivity (i.e. in the order of 105 

Ohm.m) compared to that of wet concrete (with electrical resistivity in the order of 101 

Ohm.m) (Gjorv et al. 1977, Tuuti 1982). Therefore, hardened concrete acts as an 

insulator. In an insulator, internal electric (ionic) charges do not flow freely. 

Consequently, only little electric current will flow through it under the influence of an 

electric field. Accordingly, the stray current is more difficult to “pass through” hardened 

bulk matrix than in fresh or young concrete. This can be attributed to higher electrical 

resistivity of hardened concrete due to a denser matrix that could resist the stray current 

flow.  

In saturated (water submerged) condition, stray current may have a more significant 

effect on material properties of hardened concrete due to decreasing electrical resistivity 

of the hardened concrete. Saito et al. (2000) found that an electrical field accelerated 

leaching of Ca2+ ions from the mature/hardened mortars (after 28 and 56 days cured in a 

moist condition) in contact with water, leading to increased water permeability and 

reduced compressive strength of specimens. In agreement with Saito, Huang et al. (2016) 

point out that an electrical field promotes dissolution of portlandite and decomposition 

of C–S–H gel due to leaching. As a consequence, it will increase the porosity of 

concrete, resulting in a decrease in the electrical resistivity and an increase in the 

permeability of hardened concrete (Aghajani et al. 2015). These effects would be more 

pronounced in hardened concrete with a high porosity, i.e. with a high w/c ratio. Huang 

et al. (2016) also reported that an electrical field can accelerate other degradation 

mechanisms, for instance sulphate attack induced deterioration of hardened mortar. 

Furthermore, the sulphate attack in combination with an electrical field accelerated the 

damage process of hardened mortars compared with only sulphate attack. 

 

2.1.3 Electrical curing of concrete 

Curing is a process of controlling the adequate moisture content and temperature in 

concrete at early ages during concrete hydration. Proper curing plays an important role 

to obtain the desired properties (e.g. strength) for its intended use (James et al. 2002). In 

addition, it can reduce life-cycle cost. Heritage (2001) reported that concrete specimens 

with different w/c ratios under direct electric curing (DEC), reach higher compressive 

strength than that of normally (non DEC) cured samples. He found that concrete under 

direct electric curing (DEC) has a compressive strength about 26 MPa after 1 day which 

is about 71% of its 28 days compressive strength. Furthermore, the samples showed to 
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be denser, but tend to have a less uniform structure with coarser pores distributed more 

prevalent/widespread. Conversely, improper curing results in undesired effects, such as 

lower strength, cracking, low resistance to weathering, high permeability, dusting 

(Neville 1995), ACI 1981, ACI 1982). Basheer et al. (2001) stated that improper curing 

is one of the factors that have reduced the service life of many structures.  

The required period of curing of concrete depends on several factors, such as 

mixture proportions, specified strength, size and shape of the concrete member, 

environmental and exposure conditions (IS 2000). In general, 28 days of moist curing is 

required, or recommended, for cement-based materials, resulting in properties (both 

mechanical and microstructural) sufficiently developed for the required performance. 

In order to achieve high early age strength of concrete, accelerated curing of 

concrete is commonly used especially in the prefabrication industry to reduce the cycle 

time resulting in cost-saving benefits (Erdem 2003). Various methods of accelerated 

curing of concrete have been used, including steam curing, autoclaving (high pressure 

steam curing), microwave heating, hot water, hot air heating, infrared heating, and 

electrical curing (Bredenkamp et al. 1993, Heritage 2001, John and Narendra 2004, 

Wilson and Gupta 1996). Electrical curing can be performed by using several 

techniques (ACI 1992, Kosmatka et. al 2002), such as: (1) use of the concrete itself as 

the electrical conductor, (2) use of reinforcing steel as the heating element, (3) use of a 

special wire as the heating element, (4) electric blankets, and (5) the use of electrically 

heated steel forms (presently the most popular method). 

In DEC curing, an electrical current is passed directly through the cement-based 

systems to produce a Joule heating effect, thus increasing the rate of cement hydration. 

Bredenkamp (1993) stated that DEC is one of the most energy efficient methods for 

accelerated curing of concrete and after the initial investment for equipment, the 

running costs of direct electric curing are substantially lower than that of externally 

applied heat curing (steam, autoclave, etc.). The energy cost of DEC with field strength 

between 300 and 500 V/m and rate of energy input 76kWh/m3 is about 5% of the total 

cost for one m3 of concrete. Kafry (1980) stated that energy consumed per cubic meter 

of concrete is 30-40 (kWh/m3), while other investigators mentioned about 50-60 

(kWh/m3) (Wadhwa et al. 1987). Electrical curing has been used in several applications, 

for instance to accurately control the reaction temperature, and is a reliable system 

requiring minimal labour. Electrical curing methods are used primarily in the precast 

concrete industry. 

 

2.2 Stray current effect on material properties with respect to 

durability 

2.2.1 Electrical properties of cement-based materials 

Electrical resistivity measurements are a rapid and non-destructive testing method to 

assess durability of concrete structures. Electrical resistivity is affected by several 

factors, e.g. concrete mixture (e.g. binder/cement type, water to cement ratio, aggregates, 

pozzolanic admixtures) and environmental conditions (e.g. temperature, humidity) 

(Sengul 2013). The electrical resistivity of concrete strongly depends on the 

microstructure of the cement matrix (i.e. pore structure, porosity, and pore size 

distribution) and the concentration of ions and their mobility in the pore solution 

(Hunkeler, 1996; Bürchler, et al., 1996). The electrical current is carried by the 
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dissolved charged ions in the pore solution in the concrete. Therefore, all factors 

affecting the pore structure of the concrete (i.e. cement type, water/cement ratio, 

pozzolanic admixtures) also affect the electrical resistivity of concrete.  

According to Elkey (1995), the cement type has an impact both on pore structure 

characteristics and the pore water chemistry. Consequently, concrete cast with two 

different cement types may have different electrical resistivity. Hammond (1955) 

showed that a high alumina cement paste had 10 times higher electrical resistivity than 

OPC pastes with the same water-to-cement ratio and moist curing condition. Ahmed 

and Ragai (2013) also showed that ordinary Portland cement pastes tend to have lower 

electrical resistivity than blended cement pastes. This can be explained by the hydration 

products of the supplementary cementitious materials, e.g. fly ash or blast furnace slag, 

lead to a more refined pore structure. 

The water-to-cement ratio (w/c) is another important factor that influences the 

electrical resistivity of concrete. This is because the w/c ratio plays an important role in 

the microstructure of the cement paste. An increase in w/c ratio causes a higher porosity 

and a lower electrical resistivity (Monfore et al. 1968). Monfore and Hughes also 

investigated the influence of aggregate on electrical resistivity of concrete. They found 

that the electrical resistivity increased with increasing aggregate content. This can be 

explained by the much higher electrical resistivity of aggregate than that of cement 

paste (Monfore 1968; Hughes et al. 1985). The resistance of normal aggregates is 

approximately 100 times higher compared to that of cement paste (Monfore 1968). 

The last factor that influences the electrical resistivity is the environment (i.e. 

temperature and moisture conditions). According to Layssi et al. (2015), at high 

temperatures the viscosity of the electrolyte in the pores or pore solution in the concrete 

is lower, leading to accelerated ionic mobility. As a consequence the electrical 

resistivity will decrease. Regarding to moisture content, Whiting et al. (2003) stated that 

the electrical resistivity of concrete increases with decreasing moisture content in the 

concrete. Conversely, a higher moisture content results in a lower electrical resistivity. 

Electrical resistivity of cement-based materials can be measured using various setups, 

e.g. two probes measurements, four probes measurements (Wenner configuration), 

involving the rebar network as one electrode, etc., are generally used. A review of these 

setups can be found in detail in (Susanto et al. 2013, Polder et al. 2000, Singh 2013). 

The general approach to record resistance values of concrete is by applying an 

alternating DC current of 1mA at a frequency of 100 Hz to 1 kHz through a cross 

section of the specimens, and then the electrical potential between two points/electrodes 

is measured (or vice versa). Basically the resistance R of a specimen is determined by 

Ohm’s law, R = V/I, where V is the electrical potential (in volts) and I is the applied 

current (in Ampere). 

The two-probe measurement is the simplest method of measuring electrical 

resistivity – a schematic illustration is presented in Fig. 2.2. In this method a DC current 

is applied to the specimens via metal plates with surface area A, equal to the sides 

(cross-sections) of the specimen. The electrical potential across the specimens is 

measured and the electrical resistivity is calculated using the equation: 

 

𝜌 =
𝑅 𝐴

𝑙
     (2.1) 
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where ρ is the electrical resistivity of the sample (in Ohm.m), R is the resistance (in 

Ohm), A is the cross-section of the sample (in m2), and l is the length of the sample (in 

m). 

The two-probe method is often used to measure electrical resistivity of concrete in 

lab tests. It is a relatively simple test and can be used to precisely define geometrical 

constants and minimize other contributing factors in measurements. For example, the 

two probe method can be executed at constant relative humidity or in sealed conditions, 

can overcome gradients of humidity and can be employed on specimens that can be 

further used for other tests (e.g. compressive strength). 

 

 
Fig. 2.2 Electrical resistivity measurement by two probes method 

 

2.2.2  Microstructural parameters with respect to transport properties  

Durability of cement-based materials can be defined as its ability to resist weathering 

action, chemical attack, abrasion, or any other process of deterioration. Durability of 

cementitious materials strongly depends on transport properties, such as permeability 

and diffusivity. The pore structure of hydrated cement paste is a decisive physical 

parameter that controls those two properties (Larbi 1993; Neville 1995). The transport 

properties of cement-based materials are further discussed in the following section. 

 

2.2.2.1  Transport properties and mechanisms in cement-based materials 

a. Permeability 

Permeability of concrete determines how fast a fluid will flow through concrete when a 

pressure is applied (Claisse 2014). Water permeability of cement paste is governed by 

its microstructure (i.e. porosity, pore size distribution, connectivity and shape of pores) 

(Hughes 1985). Permeability naturally decreases with increasing cement hydration. 

Several methods are used to measure permeability. From a macroscopic point of view, 

permeability of cement paste can be determined by using Darcy’s law (Mehta and 

Manmohan 1980, Hughes 1985). It can also be calculated from microstructural 

parameters obtained from mercury intrusion porosimetry (MIP) measurements i.e. the 

threshold pore diameter, the total porosity, and the effective porosity (Garboczi 1990). 

In addition, permeability of cement paste can also be determined quantitatively from 

image analysis of 2D sections of BSE images (Ye 2003, Zhang 2013). 
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b. Diffusion 

Diffusivity of concrete refers to the movement of ions in the pore solution due to a 

concentration gradient or chemical potential (Tang 1996). It is commonly determined by 

the diffusion of chloride ions. Chloride ion transport in concrete is mainly linked to 

corrosion of steel reinforcement. The apparent diffusion coefficient of concrete Dap (t) can 

be calculated using the following equation (Maage et al. 1996): 

 

𝐷𝑎(𝑡) = 𝐷𝑜 (
𝑡𝑜

𝑡
)

𝑛

   (2.2) 

 

where Do is the chloride diffusion coefficient at the reference time to (usually 28 days 

age), n is the ageing factor (0n1) that refer to densification of the pore structure with 

time, including the effect of ongoing hydration, and t is the age of concrete. The 

apparent diffusion coefficient of concrete subject to stray current flow will be further 

elaborated and calculated in Chapter 5, section 5.6.3.2. 

c. Migration 

Since natural diffusion is a very slow process, accelerated diffusion test methods are 

also used, e.g. the rapid chloride migration (RCM) test, where chloride ions migration, 

as a predominant transport mechanism due to the applied voltage in the RCM cell, is in 

parallel with diffusion of chloride ions (details of the RCM tests are as described in 

(Audenaert et al. 2010; Mangat et al. 1994).  

In condition of stray current flow, permeability and diffusivity of cement-based 

materials may change. Aghajani et al. (2016) reported that concrete samples submerged 

in distilled water for 30 days subjected to a DC voltage of 50 V cause an accelerated 

leaching of portlandite due to the concentration gradient between the pore solution in 

the concrete and the external medium (distilled water). Consequently, it increases 

capillary porosity of concrete resulting in an increase in permeability of the concrete. 

This phenomenon can be explained by migration of calcium and hydroxyl ions out of 

the pore solution and the dissolution of Ca(OH)2 from the hydrated cement.  

 

2.2.2.2  Determination of microstructural parameters of cement-based materials 

There are several methods to determine microstructural parameters of cement-based 

materials including Mercury Intrusion Porosimetry (MIP), Nitrogen Sorption, Scanning 

Electron Microscopy (SEM) image analysis (Ye 2003). In this study, only MIP and 

SEM images analysis will be discussed briefly in the following.  

a) Mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry (MIP) is a technique commonly used for characterizing 

the pore structure (i.e. the porosity and the pore size distribution) of cement paste (see 

Fig. 2.3) (Diamond 1971, Aligizaki 2006). The total porosity is defined as the ratio 

between the total volume of intruded mercury at the maximum pressure during the test 

and the bulk volume of the specimen. The effective porosity can be defined from the 

volume of mercury removed during extrusion or the total porosity minus the inkbottle 

porosity (see Fig. 2.3a) (Ye 2003). Effective porosity is the most important parameter 

for the transport properties of concrete. The pore size distribution is defined as the pore 
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volume per unit interval of pore diameter (Ritter and Drake 1945). For cement paste and 

mortar specimens, several peaks can be found in the pore size distribution curve (see 

Fig. 2.3b). These peaks are the so-called critical pore diameters (Cook et al. 1999). 

According to Katz and Thompson (1986), the critical pore diameter can also be 

identified experimentally from the inflection point in the cumulative intrusion curve. 

The MIP technique has certain limitations in view of both MIP tests as such but also 

within interpretation of the experimental results. These limitations have been reported 

by Diamond (1971) and Cook (1993).  

 

  

 

Figure 2.3  Mercury intrusion and extrusion hysteresis (a) and pore size distribution differential curve of 

mortar specimen with critical pore diameter (𝑑𝑐) (b) (After Ye 2003). 

 

b) Scanning Electron Microscopy (SEM) image analysis 

Because of the various limitations of the MIP technique (Diamond 1971, Cook 1993), 

other techniques for characterising the pore structure have been proposed. Among these 

is the application of scanning Electron Microscopy (SEM) to derive pore structure 

parameters, providing a reliable alternative to observe the microstructural parameters of 

cement-based materials. Back scattered electron (BSE) images have been used to study 

the microstructure of cement paste (Lange et al. 1994; Scrivener 1989; Ye 2003). 

Porosity and pore size distribution of specimens can be quantified from BSE image 

analysis. Scrivener (1989) stated that macroscopic properties, such as permeability, can 

be determined from 2D sections. A general methodology used for BSE image analysis 

of pore structure of cement based materials was reported by Ye (2003), Hu (2004) and 

Koleva (2007). Pore size distributions are obtained based on mathematical morphology 

transformations by using a sequence of similarly shaped structuring elements of 

increasing size (Serra 1982). 

 

2.3  Conclusions and outlook 

In this chapter, a brief literature survey on the topic of stray current flow through porous 

materials, i.e. hardening and hardened cement-based materials, has been presented. 

Electrical curing of concrete was briefly described. Stray current effects on material 

properties with respect to durability were discussed. It was reported in literature that the 

levels of stray current flow through reinforced concrete range from low to high levels, 

i.e. between 10mA/m2 and 70 A/m2. The effect of stray current on cement-based 
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materials can be positive (e.g. accelerate hydration process) and/or negative (e.g. 

increase porosity, decrease strength and durability, etc.).  

Those effects can be attributed to acceleration of cement hydration due to Joule 

heating and enhanced ionic migration under stray current. Joule heating may increase 

the rate of cement hydration, resulting in an increase of the rate of strength development, 

which is a positive effect. However, at higher reaction temperatures, eventually due to 

Joule heating, coarsening of the capillary pore structure may occur, resulting in a lower 

compressive strength and an increase in permeability of cement-based materials, which 

jeopardizes the concrete’s durability.  

Electrical current may accelerate ionic migration from the pore solution of a 

concrete specimen towards the external medium, which will affect the material 

properties.  This effect depends on the intensity/level of the applied electric field and the 

maturity of the cement matrix. Negative effects of stray current due to alkali ion 

leaching may occur due to concentration gradients between concrete and external 

environment (e.g. underground concrete structures in contact with water/soil). As a 

consequence, mechanical properties of concrete may decrease due to coarsening of the 

capillary pore structure. Conversely, if the concentration gradient between concrete and 

the external environment is not present, a positive effect of stray current may be 

expected at early ages, i.e. accelerated  cement hydration and faster strength 

development.  

More detailed research needs to be done, including: 

 Experimental tests to investigate the effect of low level of current density (i.e. 10 

mA/m2) on the properties of hardening cement-based materials in (partly) saturated 

and sealed conditions. 

 Experimental approaches to quantify the potentially beneficial and/or detrimental 

effects of stray current on cement-based materials in different surrounding mediums 

(i.e. sealed conditions, partly and fully submerged conditions).  

 Numerical simulations and experimental validations to quantify the effect of stray 

current on the hydration process and temperature development in hardening cement-

based materials and evolution of materials properties (i.e. porosity, strength and 

diffusivity). 

 Numerical simulations to estimate the effects of stray current levels on generated 

temperature field and associated te probability of thermal cracking in real-size 

hardening structural elements.   

 Study on the effect of stray current on materials properties of different mixtures, i.e. 

with w/c ratios 0.35 and 0.5, of hardened cement-based materials in different 

surrounding medium. 

All these aspects will be addressed in the following chapters. 
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Hardening cement-based materials 

properties in conditions of stray current*  

 

Abstract: This chapter presents a comparative study on mechanical properties, electrical 

resistivity and microstructure of hardening mortar specimens under  DC  stray current,  

compared  to  hardening mortar  in  rest  (no  current)  conditions. The hardening mortar 

specimens were half immersed in tap water. Monitoring was performed from 24h after 

casting until 84 days of cement hydration. A low level of stray current density (i.e. 10 

mA/m2) was chosen as a simulation regime. This current density level was 10 times 

higher compared to the lowest reported level of stray current in practice (i.e. between 1 

and 1.5 mA/m2). Additionally, numerical simulation of the stray current distribution 

was performed, meant to serve as a basis for further elaborated modelling of the level of 

current density that could exert significant microstructural alterations in a bulk cement-

based matrix. 
 

 

 

 

 

 

 

 

 

 

*This chapter is based on: 

 

1. Susanto, A., Koleva, D. A., Copuroglu, O., van Beek, K., and van Breugel, K. (2013). Mechanical, 

electrical and microstructural properties of cement-based materials in conditions of stray current 

flow. Journal of Advanced Concrete Technology, 11(3), 119-134. 
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3.1 Introduction 

Stray current is a current flowing in an electrolyte (soil and water respectively) that 

arises from metal conductors in these media and is produced by electrical installations. 

It can be the result of direct current (DC) or alternating current (AC), predominantly 

with a frequency of 50 Hz (public electricity supply) or 162/3 Hz (traction power 

supply). The flow of stray current has to be avoided or minimized not only because of 

safety concerns, but also because of the possible negative effects on buried materials 

and structures. In order to minimize these effects and risks of physical and assets 

damages, standards and safety regulations, e.g. EN50122-1 1997, EN50122-2 1999, 

EN50122-3 2010, IEC61439, specify the maximum permissible electrical current 

related to DC electrified railways, traction systems, earthing and returning circuits, 

interfaces between AC and DC installations. EN50122-2 stipulates maximum values of 

60 V for DC currents and 25 Vrms for AC currents for the accessible (step) voltages as 

function of time during an electrical failure of public transport equipment, ancillary 

equipment (fixed installations) and electronic applications for railways. EN50122-3 

states lower maximum permissible voltages of 25 V. Except the above general 

possibilities for stray current flow, there are a number of undesirable stray current 

sources, including foreign cathodic protection (CP) installations, DC transit systems, 

subway, streetcars, welding operations, electrical power transmission systems. Whereas 

safety regulations are strictly monitored, the materials’ properties on microstructural 

levels are not as widely studied and reported.  

Regarding steel and reinforced concrete structures, apart from environmental 

conditions and other factors that can significantly compromise corrosion resistance, 

stray DC and/or AC currents can be corrosion-initiating or corrosion-contributing 

factors (Bertolini et al. 2007, Wu et al. 2011, Zhiguang et al. 2011, Yang et al. 2008, 

Tang et al. 2010). Stray currents tend to enter a buried steel or reinforced concrete 

structure in a certain location, which becomes a cathodic site and hydrogen gas is 

produced at this entering point (Kish 1981). The current  leaves  the  structure  on  

another  location,  which  becomes  anodic  and  corrosion initiation or severe corrosion 

propagation occurs (Bertolini et al. 2007, Wu et al. 2011, Zhiguang et al. 2011, Yang et 

al. 2008, Tang et al. 2010, Kish 1981, Merrick 1994).  

With respect to corrosion initiation and propagation, including negative effects of 

stray currents but also as a controlling factor for stray current distribution, electrical 

resistivity is a parameter with high significance. In fact, the principle to deal with stray 

current distribution in the engineering practice is related to adjusting electrical 

resistivity levels (Whiting et al. 2003). For reinforced concrete structures the ionic 

conduction path is essentially the pore network of the concrete bulk matrix. Resistivity 

values of less than 50 Ohm.m can support a rapid steel corrosion process; resistivity for 

Ordinary Portland cement (OPC) concrete for air-dry condition and w/c ratio of 0.5 is 

reported to be 23 Ohm.m (Whiting et al. 2003, Brown 1980). High resistance to the 

passage of current, or dry condition, are unable to support ionic flow, hence corrosion is 

minimal if occurring at all (Brown 1980). Corrosion can be limited by increasing 

concrete resistivity to above 200 Ohm.m (Tremper et al. 1958, Vassie 1980, Alonso et 

al. 1988). For aggressive environments and/or actively corroding steel, concrete 

resistivity needs to be higher than 500 Ohm.m - 1000 Ohm.m (Broomfield et al. 1993, 

Broomfield 1997) in order to account for reduced or minimum corrosion rates. 

Clearly, electrical resistivity is a parameter, influencing both corrosion phenomena 

and stray current distribution and as such needs constant attention. Logically, if any 
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external influence affects the electrical or microstructural properties (and vice versa) of 

a concrete/reinforced concrete structure, not only corrosion-related issues but also 

susceptibility to detrimental effects of current flow can be increased or decreased. It is 

therefore important to define thresholds for the negative or possibly positive influence 

of electrical current flow on concrete/reinforced concrete microstructure.  

 

 

3.2 Technical background 

So far, the effect of stray currents has mainly been investigated in terms of steel 

corrosion: the mechanisms of corrosion initiation on initially passive reinforcement and 

the effects on already corroding reinforcement have been both reported (Kai et al. 2011, 

Chen et al. 2012). In a few extreme cases, severe structural damage was observed and 

recorded as a result of stray current leakage (Chen et al. 2012, Ding et al. 2008, Lingvay 

et al. 2011, Bertolini et al. 2004, Shreir et al. 1994, Jones 1978, Hamlin 1986).  The 

influence of several accompanying factors such as: cement type, AC or DC current, 

current density, interruptions in the current circulation, as well as coexisting chlorides 

were also reported (Chen et al. 2012, Ding et al. 2008, Lingvay et al. 2011, Geng et al. 

2008). AC currents are far less detrimental than DC currents, even at high current 

densities of 50 A/m2. In contrast, DC would dramatically decrease bond strength within 

a few months at current density levels between 1 and 10 A/m2 (Bertolini et al. 2007, 

Duranceau et al. 2011, Velivasakis et al. 1998, Chang 2003, Marcotte et al. 1999). The 

presence of even small amounts of chlorides e.g. 0.2 to 2 wt.%, leads to a remarkable 

decrease in the charge required for corrosion initiation (Bertolini et al.2007). Numerical 

simulation for the influence of stray current and modelling the performance of 

reinforced concrete structures with this regard are reported (Yu-qiao et al. 2010, Peelen, 

Smulders, Steyn et al., Liu et al. 2011, Kerimov et al. 2006, Kim et al. 1999,  Brichau et 

al. 1996, Weyers et al. 1998, Liang et al. 1999, Liang et al. 2002, Andrade 2010). 

Clearly, the degradation of cement-based systems due to stray current and chloride 

penetration followed by corrosion has been largely recognized as a serious problem in 

civil engineering for many years (Bertolini et al. 2007, Kish 1981, Whiting 2003, 

Brown 1980 and references therein). Even, the hydrolytic degradation of cement-based 

materials via the application of voltage/current regimes in the range of 25 V and current 

densities not exceeding 1 A/m2 has long been recognized (Wittmann 1997, Saito et al. 

1992). However, the majority (if not all) of related works are not reporting any in-depth 

investigation on the microstructural properties of the bulk cementitious matrix i.e. most 

of the reported studies are with respect to corrosion issues only. 

Since  microstructural  properties  determine  mechanical  properties,  as  well  as 

chloride diffusivity and therefore corrosion initiation, the alterations of the cement-

based bulk matrix cannot be neglected and deeper investigation is needed in order to 

properly predict the behaviour of reinforced concrete in the above discussed 

environments. Within previous studies, related to impressed current CP for reinforced 

concrete, as well as DC current regimes as simulation of CP only (Koleva et al. 2008 (1-

3)), it was found that current densities in the range of 5-30 mA/m2 result in 

microstructural alterations of the bulk mortar and concrete matrix. The outcomes 

depend on the hydration stage and environmental conditions. These studies were mainly 

related to corrosion and CP. Therefore a systematic investigation on the influence of 
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current flow on cement-based microstructure and definition of current limits, exposure 

conditions and time scales was not previously performed and is still lacking in the 

reported literature. 

The emphasis in this chapter is on the mechanical and electrical properties and 

microstructural characteristics of plain mortar, subjected to DC stray current flow. The 

DC current regime of 10 mA/m2 was chosen as a start-point investigation (current 

ranges of 100 mA/m2, 1 A/m2 and more than 10 A/m2 are on-going). Numerical 

simulation of the stray current distribution was performed and coupled to the bulk 

matrix properties. These outcomes will further serve as a basis for predicting stray 

current density distribution and resulting electrical and microstructural properties of 

cement-based systems. 

 

 

3.3 Materials and methods for experimental studies 

3.3.1  Materials 

Mortar cubes of 404040 mm3 (Fig. 3.1) were cast from OPC CEM I42.5N, water-to-

cement ratio of 0.5 and cement-to-sand ratio of 1:3. The chemical composition (in wt. 

%) of CEM I 42.5N (ENCI, NL) is as follows: 63.9% CaO; 20.6% SiO2; 5.01% Al2O3; 

3.25% Fe2O3; 2.68% SO3; 0.65% K2O; 0.3% Na2O. 

 

 

         
 

Fig. 3.1 (a) Experimental set-up for group S; (b) electrical circuit, where R1=120 kΩ and R2=20 kΩ are 

current adjusting resistances. 

 

 

Two groups of specimens were monitored: group R – reference/control group (no 

current flow involved) and group S – “stray current” group (mortar cubes subjected to 

stray current flow). Both groups were tested from 1 day until 84 days in two replicate 

series of tests. The mortar cubes from groups R and S were half immersed in tap water - 

aqueous environment was necessary to ensure electrical conductivity for the S group, 

whereas an accurate comparison requires equal environmental condition for R group. 

After casting and prior to conditioning, the specimens were cured in a fog-room with 

98% RH, 20C for 24 hours; after de-moulding they were positioned in the relevant 

containers, Fig. 3.1, without – group R and with – group S current flowing in the 

medium. 

R

25 V

R1 R2

R

25 V

R1 R2

b) a) 
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Fig. 3.2 (a) Schematic presentation, including geometry of the container and current flow direction, where 

h=4 cm, h1=2 cm, A=27x2 cm; (b) schematic of the electrical resistance measurement where 1 and 2 

titanium plate (mesh) and mortar cubes, respectively. 

 

3.3.2  Current regime 

A simulation of stray current was achieved by “injecting” a DC current at the level of 10 

mA/m2, Fig. 3.1. The relevant surface area was calculated based on the geometry of the 

set-up, essentially the cross section A, Fig. 3.2a), of the environmental medium. This 

allows further estimation of cumulative current, flown through the mortar cubes, as 

stray current in the medium. A negative and a positive terminal were connected to a 

25V source, the current level was adjusted via resistors in the circuit, Figs. 3.1b) and 

3.2a) i.e. the cubes in the container are positioned in aqueous environment, where 

controlled stray DC flows throughout the experiment for 84 days.  

 

3.3.3  Test Methods 

3.3.3.1   Compressive strength  

Standard compressive strength tests were performed at the hydration ages of 24h, 3, 7, 

14, 28, 56 and 84 days. The compressive strength tests (using CE04 MATEST Srl 

machine, Italy) were performed on air-dry specimens i.e. at each relevant hydration 

stage three replicates of each group were taken out from the conditioning set-up, cloth-

dried and tested within a 30 min time interval. Before the test, a loading speed of 1,5 

MPa/s and maximum load of 300 kN were set. The maximum applied load on the 

specimen was recorded and the compressive strength was calculated by dividing the 

maximum load at failure by cross-sectional area, in this case 1600 mm2.  

 

3.3.3.2 Mortar electrical resistivity and water conductivity 

The development of electrical properties of the mortar cubes in both control and “under 

current” conditions was measured by recording electrical resistivity as output from PC-

controlled multiplexer devices. A “2-pin method” (Fig. 3.2b) was used, where the 

“pins” were initially cast-in brass plates with dimensions equal to the sides of the mortar 

cubes. In order to minimise polarisation effects, the resistance was measured by 

applying an alternating DC current of 1mA at a frequency of 1 kHz. A PC-controlled R-

meter was used, the output being the resistance value, calculated based on measured 

27 cm
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h
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h
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V
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voltage at the time of current interruption. For the “under current” regime (groups 10 

mA/m2, 100 mA/m2 and 1A/m2), the resistance measurement was performed after 

current supply interruption of approx. 30 min and surface drying of the cubes. The 

electrical resistivity was calculated using Ohm’s Law: ρ=R.A/l, where ρ is the 

resistivity in Ohm.m, R is the resistance in Ohm, A is the cross-section of the mortar 

cube in m2, and l is the length in m. Electrical conductivity measurements for the testing 

environment were performed using a conductivity meter by immersing a probe into the 

water solution. The SI unit of electrical conductivity is S/m and refers to 25 °C 

(standard temperature). 

 

3.3.3.3   Microstructural analysis  

Microstructural analysis was performed at the hydration ages of 24h, 7days and 28 days. 

The sample preparation followed well defined and accepted procedures of sample 

cutting, vacuum impregnation, grinding, polishing etc. which were after ceasing cement 

hydration in liquid nitrogen and freeze-drying of the samples to constant weight before 

impregnation (Ye et al. 2002, Ye 2003). Scanning electron microscopy (using 

environmental SEM (ESEM Philips XL30)) and image analysis (OPTIMAS software) 

were used to determine the pore structure parameters of the specimens. The physical 

size of the reference region of each image is 226 µm in length and 154 µm in width, 

with a resolution of 0.317 µm/pixel (corresponding to a magnification of 500×); the 

pore size considered for image analysis is larger than 0.317 µm. In order to quantify the 

pore structure, the analysis was performed on an average of 25 locations per sample. 

The image analysis in this study complies with the generally used methodology for pore 

structure and phase distribution analysis of cement based materials, implementing 

mathematical morphology and stereology approaches (Ye et al. 2002, Ye 2003, Hu et al. 

2003, Hu 2004, Hu et al. 2005, Hu 2006 et al., Sumanasooriya et al. 2009, Serra 1982). 

 

3.3.3.4   Mercury intrusion porosimetry (MIP) 

Sample preparation for MIP analysis followed the aforementioned generally accepted 

procedure (Ye et al. 2002, Ye 2003, Hu et al. 2003, Sumanasooriya et al. 2009). The 

MIP tests for porosity and pore size distribution of the specimens were conducted in 

duplicate, using Micrometritics Poresizer 9320 (with a max. pressure of 207 MPa). The 

Washburn equation (Washburn 1921) was used to calculate the pore diameter, intruded 

at each pressure step, which is shown as: D=-4γcosθ/P, where D is the pore diameter, γ 

is the surface tension of mercury, θ is the contact angle between mercury and the pore 

wall and P is the applied pressure. The surface tension of mercury was 484 ×10-3 N/m 

and the contact angle was 130°. The measurement was conducted in two stages: the first 

stage was at low pressure: from 0 to 0.0036 MPa and the second stage was at high 

pressure running from 0.0036 to 210 MPa. According to Washburn equation (Washburn 

1921), the pore size range detected is from 350 µm to 7 nm. 
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3.3.3.5   Chemical analysis  

Chemical analysis for hydrated water and ion concentrations in the conditioning water: 

alkali ions concentrations in the tap water in the containers at the beginning of the test 

and after 28-56 days were determined by plasma spectrometry using Inductive Coupled 

Plasma spectrometer (ICP-AES). The hydrated (chemically bound) water at certain 

hydrations age was determined according NEN 5931 (which is a standard loss of 

ignition test). 

3.3.3.6   Numerical simulation  

Numerical simulation of stray current was performed to obtain potential and current 

density distribution in the mortar cubes. The current density depends on the electrical 

resistivity/conductivity of the mortar and the external aqueous medium.  The model 

used as input parameters electrical potential, electrical conductivity and relative 

permittivity for both mortar and water. The electrical potential difference between the 

positive and negative terminals is a direct measurement, using multi-meter. The water 

and mortar conductivity are also experimentally derived (section 3.3.2 above). The input 

for mortar and water relative permittivity of 4.5 and 80 F/m respectively were taken as 

literature data [Udaya et al. 1988, Taoufik et al. 2008, Taoufik et al. 2012]. 

The governing equations for the stray current model are as follows: 

 

∇. 𝐽 ̅ = − 𝜕𝜌𝑣 𝜕𝑡⁄     (3.1) 

 

 𝐽 ̅ = 𝜎 �̅� (3.2) 

 

�̅� = −∇𝑉    (3.3) 

 

�̅� = 𝜀𝑜 𝜀𝑟 �̅� (3.4) 

 

where equation (3.1) gives the relationship between current density 𝐽 ̅(A/m2) and charge 

density 𝜌𝑣 (C/m3) (continuity equation). For steady current (DC) as used in this 

experiment, the charge density does not change with time so that the divergence of the 

current density is always zero (∇. 𝐽 ̅ = 0); equation (3.2) known as Ohm’s Law for 

conduction current that gives relationship between current density 𝐽(̅A/m2) and electric 

field �̅� (V/m) where the constant  is proportionality called electrical conductivity 

(S/m); equation (3.3) gives relationship between electric field E (V/m) and gradient of a 

scalar potential V (Volt); equation (3.4) gives relationship between electric flux density  

�̅� (C/m2) and electric field �̅� (V/m) that describe the interaction between charged 

material with relative permittivity r and vacuum permittivity o. �̅�  is related to the 

charge densities associated with this interaction, while �̅� is related to the forces and 

potential differences.  

To solve the equations (3.1-3.4), initial and boundary condition need to be specified 

(see Fig. 3.3), as follows: 

 

∇. 𝐽 ̅ = 0,  (x,y,z) An 

V(x,y,z)=0,  (x,y,z) A 
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V(x,y,z)=V,  (x,y,z) A 

-n.J=0,  (x,y,z) A1, A2, A3 

where, An indicates the representative 3D volume model system i.e. A and A are the 

surface areas at the positive and negative terminals; A1 (front surface part), A2 (back 

surface part), and A3 (bottom surface part) represent the surfaces without current flow 

due to electric insulation condition in the set-up (a wooden bottom plate). By surface 

area, the relevant cross sections of the aqueous environment are meant. These equations 

were implemented in the finite element method (FEM) of COMSOL Multiphysics V 4.2 

software in the AC/DC module (Pryor et al. 2011). The number (degree) of freedom, the 

maximum step-size and the number of iterations used in this model are 114011, 12, and 

25, respectively.  

 

 

 
Fig. 3.3 Schematic boundary conditions for numerical simulation of stray current 

 

 

3.4 Results of experimental studies and discussion 

3.4.1  Chemical analysis – hydrated (chemically bound) water. 

The hydration mechanisms in cementitious materials are of generally high complexity, 

where water plays a decisive role. Being the main source for mass transport in the 

cement-based porous structure, water can be classified into different forms (chemically 

bound, interlayer, absorbed, free (capillary) water) (Basheer 2001). Chemically bound 

(hydrated) water is part of the hydration products, and could be released only with 

decomposition of hydrates. The bound water is further related to the hydration rate of 

the cement-based material i.e. can approximate the degree of cement hydration, hence is 

related to electrical resistivity and ease of ion transport. 

Relevant to the present study, the amount of hydrated water at certain time intervals 

was obtained wet chemically and the recorded values served as an indication of possibly 

different hydration mechanisms when stray current flow was involved (as in group S) 

compared to control conditions (group R). Figure 3.4 presents the amount of hydrated 
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water (in percent per dry cement weight) for both groups R and S in the time interval of 

1d – 84 days. The derived values can be considered as almost equal for both groups 

(just 1 to 2 wt.% difference). Apparently, within the time scale of this experiment 

pronounced alterations in hydrated water content due to current flow cannot be claimed. 

However, the observed differences are well in line with the recorded electrical 

resistivity for both R and S specimens (presented further below in Section 3.4.4) as well 

as the recorded compressive strength and microstructural characteristics (Sections 3.4.2 

and 3.4.3). 

 

 

 

Fig. 3.4 Hydrated water at 1 day - 84 days of age for R and S specimens. 

 

3.4.2    Compressive strength 

Compressive strength, as an engineering property of cement-based materials reflecting 

mechanical performance, is generally expected to increase with cement hydration (i.e. 

with time and if no other external factors are present). Figure 3.5 presents the 

development of compressive strength for both control (R) and “stray current” (S) groups 

from initial conditioning (24h) until the end of the test (84 days). Three replicates per 

condition were tested. Considering the high level of structural heterogeneity of cement-

based materials (and therefore the well-known outcome of similar but never the same 

strength values even within a single batch of specimens), it can be stated that the 

average difference in strength is minimal (or practically none) between groups R and S. 

However, it can also be observed that after the initially stable increase of strength for 

specimens group S, similar to specimens group R, the former group shows an evident 

trend to maintain lower strength  values  (from  28  days  and  onwards). The recorded 

values are in line with the percentage of bound water (Fig. 3.4) and are supported by 

microstructural observation of the bulk matrix. 
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Fig. 3.5 Evolution of compressive strength (MPa) for control R and “stray current” S groups. 

 

 

3.4.3  Microstructural properties 

The development of the pore structure in hardening cementitious materials is 

fundamental to their mechanical behaviour. It influences ion and water transport and 

their interaction as well as the diffusion characteristics of the bulk matrix. Previous 

studies on the influence of electrical current within CP applications revealed that a 

current flow in the range of 5 to 20 mA/m2 brings about initial densification of the 

concrete bulk matrix, but leads later-on (more than 120 days of age) to enlargement of 

the interfacial transition zones and coarsening of the pore structure (Koleva et al. 2008 

(1-3)). Although the electrical current flow involved within this investigation is a 

simulation of stray current i.e. the relevant positive and negative terminals were not 

embedded in the mortar cubes but external, and therefore a direct comparison to 

previous results cannot be made, influence on the material structure (including pore 

structure) of the hereby studied mortar specimens was expected. Figure 3.6 depicts the 

calculated porosity and pore size distribution for the control specimens R and the “stray 

current” specimens S at the stages of 24h, 7d and 28 days. It should be noted that Fig. 

3.6 presents porosity and pore size distribution values, which are calculated via image 

analysis (as previously introduced). The employed method can distinguish pore sizes 

larger than 0.317 µm. 
 

 

 
Fig. 3.6 Porosity (left) and pore size distribution (right) for control group R and “stray current” group S at 

hydration ages of 24h, 7 days and 28 days, determined via image analysis. 
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The derived values are not claimed to be absolute, but rather serve as a comparison 

of bulk matrix characteristics of equally handled samples from both groups R and S (via 

equal sample preparation respectively). Both S and R specimens present equal 

characteristics for the first time interval (24h). Development of the pore structure 

follows with cement hydration, resulting in densification of the matrix for both R and S 

groups. Porosity decreases from ~ 18% at 24h to ~ 14% for specimens R and ~ 10% for 

specimens S at 7 days age. The microstructure of specimens S is affected by enhanced 

ion and water transport in the matrix, resulting from parallel diffusion and migration 

controlled mechanisms in the presence of electrical current flow, whereas diffusion 

controlled mechanisms only are relevant for group R. The lower porosity values for 

group S at this stage are in line with the slightly higher amounts of hydrated water (Fig. 

3.4) and would generally result in higher compressive strength (Fig. 3.5, strength 

development from 7 to 14 days). At the stage of 28 days, a reversed trend was observed 

for specimens S – porosity increases from ~ 10% to ~ 12%, whereas decreases only for 

specimens R (from 14.2% to 9.3%). The result supports the lower compressive strength 

values for specimens S, compared to specimens R at this stage (Fig. 3.5, 28 days and 

later stages).  
 

 

 
 

Fig. 3.7 Porosity and pore size distribution for groups S and R from MIP tests: 28 days (a,b) and 84 days 

(c, d). 

 

 

Porosity and pore size distribution were also derived via conventional MIP tests, 

Fig. 3.7. Here again, absolute values are not claimed, neither a direct absolute 

comparison with pore structure parameters derived from image analysis can be made. 
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For the hydration age of 28 days, the MIP results present analogical trend of material 

behaviour as previously defined within image analysis for this time interval (Fig. 

3.7a)b); the rectangular area in Fig. 3.7a defines the region, where image analysis can 

determine porosity and pore size). Coarser pore structure for specimens S was derived at 

28 days, relevant to pores larger than 10 μm and the gel pore family (below 0.1 μm) – 

Fig. 3.7b); total and effective porosity for specimens S are also slightly higher, 

compared to specimens R (Fig. 3.7a). 

At 84 days of age, the total and effective porosity for both S and R groups decrease 

(Fig. 3.7c), compared to 28 days of age (Fig. 3.7a). For specimens S, the trend of higher 

than specimens R (total and effective porosity) was maintained (Fig. 3.7c) and a more 

pronounced difference in pore distribution density was observed i.e. capillary porosity 

increased as evident from the well pronounced peak between 1 µm and 0.1 µm in the 

differential curve for specimen S – Fig. 3.7d. 

 

 

 
 

Fig. 3.8 ESEM micrographs of the bulk mortar matrix for specimens R (left column) and S (right column) 

at the hydration ages of 7 days, 28 days and 84 days. 
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The results form microstructural analysis (both image analysis, Fig. 3.6 and MIP 

analysis, Fig. 3.7 are “visualized” by Fig. 3.8, presenting ESEM micrographs of the 

bulk mortar matrix (at equal magnification of 500x) for the control specimens R (left 

column) and the “stray current” specimens S (right column). Well visible is the denser 

matrix in specimens S at 7 days of age (Fig. 3.8 top); followed by coarsening (compared 

to R) at 28 days of age (Fig. 3.8 middle) and an even coarser pore structure for 

specimens S at 84 days of age (Fig. 3.8 bottom). The global performance of the here 

investigated mortar specimens is determined by the above discussed microstructural 

characteristics. The derived pore structure parameters support the findings for 

development of compressive strength and are also in line with the electrical properties 

(electrical resistivity in this case) of the investigated specimens. Discussion on the 

experimental results and additional supporting evidence for the different material 

development in conditions of current flow (as within specimens group S) will be 

presented in what follows. 
 

3.4.4  Discussion 

The electrical resistivity, conductivity respectively, is a property of a cement-based 

material, related to the ability of the matrix to resist the passage of electrical current.  

Electrical resistivity is fundamentally related to the permeability of fluids and 

diffusivity of ions through porous materials such as mortar/concrete. Resistivity 

monitoring for the S and R specimens was continuously performed throughout the total 

duration of the test. Figure 3.9 depicts derived electrical resistivity values for both 

groups S and R: from initial values (24h) until 84 days. The plots in Fig. 3.9 

additionally depict information for the stray current density that flows through each 

cube (for the S specimens), and the hypothetic current density for the control group R, 

calculated with numerical simulation (Section 3.5 further below). As can be observed, 

electrical resistivity increases with time for both S and R specimens, which is more 

pronounced for the R specimens; the electrical resistivity for specimens S is on average 

higher than that for specimens R at earlier hydration stages (e.g. 3 days, Fig. 3.9b). At 

the latest time interval (84 days, Fig. 3.9f) the electrical resistivity for the S cubes is 

lower (in the range of 8-9 Ohm.m) compared to the R cubes (in the range of 10-16 

Ohm.m). Previously discussed were the lower compressive strength values for 

specimens S, compared to specimens R with time of conditioning, which actually 

corresponds well to the lower resistivity values for group S. However, no 

straightforward relation can be made, since microstructural alterations play an important 

role as well; the average stray current density, flowing per cube decreases with time 

which is with increasing the electrical resistivity of the matrix, and maintains higher 

values for the S specimens. This corresponds to the lower electrical resistivity, lower 

compressive strength and the coarser pore structure in specimens S.  

After correlating the results from chemical analysis (hydrated (bound) water 

content), compressive strength tests, microstructural analysis of the bulk mortar matrix 

and electrical properties, it can be stated that the stray DC current, flowing through the 

specimens group S, exerts changes in material behaviour. Compared to group R, 

initially similar or higher values of hydrated water content were recorded for group S at 

earlier stages, whereas still increasing, but slightly lower values compared to the control 

group R were recorded later on (Fig. 3.4).  
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Fig. 3.9 Comparison of electrical resistivity values (columns) in Ohm.m for mortar specimens S and R 

(both in immersed condition and identical water levels) at hydration ages of 24h (a), 3 days (b), 7 days (c) 

28 days (d) 56 days (e) and 84 days (f). The number of cubes (depicted values respectively) reduces with 

time, relevant to removing of 4 replicates per stage for the relevant tests (the plots contain current density 

values as cumulative stray current flow per cube as calculated by numerical simulation, discussed further 

below in Section 3.5). 
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In an advanced stage of the hydration process, diffusion processes are the limitation 

ones and these are solely relevant for specimens group R. As for specimens group S, the 

hydration process is determined by diffusion but also migration due to an accelerated 

ion and water transport under current flow. Therefore, the current flow initially 

accelerates cement hydration for group S. This is confirmed by increasing compressive 

strength values for group S (Fig. 3.5), initially denser pore structure e.g. 7 days age, 

Figs. 3.6 - 8) and higher electrical resistivity of the mortar specimens S, compared to 

specimens R – Fig. 3.9b). The effect shows a reversed trend on later stages (after 28 

days of age), which is denoted to the simultaneous contribution of stray current flow 

and concentration gradients on cement hydration, as well as possible calcium and alkali 

ions leaching. These latter phenomena, denoted to the influence of current/voltage flow 

in water environment have already long been recognized and reported to result in 

hydrolytic degradation of hardened cement-based materials within less than 50 days of 

conditioning in similar to the hereby discussed environment (Saito et al. 1992, 

Wittmann 1997). Consequently, alterations in microstructural and electrical properties, 

further resulting in lower electrical resistivity (Fig. 3.9d-f), lower compressive strength 

(Fig. 3.5) and coarser pore structure (Figs. 3.6-8) were expected and are actually as 

recorded starting 28 days of age for specimens S, compared to the control cases 

(specimens R). These trends and dependencies, although relatively less pronounced 

within the hereby relevant period of 84 days, are expected to be significantly more 

evident for longer conditioning, which is subject to an on-going investigation.  

The development of the internal microstructural characteristics, resulting from 

chemical and physico-chemical phenomena related to cement hydration, determine the 

mechanical performance of cement-based materials. A general perception for a cement-

based material is that porosity will decrease with time and with prolonged cement 

hydration respectively. This, however, is not always the case. Microstructural 

alterations and Ca-leaching for example would affect the matrix. For the case of this 

experiment, leaching cannot be claimed in the generally accepted sense of these types of 

experiments, since the mortar cubes were immersed in stagnant water that was not 

exchanged during the tests, but only maintained at the same level by adding fresh water. 

However, the recorded calcium, sodium and potassium concentrations at the beginning 

of the test and after 28 to 56 days show five to ten or more times increased ion 

concentrations within conditioning (Table 3.1).  

 

 
Table 3.1 pH, alkali ions concentration and conductivity of water environment 

Conditioning 

water, group: 

pH Na+, g/l K+, g/l Ca2+, g/l σ, S/m 

 24h 28 d 24h 28-56 d 24h 28-56 d 24h 28-56 d 24h 28-56 d 

R 
8.5 

13.3 
0.041 

0.232 
0.009 

0.563 
0.048 

0.307 
0.92 

2.9 

S 13.1 0.206 0.480 0.391 1.8 

 

 

For this experiment, leaching will result from concentration and pH gradients 

between the cement-matrix and the external (tap water) environment (the pH values 

were measured to be approx. 8 at the beginning of the test and approx. 13 after 28 days). 

Leaching is expected to be accelerated in the presence of current flow. Although 

conductivity values of the environment for S and R groups and ion concentration are not 

far different, conductivity, as well as K+ and Na+ concentrations) for the S groups were 
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lower, whereas Ca2+ concentration was slightly higher, compared to the conditioning 

water for group R (no absolute values are claimed, but a comparison of initial and 

cumulative 28 to 56 days values are given). Since alkali ion concentrations also increase 

in the conditioning water for group R, the most plausible reason for the coarsening of 

the pore structure in specimens S is the electrical current contribution towards enhanced 

ion and water migration. It can therefore be concluded that the electrical current flow 

initially affects the bulk matrix properties in terms of matrix densification; whereas a 

coarser pore structure was observed towards the end of the test as a result of 

simultaneous stray current and leaching effects.  

 

 

3.5 Numerical simulation and correlation of results 

Considering all experimental data and the above discussed outcomes of this 

investigation, a further objective of this study was to initiate and present first trials on 

numerical simulation of the dependence of stray current density, flown per cube and the 

relevant development of mechanical and microstructural properties. Figure 3.10 

presents an example for the numerical simulation of potential (Fig. 3.10a) and current 

(Fig. 3.10b,c) distribution in the specimens S. The simulation can provide data for the 

distribution of current density flow per cube i.e. current distribution lines within the 

matrix of each cube (Fig. 3.10b) or per defined cross section of each cube (Fig. 3.10c, 

top and bottom sections are depicted). This is of particular interest when aiming to 

correlate bulk matrix properties as strength or resistivity – in this case the total 

cumulative stray current, flown per cube (Fig. 3.10b) can be coupled to the obtained 

results; or similarly – for the case of porosity and pore size analysis via image analysis – 

the current flow through a relevant (in our case middle section) of each cube (Fig. 

3.10c) can be correlated to derived pore structure parameters in this same section. These 

correlations, however, need to consider also if the cubes were near the negative or near 

the positive terminals of the conditioning set-up, since the relevant opposite ion flow 

determines structural characteristics (Wittmann 1997, Koleva et al. 2008). For this 

experiment the above correlations were not performed.  
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Fig. 3.10 An example of potential distribution in the container (a) and current density distribution (b,c) 

within the experimental set-up for group S, presenting the magnitude of current density, distributed in the 

total bulk material (b) and current density distribution lines per sections of the cubes (c). 

 

Figure 3.11 presents the output of the model for series S at 1 day (a,b), 7 days (c,d), 

28 days (e,f) and 84 days (g, h) of cement hydration. For clarity of the discussion and 

the data depicted in Fig. 3.11, Fig. 3.12 gives an example for the graphical presentation 

of one cube in terms of current lines, Fig. 3.12a)b) and the distribution of the generated 

current density lines in the x direction, Fig. 3.12c). 
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Fig. 3.11 Stray current model (current density distribution) for specimens group S at 1 day (a, b), 7 days 

(c, d), 28 days (e, f) and 84 days (g, h) – top and middle cross sections (left columns) and bottom sections 

(right column). 
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Fig. 3.12 An example for the graphical presentation of the generated current distribution lines in the 

directions of x, y and z axis, including a schematic view of current distribution lines in one cube.   

 

 

At the beginning of the test (1 day, Fig. 3.11a,b), the level of current density, 

flowing in the immersed (bottom) sections of the cubes (Fig. 3.11b) almost equals the 

current distribution flow in the external aqueous environment, whereas lower currents 

are relevant for the top (higher resistant) sections of the cubes (Fig. 3.11a). After 7 days 

of conditioning (and with time of cement hydration) densification of the matrix and 

developing of mechanical strength lead to lower current, flowing through the highly 

resistive top sections of the cubes (Fig. 3.11c). The bottom sections also become more 

resistive (Fig. 3.11d). At later stages (28 and 84 days, Fig. 3.11e-h), the current flow 

decreases through both top and bottom sections of the cubes, maintaining lower values 

for the bottom sections. The source of electrical current throughout the experiment is 

current controlled (not voltage controlled), meaning that the level at which the 10 

mA/m2 DC stray current is supplied, is constant. The difference in the actual current 

density, flowing through each cube, is therefore determined from the difference in 

electrical and microstructural properties of the cement matrix with time of conditioning. 

In other words, although all cubes theoretically “receive” the same amount of current, 

the accumulated current that flows through each cube is different and this is well visible 

from Fig. 3.11. For example at 7 days of age (Fig. 3.11d) the bottom sections of the 

cubes in the upper and middle part of the experimental set-up (indicated with arrows in 

Fig. 3.11d) “receive” higher current, compared to those in the bottom part (i.e. their 

electrical resistivity is lower). At 28 days some cubes are more resistant to current flow 

(arrows in Fig. 3.11f), compared to others. Gradually (e.g. 84 days, Fig. 3.11g,f), the 

cubes becomes more and more resistive to current flow (also reflected by gradual 

increase in electrical resistivity values, Fig. 3.9, which however maintain lower, 

compared to the control R group). A simulation for the “hypothetic current flow” can be 

performed for the cubes group R (control case) - the resulting current flow distribution 

for 28 days for example is as presented in Fig. 3.13. Well seen is that for equal 

environmental conditions, as well as equal current levels applied, the current density, 

flowing through specimens R will be significantly lower compared to that in specimens 

S (compare Fig. 3.11e)f) with Fig. 3.13) in both top (Fig. 3.13 left) and bottom (Fig.3.13 

right) sections of the cubes. 
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Fig. 3.13 Stray current model for 28 days for group R, presenting hypothetic distribution of current flow.  

 

 

The model can thus provide the distribution of current flow per cube and the current 

distribution flow with time of conditioning. With additional input parameters (as matrix 

permeability for example) and mathematical transformations (which are subject to on-

going study) the level of current flow can be correlated to microstructural and 

mechanical properties for each cube. The end result would be a correlation of stray 

current flow and bulk matrix properties i.e. the influence of current flow on cement-

based matrix can be evaluated and further extrapolated to predict performance within 

longer time intervals and for various current regimes. 

 

 

3.6 Conclusions 

The chapter discussed microstructural, mechanical and electrical properties of mortar 

specimens in conditions simulating stray current flow, compared to control, “no-

current” conditions. Numerical simulation for the distribution of the stray current flow 

in aqueous medium and the presence of mortar cubes was performed and validated with 

experimentally derived results. The following conclusions can be summarized: 

 

 At the level of 10 mA/m2 (surface area of the cross section of the conditioning 

environment in direction of current flow) the stray current flow results in slightly 

higher percentages of hydrated water content and denser bulk matrix of the mortar 

bulk matrix, which is due to reduced porosity and critical pore size; 

 Compressive strength and electrical resistivity for the mortar, maintained in 

conditions of stray current flow (group S) increased with time, but maintained lower 

values, compared to these for the control group R; 

 At later conditioning intervals (28 to 84 days of age), the stray current flow brings 

about microstructural alterations in terms of coarsening of the mortar bulk matrix, 

with a possible contribution of calcium leaching in the testing environment. The 

difference in porosity and pore size distribution between specimens S and specimens 

R at the latest time interval of 84 days, higher for the former and lower for the latter 

cases, are attributed to accelerated ion and water migration in the presence of current 

flow. 

 Apart from diffusion, ion and water migration have a positive effect on cement-based 

properties; however, the enhanced water and ion transport on later stages induce 

0 20 40x

y

28 days, group R

z

x

y
0

0.004

0.010

0.002

0.006

0.008

A/m2

0

10

20

cm

cm

cm

cm

cm

0 20 40x

y

28 days, group R

z

x

y
z

x

y

x

y
0

0.004

0.010

0.002

0.006

0.008

A/m2

0

0.004

0.010

0.002

0.006

0.008

A/m2

0

10

20

cm

cm

cm

cm

cm



41 

3 

negative alterations, which correspond to reduced mechanical and electrical 

properties, that in turn would ease aggressive ions transport (if any) and reduce 

corrosion resistance, if reinforcement was present.   

 Further tests need to be performed in suitable external environment e.g. sat. Ca(OH)2, 

fully immersed or sealed conditions, in order to separately evaluate leaching and/or 

stray current-induced effects. Such tests and related considerations are subject to the 

next chapters. 
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4 
Stray current-induced development of 

hardening cement-based microstructure in 

different environmental conditions*  

 

Abstract: This chapter presents the development of microstructural and mechanical 

properties of mortar cubes under the synergetic action of stray current and various 

environmental/curing conditions. The mortar specimens were cured for 24h only, 

followed by a 112 days period of partial or full submersion in water or alkaline medium. 

Additionally, equally prepared mortar specimens were tested in sealed conditions. The 

outcomes for submerged and saturated conditions were compared to sealed conditions. 

Three current density regimes were employed i.e. 1 A/m2, 100 mA/m2, and 10 mA/m2, 

simulating different levels of stray (DC) current environment. The highest level of 

1A/m2 was also comparable to stray current densities, as measured in field conditions. 

The tests were designed in a way, so that the effects of diffusion-controlled transport 

(ions leaching due to concentration gradients), were distinguished from migration-

controlled ones (ion/water transport in stray current conditions). Mechanical, 

microstructural and electrical properties were monitored throughout the test.  
 

 

 

 

 

 

 

 

 

*This chapter is based on: 

 

1. Susanto, A., Koleva, D. A., van Breugel, K., and van Beek, K. (2017). Stray current-induced 

development of cement-based microstructure in water-submerged, Ca(OH)2-submerged and sealed 

conditions. Journal of Advanced Concrete Technology, 15(6), 244-268. 
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4.1 Introduction 

During their service life, cement-based materials are exposed to various external 

environments that can have either beneficial or negative effect on the cement-based 

matrix. Generally, concrete degrades with age in aggressive environment (e.g. acidic, 

sodium chloride-containing environments, stray current flow, etc.). For instance, main 

constituents (as Ca-bearing compounds) of the hydrated cement paste in concrete, when 

exposed to aqueous solutions, may leach out due to concentration gradient or chemical 

potential. Leaching occurs from regions with higher concentration to regions with lower 

concentration of the diffusing substance (a process occurring for example in 

underground storage tanks, dams, water tanks and radioactive waste disposal 

containers). Since calcium leaching coarsens the pore structure, the result is a porous 

bulk matrix (Jain et al. 2009; Puertas et al. 2010; Marinoni et al. 2008; Gaitero et al. 

2008; Cheng et al. 2012), increased permeability, reduced mechanical strength (Dariusz 

et al. 2009; Kamali et al. 2003; Marchand et al. 2000; Carde et al. 1996). Generally, the 

leaching process starts with a total dissolution of portlandite (calcium hydroxide, CH), 

ettringite, followed by a progressive decalcification of the calcium-silicate-hydrate (C-

S-H) phase. Long term leaching follows a square root of the leaching duration (Ulm et 

al. 1999; Detlef et al. 2004). Other degradation processes may occur when aggressive 

chemical species from the external environment as chlorides, carbon dioxide, sulphates 

penetrate into the cement-based material, e.g. concrete sulphate attack, corrosion of the 

steel reinforcement, etc.  

When the above chemical and physico-chemical degradation mechanisms are 

enhanced due to faster ion and water transport, i.e. due to ion migration as for example 

in conditions of stray current flow, an increased level of structural degradation would be 

expected. Any electrical field, including stray current, will influence cement hydration 

by altering ion and water transport. Consequently, stray currents will modify material 

properties and can affect the behaviour and integrity of a reinforced concrete structure.  

Several works reported on quantifying the influence of stray current on cement-

based materials via modelling approaches only (Yu-qiao et al. 2010; Xia et al. 2013; 

Peelen et al. 2011). In contrast, Chapter 3 combined both experimental and numerical 

approach, resulting in more insight into the related phenomena. Previously reported was 

the positive effect of stray current on partially submerged in water mortar specimens at 

early stages only (<14 days of cement hydration). The positive effect of stray current 

was due to accelerated cement hydration, accompanied by increasing compressive 

strength, denser pore structure and higher electrical resistivity for the “under current 

regime”, compared to control specimens. However, a reversed trend was observed at 

later stages (>28 days), where the stray current induced negative effects, leading to 

coarsening of the mortar bulk matrix, reduced mechanical and electrical properties. The 

effect of stray current on cement-based microstructure was hypothesized to depend and 

vary with respect to the environmental conditions and the current density level. 

Therefore, the extensive investigation subject to this chapter, including varying 

external medium, different curing regimes and higher current densities, was performed 

in order to elucidate the effect of stray current on cement-based materials. In particular, 

this work aims to clarify some of the previously posed research questions on different 

environmental conditions and leaching phenomena. The aim is to clearly distinguish the 

effects of ions leaching due to concentration gradient from those, resulting from 

enhanced ion and water migration, i.e. when stray current is involved. Hence, hereby 

presented and discussed is the effect of stray current flow on mortar specimens 
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submerged in water, compared to stray current effects on mortar in sealed conditions 

and in conditions of partial or full submersion in alkaline medium (Ca(OH)2) solution). 

Except the effect of concentration gradient, an important aspect is the level of stray 

current density.  

In this Chapter, three levels of stray current densities were applied, considering 

main points as follows: the lowest current density level of 10 mA/m2 was employed as a 

simulation of current flow due to electrochemical protection techniques (e.g. impressed 

current cathodic protection). Although much lower levels of stray current densities e.g. 

in the range of 1 to 1.5 mA/m2 were reported (Charalambous et al. 2014; Aylott et al. 

2013), considering previous studies (Susanto 2013) an increase with a factor of 10 was 

chosen for obtaining better distinguishable results. The highest level of employed 

current density of 1A/m2 was chosen as comparable to levels also measured in real field 

situations, i.e. between 1 and 1.5 A/m2 (Galsgaard and Nielsen 2006). The step in-

between i.e. 100 mA/m2 adds to the series of tested steps by a factor of 10 and for 

completeness of the tests. 

 

 

4.2 Materials and methods for experimental studies 

4.2.1  Materials 

For partly submerged and fully submerged conditions: the specimens were treated in 

water or 0.02M Ca(OH)2 solution (Seidell et al. 1953). For sealed conditions: a 

specifically designed mould was used, where the specimens were sealed with a rubber 

gel sealant 24h after casting and remained insulated from each other in the mould (Fig. 

4.1). 

 

 
 

Fig. 4.1 Experimental set-up, electrical devices, multiplexer to automatically record resistance of the 

mortar specimens, and schematic presentation of the electrical current application through the cross 

section (A) of mortar specimens for sealed condition (a, b, c); schematic experimental set up for 

submerged (partially or full) conditions (d), as also previously reported (Susanto et al. 2013).  
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4.2.2  Sample designation and current regime 

Table 4.1 summarizes the experimental conditions and studied specimen-groups. Four 

groups of experiments were conducted in different conditions (submerged, partly 

submerged, sealed condition), varying environment (water, 0.02M Ca(OH)2) and three 

levels of DC current density (10 mA/m2, 100 mA/m2, 1A/m2). The current regimes were 

adjusted through external current sources, following previously reported set-up for 

partly submerged conditions (Susanto et al. 2013), Fig. 4.1d) and a specifically designed 

one for sealed conditions, Fig. 4.1a,c). The electrical current flow was “injected” via 

surface area A, in m2, Fig. 4.1c,d),  calculated based on the geometrical orientation of 

the specimens and set-up - 0.27 m x 0.04 m for submerged conditions (Fig. 4.1d) and 

0.04 m x 0.04 m for sealed condition (Fig. 4.1c). Figure 4.1 (a, b, c) presents the 

experimental set up for sealed conditions, where the electrical current was applied per 

cube, via cast-in conductive plates (brass mesh), completely covering the cross-sections 

A of the cubes (Fig. 4.1c). Fig. 4.1c) also depicts the sampling strategy for MIP and 

ESEM analysis and the geometrical location for microstructural analysis: middle section 

for fully or partly submerged conditions and middle section and sides for sealed 

conditions. More details with regard to Fig. 4.1c) are discussed in the relevant results 

section for sealed conditions. To be noted is that for both MIP and ESEM 

microstructural analysis, the comparison of results refers to identically handled 

specimens and identical geometrical location within one test series.  

 

 
Table 4.1 Test matrix: □ - compressive strength; ○ - MIP/ESEM tests; ∆ - el. resistivity (* Full details on 

this (marked) investigation are reported in (Susanto et al. 2013)  

Current density 

Hydration age 

Condition and environment 

  Partly submerged Fully submerged 
Sealed 

    Groups H2O Ca(OH)2 H2O Ca(OH)2 

Control 

3    ∆ * -   ∆ - □ ○ ∆ 

7  ∆ * - - - □  ∆ 

14 □ ∆ * □ ∆ □ ∆ □ ∆ - 

28 □ ○ ∆ * □ ○ ∆ □ ○ ∆ □ ○ ∆ □ ○ ∆ 

84 □ ∆ * □ ∆ □ □ ∆ - 

112 □ ○ ∆ * □ ○ ∆ □ ○ ∆ □ ○ ∆ □ ∆ 

10mA/m2 

3   ∆ * - - - - 

7  ∆ * - - - - 

14 □ ∆ * □ ∆ - - - 

28 □ ○ ∆ * □ ○ ∆ - - - 

84 □ ∆ * □ ∆ - - - 

112 □ ○ ∆ * □ ○ ∆ - - - 

100mA/m2 

3 - -  ∆ - □ ○ ∆ 

7 - - - - □ ∆ 

14 - - □ ∆ □ ∆ - 

28 - - □ ○ ∆ □ ○ ∆ □ ○ ∆ 

84 - - □ □ ∆ - 

112 - - □ ○ ∆ □ ○ ∆ □ ∆ 

1A/m2 

3 - - □ ∆ - □ ○ ∆ 

7 - - - - □ ∆ 

14 - - □ ∆ □ ∆ - 

28 - - □ ○ ∆ □ ○ ∆ □ ○ ∆ 

84 - - □ □ ∆ - 

112 - - □ ○ ∆ □ ○ ∆ □ ∆ 
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Multiplexer devices (PC connected) were used to automatically output the electrical 

resistance of the mortar specimens in real time (the current supply was interrupted in the 

time of the measurement, details in section 4.2.3.2 below). The electrical current was 

applied from 24h of hydration age onwards i.e. immediately after de-moulding of the 

specimens for submerged conditions and after sealing the moulds for the sealed 

conditions. The tests duration was 112 days. 

 

4.2.3  Test Methods 

4.2.3.1   Compressive strength  

Standard compressive strength tests were performed on 40×40×40 mm3 mortar cubes at 

the hydration ages of 3(7), 14, 28(84) and 112 days. Three replicate mortar specimens 

were taken out from the conditioning set-up, cloth-dried and tested within a 30 min time 

interval. 
 

4.2.3.2  Mortar electrical resistivity 

The measurement of electrical resistivity of mortar specimens is done in the same 

manner as previously reported in Section 3.3.3.2, Chapter 3. 
 

4.2.3.3  Determination of pore structure parameters and image analysis 

The pore structure parameters (MIP and ESEM) were determined via well-known and 

reported procedures, main details for which are given in Appendix A. 
 

4.2.3.4 Chemical analysis 

Chemical analysis of the conditioning water (external medium) was performed to 

determine changes in alkali ions concentration (Na+, K+ and Ca++) due to ions leaching-

out from the mortar cubes. The tests were performed using Inductive Coupled Plasma 

Spectrometry (ICP-AES) after 1, 3, 14, 28, 44, 56 and until 112 days of conditioning of 

the mortar specimens. Additionally, chemical analysis for hydrated (chemically bound) 

water at certain hydration ages (1, 7, 14, 28, 84 and 112 days of conditioning) and for 

some of the tested specimens was determined according NEN 5931 (which is a standard 

loss of ignition test). According to NEN 5931 standard, the mass loss per gram of 

original cement was measured between 105oC and 775oC. The specimens were stored in 

the oven with temperature 105 oC to constant weight (at least 12 hours) and transferred 

to a desiccator to cool down to room temperature. Afterwards, the specimens were 

conditioned at 775 oC for at least 3 hours (but no more than 6 hours). After cooling of 

the specimens, the mass loss was determined. Based on the bound water content, the 

degree of hydration was calculated, using the following equation (Copeland et al. 1953):  

 

𝛼 = (
𝑊𝑛

𝑐
) (

𝑊𝑛

𝑐
)
𝑚𝑎𝑥

⁄      (4.1) 

 

where (𝑤𝑛/𝑐) is the non-evaporable water content per gram of original cement in the 

mixture and (𝑤𝑛/𝑐)𝑚𝑎𝑥  is (𝑤𝑛/𝑐) for complete hydration. The non-evaporable water 
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content per gram of original cement in the mixture Wn/c is calculated as follow 

(Copeland et al. 1953): 

      
𝑊𝑛

𝑐
=

𝑊1

𝑊2
(1 − 𝐿) − 1         (4.2) 

 

where W1 is the mass of paste prior to ignition (g), W2 is the mass of paste after ignition 

(g), and  L  is the loss of ignition for the sample of the original dry cement powder (g/g 

of original cement). 

 

The (𝑤𝑛/𝑐) for complete hydration ((𝑤𝑛/𝑐)𝑚𝑎𝑥) mainly depends on the clinker 

composition of the cements and the amount of reacted cement and can be calculated 

using the following equation (Copeland et al. 1960): 

 

(
𝑊𝑛

𝑐
)
𝑚𝑎𝑥

= 𝑤1 ∗ (𝐶3𝑆) + 𝑤2 ∗ (𝐶2𝑆) + 𝑤3 ∗ (𝐶3𝐴) + 𝑤4 ∗ (𝐶4𝐴𝐹)       (4.3) 

 

where 𝑤1..4 is non evaporable water content for individual constituents (g/g) and the 

designations in bracket (..) is the content of major constituents of the cement considered 

(g). 

 

 
Table 4.2 Non-evaporable water content for major phases (individual constituents) of cement 

Cement 

Phase 

Coefficient (w1..w4) 
Mineral composition of cement CEM I 42.5 

(% by weight) (g water/g cement phase) (Neville 1981; 

Taylor 1990) 

C3S 0.23 0.62 

C2S 0.21 0.105 

C3A 0.40 0.073 

C4AF 0.37 0.102 

 

 

By using Eq. (4.3) and the data in Table 4.2, the value of 0.238 can be obtained for the 

term (𝑤𝑛/𝑐)𝑚𝑎𝑥. This value is close to the previously reported results, e.g. 0.23 (Taylor 

1990) or in a range between 0.23 and 0.25 (Sun et al. 2005). 

 

 

4.3 Results of experimental studies and discussion 

4.3.1  Compressive strength 

The compressive strength development of cement-based materials is determined by 

several factors, including water-to-cement ratio, cement type, admixtures and curing 

conditions including humidity, temperature and age (Hu 2004; Mehta et al. 2001). 

Generally, compressive strength increases with the progress of cement hydration and is 

directly related to microstructural development of the cement-based matrix with time 

(with maturity development). Figure 4.2 presents the recorded compressive strength as a 
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function of hydration age for mortar specimens as follows: partly submerged in water 

and Ca(OH)2 (Fig. 4.2a), as a comparison for control specimens and “under current” 

condition at the lowest current density level of 10 mA/m2; fully submerged in water 

(Fig. 4.2b) and in Ca(OH)2 (Fig. 4.2c) - control and “under current” conditions at 

current density levels of 100 mA/m2 and 1A/m2 - Fig. 4.2b); sealed conditions (Fig. 

4.2d) - control and “under current” at current density levels of 100 mA/m2 and 1A/m2. 

The varying environment i.e. water or Ca(OH)2, as well as the different levels of 

stray current (10 mA/m2, 100 mA/m2 and 1A/m2) were designed to elucidate the effects 

of ion and water diffusion and ion and water migration, separately or as a synergy. It 

was expected that leaching-out would occur in water environment, will be minimum in 

alkaline medium and will not be relevant for sealed conditions. Ion and water migration 

were a factor when current flow was involved. The resulting mechanical properties were 

expected to vary with respect to the external medium, the level of stray current density 

and the above transport mechanisms. 

 

 

 

 
Fig. 4.2 Compressive strength as a function of hydration age for mortar specimens in rest and “under 

current” conditions: (a) partly submerged in H2O and Ca(OH)2 solution; (b) fully submerged in H2O; (c) 

fully submerged in Ca(OH)2 solution; (d) sealed condition 

 

 

As shown in the Fig. 4.2, the compressive strength for all mortar specimens tends to 

increase with time of conditioning and with on-going cement hydration. This was as 

expected, and as observed, for all conditions and irrespective of external medium or 

current density levels. At 28 days of age all specimen groups present compressive 
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strength in the range of 60-65MPa, with the exception of water-submerged conditions, 

where approx. 45MPa was recorded. Despite this difference, the recorded compressive 

strength fulfils the expected from OPC CEM I 42.5N minimum mechanical properties at 

28 days of age. The importance of the tests was also in view of recording performance 

with prolonged treatment, with relevance to environment and current density levels, 

which are discussed in what follows. 

For partly submerged conditions in control and “under current” regimes at the 

lowest current density levels (10 mA/m2) - Fig. 4.2a, there was no substantial effect of 

the treatment and/or the current flow on compressive strength development. For mortar 

specimens partly submerged in Ca(OH)2 solution, similar compressive strength 

development was observed for both control and “10 mA/m2” groups. However, a 

general trend to lower compressive strength values towards the end of the test was 

recorded for the “under current’ regime - group 10 mA/m2, partly submerged in water. 

For fully submerged conditions (Figs. 4.2b and 4.2c), a more pronounced effect of 

both external medium and current flow was already observed, bearing in mind that in 

these conditions the current density level was also higher than that in partly submerged 

conditions i.e. 100 mA/m2 and 1A/m2. For water submerged specimens (Fig. 4.2b) the 

effect of current flow was especially pronounced for the specimens subjected to the 

highest current density level of 1 A/m2, where 45 MPa was recorded after 112 days, 

while 60 MPa was recorded for the control group at the same age and equal 

environmental conditions (Fig. 4.2b). A reduction of compressive strength between 28 

days of age and the end of the test (112 days) was recorded for the 1A/m2 group only. 

The specimens in group “100 mA/m2” maintained higher values at the end of the test 

(approx. 50MPa), but in a lower range, if compared to control conditions (60MPa). In 

contrast, the fully submerged in Ca(OH)2 specimens, Fig. 4.2c, exhibit an increasing 

trend only of compressive strength development over time, irrespective of the current 

regime. As seen from Fig. 4.2c, a slight increase even of compressive strength was 

recorded for mortar in the “under current” regimes. This effect was again more 

pronounced for the “1 A/m2” group if compared to the lower current density level of 

100 mA/m2 and control specimens. 

For sealed conditions – Fig. 4.2d), an increase only of compressive strength was 

relevant for all tested specimens. A more significant effect was again relevant to the 

highest current density regime (1 A/m2), in which the mortar specimens exhibited the 

highest compressive strength at the end of the test (~ 65MPa), (Fig. 4.2d). 

What can be concluded from the results in this section is as follows: the 

development of compressive strength is related to cement hydration with time (with 

age). This follows the increase in maturity of the cement-based bulk matrix. 

Consequently, in control (rest) conditions, when other factors were not relevant, the 

compressive strength would present an increasing trend, followed by stabilisation. The 

evolution of mechanical properties, following microstructural development, however, is 

directly linked to the chemical reactions within the cement hydration process. Cement 

hydration on the other hand is a process, involving (among other factors) ion and water 

transport due to diffusion and/or migration (capillary suction and permeation were not 

of significance in the conditions of this work, and are therefore not discussed). In 

conditions of current flow, diffusion and migration are taking place in parallel. 

Therefore, enhanced ion and water transport, as in “under current” conditions, would 

result in altered (mostly enhanced at early stage) cement hydration. Enhanced ion and 

water transport will also lead to elevated alkali ions leaching-out in conditions, where 
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concentration gradients between the mortar matrix and the external medium are present. 

Consequently, competing or parallel mechanisms would be relevant for the “under 

current” regimes: on one hand, enhanced cement hydration, microstructure densification 

and mechanical strength development at early stage will be relevant for all tested 

specimens. These will dominate throughout the test, i.e. including also the later stages 

of the test for sealed and Ca(OH)2-conditioned specimens.  

Enhanced alkali ions leaching and potentially reversed effects on microstructural 

development, and mechanical performance respectively, at later stages will be relevant 

for water-conditioned specimens. These mechanisms will be affected by the absence or 

presence of current flow and were expected to be more pronounced for higher current 

density levels (i.e. enhanced ions and water migration), as actually observed and 

recorded. In other words, the effect of stray current on mechanical properties is 

negative, when a concentration gradient between the cement-based material and 

external environment is present. In contrast, the effect of stray current would be positive 

at earlier ages of the cement-based system when concentration gradients are minimum 

or none i.e. when leaching is avoided. 

Chemical analysis of the external medium (for water-treated specimens), together 

with overall microstructural characterisation of the bulk mortar matrix for all tested 

conditions, elucidate and support the observed mechanical performance in control and 

“under current” conditions. The results and discussion on these aspects are presented in 

the following sections. 

 

4.3.2  Chemical analysis of the external medium  

When a cement-based material is in a prolonged contact with water, dissolution of 

cement hydrates will occur (due to alkali ions (Ca2+, Na+, K+) leaching). The transport 

of sodium and potassium is faster than that for calcium ions (Saito et al. 1992), and 

more pronounced at early stages (less mature cement matrix, hence more open pore 

structure), whereas stable and/or negligible with longer treatment. Leaching of calcium 

ions promotes coarsening of the pore structure, leads to increased transport properties 

(permeability, diffusivity) and decrease in mechanical properties (Roessler et al. 1985, 

Young et al. 1988). Several studies report on calcium ions leaching from cement-based 

materials submerged in water (Alonso et al. 2006; Faucon et al. 1996; Faucon et al. 

1998; Haga et al. 2005; Maltais et al. 2004). Calcium leaching was also tested and 

reported when accelerated methods were applied, involving electrical or chemical 

gradients (Ryu et al. 2002; Saito et al. 1992; Wittmann 1997). The results showed that 

the application of a potential gradient to mortar specimens can be successfully used to 

assess deterioration mechanisms due to calcium ions leaching.  

In this work, the dissolution process, in terms of alkali ions leaching, was only 

relevant to the partly submerged and fully submerged in water mortar specimens, with 

applied current density of 10mA/m2, 100mA/m2 and 1A/m2, respectively.  Obviously, 

leaching was not expected for sealed conditions and in Ca(OH)2 environment. In the 

former case, there was no aqueous external environment. In the latter case, calcium 

leaching was expected to be minimum or none, since there was no concentration 

gradient or chemical potential between the mortar specimens and the external Ca(OH)2 

solution. Therefore, chemical analysis of the external aqueous medium was performed 

only for the groups of water-treated specimens.  
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The concentration of leached-out calcium, sodium and potassium (in mg/l) in the 

external medium was recorded after 1, 3, 14, 28, 44, 56 and 112 days (Fig. 4.3). The 

concentration of relevant ions in the external solution was analysed at each of the above 

stages, after which the medium was exchanged with a fresh one until a subsequent 

exchange at the next stage. As expected, the leaching process was faster at early ages 

(early hydration age, higher porosity) and gradually stabilised at later ages, along with 

increasing the maturity level of the mortar specimens. 

  

 

 

Fig. 4.3 Cumulative concentration of calcium (a), sodium (b) and potassium (c) in the external medium 

due to leaching-out of mortar specimens, fully submerged in water (comparison of control (no current) 

and “under current” regimes).  

 

 

As previously reported in Chapter 3, current density of 10mA/m2 in partly 

submerged in water conditions accelerated the calcium leaching process approx. 1.27 

times, if compared to control conditions. Fig. 4.3a) presents the result for fully 

submerged in water specimens, subjected to the higher current density level regimes i.e. 

100 mA/m2 and 1A/m2 in comparison to control specimens in these series. The calcium 

ions concentration in the external medium after 56 days was 567.3 mg/l, 1099.18 mg/l 

and 1254 mg/l for control cases, 100 mA/m2, and 1A/m2, respectively. Calcium 

leaching increased with 1.93 times for the lower current density regime and 2.04 times 

for the 1A/m2 regime, if compared to the control specimens. There was no further 

substantial change in the calcium ions concentration between 56 and 112 days. 

As above mentioned, absolute values are not claimed, but only trends of material 

behaviour are discussed, in relation to the effects of stray current for all test series. It 

can be concluded that irrespective of the current density level (100 mA/m2 or 1A/m2), 

calcium leaching was enhanced for the “under current” regimes, if compared to the 

control cases (Fig. 4.3a). Leaching of sodium (Na+) and potassium (K+) ions was also 

recorded (Figs. 4.3b)c). Na+ and K+ ions have higher solubility and mobility in the pore 

solution than that of Ca2+ ions. As a consequence, Na+ and K+ ions will dominate the 

diffusion and/or migration process more significantly in the beginning of the tests, and 

will not vary substantially on later stages, as also reported by Babaahmadi et al. 

(Babaahmadi et al. 2015). As can be observed in Fig. 4.3b)c), leaching out of sodium 

and potassium was relevant and gradually increased over time for all specimens and 

conditions. The concentration of leached out Na+ and K+ ions for the “under current” 
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specimens was not significantly different from that for the control specimens on later 

ages. This is in accordance with the abovementioned mechanisms and outcomes from 

other studies and related to the increasing portion of disconnected pore network with 

age of the mortar matrix, which is independent from the dissolution of calcium bearing 

phases and re-distribution of the pore network e.g. enlargement of initially smaller 

pores.   

Overall, for the “under current” conditions the current flowing through both 

submerged mortar matrix will logically accelerate ion and water transport and 

consequently promote the leaching process. This effect has to be judged also from the 

view point of microstructure development with time of conditioning. The consequence 

of calcium ions leaching in particular is an increase of porosity and a global decrease in 

mechanical performance (compressive strength) of cement-based materials (Carde et al. 

1996; Nehdi et al. 2011; Saito et al. 1992; Saito et al. 1999). Therefore, the leaching 

process will be determined not only by the ion and water migration within the 

connected pore network, but would be largely dependent on microstructural alteration 

over time. Hence, the leaching-out effects, or limitations thereof, could be 

counterbalanced as well, resulting in similar amounts of leached out alkali ions for 

otherwise different conditions. For the hereby tested series of specimens, and as can be 

observed in Fig. 4.3, higher current density promoted higher leaching-out effects.  

 

4.3.3  Microstructural analysis – MIP results  

Figure 4.4 to Figure 4.7 depict MIP-derived porosity and pore size distribution for the 

bulk matrix of all tested specimens. The plots present an overlay of results for 28 days 

of age and the latest tested age of 112 days (3 days and 84 days of age for some groups 

are also presented). The discussion is in view of trends for pore network development in 

time and in varying experimental conditions, rather than comparing absolute values. 

Figure 4.4 shows the MIP results as an overlay of two replicates for mortar specimens 

submerged in water solution at 28 days. It can be seen from Fig. 4.4 that MIP data have 

a good reproducibility.  

 

 

 

Fig. 4.4 Example overlay of porosity (a) and pore size distribution (b) obtained from replicates of MIP 

data for mortar specimens submerged in water solution at 28 days of conditioning time. 
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4.3.3.1  The effect of external medium  

Partly submerged conditions, H2O and alkaline (Ca(OH)2) external medium: Fig. 4.5 

presents the MIP results for control specimens and those subjected to 10 mA/m2 current 

flow in partly submerged conditions. The MIP results show that for water-conditioned 

control specimens, a reduction in porosity was observed between 28 days and 84 days 

but increase towards 112 days of age, Fig. 4.5a)b). Similarly, first reduction and later-on 

increase in porosity holds for the “under current”, water-conditioned specimens (Fig. 

4.5a), however, in these conditions a more pronounced re-distribution of pore size was 

observed in the course of the experiment between 28 and 112 days of age (Fig. 4.5b).  

 

 

 

 
Fig. 4.5 MIP-derived porosity and pore size distribution for mortar at 28 days, 84(112) days of age - 

control and “under current” conditions, 10 mA/m2: (a, b) partly submerged in water; (c, d) partly 

submerged in Ca(OH)2 solution.  

 

 

Both porosity and pore size maintained higher values for the “under current” (10 

mA/m2) regime, compared to control conditions i.e.  9.6% higher at 28 days of age, 10.3 

% at 84 days of age and 6.9% at 112 days of age. In contrast, for Ca(OH)2-conditioned 

mortar, stray current at the same level of 10 mA/m2 induced densification at 28 days of 

age and no substantial changes at 112 days, Fig. 4.5c)d). The control specimens in this 

series also presented reduction in porosity and pore size between 28 days and 112 days.  

Concentration gradients were not relevant for the Ca(OH)2-conditioned specimens, 

hence densification only (reduced porosity) was observed due to ongoing cement 
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hydration. For “under current”, water-conditioned specimens, diffusion controlled 

transport was in parallel (or counter-acting) with migration-controlled transport (along 

with cement hydration). Therefore, a more pronounced coarsening of the matrix and 

changes in pore size distribution was observed. In other words, migration enhanced the 

leaching-out process, resulting in pore size re-distribution i.e. enlarging pores of 

initially smaller size. For the Ca(OH)2-conditioned specimens, migration did not have a 

significant effect, although a slight re-distribution of the pore network (in the range of 

pore size larger than 0.317 µm) was observed in the MIP results (marked regions in Fig. 

4.5c,d) and confirmed by ESEM image analysis (discussed further below in Section 

4.3.4). 

 

 

Fully submerged conditions (H2O and alkaline (Ca(OH)2) external medium) and Sealed 

conditions: Figures 4.6 and 4.7 present the MIP results for specimens in fully 

submerged and sealed conditions, respectively. For water-conditioned specimens, the 

mechanisms controlling pore structure development were: a) cement hydration and b) 

diffusion-controlled water and ion transport under concentration gradient – for control 

cases, together with c) migration-controlled ion and water transport – for “under 

current” cases.  

 
 

 

 
Fig. 4.6 MIP-derived porosity and pore size distribution for mortar at 28 days and 112 days of age for 

control and “under current” conditions of 100 mA/m2 and 1A/m2: (a, b) fully submerged in water; (c, d) 

fully submerged in Ca(OH)2 
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For Ca(OH)2-conditioned and sealed specimens, two mechanisms were 

predominant: a) cement hydration and c) migration-controlled transport. The effect of 

cement hydration for all groups would be seen in densification of the bulk matrix with 

time in both control and “under current” regimes. The changes under a synergetic effect 

of stray current and varying external medium are discussed in what follows.  

 

 

 
Fig. 4.7 MIP-derived porosity and pore size distribution for sealed mortar at 3 and 28 days of age - 

control and “under current” of 100 mA/m2 & 1A/m2. 

 

4.3.3.2  The effect of stray current and varying medium  

Control specimens in all conditions: Figs. 4.6a,b) show the water conditioned group, 

where the effect of hydration alone was minimal, with almost no change in porosity 

between 28 and 112 days. Figs. 4.6c,d) and Fig. 4.7a,b) depict the Ca(OH)2 condition 

and sealed specimens, respectively, where the effect of cement hydration alone is well 

pronounced, with well visible reduction in porosity from earlier ages to 112 days. For 

the water conditioned control specimens, the effect of cement hydration would be 

counterbalanced by leaching-out and subsequent re-distribution of initially smaller 

pores towards larger size, evident from Fig. 4.6b (marked regions). For the control 

specimens in Ca(OH)2 and sealed, concentration gradient is not present and leaching-out 

not relevant.  

 

“Under current” conditions: For specimens in water, the concentration gradient 

(diffusion-controlled transport) adds-up to the migration-controlled transport. As can be 

seen in Fig. 4.6a), the higher the current density level, the higher the level of observed 

structural modification. For 28 days of age, higher porosity was recorded for specimens 

in the 100mA and 1A groups, compared to controls. Porosity increased for the “under 

current” regime at 28 days of age with ca. 31.8% and 26.78% for current density levels 

1A/m2 and at 100mA/m2, respectively, compared to control specimens. At 112 days of 

age the increase was with ca. 15.34% and 4.76% for the “under current” specimens. 

This was accompanied by an obvious re-distribution of pore size for these specimens 

from (potentially) smaller pore size to pore enlargement, evidenced by the significant 

distortion of the differential curves between 0.5µm and 1µm at both 28 days and 112 

days of age (Fig. 4.6b, marked region). The effect is similar to the partly submerged in 
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water conditions (Fig. 4.5a)b), but more significant due to the higher current density 

levels (along with larger relative humidity, as in saturated condition). At the age of 112 

days, the trend of increased porosity and pore size re-distribution for water treated 

specimens remained. At both 28 and 112 days, the most significant microstructural 

changes were observed for the highest current density level of 1A/m2. 

For Ca(OH)2-treated specimens, the effect of stray current was positive at 28 days 

of age, if judged from the reduction in porosity for the “under current” specimens – Fig. 

4.6c)d). For these specimens, leaching-out was not relevant (no concentration gradient 

present). Therefore, enhanced ion and water migration in “under current” conditions 

resulted in enhanced cement hydration (Fig. 4.10), followed by reduction in total 

porosity at earlier stages (28 days) and no significant difference in porosity at the later 

stage of 112 days. Critical pore size remained similar and not affected by the current 

flow at 28 days of age, while re-structuring of the pore network in terms of pore size 

distribution was observed for 112 days (Fig. 4.6d). This change is attributed to the effect 

of current flow and, similarly to the water-conditioned specimens, was more 

pronounced for the higher level of current density of 1A/m2. 

 

Sealed conditions (Fig. 4.7), the MIP analysis was performed at a very early hydration 

age – 3 days, and at 28 days. As can be observed (and as expected due to the fresh 

matrix), porosity and pore size reduced from 3 days to 28 days for all sealed specimens. 

At the stage of 3 days, no significant change was observed between control and “under 

current” conditions (Fig.7a), slightly reduced porosity was recorded in the presence of 

current flow. After 28 days, a more pronounced effect of the current flow was already 

observed (Fig. 4.7a,b), with reduced porosity and pore size, more significant for the 

specimens at the higher current density level of 1A/m2.  

If a comparison is made between Ca(OH)2-treated specimens and sealed specimens 

for the stage of 28 days of age, the following can be noted: the difference between 

control and “under current” regimes (Fig. 4.7a and Fig. 4.6c) was comparable for both 

conditions. Although limited migration-controlled ion and water transport for the sealed 

specimens would be relevant (transport processes limited to the pore water only), the 

absence of concentration gradient in both test series determined similar microstructural 

development. For both series, the effect of current flow appeared to be only positive for 

the time frame of the test, with reduced porosity and re-distribution towards smaller 

pore size over time (Figs. 4.6c,d; 4.7a,b). Similarly to all other tested conditions, the 

effect of the larger current density level of 1A/m2 was more pronounced, compared to 

the lower level of 100 mA/m2.  

 

4.3.4  Microstructural properties as derived by ESEM image analysis 

4.3.4.1 Partly submerged conditions, H2O and alkaline (Ca(OH)2) external medium 

Figs. 4.8,4.9,4.11,4.12 present the bulk matrix for partly submerged (water and 

Ca(OH)2) specimens and the relevant pore structure analysis after 28 days and 84 (112) 

days of conditioning. Figure 4.8 depicts the bulk cement paste of water conditioned 

specimens at 28 days and 84 days of age, Fig. 4.9 presents the pore structure analysis 

from 7 days of age, through 28, 56, 84 and 112 days of age. As can be clearly observed 

in Fig. 4.9 coarsening of the matrix between 28 days and 112 days of age was relevant 

for the specimens in water. The effect is more pronounced for the “under current” 



58 

4 

regimes. An initially positive effect of the stray current was observed, Fig. 4.9a), 

reflected by matrix densification in “under current” conditions (compare 7 days result in 

Fig. 4.9a) for specimens R (control) and S (10mA/m2). At this early stage the critical 

pore size remained similar, which was as expected for a fresh mortar matrix (24h cured 

only).  

 

 

     
      Control                     Under electrical current 

Fig. 4.8 ESEM micrographs, 500× of mortar bulk matrix at 28 days (top row) and 84 days of age (bottom 

row) in partly submerged in water conditions: control (a,c) and “under current” regime (10mA/m2) (b,d)   

 

 

 
 

Fig. 4.9 Porosity and pore size distribution – mortar bulk matrix in partly submerged in water conditions 

in control and “under current” regime (10mA/m2)– a) overlay of results for 7 and 28 days of age; b) 

overlay of results for 56, 84 and 112 days of age. 

 

 

At 28 and 56 days of age similar values were recorded for both S and R specimens, 

slightly higher for the former case (Fig. 4.9a,b). Critical pore size remained the same for 

 a)  b) 

 c)  d) 

28 days 

84 days 
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control conditions, R and decreased for “under current” conditions, S. After 84 days and 

at the end of the test, coarsening was observed with an already larger difference in pore 

structure parameters, with increase of porosity and pore size in both R and S conditions, 

(Fig. 4.9b). The pore structure alterations would be mainly attributed to leaching-out 

related coarsening in the sense of enlargement of initially smaller pores. Although a 

straightforward correlation between MIP and ESEM image analysis cannot be made for 

several reasons, e.g. the nature of parameters derivation and/or the fact that MIP tests 

refer to the full volume of material tested, while image analysis refers only to the bulk 

cement paste, the results from image analysis are in line with those from MIP as far as 

the effect of stray current is considered and especially with prolonged treatment. 

Additionally, image analysis is only relevant to pore space larger than 0.317 μm 

(marked region e.g. in Fig. 4.5a). To that end, the MIP and image analysis results for the 

control specimens between 28 days and 84 days of age are contradictory at a first 

glance, while in line between 84 days and 112 days. The MIP results (Fig. 4.5a) depict a 

reduction in overall porosity between 28 and 84 days and increase between 84 and 112 

days, while image analysis presents reduction in porosity between 7 and 56 days of age, 

but increase between 56 and 112 days of age (Fig. 4.9). The changes in porosity derived 

by image analysis are accompanied with a larger critical pore size at 28 days (1.92 μm, 

Fig. 4.9a), reducing to 0.95 μm at 56 days and increase to 1.3 μm and 1.9 μm at 84 days 

and 112 days, Fig. 4.9b). These alterations were not fully detected by MIP, although the 

differential curves show a large variation for pore sizes, larger than 0.05 μm (marked 

region in Fig. 4.5b) at later stages. This outcome is as expected due the fact that mortar 

was tested (rather than cement paste), resulting in a significant contribution of the 

matrix heterogeneity within the MIP tests, while the ESEM image analysis is based on 

direct observations of the bulk cement paste matrix.  

Summarising, for partly submerged in water specimens, the alliance of 

counteracting enhanced ion and water transport (potentially enhanced cement hydration) 

and (enhanced) leaching-out in conditions of stray-current, resulted in a more 

pronounced matrix degradation at the end of the test, if compared to control conditions. 

In fact, the initially enhanced  cement hydration due to current flow, was evidenced by 

the amount of hydrated (chemically bound) water, derived by chemical analysis - Fig. 

4.10a) for water-conditioned specimens.  

 

 

 
Fig. 4.10 (a) Weight percent of hydrated (chemically bound water) per dry cement weight for specimens 

partly-submerged in water and in Ca(OH)2 at various hydration ages; (b) degree of hydration, calculated 

as specified in Section 2.3.5. 
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While the initial stages showed elevated hydrated water content in “under current” 

specimens, compared to control ones, this trend was reversed after 14 days of age, Fig. 

4.10a). The difference is not significant, but clearly supports the fact that with on-going 

cement hydration, the hydration rate increased over time for all cases, however, was 

counteracted by leaching-out (Fig. 4.3) due to diffusion and/or migration-controlled ion 

and water transport. The effect of current flow was initially positive (Fig. 4.10a), but 

later on (>14 days), negative.  

In contrast to the partly-submerged in water specimens (Figs.4.8, 4.9), the test 

series of partly-submerged in Ca(OH)2 mortar cubes (Figs. 4.11, 4.12) present a 

different trend of pore structure development. It is well visible that the microstructural 

variation between control and under current conditions at both 28 days and 112 days of 

age was not as significant (Fig. 4.12), as otherwise clearly observed for the partly-

submerged in water specimens (Fig.9). At 28 days of age (Fig. 4.12a), porosity and 

critical pore size remained in the same range for all regimes, both significantly lower if 

compared to the partially-submerged in water specimens (Fig. 4.9a). Total porosity 

decreased from 28 days to 112 days (Fig. 4.12a,b), but maintained higher for the “under 

current” regime.  

 

 

 
  Control                  Under electrical current 

 

Fig. 4.11 ESEM micrographs, 500× of mortar bulk matrix at 28 days (top row) and 112 days of age 

(bottom row) - partly submerged in Ca(OH)2 conditions for control (a,c) and “under current” regime 

(10mA/m2) (b,d). 

 

 

As can be observed from the differential curves in Fig. 4.12b), although critical 

pore size remained similar, a slight re-distribution in pore size seemed to be relevant for 

both control and under current specimens between 28 days and 112 days, which was not 

as expected. This is in line with the MIP results for this series (Fig. 4.5c,d), showing re-

structuring in the family of capillary pores (> 0.1 μm). The result can be interpreted as 

follows: in partly submerged Ca(OH)2 conditions, on-going cement hydration would be 

 a)  b) 

 c)  d) 

28 days 

84 days 
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enhanced when stray current was involved. Therefore, densification of the bulk matrix 

at earlier stages (28 days) was expected for the “under current” conditions and was as 

observed (Fig. 4.12a), although not significant. No concentration gradient was relevant 

between the submerged portion of the mortar cubes and the external medium. However, 

concentration gradient was possible between the bottom (submerged) part of the cube 

and the top (on air) part. Therefore, a slight coarsening of the pore structure in “under 

current” conditions, compared to control conditions, is possible and was as observed, 

(Figs. 4.5d, 4.12b). This is attributed to uneven relative humidity in the total volume of 

the specimens.  

 

 

 
Fig. 4.12 Porosity and pore size distribution for mortar bulk matrix in control and “under current” regime 

(10mA/m2) - partly submerged in Ca(OH)2 conditions – a) overlay of results for 28 days of age; b) 

overlay of results for 112 days of age. 

 

 

The above results and discussion for partly-submerged in Ca(OH)2 specimens were 

supported by the recorded hydrated water content and the derived degree of hydration, 

respectively, as depicted in Fig. 4.10a)b). Similarly to the partly-submerged in water 

conditions, slightly enhanced hydration rate was relevant for the “under current” regime 

in Ca(OH)2 medium at earlier ages, with no further significant effects at later stages. 

Fig. 4.10 also clearly shows the effect of external medium on hydration rate and cement 

hydration in general. The difference in values between water-treated and Ca(OH)2 

treated specimens (Fig. 4.10a,b) is well evident and corresponding to the already 

discussed microstructural differences and pore network parameters for the two groups.  

4.3.4.2 Fully submerged conditions, H2O and alkaline (Ca(OH)2) external medium 

Figures 4.13 to 4.16 present micrographs and pore structure analysis for fully 

submerged conditions. In these tests, the employed current density levels were higher, 

i.e. 100mA/m2 and 1A/m2. The conditions in these series of experiments can be viewed 

as mortar in saturated conditions in water and Ca(OH)2, where in the former case 

concentration gradient was present, while not relevant for the latter case. 

 



62 

4 

 
Fig. 4.13 ESEM micrographs 500× of mortar bulk matrix at 28 days (top row) and 112 days of age 

(bottom row) - fully- submerged in water conditions for control (a,d), “under current” regime of 

100mA/m2 (b,e) and “under current” regime of 1A/m2 (c,f).  

 

 
Fig. 4.14 Porosity and pore size distribution – mortar bulk matrix for control and “under current” regimes 

of 100mA/m2 and 1A/m2 in fully submerged in water conditions – a) overlay of results for 28 days of age; 

b) overlay of results for 112 days of age. 

 

 

For fully-submerged in water conditions, increased porosity and pore size from 28 

days to 112 days were recorded for both 100 mA/m2 and 1A/m2 regimes. A more 

distinct effect of the higher current density, 1A/m2, was recorded at both 28 days (Fig. 

4.14a) and 112 days (Fig. 4.14b). For the control specimens, the parallel processes of 

on-going cement hydration and leaching-out resulted in slightly reduced critical pore 

size and/or re-distribution of the pore network i.e. initially smaller pores became coarser 

after 28 days due to leaching-out, but similar porosity values were recorded between 28 

and 112 days of age, together with reduced critical pore size at 112 days (Fig. 4.14a,b). 

The control specimens remained with the lowest porosity throughout the test.  

For the specimens, conditioned at the lower current density level regime – 100 

mA/m2, porosity and critical pore size increased, compared to control conditions at 28 

 a)  b)  c) 

 d)  e)  f) 
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days of age (Fig. 4.14a) and maintained at similar levels for 112 days (Fig.4.14b). At 

both 28 days and 112 days of age, the specimens under 1A/m2 current flow presented 

the highest level of microstructural changes, with increased porosity and critical pore 

size at the end of the test (Fig. 4.14a,b). The results from image analysis are well in line 

with the MIP results (Fig. 4.6a,b) where an obvious re-distribution of the pore space 

was relevant, especially for the “under current” conditions (marked region in Fig. 4.6b). 

The microstructural investigation (both image analysis and ESEM) are also well in line 

with the derived compressive strength values (Fig. 4.2b), where a clear trend towards 

reduction of mechanical properties was recorded with age for the “under current” 

specimens i.e. at the end of the test, ca. 60 MPa were recorded for control cases, 50 MPa 

for the 100 mA/m2 and 46 MPa for the 1A/m2 regime. 

 

 

 
Fig. 4.15 ESEM micrographs 500× of mortar bulk matrix in fully- submerged in Ca(OH)2: 28 days (top 

row) and 112 days of age (bottom row) for control (a,d), “under current” regime of 100mA/m2 (b,e) and 

“under current” regime of 1A/m2 (c,f).  

 

 

For the fully submerged in Ca(OH)2 conditions, Figs. 4.15 and 4.16, an entirely 

opposite trend to the water-conditioned specimens was recorded at 28 days of age 

(compare Fig. 4.15a and 4.16a). The highest porosity and critical pore size were 

recorded for control specimens, followed by the 100mA/m2 and 1A/m2 regimes (Fig. 

4.16a). The trend towards matrix densification maintained at 112 days as well, with no 

significant difference between the groups of specimens at that age (Fig.4.16b). This is 

also visualised by the similar appearance of the bulk matrix in all three conditions at 

112 days (Fig. 4.15d,e,f). Mortar specimens, saturated in alkaline medium, would not 

suffer leaching-out. Hence, the effect of current flow would result in enhanced cement 

hydration only, consequently in reduced porosity and critical pore size. While this was 

as observed (Fig. 4.16a,b), image analysis derived similar values for critical pore size at 

both 28 and 112 days of age for the “under current” regimes, especially the 1A/m2 

regime. Observation of the bulk matrix for 1A/m2 conditions at 28 and 112 days also 

reveals almost no visual morphological changes or appearance (Fig. 4.15c,f). 

 

 a)  b)  c) 

 d)  e)  f) 
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Fig. 4.16 Porosity and pore size distribution for mortar bulk matrix in control and “under current” regimes 

of 100mA/m2 and 1A/m2 in fully submerged in Ca(OH)2 conditions – a) overlay of results for 28 days of 

age and b) 112 days of age. 

 

 

The MIP results confirm re-structuring of the pore space and family of larger pores 

(> 0.1 μm, Fig. 4.6d), appearing at 112 days of age for “under current” conditions. 

These changes were, however, not significant and not responsible for a reduction in 

mechanical properties, as otherwise observed for the water conditioned test series (Fig. 

4.2c). They are an indication, though, for the effect of the higher level of stray current 

on bulk matrix properties, even in saturated conditions, where leaching-out is avoided. 

Consequently, these results need to be taken into account in conditions where higher 

current densities are involved in practice e.g. above 1 to 5 A/m2 as within concrete 

desalination or re-alkalisation, stray currents, etc. With higher current density, enhanced 

migration-controlled transport could result in a pore-water dis-balance or internal 

concentration gradients, leading to undesired changes of the pore structure (e.g. internal 

leaching, effects similar to self-desiccation, etc.).  

The results obtained for Ca(OH)2 conditioned specimens are in a good agreement 

with reported experiments (Rafieipour et al. 2012), where lower porosity was obtained 

in lime saturated curing conditions. Additionally, other reports suggest that for 

specimens submerged in Ca(OH)2 higher compressive strength is to be expected and 

recorded, compared to specimens cured in water (Bediako et al. 2015, Hayri et al. 

2011). These dependencies were also observed in this work (Figs.4.5, 4.6, 4.14, 4.16). 

 

4.3.4.3 Sealed conditions 

Figures 4.17 to 4.20 present the microstructural analysis for sealed conditions. These are 

in fact the most representative ones, as far as the effect of external environment and 

conditioning are to be split from the effects of stray current only. The employed current 

densities were at the levels of 100 mA/m2 and 1A/m2. The outcomes were compared to 

equally handled (equally sealed) control cases.  

Fig. 4.17 and Fig. 4.18 depict results for sealed conditions for the bulk matrix 

(middle section in Fig. 4.1c). Visual observation revealed similar morphology at both 28 

days and 112 days in all conditions (Fig. 4.17). A slightly coarser structure for the 

control specimens at 28 days (Fig. 4.17a, Fig. 4.18) was observed. At each time interval 

(7, 28 and 112 days), the difference in porosity and pore size between the three 
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investigated cases per hydration age (Fig. 4.18) was not as significant as was observed 

for all other, already discussed, test series. In sealed conditions, porosity and critical 

pore size gradually reduced over time, with both parameters maintaining highest values 

for the control specimens and lowest values for the 1A/m2-conditioned ones. The results 

from image analysis also correspond to the outcome from MIP analysis (Fig. 4.7) and 

are well in line with the previously discussed compressive strength results, (Fig. 4.2d). 

Consequently, the effect of stray current in sealed conditions can be only considered as 

a positive one, at least for the duration of this test. 

 

 

 
Fig. 4.17 ESEM micrographs 500× of mortar bulk matrix in sealed conditions: 28 days (top row) and 112 

days of age (bottom row) for control (a,d), “under current” regime of 100mA/m2 (b,e) and “under current” 

regime of 1A/m2 (c,f).  

 

 

 
Fig. 4.18 Porosity (a) and pore size distribution (b) for the bulk matrix of mortar specimens in control and 

“under current” regimes of 100mA/m2 and 1A/m2 in sealed conditions as an overlay of results for 7 days, 

28 days and 112 days. 

 

 

 
 

a) b)

 a)  b)  c) 

 d)  e)  f) 
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4.3.5  Bulk matrix electrical resistivity 

Enhanced ion and water flow (as within electrical current application) would result in 

altered cement hydration. Leaching-out effects due to diffusion-controlled transport 

(concentration gradients only) or when both diffusion and migration-controlled 

transport are present (as within concentration gradients and current flow) will result in 

mechanical and microstructural changes. All these were observed and discussed in the 

previous sections. These alterations will in turn affect the development of electrical 

resistivity in conditions of current flow, if compared to control conditions. 

 

 

 

a. Partly submerged in water and Ca(OH)2     b. Fully submerged in water 
 

 

       c. Fully submerged in Ca(OH)2                   d. Sealed condition 

Fig. 4.19 Evolution of electrical resistivity as a function of hydration age for mortar specimens: (a) partly 

submerged in water and Ca(OH)2 solution; (b) fully submerged in water; (c) fully submerged in Ca(OH)2 

and (d) sealed conditions with w/c ratio 0.5. The ambient temperature is about 25ºC. 

 

 

Fig. 4.19 depicts the automatically computed electrical resistivity for mortar 

specimens per group and per condition. Although more significant variation in electrical 

resistivity between specimens, conditioned in different regimes might have been 

expected, such were actually not really observed. The electrical resistivity development 

of the specimens can be elaborated at early and at later stages as follows: 

a) At early stages 

Since the electrical current is carried by the ions flowing through the pore solution in 

the concrete, higher moisture content (i.e. saturated condition and partially saturated 
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condition both in water and Ca(OH)2 solution) results in “easier” electrical current flow. 

Hence, the electrical resistivity of the sample is lower. Furthermore, electrical resistivity 

of the specimens in saturated condition is lower than that of electrical resistivity of 

specimens in partially saturated condition. This is because the specimen in saturated 

condition has higher moisture content (or degree of saturation) than that of specimens in 

partially saturated condition. Woelfl and Lauer (1979) found that the electrical 

resistance of concrete decrease with increasing moisture content and vice versa for all 

the mixes used. At early stages, the electrical resistivity of specimens in sealed 

condition tends to have lower values than specimen in saturated condition and partially 

saturated condition. The most plausible explanation is that in sealed conditions the 

mortar matrix is insulated from the external environment. Hence water and temperature 

losses are minimised or none. As a consequence, the internal temperature of the 

specimen in sealed condition is higher compared to the specimen in saturated and 

partially saturated condition resulting in lower electrical resistivity. This is confirmed 

by Polder (2001), pointing out that a temperature increase causes a decrease of 

resistivity and vice versa. This is the result of temperature influences on ion mobility, 

ion-ion and ion-solid interactions. 

b) At later stages 

At later stage, the moisture content (or degree of saturation) of specimen in saturated 

and partially saturated condition remains constant/stable. In sealed condition, a reduced 

moisture content of the specimens may significantly increase the electrical resistivity as 

shown in Fig. 4.19d. At later stages, electrical resistivity of specimens in sealed 

condition was higher compared to specimens in saturated and partially saturated 

condition. In sealed/dry condition, denser capillary porosity of the specimen was 

noticed due to accelerated cement hydration by stray current compared to all other cases 

(Figs. 4.19a-c) resulting higher electrical resistivity.  

More specifically, the results can be viewed as follows: 

- For partly submerged in water and Ca(OH)2 conditions (Fig. 4.19a), resistivity 

increased with hydration age until approx. 60 days of age and stabilised later-on. The 

highest values were recorded for the “10mA/m2” regime for Ca(OH)2-conditioned 

specimens, the lowest for the “10 mA/m2” regime of water-conditioned specimens i.e. 

in both test series the current flow exerted changes in electrical properties. While these 

were positive in the former case, a negative effect was observed in the latter case – 

result already commented in view of various aspects in the preceding sections. The 

results are in line with the recorded compressive strength values (Fig. 4.2a) and pore 

structure development (Figs. 4.7, 4.8): the lowest compressive strength and highest 

porosity for the water-conditioned “under current” specimens correspond to the lowest 

electrical resistivity values for these groups; in contrast, higher compressive strength, 

lower porosity and highest electrical resistivity correspond to the Ca(OH)2-conditioned, 

“under current” specimens (Fig. 4.19a). 

- For the fully submerged in water and Ca(OH)2 conditions (Fig. 4.19b,c), the 

increase in electrical resistivity was more pronounced between 1 day and 60 days of age, 

if compared to the partly submerged conditions and, in fact, stabilised earlier – around 

35 days of age. This is related to the saturated conditions and altered cement hydration 

as already previously discussed. The effect of stray current is well seen, although the 

pattern of resistivity development seems to be similar. The lowest electrical resistivity 

values for water-conditioned specimens were recorded for the 1A/m2 regime, 

corresponding to the highest derived porosity (Fig. 4.7a) and lowest compressive 
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strength (Fig. 4.2b) in these specimens. For the Ca(OH)2-conditiond specimens (Fig. 

4.19c), the lowest electrical resistivity corresponds to the control mortar cubes, well in 

line with their highest bulk matrix porosity (Fig. 4.7b) and lowest compressive strength 

(Fig. 4.2c). The specimens conditioned in Ca(OH)2 and in 1A/m2 regime present the 

highest electrical resistivity of all saturated specimens (Fig. 4.9b,c), which is well 

supported by their highest compressive strength Fig. 4.2c) and lowest porosity (Fig. 

4.7b). 

- For sealed conditions a significantly different pattern of electrical resistivity 

evolution with time was observed (Fig. 4.19d). Only increasing values were recorded 

throughout the test, with almost no signs for stabilisation towards the 110 days of age. 

The results can be interpreted as still on-going cement hydration with time and in sealed 

condition the water and temperature losses can be minimised or none, as mentioned 

before. This, together with the contribution of significantly lower (compared to other 

test series) relative humidity during measurements, as well as the contribution of the 

interfacial regions (cast-in terminals and cement paste) in relatively dry conditions, is 

reflected by a significantly higher values of electrical resistivity, compared to all other 

cases. Similar to all other groups, the effect of stray current is well seen: the highest 

resistivity values were recorded for the 1A/m2 regime (Fig. 4.19d), corresponding to 

highest compressive strength (Fig. 4.2d) and lowest porosity (Fig. 4.7c); the lowest 

resistivity in sealed conditions was recorded for the control specimens (Fig. 4.19d), 

completely in line with the lowest compressive strength (Fig. 4.2d) and highest porosity 

(Fig. 4.7c). 

Overall, it can be concluded that electrical resistivity is a property of cement-based 

materials, which indeed reflects well microstructural and transport properties. However, 

as seen from Fig. 4.19 it is determined by relative humidity at the most. Therefore, 

recording electrical properties only, would not be sufficient to derive specific 

information on pore network development, especially when diffusion- and migration-

controlled ion and water transport are both relevant. When such a comprehensive and 

more specific information would be required, especially in the case of justifying the 

effect of one or another factor on cement-based material properties (as the hereby 

evaluated effect of stray current on bulk matrix properties), a combination of 

techniques, as the hereby employed approach, is necessary.  

 

 

4.4 Conclusions 

This chapter discussed the effect of stray current flow on the development of material 

properties of mortar in water-submerged, Ca(OH)2-submerged and sealed conditions. 

The investigation referred to fresh (24h only cured) mortar, in order to address the 

practical issue of possible stray current interference within construction work of new 

buildings and structures. The following conclusions can be drawn: 

- Stray current flowing through a cement-based material may cause positive or 

negative effects on the material properties and performance of the bulk matrix. In 

general, for fresh cement-based materials, the effect of stray current can be 

categorized as an effect on early age – e.g. between 1 day and 28 days at the 

maximum; and an effect on later ages (> 28 days).  

- Positive and/or negative effects of stray current are determined by the external 

environmental conditions and the level of current density. The former are at hand 
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when concentration gradient with the external medium is avoided or not significant, 

e.g. for specimens conditioned in alkaline medium or for sealed specimens. Whereas 

the latter are to be observed in conditions where concentration gradients are present, 

e.g. water conditioned specimens. 

- The contribution of migration-controlled ion and water transport, as within “under 

current” conditions, results in enhanced cement hydration at early stages (more 

significant < 28 days of age). The enhanced cement hydration at early stages results 

in improved compressive strength and reduced porosity of the matrix. These effects 

are, however, dependent on the external medium and are only predominant at early 

age. 

- Although a general trend of electrical resistivity increase was recorded over time in 

all conditions (with on-going cement hydration), the evolution of electrical properties 

was found to be also dependent on the current density levels and the external 

medium. For water conditioned specimens, the stray current induced decrease in 

electrical resistivity if compared to control conditions. For specimens in alkaline 

medium or sealed conditions, the stray current induced increase in electrical 

resistivity. The most significant effects (both positive or negative) were observed at 

the highest current density levels. 

- The negative effect of stray current flow on mortar specimens at stages after 28 days 

of age is mainly attributed to enhanced leaching-out as a consequence of increased 

ion and water migration when concentration gradients are present. The result was a 

more pronounced restructuring of the pore space towards coarsening of the pore 

network (enlargement of initially smaller pores), as otherwise generally known and 

observed in such circumstances. Water (or neutral to low pH medium) as external 

environment will be a prerequisite for negative effects, while alkaline medium (or 

sealed conditions) would minimise or prevent the leaching-out effects. 
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 5 
The effect of stray current on the hydration 

process and properties of cement-based 

materials  

 

Abstract: This chapter presents the effect of stray current flow on the hydration process 

and temperature development in hardening cement-based materials and evolution of 

materials properties like strength, porosity and diffusivity. Experiments were performed 

in isothermal condition at 20°C to investigate the effect of stray current on heat release 

and microstructural changes in hardening cement paste.  

The stray current levels were subdivided in two levels: 1) current levels 10 mA/m2, 

100 mA/m2 and 1 A/m2, used in isothermal calorimetry tests and 2) current densities 10 

A/m2, 40 A/m2 and 60 A/m2, used in semi-adiabatic tests in hardening cement paste 

prisms with specimen size of 5.55.529.5 cm3. In parallel, numerical simulations were 

performed to quantify the hydration process and temperature development in these 

concrete specimens. Simulations of the hydration process in thicker concrete walls, viz. 

20 cm, 40 cm, 60 cm, 70 cm, and 80 cm, were also performed in order to investigate 

possible size effects and consequences for real-size hardening structural elements. The 

stray current level applied in the simulations was in the range of 10 to 60A/m2.  

In order to quantify possible effects of stray current on (internal) mechanical 

damage (i.e. cracking) in hardening concrete, temperature differentials and peak 

temperatures in stray current loaded specimen were numerically investigated. The 

evolution of the capillary porosity of cement paste as a function of the degree of 

hydration  was calculated. Apparent diffusion coefficients were calculated from 

microstructure parameters, i.e. capillary porosity.  
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5.1 Introduction 

Electrical current flow through cement paste causes an increase in temperature of the 

material due to resistive heating, or Joule heating. There are at least two effects of 

temperature on the hydration kinetics of cement-based materials. Firstly, the reaction 

rate increases with increasing temperature of the concrete (Kjellsen et al. 1990, 1991 

and 1992; Escalante-Garcia 2003; Bentur et al. 1979). This so called resistive heating is 

the basis for electrical curing of concrete used to accelerate cement hydration 

(Uygunoğlu and Hocaoğlu, 2018, Bredenkamp et al. 1993). Secondly, hydration at 

higher temperatures will result in a denser reaction product (lower gel porosity). This 

will decelerate permeation of free water through the hydration product surrounding 

hydrating cement particles, affecting the rate of hydration in the diffusion controlled 

stage. A lower gel porosity goes along with a higher capillary porosity. This makes the 

concrete more permeable and reduces the resistance against ingress of aggressive 

substances.  

The main objective of this chapter is to quantify the effects of stray current flow on 

the hydration process and temperature development in cement-based materials. 

Temperature development and heat release in cement paste due to stray current flow 

were measured using isothermal calorimetry. Mercury intrusion porosimetry (MIP) tests 

were conducted to investigate possible microstructural changes (i.e. porosity and pore 

structure) of cement paste caused by stray current flow.  

Numerical simulations were performed of the Joule heating effect caused by stray 

current flow through cement-based materials. The Joule heating promotes the 

temperature increase and influences the cement hydration and microstructural 

development of cement-based materials. Numerical simulations (3-dimensional) were 

carried out on small concrete specimen with size 5.55.55.5 cm3. Simulations on 

bigger specimens were performed in order to investigate size effects and consequences 

of stray current-induced temperature effects for real size structural elements. The 

simulations were performed in concrete specimen cured under semi-adiabatic as well as 

adiabatic condition, the latter representing mass concrete. 

  

Two groups of stray current levels are considered in this simulation as follow: 

 

a) Stray current levels (J) up to 1A/m2 (0<J1A/m2) 

These stray current levels have been measured in real practice (Charalambous et al. 

2014; Aylott et al. 2013; Galsgaard and Nielsen 2006) as mentioned in Section 4.1 

(Chapter 4).  

 

b) Stray current levels between 1 and 70A/m2 (1<J<70A/m2) 

These current levels refer to the levels of electrical current used for electrical curing 

of cement-based materials (Heritage 2001). Heritage applied a power of 20W to the 

specimens (150150150 mm3) with electrical resistivity 30 Ohm, 18 Ohm, 8 Ohm 

for w/c ratio 0.5, 0.57 and 0.75, respectively. The corresponding electrical current 

density was about 36, 47 and 70 A/m2, respectively. 
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5.2 Experiments 

Two series of experiments were performed to quantify the effect of stray current on 

temperature development in hardening cement paste:  

A. Isothermal calorimetry tests of hardening cement paste 

B. Semi-adiabatic tests of hardening cement paste.  

 

5.2.1  Isothermal calorimetry tests of hardening cement paste 

Isothermal calorimetry tests were performed on cement paste with two w/c ratios, 0.35 

and  0.5. The tests were performed on four groups of specimens: a control group and the 

“10 mA/m2”, “100 mA/m2” and “1A/m2” groups. The experimental set up of 

calorimetry tests is presented in Fig. 5.1.  

 

 
Fig. 5.1 (a) Isothermal calorimeter (TAM-Air-314) used to measure heat release of cement paste; (b) 

Schematic pictures of the holders for “under current” regime. 

 

5.2.2  Semi-adiabatic tests: temperature development in hardening cement paste 

prism 

Temperature development in hardening cement paste prisms was measured using 

thermocouples embedded in small prismatic specimens. Two main groups of specimens 

were investigated: 

1. Control (reference) group - no DC current involved 

2. Stray current group with subgroups, reflecting the level of DC current involved i.e. 

groups “1 A/m2”, “10 A/m2”, “40 A/m2”, and “60 A/m2”.  

 

 

Fig. 5.2 Experimental set-up for measurements of temperature increase in cement paste specimens due to 

hydration and electrical current flow. 
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The set-up for DC current application is shown in Fig. 5.2. A negative and a 

positive terminal were connected to a 80 V source. The current density levels were 

adjusted by additional resistors. Thermocouples were placed in the middle and end part 

of the specimens immediately after casting to record automatically the temperature 

development of cement paste by connecting them to the AC/DC converter and the 

personal computer (PC).    

 

5.3 Materials and methods for experimental studies 

5.3.1  Materials 

Isothermal calorimetry tests of hardening cement paste: Cement paste samples with 

weight 10  0.01g were cast for an isothermal calorimetry test. Portland cement CEM I 

42.5 N was used with water-to-cement ratio 0.35 and 0.5. The details about the tests are 

given in section 5.3.2.1. 

  
Semi-adiabatic tests of hardening cement paste: Cement paste prisms of 5.55.529.5 

cm3 (Fig. 5.2) with weight 1200 g were cast. Portland cement CEM I 42.5 N was used 

with water-to-cement ratio 0.35 and 0.5. The properties of cement CEM I 42.5 N are 

shown in Table 5.1. The specimens were maintained in sealed conditions for the total 

test duration of 4 days. Temperature development in specimens, with or without stray 

current involved, was recorded with embedded thermocouples. 

 

 
Table 5.1 The properties of cement CEM I 42.5 N 

          Properties 
Values 

By weight (%) 

Chemical composition  CaO 63.96 

 

SiO2 20.00 

 

Al2O3 4.88 

 

Fe2O3 3.36 

  SO3 2.4 

    By weight (%) 

Mineral composition C3S 62 

 

C2S 10.5 

 

C3A 7.3 

  C4AF 10.2 

Particle size distribution  n 1.21267 

(described by Rosin-Rammler function*) b 0.0221 

Maximum particle size (mm) 

 

50 

Minimum particle size (mm)   1 

Max heat (kJ/g)  
 

470 

Density (kg/m3)   3150 
 

*The Rosin-Rammler function is an expressions used to describe the cumulative particle size distribution 

of cement, as given by the following equation (Rosin and Rammler 1933): 

 

𝐺(𝑥) = 100 (1 − 𝑒−𝑏𝑥𝑛
) 

 

where G(x) is the percentage by mass passing the sieve with diameter x [%], x is characteristic particle 

size [m], and b,n are constants. 
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5.3.2 Test methods 

5.3.2.1  Isothermal calorimetry tests  

Heat evolution and rate of hydration of hardening cement paste were measured by 

isothermal conduction calorimetry (TAM-Air-314, an 8-channel heat flow calorimeter) 

with 60mW measuring range, using 10  0.01g samples.  Pastes with w/c ratio 0.35 and 

0.5 were tested. Before mixing all the materials were tempered in the oven for at least 

12 hours at the desired testing temperature of 20°C. The cement paste was cast into 

capped glass vials (ampoules) and afterwards placed in an isothermal calorimeter. The 

specimen preparation and experimental procedure followed standard procedures (Wadso 

2003), except some modifications needed for applying the electrical current flow. For 

the “under current” samples, the same ampoules as for the control cases were used, but 

designed in a way to include two metal electrodes as electrical current conductors 

(schematic pictures in Fig. 5.1b). Electrical current was applied from an external source 

immediately after samples’ casting. The duration of the measurements was about 4 

days. The temperature evolution in cement paste due to both cement hydration and 

electrical current flow were measured with thermocouples, embedded in the middle of 

the specimens. 

5.3.2.2  Semi-adiabatic tests of temperature development in hardening cement paste   

To quantify the effect of stray current on hardening cement paste prisms, an electrical 

field was applied immediately after casting and until approximately 4 days of age. The 

temperature development due to both cement hydration and electrical current flow were 

measured in the specimens with thermocouples, embedded in the middle and end parts 

of the specimens (Fig. 5.2).  

5.3.2.3  Mercury intrusion porosimetry (MIP) 

MIP measurements were performed for the specimens in isothermal calorimetry tests in 

order to characterize porosity changes in the matrix in case stray current is applied. For 

sample preparation of MIP tests a generally accepted and reported procedure was 

followed (Sumanasooriya et al. 2009; Hu 2004; Ye 2003). The samples were first 

submerged in liquid nitrogen for about 5 minutes at -195°C to stop cement hydration. 

After submersion in liquid nitrogen, the samples were placed in a freeze-dryer in which 

the temperature and vacuum were kept at –24°C and 10-1 Pa, respectively. Water loss 

was monitored every 24 hours until a stable mass loss of 0.01%/day was reached for 10-

20 days depending on the w/c ratio and curing age. The MIP tests were carried out by 

using Micrometritics Poresizer 9320 with a maximum pressure of 207 MPa to 

determine the porosity and the pore size distribution of the specimens.  

 

 

5.4 Numerical simulation of temperature development and hydration process 

of concrete subjected to stray current flow 

5.4.1  Effects of stray current on hardening concrete 

In the introduction it was mentioned that stray current may affect the hydration process 

by resistive heating of the material. Due to resistive heating the temperature of the 
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hydrating material will increase. This temperature increase will cause an extra 

acceleration of the hydration process, resulting in an extra temperature increase. Stray 

current may accelerate the dissolution process of cement particles in water due to 

enhanced ion migration in or to the pore water. This will be observed as enhanced 

hydration of the cement. Higher temperatures in hardening concrete will increase the 

probability of temperature-induced (micro)cracking in hardening concrete. This may 

jeopardize the durability of the concrete. 

Another effect of hydration at high temperature is that higher reaction temperatures 

will affect the density of the reaction products. The reaction product (gel) will become 

denser, while the capillary porosity, and hence the permeability, increases. As said, a 

higher permeability makes the concrete prone to ingress of aggressive substances and 

thus less durable. It is important, therefore, to know whether the stray-current induced 

temperature increase in hardening concrete is big enough to cause significant decrease 

of durability. Numerical simulations of stray current-induced temperature effects can be 

very helpful for judging the possible impact of stray current on the durability and 

service life of concrete structures.  

 

5.4.2 Numerical simulation of temperature effects in hardening concrete 

5.4.2.1  Numerical simulation of temperature due to cement hydration 

Temperature development in hardening concrete structures is the result of heat 

evolution of the exothermic reaction of cement. The temperature field in hardening 

structures can be determined using the solution of the classic Fourier equation (Carlson 

1937, Clover 1937, Newmark 1938): 

 

𝜌𝑐𝑐𝑐
𝜕𝑇

𝜕𝑡
= 𝜆𝑐 . (

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝑞𝑐(𝑥, 𝑦, 𝑧, 𝑡, 𝑇)        (5.1) 

 

where T is the temperature in the concrete [°C], 𝜌𝑐  the specific mass of concrete 

[kg/m3], 𝑐𝑐  the specific heat of concrete [J/kg.K], 𝜆𝑐  the heat conduction coefficient 

[W/m.K], qc is the heat source [W/m3], t the time [s], x,y,z the coordinates of a 

particular point in the concrete [m]. In hardening concrete the heat source qc represents 

the exothermal hydration process. The rate of hydration, i.c. of heat production, depends 

on the type of cement, composition of the mixture and the actual reaction temperature T. 

In a real concrete structure this temperature is not known in advance (unless a 

prescribed temperature regime is imposed). The fact that the heat source is generally not 

known in advance means that there is no closed solution for eq. (5.1). Hence, eq. (5.1) 

has to be solved in a step-wise procedure, whereby in each time step the heat production 

at the actual reaction temperature have to be determined.  

In numerical programs for determination of the hydration process and temperature 

evolution in hardening concrete, the heat source qc(x,y,z,t,T) can be determined by 

adjusting a known (reference) hydration curve for the actual reaction temperature. This 

known hydration curve, i.e. reference curve, can be an isothermal, adiabatic hydration 

or semi-adiabatic hydration curve (see Fig. 5.3). In the following adiabatic hydration 

curves of the mixtures will be used as input for numerical simulations of temperature 

effects in young concrete. Adiabatic hydration curves can be obtained from adiabatic  
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a. Adiabatic    b. Semi-adiabatic     c. Isothermal 
 

Fig. 5.3 Adiabatic (a), semi-adiabatic (b) and isothermal (c) hydration curves and temperature 

development of concrete (log scale). Initial mix temperature is 20°C.  

 

 

tests or from a numerical simulation with an advanced simulation program, e.g. 

HYMOSTRUC3D (van Breugel 1991, Ye 2003, see also part 5.4.2.4).  

An adiabatic hydration curve, obtained by either a numerical simulation or an 

adiabatic test, can be approximated by an analytical expression (Helland 1986): 

 

𝑄𝑎(𝑡) = 𝑄𝑚𝑎𝑥
∗  𝑒−(

𝜏

𝑡
)

𝛽

            (5.2) 

 

where Qa(t) is the heat of hydration in hardening concrete under adiabatic condition 

[kJ/kg], 𝑄𝑚𝑎𝑥
∗  is the maximum amount of heat produced by the hydration reaction in 

adiabatic condition of the mixture in view [kJ/kg],  is an empirical constant [h],  the 

hydration shape factor (0.7<<0.9), and t is the hydration time [h]. The hydration 

parameters (i.e.  and ), that control the shape of the degree of hydration curve, can be 

determined from curve fitting of measured or simulated adiabatic hydration curves.  

Note that the maximum amount of heat 𝑄𝑚𝑎𝑥
∗  is generally lower than the amount of 

heat produced when all the cement in the mixture would have reacted, i.c. Qmax. (van 

Breugel 1991). In this respect we have to distinguish between the rate of reaction r(t) 

 

𝛼𝑟(𝑡) =
𝑄(𝑡)

𝑄𝑚𝑎𝑥
∗         (5.3) 

 

and the degree of hydration (t) 

 

𝛼(𝑡) =
𝑄(𝑡)

𝑄𝑚𝑎𝑥
        (5.4) 

 

The value of 𝑄𝑚𝑎𝑥
∗  can be obtained from an adiabatic test as the asymptotic value of 

the heat production. The value of Qmax can be obtained from the chemical composition 

of the cement. For Portland cement it holds (Verbeck 1960, van Breugel 1991): 

 

𝑄𝑚𝑎𝑥 = 𝑞1. (𝐶3𝑆) + 𝑞2. (𝐶2𝑆) + 𝑞3. (𝐶3𝐴) + 𝑞4. (𝐶3𝐴𝐹) + 𝑞5. (𝐶) + 𝑞6. (𝑀𝑔𝑂)     (5.5) 

    

where q1.. q6 represent the heat of hydration of the constituents of the cement in view.  
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When in a real structure the hydration process starts to deviate from an adiabatic 

process due to heat loss to the environment, the temperature of the concrete will drop 

and the hydration process will slow down. The effect of temperature on the rate of 

hydration, i.e. the rate of hydration liberation, can be described with an Arrhenius 

function. This function relates the reaction rate of the actual (non-adiabatic) hydration 

process at a certain degree of hydration to the known rate of reaction of the adiabatic 

input curve at that particular degree of hydration. In formula form (van Breugel 2001): 

 

∆𝑄𝑝

∆𝑡
=

∆𝑄𝑎

∆𝑡
. 𝑒

𝐸𝑎
𝑅

(
𝑇𝑝(𝑡)−𝑇𝑎(𝑡)

(𝑇𝑝+273)(𝑡) ∗ (𝑇𝑎+273)(𝑡)
)
  (5.6) 

 

where Qp/t is the reaction rate of the actual hydration process, Qa/t is the reaction 

rate of the adiabatic hydration process at the same degree of hydration, Ea is the 

activation energy [20-77 kJ/mol (Kondo et al. 1968, Brunauer et al. 1973)], R is the 

universal gas constant [8.31 J/mol. K], Tp(t) and Ta(t) are the actual temperature [°C] of 

the concrete and of the adiabatic hydration process, respectively.  

The amount of liberated heat Qp(t) in hydrating concrete at time t can be calculated 

by summarizing all heat increments Qp,i (i = 1,2,...,..n): 

 

𝑄𝑝
(𝑡) = 𝑄𝑝,𝑛 = ∑ ∆𝑄𝑝,𝑖

𝑛
𝑖−1      (5.7) 

 

Note that in this calculation procedure the adiabatic temperature Ta(t) includes the initial 

temperature of the mixture TRef [°C] and the temperature increase caused by the 

hydration of the cement. Hence (van Breugel 2001, Koenders 2005): 

 

𝑇𝑎(𝑡) = 𝑇𝑅𝑒𝑓 +
𝐶 𝑄(𝑡)

𝜌𝑐𝑐𝑐
= 𝑇𝑅𝑒𝑓 +  

𝐶 𝑄𝑚𝑎𝑥

𝜌𝑐𝑐𝑐
 𝛼(𝑡)        (5.8) 

 

where C is the cement content in the mixture [kg/m3] and 𝛼(𝑡) the degree of hydration 

of the cement.  

 

5.4.2.2 Numerical simulation of thermal effects caused by hydration and stray current 

flow 

Stray current flow acts as another heat source that will affect the rate of hydration and 

temperature fields generated in hardening concrete. Electrical current flow causes 

resistive heating, or Joule heating. The temperature field in concrete due to stray current 

flow can be simulated using eq. (5.1), but now with an extra heat source Qel (J,E,t), 

representing the resistive heating. In formula form:  

 

𝜌𝑐𝑐𝑐
𝜕𝑇

𝜕𝑡
= 𝜆𝑐 . (

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝑞𝑐(𝑥, 𝑦, 𝑧, 𝑡, 𝑇) + 𝑄𝑒𝑙(𝐽, 𝐸, 𝑡)         (5.9) 

 

For 𝑄𝑒𝑙(𝐽, 𝐸, 𝑡) it holds: 

 

𝑄𝑒𝑙(𝐽, 𝐸, 𝑡) = 𝐽(𝑡). 𝐸(𝑡)         (5.10) 

 

in which E(t) is the electrical field:  
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𝐸(𝑡) = −∇𝑉(𝑡)             [Volt/m]        (5.11) 

 

where Qel(J,E,t) is the heat generated per cubic meter due to the electrical current flow 

which is a function of the current density J and the electrical field E [W/m3], V(t) is the 

voltage [Volt]. 

Development of the current density J(t) through cement-based systems is governed 

by the following equations (Jianming 2002, Pryor 2011): 

 

𝐽(𝑡) = 𝜎(𝑇, 𝑡). 𝐸(𝑡) +
𝜕𝐷(𝑡)

𝜕𝑡
         [A/m2]        (5.12) 

 

with: 

 

𝐷(𝑡) = 𝜀0𝜀𝑟 𝐸(𝑡)        (5.13) 

 

∇. 𝐽(𝑡) =
𝜕𝜌𝑣

𝜕𝑡
        (5.14) 

 

𝜎(𝑇, 𝑡) =
𝜎𝑒𝑓𝑓(𝑡)

1+𝛼𝑇.(𝑇−𝑇𝑅𝑒𝑓)
        (5.15) 

 

where D(t) is the electric flux density [C/m2], r is the relative permittivity and o  the 

vacuum permittivity [8.85×10−12 F/m], 𝜌𝑣  the charge density [C/m3], (T,t) the 

electrical conductivity as a function of temperature and time t [S/m], 𝜎𝑒𝑓𝑓(𝑡) is the 

effective electrical conductivity as a function of time at temperature 20°C [S/m], 𝛼𝑇  the 

temperature coefficient of resistivity [0.035/°C] (McCarter et. al. 2005)], Tref the 

reference temperature [°C]. 

 

 

 

Fig.5.4 Typical evolution of electrical conductivity 𝜎(𝑇, 𝑡) of hardening cement paste as a function of 

time with w/c ratio 0.35 and 0.5 calculated with eq. (5.15), where 𝜎𝑒𝑓𝑓(𝑡) (eq. 5.16) was calculated with 

input parameters 𝜎𝑖=2.32, 𝜎𝑓=0.07, ts = 4.5 (h), b=1.85. 

 

 

In this simulation, the effective electrical conductivity of cement paste 𝜎𝑒𝑓𝑓(𝑡) is 

determined with the equation proposed by Manchiryal et al. ( 2009):  

 

𝜎𝑒𝑓𝑓(𝑡) = 𝜎𝑓 +
𝜎𝑖−𝜎𝑓

1+(𝑡/𝑡𝑠)𝑏 (5.16) 
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where i is the initial conductivity of fresh paste [S/m], f is the conductivity at the 

point where the conductivity–time curve starts to plateau, i.e. to reach a steady-state 

condition (typically beyond 24 h), ts is a time parameter of the particular paste [h], 

which is weakly related to its final setting time, and b is a constant. The typical 

evolution of electrical conductivity of cement paste with w/c ratio 0.35 and 0.5 is given 

in Fig. 5.4. 

 

5.4.2.3  Boundary condition of the numerical simulation  

In order to simulate the effect of stray current flow on the hydration process and 

temperature development in cement-based specimen, boundary conditions need to be 

specified (see Fig. 5.5). In the simulations used in this thesis the temperature at the 

surface of concrete specimens was 20°C. The heat conduction in concrete is governed 

by the following equation (Ozisik 1985): 

 

𝜆𝑐 . ( 
𝜕𝑇

𝜕𝑥
+  

𝜕𝑇

𝜕𝑦
+  

𝜕𝑇

𝜕𝑧
) = ℎ . (𝑇𝑅𝑒𝑓 − 𝑇) (5.17) 

 

where h is the heat transfer coefficient [W/m2.K]. 

 

 

 
Fig. 5.5 Schematic of boundary conditions for numerical simulation of temperature development in 

hardening cement-based materials  subjected to stray current with dimension 404040 cm3. 

 

  
5.4.2.4  Numerical simulation of temperature effects on the evolution of microstructure 

The effect of the actual temperature on the capillary porosity can be simulated with the 

numerical program HYMOSTRUC3D (van Breugel 1991, Ye 2003). With this 

simulation program the 3D microstructure of hydrating cement paste is simulated as a 

function of the particle size distribution of the cement, the water/cement ratio, the 

chemical composition of cement and the reaction temperature. The output consists of 

the degree of hydration and the microstructure, the latter built up of unhydrated cores of 

reacting particles, Calcium Silicate Hydrates (CSH) and Calcium Hydroxide (CH). A 

typical simulated 3D microstructure is shown in Fig. 5.6, taken from Gao Peng (2018).  
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a. Virtual microstructure                       b.  Capillary pore structure                            c. Cross section pore structure 

Fig. 5.6 Typical examples simulated virtual microstructure obtained with HYMOSTRUC3D (Gao Peng, 

2018). 

 

 

                                       
    a.  Hydration at moderate                           b.  Hydration at high                                     c. Growth factor (T) 

         temperature               temperature 

Fig. 5.7 Effect of reaction temperature on microstructure. Microstructures formed at moderate 

temperature (a) and high temperature (b). Fig. 5.7c gives the conversion (or growth) factor (T) (van 

Breugel, 1991).  

 

 

The microstructure can be considered as being built up of gradually growing 

particles, each of them representing a particular cement particle or another reactive or 

inert powder. The space left by the solid microstructure is the capillary pore space. If 

hydration takes place at relatively high temperatures the reaction product becomes 

denser, resulting is less outward growth of the reacting particles and hence a coarser 

capillary pore structure. This phenomenon is shown schematically in Fig. 5.7. In 

HYMOSTRUC3D the effect of temperature on the capillary porosity has been taken 

into account with a temperature dependent conversion factor (T) (van Breugel, 1991). 

This factor defines the volume of the reaction product relative to the volume of the 

reacted binder. For reaction temperatures up to 20C the conversion factor ν(T) has a 

constant value of 2.2 (see Fig. 5.7c). For reaction temperatures beyond 20C the 

conversion factor gradually decreases, resulting in less outward growth of the reaction 

products and hence a higher capillary porosity. For the temperature-dependent 

conversion factor (T) it holds (van Breugel 1991): 

 

𝜈(𝑇) = 2.2 ∗ 𝑒−28.10−6∗𝑇2
      (5.18) 

 

where T is the temperature [°C]. 
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5.4.3     Capillary porosity and apparent diffusion coefficient 

As stated in section 5.4.1, the temperature of hardening cement-based material will 

increase due to Joule heating and will affect the capillary porosity as well as the 

apparent diffusion coefficient (Care 2008). To investigate the effect of stray current on 

durability, the relationship between development of capillary porosity, as affected by 

stray current, and apparent diffusion coefficient is given in the following.   

5.4.3.1  Capillary porosity of cement paste 

The capillary porosity of cement paste at a degree of hydration  and hydrated at 

temperature T [°C] can be calculated using the following equation (van Breugel, 1991): 

 

𝑉𝑝𝑜𝑟
𝑐𝑎𝑝(𝛼) =

𝜔0

𝜌𝑤
−

𝛼

𝜌𝑠
∗ (𝜐(𝑇) − 1)     (5.19) 

 

where 𝑉𝑝𝑜𝑟
𝑐𝑎𝑝(𝛼) is the capillary porosity of cement paste at a degree of hydration , 𝜔0 

is the water-to-cement ratio, 𝜌𝑤 is the specific weight of water [1 g/cm3] and 𝜌𝑠 is the 

specific weight of cement [3.15 g/cm3]. 

5.4.3.2  Apparent diffusion coefficient 

The capillary porosity affects the apparent diffusion coefficient used for calculating 

chloride transport in concrete. The apparent diffusion coefficient depends on several 

factors, such as microstructural parameters (e.g. porosity, pore size diameter) 

temperature, humidity, and degree of water saturation (Mingzhong 2013, Sun et.al. 

2011). Numata et al. (1990) proposed a relationship between the diffusion coefficient 

and porosity of cement-based materials as follows: 

 

𝐷𝑜 = 3.55 × 10−11 0.947 3.55 × 10−11 0.95
        (5.20) 

 

where Do is the diffusion coefficient of concrete [m2/s] and  is the capillary porosity. 

For the porosity  the expression (5.19) for 𝑉𝑝𝑜𝑟
𝑐𝑎𝑝(𝛼28) can be used. For the apparent 

diffusion coefficient at 28 days it then holds: 

 

𝐷𝑎,28(𝛼28) = 3.55 × 10−11  (𝑉𝑝𝑜𝑟
𝑐𝑎𝑝(𝛼28))

0.95

           (5.21) 

 

where 𝐷𝑎,28(𝛼28) is the apparent diffusion coefficient of concrete as a function of the 

degree of hydration at 28 days, viz. 𝛼28, [m2/s].   

 

5.4.4  Input parameters of numerical simulations 

To simulate the temperature development in concrete specimens due to hydration and 

stray current flow, Equations 5.2-5.15 were implemented in the finite element package 

COMSOL Multiphysics V 5.4* software in the AC/DC module (Pryor et al. 2011).  The 

numerical analyses were performed for concrete specimens with size 5.55.55.5 cm3, 

 
*In order to obtain simulation results with high resolution, the simulations were performed in the finite 

element analysis software COMSOL Multiphysics V 5.4 with a small element size, i.e. 0.2 cm.  
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202020 cm3, 404040 cm3, 606060 cm3, 707070 cm3, and 808080 cm3, as 

well as for concrete walls. Adiabatic hydration curves of mixtures with w/c ratio 0.35 

and 0.5 were simulated with HYMOSTRUC3D, using input from Table 5.1. The 

simulated adiabatic input curves are shown in Fig. 5.8. These curves are approximated 

by eq. (5.2). The hydration parameter  in eq. (5.2) was determined from curve fitting of 

simulated adiabatic hydration curves. To simulate the temperature development in 

concrete specimens, the following initial and boundary conditions were used as input: 

a. Initial and thermal boundary conditions: 

 Initial temperature of the concrete mixture: TRef (x,y,z,0) = 20°C 

 Ambient  (room) temperature:  TAmb = 20°C 

 Thermal boundary conditions:    

 

 𝜆𝑐 . (
𝜕𝑇

𝜕𝑥
+  

𝜕𝑇

𝜕𝑦
+  

𝜕𝑇

𝜕𝑧
)|

𝑥=0
= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = 0, 𝑦, 𝑧, 𝑡)) 

 

𝜆𝑐 . (
𝜕𝑇

𝜕𝑥
+  

𝜕𝑇

𝜕𝑦
+ 

𝜕𝑇

𝜕𝑧
)|

𝑥=𝐿

= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = 𝐿, 𝑦, 𝑧, 𝑡)) 

 

where L is length of the specimen. 
 

b. Initial and electrical boundary conditions: 

 Initial electrical conductivity:              

𝜎𝑖(𝑡 = 0)=2.32 S/m (w/c ratio 0.35) 

         𝜎𝑖(𝑡 = 0)=2.45 S/m (w/c ratio 0.5) 

 

 Initial current density:  𝐽(𝑡 = 0)= 0, 10, 40, 60 A/m2 

 

The other input parameters for simulating the temperature development in concrete 

specimens are given in Table 5.2. 

 

 

        
a. Degree of hydration for w/c ratio 0.35                     b. Degree of hydration for w/c ratio 0.5 

 
Fig. 5.8 Adiabatic hydration curves simulated with HYMOSTRUC3D and fitting curves to determine 

hydration parameters ( and ) for concrete with w/c 0.35 and 0.5. For obtained  and  values, see Table 

5.2.  

  



84 

 

5 

Table 5.2 Input parameters for simulating temperature development in concrete 

Input parameters Symbol Eq. 
Mixture 1 

(w/b=0.35) 

Mixture 2 

(w/b=0.5) 

Maximum degree of  hydration 𝛼ℎ,𝑚𝑎𝑥 5.4 0.78 0.87 

Maximum potential heat (kJ/kg) 𝑄
𝑚𝑎𝑥

 5.5 367 409 

Cement content (kg/m3) C 5.8 400 400 

Cement content : sand ratio 

Aggregates content (%) 

- 

- 

- 

- 

1:3 

70 

1:3 

70 

Specific mass of concrete (kg/m3) 𝜌
𝑐
 5.8 2450 2398 

Specific heat of concrete (J/kg.K) 

Initial temperature of the concrete 

mixture (°C) 

𝑐𝑐 

TRef 

5.8 

5.8, 5.15 

1042 

20 

1042 

20 

Heat conduction coefficient of 

concrete (W/m.K) 

Heat conduction coefficient of 

concrete insulation (W/m.K) 

Thickness of  insulation material (m) 

𝜆𝑐 

 

𝜆𝑖 

d 

5.9 

 

5.26 

5.26 

2.5 

 

0.125 

0.04 

2.5 

 

0.125 

0.04 

Apparent activation energy (kJ/mol) EA 5.6a, 5.6b 33 33 

Universal gas constant (J/mol. K) R 5.6a, 5.6b 8.31 8.31 

Empirical constant (hours)  5.2 14.32 14.32 

Hydration shape factor  5.2 0.81 0.74 

Temperature coefficient (°C-1) 

Heat transfer coefficient (W/m2.k) 
𝜎𝑇 

h 

5.15 

5.17 

0.035 

15 

0.035 

15 

Relative permittivity of concrete r 5.13 12 12 

Electrical current density (A/m2) J 5.12 Low (<10) and 

high level (10) 

Low (<10) and 

high level (10) 

Initial conductivity (S/m) 𝜎𝑖 
5.16 2.32 2.45 

Conductivity at the point where the 

conductivity–time curve starts to 

plateau (S/m) 

𝜎𝑓 5.16 0.07 0.10 

A time parameter of the particular 

paste (h) 

ts 5.16 4.5 6.1 

A constant b 5.16 1.85 2.1 

 

 

5.5 Results of experimental studies and discussion 

In this section, experimental studies of the effect of stray current on the hydration 

process, temperature development and microstructural changes in cement paste are 

presented.  As mentioned in section 5.2, two series of experiments will be conducted:  

a. Isothermal hydration tests on small cement paste samples with mass 10  0.01g and 

low stray current levels (i.e. 10 mA/m2, 100 mA/m2, 1 A/m2). For safety reasons, 

current levels in these small samples were not higher than 1A/m2.  
 

b. Semi-adiabatic hydration tests on cement paste prisms (size: 5.55.529.5 cm3) with 

higher stray current levels (i.e. 10 A/m2, 40 A/m2, 60 A/m2).  
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It is not clear yet whether there is an extra effect of stray current on the rate of 

hydration, on top of the effect of higher temperature due to Joule heating. A possible 

additional effect of stray current on hydration will be investigated in section 5.5.1.3 and 

5.5.2.2. 

 

5.5.1  Isothermal calorimetry tests 

5.5.1.1 Heat generated in hardening cement paste under stray current 

Fig. 5.9a shows the measured effect of electrical current flow on the rate of heat 

evolution dQd(t)/dt of cement paste with w/c ratio 0.35 measured by isothermal 

calorimetry at 20C curing. The shape of the heat curve shows that the peak of the rate 

of discharge of heat increases with increasing level of stray current flow and occurs at 

about 13 to 14 hours after casting. The cumulative amount of discharged heat of cement 

paste is given in Fig. 5.9b.  

 

 

 

 
 

Fig. 5.9 Measured rate of discharge of heat dQd(t)/dt (a) and discharged heat Qd(t) (b) in hardening 

cement paste (control) and with stray current level of 10mA/m2, 100mA/m2 and 1A/m2 for w/c 0.35 in 

isothermal condition. 

 

5.5.1.2 Temperature development in hardening cement paste during isothermal 

hydration  

The temperature development in hardening cement paste samples in the isothermal 

calorimeter was measured with thermocouples, embedded in the middle of the 

specimens. Fig. 5.10 depicts the influence of stray current on temperature development 

in hardening cement paste. The figure shows that already without stray current a small 

increase of temperature of the cement paste sample cannot be avoided. With stray 

current, the temperature increase is higher. 
 

a. Rate of discharge of heat in hardening 

cement paste due to stray current flow  
b. Discharged heat of cement paste exposed 

to stray current flow 
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Fig. 5.10 Temperature development of hardening cement paste as a function of time. Samples with w/c 

ratio 0.35, measured in isothermal condition. 

 

5.5.1.3 Analysis of stray current effect on hydration in isothermal calorimeter test 

For a preliminary analysis of the effect of stray current on cement hydration in an 

isothermal calorimeter the hydration process during the first 14 hours of the test will be 

analysed. That’s the period until the maximum temperatures were reached.  

  

Heat of hydration in the reference sample (no stray current) 

In the reference sample the hydration process is the only heat source. Most of the heat is 

discharged (Qd(t)), while a small amount of the produced heat, i.e. Qs(t), is used for 

heating of the sample. For the total amount of liberated heat Qtot(t) it thus holds: 

 

Qtot(t) = Qd(t) + Qs(t) (5.22) 

 

Figure 5.11 shows a close up of Figure 5.9b of the measured amount of discharged heat 

Qd(t) of the reference sample during the first 14 hours. After 14 hours the amount of 

discharged heat was: Qd,14h = 55.47 kJ/kg.  

 

 

 

Fig. 5.11 Discharged heat Qd(t) in hardening cement paste (control) and with stray current level 1A/m2 for 

w/c 0.35 in isothermal condition. 

 

 

 The amount of heat Qs(t) needed to heat up the sample to the measured maximum 

temperature increase, i.e. Tmax, depends on the mass and specific heat of the sample. In 

formula form:  
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𝑄𝑠(𝑡) =
∆𝑇𝑚𝑎𝑥∙𝜌𝑐𝑝∙𝑐𝑐𝑝

𝐶
 (5.23) 

 

in which cp [kg/m3] is the specific mass of the cement paste, ccp [J/kg.K] the specific 

heat of the paste, C [kg/m3] the amount of cement in the paste. Tmax stands for the 

measured maximum temperature (Fig. 5.10) minus the reference temperature Tref = 

20C. For the reference case it holds: Tmax = 21.36 -20.0 = 1.36C. For the paste with 

w/c = 0.35 and specific mass of the cement ce = 2950 kg/m3,  the cement content in the 

paste is 741 kg/m3 and the resulting specific mass of the cement paste is cp = 1960 

kg/m3. The specific heat of the cement paste is calculated at ccp = 1418 J/kg.K 

(according to US DIBR 1940-1949). With these values for cp, ccp and Tmax, the 

amount of heat Qs(t) to realise a temperature increase of the sample of 1.36C is 

calculated with eq. (5.24) at 5.10 kJ/kg. The total amount of heat produced by the 

hydrating cement in the first 14 hours is now found with eq. (5.22): 

 

Qtot(14h) = Qd,14h + Qs,14h = 55.47 + 5.10 = 60.57 kJ/kg 

 

Heat of hydration in the sample with stray current of 1 A/m2 

In the sample with stray current both the hydration process and the current generate 

heat. Also in these tests most of the heat is discharged (Qd(t)), while a small amount the 

produced heat, i.e. Qs(t), is used for heating of the sample. The amount of heat of 

discharged in the first 14 hours is shown in Figure 5.11. It holds: Qd,14h = 66.33 kJ/kg.  

The maximum temperature increase of the sample with a stray current of 1 A/m2 is 

Tmax = 1.72 C (see Fig. 5.10). With values for cp  and ccp given in the foregoing, the 

amount of heat needed to realise this temperature increase is calculated with eq. (5.23) 

at 6.45 kJ/kg. The total of the discharged heat and the heat needed for the temperature 

increase of the sample is now (eq. (5.22)): 

 

Qtot(14h) = Qd,14h + Qs,14h = 66.33 + 6.45 = 72.78  kJ/kg 

 

The difference between this amount of heat and amount of heat determined in the 

reference test is 72.78 – 60.57 = 12.21 kJ/kg. This difference is caused by the stray 

current of 1 A/m2.  

 

Heat generated in the sample caused by stray current 

As discussed in section 5.4.2.2, cement paste subjected to a stray current will increase in 

temperature because of Joule heating. The cumulative heat input from stray current 

Qel(J,E,t) (eq. (5.10)) at time t can be calculated by summarizing all heat increments 

Qel,i (i = 1,2,...,..n): 

 

𝑄𝑒𝑙(𝐽, 𝐸, 𝑡) = 𝑄𝑒𝑙,𝑛 = ∑ ∆𝑄𝑒𝑙,𝑖
𝑛
𝑖−1  (5.24) 

 

Fig. 5.12a shows the cumulative heat generated by a stray current of 10 mA/m2, 100 

mA/m2 and 1 A/m2, while Fig. 5.12b shows a close-up of the cumulative heat generated 

by a current of 1 A/m2 in the first 14 hours of hydration. As shown in Fig. 5.12b, the 

cumulative heat input from the stray current of 1A/m2 in the first 14 hours of hydration 

is 12.08 kJ/kg. This amount is in close agreement with the above mentioned difference 

in the total amount of heat of 12.21 kJ/kg between the reference test and the test with 
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stray current. It can be deduced from isothermal calorimetry tests that there is no 

additional effect of stray current on hydration beyond the effect of Joule heating.    

 

 

         

a.  Cumulative heat input from stray current Qel       b. Cumulative heat input by stray current 1 A/m2  

Fig. 5.12 Cumulative heat input from stray current flow Qel (calculated with eq. (5.25)). a) Cumulative 

heat curves for three current levels. b) Cumulative heat input from stray current (from 0 to 14 hours). 

Cement paste with w/c ratio 0.35. 

 

 

5.5.2  Semi-adiabatic tests 

5.5.2.1  Temperature development in small hardening cement paste prism under stray 

current  

In section 5.5.1 the effect of stray current on hydration process has been analysed in 

case of isothermal condition. Those results will be used for predicting the temperature 

development in samples of 5.55.529.5 cm3 subjected to stray current with different 

current densities, i.e. 1, 10, 40 and 60 A/m2 for non-isothermal hydration. Heat input 

from stray current, i.e. Joule heating, affects the temperature development in hardening 

cement paste. The heat input from stray current strongly depends on current density J(t), 

while the current density depends on the electrical conductivity 𝜎(𝑇, 𝑡) of hardening 

cement paste.  

 

 

 

Fig. 5.13 Evolution of electrical conductivity 𝜎(𝑡) of hardening cement paste under stray current flow 

with current density 1, 10, 40, and 60A/m2 calculated with eq. (5.15), where 𝜎𝑒𝑓𝑓(𝑡) (eq. 5.16) was 

calculated with input parameters 𝜎𝑖=2.32, 𝜎𝑓=0.07, ts = 4.5 (h), b=1.85.  
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Fig. 5.13 shows the evolution of electrical conductivity 𝜎(𝑇, 𝑡) of hardening cement 

paste with and without stray current flow. As shown already in Fig. 5.4, the electrical 

conductivity decreases rapidly with progress of the hydration process. Furthermore, the 

electrical conductivity of hardening cement paste slightly decreases with increasing 

level of current density up to about 24 hours. Stabilization was achieved after 24 hours. 

From that time on the values of conductivity of control specimen and specimen under 

stray current are almost the same. The development of current density in hardening 

cement paste is given in Fig. 5.14. Following eq. (5.12), the current densities sharply 

decrease due to decreasing electrical conductivity of hardening cement paste. 
 

 

 

Fig. 5.14 Development of current density J(t) in hardening cement paste with applied current density 1, 

10, 40, and 60A/m2, calculated with eq. (5.12).  

 

    
 

 

 

 

Fig. 5.15 (a) Simulated and measured temperature development in hardening cement paste subjected to 

stray current (b). Comparison between temperature development of hardening cement paste subjected to 

stray current and temperature development caused by stray current only Tel. Water-to-cement ratio used 

was 0.35.  The sample size is 5.55.529.5 cm3. 

 

 

Fig. 5.15 shows the simulated and measured temperature development in hardening 

cement paste prisms with and without stray current flow. Simulations were carried out 

with eq. (5.9). As shown in Fig. 5.15a, the simulated temperature development in 

hardening cement paste prisms is in good agreement with the experimental results. In 

a. Simulated and measured temperature 

development in hardening cement paste 

subjected to stray current 

b. Simulated temperature development in 

hardening cement paste subjected to stray current 

(dashed line) and temperature development caused 

by stray current only Tel (solid line). 
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addition, comparison of simulated temperature evolution caused by hydration and stray 

current and caused by only stray current Tel is given in Fig. 5.15b. Fig. 5.15b shows that 

Joule heating substantially increases temperature evolution in hardening cement paste 

prisms. For example temperature increase due to stray current only with level 60A/m2, 

i.e. about 4°C, promotes significantly on temperature increase in hardening cement 

paste, i.e. about 10°C.  

 

5.5.3  Measured effect of electrical current on pore structure of isothermally 

cured cement paste, w/c = 0.35 

For mixtures with w/c ratio 0.35 Figs. 5.16a,b show the capillary porosity and the pore 

size distribution of hardening cement paste after 4 days of isothermal hydration, 

respectively. These figures show that the capillary porosity reached after 4 days 

decreases with increasing level of electrical current. A summary of the capillary 

porosity of hardening cement paste for w/c ratio 0.35 is given in Fig. 5.16c. The 

differential curves (Fig. 5.16b) reveal that the pore size distribution is slightly shifted 

towards small pores with an increase of the current density. The reason for this is a 

higher degree of hydration of hardening cement paste when subjected to stray current 

during hydration (see Fig. 5.17). 

 

 

 

 

 

 
 

Fig. 5.16 Capillary porosity (a) and pore size distribution (b) of isothermally cured cement pastes at 4 

days with w/c ratio 0.35 and summary porosity (c) of cement paste obtained from MIP tests with current 

density levels of 10mA/m2, 100mA/m2 and 1A/m2. Isothermal tests.  

a.   Capillary porosity of cement paste subjected 

to stray current with w/c 0.35 at 4 days. 

b. Pore size distribution of cement paste subjected 

to stray current with w/c 0.35 at 4 days. 

c. Capillary porosity of cement paste subjected 

to stray current with w/c 0.35 at 4 days. 
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Fig. 5.17 Heat of hydration Q(t) (a) and degree of hydration  (t) (b) of isothermally hardening cement 

paste subjected to stray current with different current density calculated with eq. (5.4), where Qmax is 367 

kJ/kg (see Table 5.2). 

 

 

5.6 Numerical simulation of stray current effects on the hydration process  

5.6.1 Effect of stray current on hydration and temperature distribution in 

hardening concrete cube, 404040 cm3  

5.6.1.1  Hydration and temperature development in a concrete cube, 404040 cm3, 

without effect of stray current 

In Fig. 5.15a a good agreement was shown between experimental results and numerical 

simulations of temperature development in (relatively small) hardening cement paste 

prisms subjected to stray current. Considering that result, scaling up from hardening 

paste to hardening concrete seems justified and enables to simulate the effect of stray 

current on temperature development in larger hardening concrete elements. First the 

hydration and temperature evolution in a concrete cube, 404040 cm3, in case of 

natural hydration, i.e. without the effect of stray current, will be presented.  

Figure 5.18 shows an example of simulated 3D temperature fields in a concrete 

cube, 404040 cm3. In this simulation, the imposed outside temperature is 20°C. Fig. 

5.18a shows the temperature fields in the cross section of the concrete cube with w/c 

ratio 0.35 after18 hours hydration. Temperature profiles in the concrete cube from 18 to 

90 hours are shown in Fig. 5.18b for mixture with w/c ratio 0.35 and 0.5, respectively.  

Fig. 5.19 shows an example of the temperature development, heat of hydration and 

degree of hydration at three different locations in the concrete cube, w/c ratio 0.35, as 

function of time. The highest temperature is reached in the centre of the specimen. The 

temperature gradually decreases from the centre (point 1) to the surface (point 2 and 3) 

of the concrete due to discharge of heat to the surroundings.  Fig. 5.19c clearly shows 

that close to the surface, i.e. in point 3, the hydration process is delayed compared to the 

hydration in the centre of the cube. This is a well-known phenomenon, which implies 

that the microstructures in the outer zone are different from that in the centre. The 

presence of stray current will further enhance this effect. This will be investigated in the 

next section for concrete walls with different wall thickness. 

a. Heat of hydration of isothermally hardening 

cement paste subjected to stray current  
b. Degree of hydration of isothermally hardening 

cement paste subjected to stray current  
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.  

a. Example temperature field in hardening concrete cubes with specimen size 404040 cm3 for w/c 

ratio 0.35 at cross section z=20 cm from the bottom at three different locations (i.e. point 1 (xyz = 

20,20,20), point 2 (xyz = 20,8,20), point 3 (xyz = 3,20,20)) after 18 hours of hydration. 

 

         
b. Simulated spatial distribution of temperature in hardening concrete in x direction for w/c ratio 0.35 

(left) and 0.5 (right) after 18 hours. 

 

Fig. 5.18 Simulated temperature field (a) and temperature profile in hardening concrete specimen in x 

direction, for y=20 cm and z=20 cm (b). Sample size: 404040 cm3. Imposed outside temperature is 

20C. 

 

5.6.1.2  Effect of stray current on maximum temperature in hardening concrete walls 

In section 5.4.2.4. it has been explained that curing at elevated temperatures will go 

along with coarsening of the capillary pore structure, which, on its turn, will affect the 

resistance against ingress of hazardous species. On top of that high temperatures may 

give rise to internal micro-cracking, mainly in the cooling phase. The analysis of 

hydration-induced stresses is outside the scope of this thesis. Here we refer to a thumb 

rule, which states that for producing a good quality concrete the maximum temperature 

of the concrete during hardening should not exceed 60C. This maximum determines, to 

a certain extent, the risk of internal damage, i.e. temperature-induced microcracking 

(DANISH Ministry of Transport 1985).  
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a. Temperature development in hardening concrete at three different locations. 

 

 
b. Heat of hydration in concrete at three different locations calculated with eq. (5.7). 

 

 
 

c. Degree of hydration in concrete at three different locations calculated with eq. (5.4).  

Fig. 5.19 Simulated temperature development, heat of hydration and degree of hydration of hardening 

concrete at three different locations (i.e. point 1 (xyz = 20,20,20), point 2 (xyz = 20,8,20), point 3 (xyz = 

3,20,20)) with specimen size 404040 cm3 for w/c ratio 0.35. 

 

 

Fig. 5.20 and Fig. 5.21 show the maximum temperature in hardening concrete walls 

subjected to stray current as a function of the wall thickness and current density for 

concretes with w/c ratios 0.35 and 0.5, respectively. The imposed outside temperature is 

20C. The maximum temperature in the centre of the concrete walls reaches higher 

values with increasing wall thickness and increasing stray current levels.  

For judging the effect of stray current on the properties of the concrete, the 

maximum temperatures were divided in two regions, i.e. region I and region II. Region I 

refers the scenarios were the maximum temperature in the core of the hydrating walls 

does not exceed 60C. Region II refers to scenarios where the maximum temperature 

exceed the 60C limit and the concrete may suffer from curing at elevated temperatures.  
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a. Maximum temperature in the centre of hardening concrete walls with w/c ratio 0.35 

 

     

b. Maximum temperature in the centre of hardening concrete walls with w/c ratio 0.5. 

 

Fig. 5.20 Maximum temperature (Tmax,1) in the centre of hardening concrete walls subjected to current 

level as a function of wall thickness for w/c ratio 0.35 (a) and 0.5 (b). Concrete mixture: cement content 

400 kg/m3, aggregate content 70%. Imposed ambient temperature: 20ºC. 

Region I:   Peak temperatures are higher due to presence of stray current, but still < 60C 

Region II:  Peak temperatures reach values > 60C, with enhanced risk of internal damage to the concrete. 

 

        
 
 

 

Fig. 5.21 Maximum temperature (Tmax,1) in centre of hardening concrete walls with w/c ratio 0.35 (a) and 

0.5 (b) as a function of current density. Concrete mixture: cement content 400 kg/m3, aggregate content 

70%. Imposed ambient temperature: 20ºC.  

 

b. Maximum temperature in hardening 

concrete walls with w/c ratio 0.5 
a. Maximum temperature in hardening 

concrete walls with w/c ratio 0.35 
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5.6.1.3 Effect of stray current on degree of hydration, porosity and strength of a 40 

cm thick concrete wall, with and without insulation. 

 

As mentioned in Ch. 2, hydration at elevated temperatures results in a higher capillary 

porosity. A higher capillary porosity goes along with a lower compressive strength and 

higher diffusion coefficients. This may jeopardize the quality and service life of 

concrete structures, particularly in case a higher porosity and higher diffusion 

coefficients are reached in the outer zones of concrete walls. High concrete 

temperatures in the outer zones of concrete walls are conceivable in case insulated 

formwork is used. Simulations will be performed, therefore, of temperature distributions 

in 40 cm thick hardening concrete walls with and without insulated formwork (see 

below, subsection A). The relationship between capillary porosity, diffusion coefficient 

and compressive strength will be elucidated below under subsection B. Results of 

simulation are presented in subsection C. 

  

A. Thermal boundary conditions 

In order to allow for the effect of insulation of the hardening concrete walls, the 

numerical simulations will be performed with the following boundary conditions:  

a). Boundary condition of hardening concrete walls with insulation 

The schematic of the boundary conditions for numerical simulation of the hydration 

process and properties of hardening concrete walls with insulation subjected to stray 

current is given in Fig. 5.22. The boundary conditions can be specified from the 

expression of the continuity of heat conduction through the insulation material-concrete 

wall interface as follow: 

 

𝜆𝑐 .
𝜕𝑇

𝜕𝑥
|

𝑥=0
= 𝜆𝑖

𝑇(𝑥=0,𝑡)−𝑇𝑅𝑒𝑓

𝑑
 (5.25a) 

 

𝜆𝑐 .
𝜕𝑇

𝜕𝑥
|

𝑥=𝐿
= 𝜆𝑖

𝑇(𝑥=𝐿,𝑡)−𝑇𝑅𝑒𝑓

𝑑
 (5.25b) 

 

𝜆𝑖 .
𝜕𝑇

𝜕𝑥
|

𝑥=−𝑑
= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = −𝑑, 𝑡))   (5.25c) 

 

𝜆𝑖 .
𝜕𝑇

𝜕𝑥
|

𝑥=𝐿+𝑑
= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = 𝐿 + 𝑑, 𝑡)) (5.25d) 

 

where 𝜆𝑐  is the heat conduction coefficient of concrete [W/m.K], 𝜆𝑖  is the heat 

conduction coefficient of insulation material [W/m.K], d is the thickness of the 

insulation material [m], h is the heat transfer coefficient [W/m2.K] and L is the wall 

thickness.  

The initial conditions are specified as follow: 

 Initial temperature of the concrete mixture:        TRef (x,t=0) = 20°C 

 Ambient  (room) temperature:           TAmb = 20°C 

 Initial electrical conductivity of hardening concrete   𝜎𝑖(𝑡 = 0)=2.32 S/m 

 Initial current density            𝐽(𝑡 = 0)= 0, 10, 40, 60 A/m2 
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Fig. 5.22 Schematic of boundary conditions for numerical simulation of temperature development in 

hardening concrete walls with insulation subjected to stray current. The wall thickness is L (in cm). The 

thickness of the insulation material is d (in cm). 

 

b). Boundary condition of hardening concrete walls without insulation 

The schematic of the boundary conditions for numerical simulation of the hydration 

process and properties of hardening concrete walls without insulation subjected to stray 

current is given in Fig. 5.23. The boundary condition is given by: 

 

𝜆𝑐 .
𝜕𝑇

𝜕𝑥
|

𝑥=0
= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = 0, 𝑡))     (5.26a) 

 

𝜆𝑐 .
𝜕𝑇

𝜕𝑥
|

𝑥=𝐿
= ℎ . (𝑇𝑅𝑒𝑓 − 𝑇(𝑥 = 𝐿, 𝑡)) (5.26b) 

 

where  𝜆𝑐 is the heat conduction coefficient of concrete [W/m.K], h is the heat transfer 

coefficient [W/m2.K], and L is the wall thickness. 

All initial conditions used as input for numerical simulation of the hydration 

process and properties of hardening concrete walls with insulation are adopted. In this 

section, however, the numerical simulation is performed in hardening concrete walls 

without insulation. 

 

 

 
Fig. 5.23 Schematic of boundary conditions for numerical simulation of temperature development in 

hardening concrete walls without insulation subjected to stray current. The wall thickness is L (in cm).  
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B. Capillary porosity, diffusion coefficient and compressive strength 

For a certain mixture the capillary porosity is a function of the degree of hydration and 

can be calculated with eq. (5.19). From the capillary porosity of cement paste, the 

apparent diffusion coefficient in the centre of hardening concrete without insulation at 

reference time 28 days, Da,28(J), was calculated with eq. (5.21). 

The compressive strength of the concrete will be calculated as a function of the 

capillary porosity of cement paste using the Balshin equation (Balshin 1949): 

  

𝑓𝑐 = 𝑓𝑐𝑜(1 − 𝑝)𝑛 (5.27) 

 

where fc is the compressive strength of concrete, fco is the intrinsic strength of concrete 

at zero porosity [here 98.79 MPa (Chakradhara Rao 2010)], p is the capillary porosity of 

cement paste, n is a coefficient (Grudemo 1975). Typical curves of compressive 

strength of concrete as a function of capillary porosity of cement paste are given in Fig. 

5.24 (left). Schematic range values of compressive strength of hardened concrete as a 

function of capillary porosity of cement paste with w/c ratio 0.35-0.5 are presented in 

Fig. 5.24 (right). In this study, the amounts of cement paste are 540 kg/m3 and 600 

kg/m3 for w/c ratio 0.35 and 0.5, respectively. 

 

 

    
 

Fig. 5.24 Typical curves of compressive strength of concrete as a function of capillary porosity of cement 

paste calculated with eq. (5.27) with different n values (left) and schematic range values of compressive 

strength of concrete as a function of capillary porosity of cement paste with w/c ratio 0.35-0.5 (right). In 

this work, a coefficient n was chosen as 3.6 (Chakradhara Rao 2010). 

 

 

C. Numerical simulations of the effect of stray current on core and outer zone concrete 

The numerical simulations presented in this subsection focus on the effect of the 

presence of insulation during hydration of a 40 cm thick concrete wall and how the 

presence of stray current further enhances this effect.  

The effect of insulation on the temperature distribution in a 40 cm thick concrete 

wall is shown in Fig. 5.25. Fig. 5.25b shows that the temperatures in the outer zone of 

concrete walls with insulation significantly increase compared to concrete walls without 

insulation (Fig. 5.25a). The presence of stray current further enhances this effect. High 

temperatures in the outer zone will result in higher final values of the porosity, which 

might be a point of concern for the durability of the concrete.   
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Fig. 5.25 Example of temperature profiles after 18 hours of hydration in a 40 cm thick concrete wall with 

and without insulation and meanwhile subjected to stray current.  

 

 

 The effects of insulation on the temperature evolution, degree of hydration, 

capillary porosity and compressive strength in the centre and in the outer zone of a 40 

cm thick concrete wall are presented in Fig. 5.26 and 5.27 as a function of time. In Fig. 

5.26 the results of numerical simulations are presented which refer to the centre of the 

wall, whereas Fig. 5.27 refers to the outer zone of the wall.  

 

Temperature in centre of the 40 cm thick wall 

As shown in Fig. 5.26 the temperature in the centre of a 40 cm thick hardening concrete 

wall will increase with increasing stray current. For a 40 cm thick wall, the presence or 

not of insulation has only a minor effect. The presence of stray current will accelerate 

the hydration process at early age and hence increases the rate of strength development 

(Fig. 5.26d). Hydration at higher temperatures, however, will result in higher capillary 

porosity and a lower final strength. The higher capillary porosity in the centre of the 

concrete elements also results in a higher diffusion coefficient (to be discussed in more 

detail in section 5.6.2.2). A higher apparent diffusion coefficient will generally not be 

problematic for the service life as long as it concerns the centre of hardening concrete 

structures. Similar simulations as presented in the Fig. 5.26 for a 40 cm thick concrete 

wall are given for other wall thicknesses in Appendix Fig B.1 and Fig. C1.  

 

Temperature in surface zone of 40 cm thick wall 

Fig. 5.27 shows the results of numerical simulations of the evolution of temperature, 

degree of hydration, capillary porosity and compressive strength in the outer zone of a 

40 cm thick concrete wall with and without insulation. A significant effect of stray 

current on temperatures was noticed in the outer zone of hardening concrete with 

insulation (Fig. 5.27a, left). In the outer zone of concrete walls without insulation no 

significant change of temperature will occur, since in this case the generated heat is 

immediately discharged to the environment (Fig. 5.27a, right). Obviously, 

microstructural changes, as well as compressive strength, due to stray current seem 

particularly relevant for the outer zone of concrete walls with insulation. As seen in Fig. 

5.27, initially the temperature increase in the outer zone of hardening concrete with 

insulation accelerates hydration process and subsequently reduces the capillary porosity 

a. Temperature profile in the outer zone of 

concrete walls without insulation subjected to 

stray current 

b. Temperature profile in the outer zone of 

concrete walls with insulation subjected to 

stray current 
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and increase the compressive strength. At later ages, however, a high capillary porosity 

remains because hydration had proceeded at relatively high temperatures, resulting in a 

lower compressive strength and a higher apparent diffusion coefficient, which will 

reduce durability and service life of concrete structures.  

The effects of stray current on capillary porosity and apparent diffusion coefficient 

in the outer zone of hardening concrete after 28 days hydration will be further discussed 

in section 5.6.2. Numerical simulation results for different wall thickness are given in 

Appendix Fig. B.2 and Fig. C.2. 
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a. Temperature development in the centre of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

   
b. Degree of hydration in the centre of hardening concrete with (left) and without (right) insulation 

for wall thickness 40 cm. 

 

   
c. Capillary porosity in the centre of hardening concrete with (left) and without (right) insulation 

for wall thickness 40 cm. 

 

   
d. Compressive strength in the centre of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

 

Fig. 5.26 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the centre of hardening concrete with and without insulation for wall thickness 40cm and 

w/c ratio 0.35. 

With insulation            Without insulation 

   With insulation        Without insulation 

    With insulation                     Without insulation 

   With insulation        Without insulation 
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a. Temperature development in the outer zone of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

   
b. Degree of hydration in the outer zone of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

 

   
c. Capillary porosity in the outer zone of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

 

   
d. Compressive strength in the outer zone of hardening concrete with (left) and without (right) 

insulation for wall thickness 40 cm. 

 

Fig. 5.27 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the outer zone of hardening concrete with and without insulation for wall thickness 40cm 

and w/c ratio 0.35.  

With insulation           Without insulation 

    With insulation                                 Without insulation 

    With insulation                     Without insulation 

  With insulation                                 Without insulation 
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5.6.2  Simulated effect of stray current on concrete outer zone 

5.6.2.1  Effect of stray current on capillary porosity in the outer zone of concrete walls 

with and without insulation after 28 days hydration (outside temperature 20°C) 

The effect of the insulation on the temperatures in the outer zone of a 40 cm thick 

concrete wall has been shown already in Fig. 5.25b. In this section the focus is on the 

concrete in the outer zone of concrete wall with different thicknesses. The outer zone is 

the most critical zone in view of durability.  

The maximum temperature in the outer zone of hardening concrete walls with and 

without insulation is shown in Fig. 5.28. In case insulation is present, the temperature in 

the surface zones will increase with increasing wall thickness and increasing stray 

current. Note that in Fig. 5.28 only the maximum temperatures are presented. From this 

figure, it cannot be inferred how the degree of hydration and associated porosity 

develop with time.  

 

 

 
 

Fig. 5.28 Maximum temperature (Tmax,2) in outer zone of hardening concrete walls with and without 

insulation as a function of wall thickness for different magnitude of the stray current. 
 

 

 Since the hydration processes proceed at different temperatures and at different 

rates and since the porosity is affected by the reaction temperatures, the evolution of the 

porosity is not a linear function of time. This is further illustrated with Fig. 5.29a,b, 

where the evolution of the capillary porosity in the outer zone of the wall is presented 

after 3 days and 28 days, respectively, as function of the wall thickness. No significant 

change of capillary porosity in the outer zone of concrete walls without insulation was 

noticed, irrespective of the presence of stray current. In general, the capillary porosity in 

the outer zone of concrete walls without insulation was lower compared to that in the 

outer zone of concrete walls with insulation (see Fig. 5.29).  

 Fig. 5.29a clearly shows the effect of stray current on the evolution of the capillary 

porosity. Up to three days, hydration at higher temperatures results in faster hydration 

and hence a lower capillary porosity. After 28 days hydration at elevated temperatures 

the situation is different, as can be seen in Fig. 5.29b. Now the effect of coarsening of 

the capillary porosity due to hydration at higher temperatures is dominant. The thicker 

the walls, the higher the reaction temperatures and the coarser the capillary pore 
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structure. In thin walls the temperature had not reached high values and coarsening of 

the pore structure was hardly noticeable. 

 

 

         
 

 

 

 

 

 
 

Fig. 5.29 Calculated capillary porosity of cement paste (eq. (5.19)) in outer zone of concrete walls with 

and without insulation subjected to stray current for different wall thickness after 3 days (a) and 28 days 

(b) hydration. Concrete mixture: cement content 400 kg/m3, aggregate content 70%, w/c ratio 0.35. 
 

 

5.6.2.2  The effect of stray current on apparent diffusion coefficients in outer zones of 

concrete walls with and without insulation, after saturation with water 

In this section the apparent diffusion coefficient in outer zones of concrete with and 

without insulation and subjected to stray current is presented. The background of the 

calculations is an exposure scenario real concrete structures might experience in the 

practice. At first the concrete is supposed to harden in more or less sealed condition. 

This is the situation that is also considered in the numerical simulations executed so far.   

The chloride diffusion coefficients, however, are normally determined in a chloride 

migration tests performed on saturated concretes. It is now assumed that structures, 

being curing under sealed condition for 28 days, will be exposed to water and become 

saturated after 28 days. Then, the apparent diffusion coefficient of the concrete in 

saturated condition can be calculated with eq. (5.21).  

 Fig. 5.30 shows an example of calculated apparent diffusion coefficient Da (m
2/s) in 

the outer zone of a 40 cm thick hardening concrete wall as a function of time. The figure 

shows that the apparent diffusion coefficient in the outer zone of the concrete wall with 

insulation is higher compared to the apparent diffusion coefficient in outer zone of a 

wall without insulation. In case insulation is present, stray current accelerates the 

hydration process at early ages. This will result in a lower capillary porosity and a 

corresponding lower apparent diffusion coefficient.  

 In the Fig. 5.31a,b the apparent diffusion coefficient of concrete with w/c ratio 0.35 

is presented after 3 and 28 days hydration, respectively, as a function of the wall 

thickness. The curves showing the diffusion coefficients show similar trends as those 

b. Calculated capillary porosity of cement paste 

(eq. (5.19)) after 28 days of hydration in outer 

zone of hardening concrete walls with and 

without insulation as a function of wall 

thickness. 

a. Calculated capillary porosity of cement paste 

(eq. (5.19)) after 3 days of hydration in outer 

zone of hardening concrete walls with and 

without insulation as a function of wall 

thickness. 
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for the capillary porosity shown in Fig. 5.29a,b (which is evident from eq. (5.21)).  

 

 

 
 

Fig. 5.30  Apparent diffusion coefficient in outer zone of a 40 cm thick hardening concrete wall with and 

without insulation for different values of the stray current as a function of time. 
 

 

     
 

 

 

 

 
 

Fig. 5.31 Apparent diffusion coefficients in outer zones of concrete walls with and without insulation for 

different wall thickness after 3 days (a) and 28 days (b) of hydration calculated with eq. (5.21). After 28 

days hydration the concrete specimen is saturated with water. Concrete mixture: cement content 400 

kg/m3, aggregate content 70%, w/c ratio 0.35. 

 

 

 Fig. 5.31b shows hardly any effect of stray current on the 28-days diffusion 

coefficients outer zone of hardening concrete without insulation. In case insulation is 

present hydration will proceed faster. For wall thicknesses up to 20 cm faster hydration 

caused by stray current results in lower apparent diffusion coefficients (Fig. 5.31b). In 

walls thicker than 20 cm the presence of stray current results in higher reaction  

temperatures and coarsening of the capillary pore structure, resulting in higher diffusion 

coefficients in concrete walls with insulation (see Fig. 5.31b), which will affect the 

service life of concrete structures. 

a. Apparent diffusion coefficient in outer zone 

of hardening concrete with and without 

insulation for different wall thickness after 3 

days of hydration. 

b. Apparent diffusion coefficient in outer zone 

of hardening concrete with and without 

insulation for different wall thickness after 28 

days of hydration. 
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5.7 Conclusions 

This chapter dealt with the influence of stray current flow on the hydration process and 

the resulting temperature and porosity development in cement-based materials and 

concrete structures. The experimental results were accompanied by numerical 

simulations in order to analyse possible positive and/or negative effects of stray current. 

The following conclusions can be drawn: 

 

1. Experimental results show that due to stray current induced Joule heating the 

hydration process was accelerated. The effects of stray current on temperature fields 

and porosity in hardening concrete structures can be simulated quite accurately with 

the finite element analysis software COMSOL Multiphysics V 5.4. 

 

2. The most significant effect of stray current on capillary porosity and apparent 

diffusion coefficient occurs in the interior of concrete elements, where the highest 

temperatures are reached. Coarsening of the capillary pore structure in the centre of 

concrete elements with and without insulation due to Joule heating can affect 

material properties: a) lower mechanical properties (e.g. compressive strength) and 

b) increased apparent diffusion coefficient. More pronounced effects of stray current 

on capillary porosity, compressive strength and diffusion coefficient in the centre of 

concrete with insulation was noticed compared to concrete without insulation. A 

higher porosity in the centre of concrete structures, however, will generally not affect 

the service life of concrete structures. 

 

3. Hardly any effect of stray current on capillary porosity and associated diffusion 

coefficient was noticed in the outer zone of hardening concrete without insulation.   

In case insulation is present, capillary porosity in the outer zone of concrete elements 

increases due to hydration at higher temperature, resulting in a higher diffusion 

coefficient (which is negative for the durability). 

 

4. The temperature in the outer zones of insulated concrete increases with increasing 

wall thickness and stray current levels (Fig. 5.28). Higher temperatures at early ages 

(e.g. 3 days) in the outer zones of insulated concrete results in faster hydration and 

hence a lower capillary porosity (Fig. 5.29a) and diffusion coefficient (Fig. 5.30 and 

Fig. 5.31a). At later ages (>28 days), coarsening of the capillary porosity due to 

hydration at higher temperature will result in a higher diffusion coefficient (Fig. 

5.31b). The thicker the walls, the higher the reaction temperatures and the coarser the 

capillary pore structure. In thin walls (30 cm), stray current up to 60A/m2 hardly 

induced coarsening of the pore structure, since temperature rise in the outer zones of 

insulated concrete had not reached high values. 
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6 
The effect of stray current flow on material 

properties of hardened mortar specimens*  

This chapter presents the effect of stray current flow on materials properties of mortar 
specimens after 28-days hardening in a fog-room with 98% RH. The combined effects 
of water-to-cement ratio, curing age, different external environment and stray current on 

the microstructural (porosity and pore size), electrical (resistivity) and mechanica l 
(compressive strength) properties of hardened cement-based materials were 

investigated. The evolution of the porosity and pore size distribution of mortar 
specimens subjected to stray current was assessed by correlating the performance of 28-
days cured mortar in a fog-room of 98% RH with that of young (24h-cured only) mortar 

specimens in the same environmental condition. Three different levels of electrical 
current density (i.e. 10mA/m2, 100mA/m2 and 1A/m2) were applied to simulate stray 

current flow through hardened mortar specimens with water-to-cement ratio of 0.5 and 
0.35. Different environmental conditions were employed, i.e. sealed conditions, partly 
submerged and fully submerged in water and calcium hydroxide medium. 

Microstructural, mechanical and electrical properties were monitored in the course of 
140 days.  

 
 
 
 

 

 

 

 

*) This chapter is based on: 

 

1. Susanto, A., Koleva, D. & van Breugel, K. (2017). The Effect of Water-to-Cement Rat io and Curing on 

Material Properties of Mortar Specimens in  Stray  Current Conditions, Journal of Advanced Concrete 

Technology. 15, 10, p. 627-643. 
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6.1 Introduction 

From the cement chemistry point of view, hydration is the reaction of cement with 
water, resulting in setting and hardening of the hydrated cement paste. The term ‘setting’ 

means a rather sudden loss of plasticity of the original paste and its conversion into a 
solid material with a barely measurable strength. The term ‘hardening’ refers to the 
development of hardness and strength that follows the setting phase (Hewlett 2003). For 

complete hydration, cement must be mixed with a sufficient amount of water, 
commonly represented by the water-to-cement ratio, i.e. 0.4 (Powers et al. 1947, Young 

et al. 1986).  
In this chapter, fresh and hardened concrete will be dealt with. Fresh concrete is the 

stage when setting and hardening did not start yet. The properties o f fresh and hardened 

concrete mainly depend on the curing conditions after casting and during hydration. 
Curing is the process of controlling the external temperature and moisture after casting 

and during hydration. Proper curing plays an important role to obtain the designed 
strength and maximum concrete durability (James et al. 2002). In addition, improper 
curing results in undesired effects, such as lower strength, cracking, low resistance to 

weathering, high permeability, dusting (Neville 1995, ACI 1981, ACI 1982, Samir et al. 
1988). The influence of the type of curing is significant at early ages. Since strength 

development of concrete occurs most rapidly at early age, the greatest benefit from 
curing is achieved during this period (Troxell et al. 1968). The required duration of 
curing depends on several factors, such as mixture proportions, specified strength, size 

and shape of the concrete element, environmental and exposure conditions (IS 2000). 
Traditionally, 28 days curing is required for cement-based materials, resulting in 

properties (both mechanical and microstructural), sufficiently developed for the required 
performance. 

While measures can be taken for optimum curing on site, the hydration process and 

concrete hardening, respectively, can be affected by a variety of external factors. 
Although some of these, as the above mentioned optimum humidity of concrete, can be 

controlled, others are unpredictable and cannot be easily controlled. Such an effect of 
external environment, that is hard to control in practical applications, is stray current in 
the vicinity of newly built structures (or freshly poured concrete mixtures on site). The 

intensity of stray current strongly depends on the resistivity of the medium, where stray 
current would flow. Of equal significance is the speed of stray current “discharge” or 

“dissipation” from a conductive path (e.g. steel reinforcement).  
One of the main consequences of stray current, especially for a fresh cement-based 

material, concern the effect on water (Probstein 2003, Lyklema 1995) and ion transport 

in the matrix. In an electrical field, ion and water migration will add-up to the internal 
diffusion-controlled mechanisms of cement hydration, which will change the hydration 

process. While migration can be positive at very early stages of the bulk matrix 
development, e.g. resulting in the so-called “electrical curing” (Bredenkamp et al. 
1993), it can also be detrimental. The negative effect of stray current will be pronounced 

when concentration gradients are present. The result will be enhanced alkali ions 
leaching-out and pore network coarsening, both during and after hardening of the still 

young concrete matrix, but also later on (Susanto et al. 2017). In case the concrete 
structures are located close to the stray current sources, the possible effect of stray 
currents should be considered. Additionally, the age of cement-based materials at which 
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stray currents affect and/or induce ion and water migration will determine the level of 

these positive or negative effects.  
The aim of this chapter was to investigate the joint effect of water-to-cement ratio, 

curing conditions, different external environment on the properties of already hardened 
mortar specimens, initially cured for 28 days while subjected to stray current. The 
results were correlated and compared with those for young (24h-cured) mortar 

specimens. With regard to the long-term behaviour of cement-based materials in 
conditions of stray current, the ageing factors and apparent diffusion coefficients were 

derived, based on experimentally recorded electrical resistivity development. The 
outcomes were compared to the relevant control cases and serve the purpose of 
evaluating the overall performance of cement-based materials, when ion and water 

migration contribute to diffusion-controlled transport mechanisms. 
 

 

6.2 Materials and experimental methods 

6.2.1     Materials 

Mortar cubes of 404040 mm3 were cast, using OPC CEM I 42.5N with w/c ratio of 
0.5 and 0.35. The cement-to-sand ratio used was 1:3. The chemical composition (in wt. 

%) of CEM I 42.5N (ENCI, NL) is as follows: 63.9% CaO; 20.6% SiO2; 5.01% Al2O3; 
3.25% Fe2O3; 2.68% SO3; 0.65% K2O; 0.3% Na2O. After casting and prior to 

conditioning, the specimens were cured in a fog-room with 98% RH, at 202C for 28 
days.  

6.2.2      Sample designation, current regimes and conditioning 

The 28-day cured mortar specimens were cast in two main groups, i.e. specimen with 
w/c ratio 0.35 and 0.5. These two groups were divided into four sub-groups:   

1) control group - no current involved 
2) group “10 mA/m2”  

3) group “100 mA/m2”  
4) group “1 A/m2” 
where DC current was applied at the indicated current levels. The samples designation 

(and relevant external medium) is given in Table 6.1.  
Concrete structures exposed to the atmosphere are scarcely saturated. Even for 

concrete submerged in water (underwater concrete), only the outer part of concrete will 
become saturated, while the interior part is unsaturated. Although the properties of 
unsaturated cement-based materials differ from those of sealed and fully saturated 

materials, these properties are not well-documented (because of experimental 
constraints). Considering these aspects, the experiments in this study were conducted in 

two extreme conditions, i.e. submerged/saturated and sealed conditions. In addition, 
experiments were also conducted in partly (half) submerged condition. This partly 
submersed condition was meant to mimic the real practice in which the concrete is 

neither completely saturated nor sealed (Zhang 2018).  
Besides different exposure conditions, specimens were exposed to water and 

Ca(OH)2 solution. The Ca(OH)2 solution was used to minimize or avoid concentration 
gradient (i.e. alkali ions leaching-out is avoided) between mortar specimen and the 
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external environment. Sample designation 28d refers to mortar of w/c ratio 0.5, cured 

for 28 days and conditioned for 140 days.  
 

Table 6.1 Sample designation and experimental conditions  

Specimens  

groups 
Sample designation 

Experimental conditions 

Half submerged Fully submerged Sealed 

H2O Ca(OH)2 H2O Ca(OH)2  

Control 

R1/2,H2O, 28d 

(Control-1/2 H2O,28d) 
×     

R1/2,H2O, 28d 

(Control-1/2 CH,28d) 

 

 
×    

R full, H2O, 28d   ×   

R full, CH, 28d    ×  

R sealed, 28d     × 

10mA/m2 

10mA,H2O, 28d 

(10mA/m2-H2O,28d) 
×     

10mA,CH, 28d 

(10mA/m2-CH,28d) 
 ×    

 

100mA/m2 

100mA,H2O,28d 

(100mA/m2-H2O,28d) 
  ×   

100mA,CH, 28d 

(100mA/m2-CH,28d) 
   ×  

100mA sealed, 28d     × 

 

1A/m2 

1A,H2O, 28d 

(1A/m2-H2O,28d) 
  ×   

1A,CH, 28d 

(1A/m2-CH,28d) 
   ×  

1A sealed, 28d     × 

 

 

 
  

 

Fig. 6.1 a) Experimental set-up for mortar specimens subjected to stray current in sealed condition with 

multip lexer and PC data recorder to record electrical resistance; b) Schematic of electrical circuit , where 

Rs is the resistor to adjust electrical current flow through the mortar specimen. 

 
 

After demoulding, the current regimes were applied through external (DC) current 
sources. The experimental set-up for the 28 days cured specimens is presented in Fig. 

6.1a. Schematic of stray current flow through mortar specimen in sealed condition is 

a. Experimental set up of mortar specimens  in 

sealed condition subjected to stray current 
b. Schemat ic of stray current flow through 

mortar specimen in sealed condition. 
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given in Fig. 6.1b. For partly submerged (refers to splash zone in real practice) and fully 

submerged conditions the specimens were positioned in water or Ca(OH)2 solution and 
the current was applied via external conductors (metal plates), following previously 

reported set-up (Susanto et al. 2013, Susanto et al. 2017). For sealed condition (Fig. 
6.1a), electrical connections were made to apply electrical current through initially cast-
in electrodes (brass mesh plates) on the two opposite sides of each cube. The electrodes 

also served the purpose of measuring electrical resistivity.  
 

 

6.2.3  Experimental methods 

6.2.3.1  Standard compressive strength 

Standard compressive strength tests were performed on the 404040 mm3 three 
replicates mortar specimens at the hydration age of 28 days and later on after 31, 42, 84, 

112 and 140 days of age. The compressive strength tests were performed within a 5 
minutes time interval. 

 
6.2.3.2  Mercury intrusion porosimetry (MIP) 

MIP tests were performed to determine the porosity and pore size distribution of the 

bulk matrix according to standard sample preparation and measurement procedures, as 
reported in detail in Appendix A. 

 

6.2.3.3 Electrical resistivity measurements  

The electrical resistivity measurement of mortar specimens is done in the same manner 

as previously reported in Section 3.3.3.2, Chapter 3. 
 

6.3  Results and discussion 

6.3.1  Compressive strength of hardened (28 day-cured) mortar specimens 

Mechanical properties are often used as key indicator for the performance of ceme nt-

based materials, reflecting concrete quality. A high compressive strength is generally 
associated with a low capillary porosity. Low capillary porosity reduces/prevents 

chloride ingress into concrete. There are several factors that affect the strength o f 
cement-based materials, such as: water/cement ratio, cement type, admixtures and 
curing conditions, including humidity, temperature and time (Mehta et al. 2001, Nehdi 

et al. 2011). Compressive strength tests were performed to quantify the influence of 
stray current flow on the mechanical properties of 28-day cured mortar specimens with 

different w/c ratio (i.e. 0.5 and 0.35), subsequently conditioned in different external 
media and conditions (i.e. H2O submerged, Ca(OH)2 submerged and sealed). 

As can be observed in Fig. 6.2(a) to Fig. 6.2(d), irrespective of external medium, as 

well as irrespective of w/c ratio, the compressive strength for all specimens increased 
with time. This was as expected and consistent with the ongoing cement hydration. The 

increase in compressive strength for the water-submerged control specimens 
(designation control H2O in Fig. 6.2), was in the range of 11.5% to 13.8% higher for the 
group of lower w/c ratio 0.35, compared to those of w/c ratio 0.5. Higher compressive 
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strength was recorded for the control specimens conditioned in calcium hydroxide 

(specimens with designation Control – 1/2 CH in Fig. 6.2(a,c) and Control – CH in Fig. 
6.2(b,d), compared to all analogical cases in water. This result was also expected, since 

in the absence of a concentration gradient between pore solution in mortar specimen and 
water, leaching-out is largely prevented. Hence mechanical and microstructural 
properties are expected to improve due to densification of bulk matrix. 

The largest effect of stray current on compressive strength was noticed in specimen 
with the highest current density level (i.e. 1 A/m2) for specimens with both w/c 0.35 and 

0.5. At a current density of 1A/m2, the lowest compressive strength was recorded for 
specimens submerged in water Fig. 6.2(b,d), while the highest strength was recorded for 
specimens submerged in calcium hydroxide solution Fig. 6.2(b,d). For specimens partly 

submerged in calcium hydroxide solution (Fig. 6.2), only a positive effect (increased 
compressive strength) was recorded for specimens “under current”. For the water-

conditioned groups, a reverse trend was observed.  
 
 

 
 

 
 

Fig. 6.2 Compressive strength of mortar specimens 404040 mm3 cured for 28 days with conditioning 

time from 0 to 84 days (hydration age of 28 to 112 days) in part ly (a, c) and fully (b, d) submerged in H2O 

and Ca(OH)2 conditions. The w/c ratios used were 0.5 and 0.35. The electrical current was applied from 

28 days of hydration onwards i.e. immediately after de-moulding of the specimens. 

 

 

Figure 6.3 depicts a comparison of compressive strength of 28 days-cured mortar 

specimens with w/c ratio 0.35 and 0.5, partly (a) and fully (b) submerged in H2O with 
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conditioning from 0 to 84 days (Fig. 6.3a,b). At hydration age of 28 days (or 

conditioning time “0” days), the compressive strength for all cases was almost identical. 
For the specimens party submerged in water, with the lowest stray current of 10 

mA/m2, the specimens with w/c ratio 0.35 (Fig. 6.3a) presented a more pronounced 
reduction in compressive strength than the mortar with w/c ratio 0.5 (Fig. 6.3a). At 112 
days, however, there was no significant different between these groups of specimens. 

Both showed a compressive strength decrease of about 4 MPa, compared to the relevant 
control cases. 

For mortar specimens fully submerged in water with w/c ratio 0.5 and current 
density of 100mA/m2 and 1A/m2, improvement of properties at initial stages 0-3 days 
was noticed (Fig. 6.3b). With age, a reduction in strength was observed. This reduction 

was more pronounced for the specimens with w/c ratio 0.35 (Fig. 6.3b, middle section 
of the plot). At 112 days of hydration, a small reduction of the compressive strength at 

current density 1A/m2 by 5 and 6 MPa for w/c ratios 0.5 and 0.35 respectively 
compared to control specimen was observed (Fig. 6.3b). 

The most significant effect of stray current was observed in specimens subjected to 

the highest current density level of 1A/m2 and w/c ratio of 0.35. Obviously a lower w/c 
ratio accelerated the negative effect of stray current in aged specimens, 112 days of 

hydration. Although the difference as such (in absolute values) is not significant on a 
global scale, the trend clearly shows that stray current affects a mature matrix with 
lower pore water volume, to a larger extent than mixture with w/c ratio of 0.5.  

 
 

 
Fig. 6.3 Evolution of compressive strength of mortar specimens with w/c ratios 0.5 and 0.35 part ly (a) and 

fully (b) submerged in H2O after 28 days.  

 
 

The effect of leaching-out due to enhanced migration in conditions of stray current 
and concentration gradients with the surrounding medium can be visualized better if the 

results for compressive strength of water-conditioned specimens are compared to results 
for sealed specimens. The evolution of compressive strength for sealed and submerged 
mortar specimens of w/c ratios 0.5 and 0.35, at identical hydration ages in control and 

under current regimes of 1 A/m2, is depicted in Fig. 6.4. As expected, the effect of 
ion/water migration on mechanical properties is observed in mortar specimens fully 

submerged in water (Fig. 6.3b, specimens ꞌꞌControl and 1A/m2ꞌꞌ at both w/c 0.35 and 
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0.5), reflected in lower compressive strength with time due to stray current. The 

negative effect (reduction in compressive strength) after 56 days exposures 
(conditioning time) is more evident for the lower w/c ratio in fully submerged 

conditions (Fig. 6.4b). In contrast, the compressive strength in sealed conditions was 
higher compared to mortar specimens fully submerged in water. The positive effect in 
sealed conditions is more evident at higher w/c ratio (Fig. 6.4a). The results on 

mechanical performance for all specimens and conditions are fully supported by 
microstructural investigation and results on development of the bulk matrix in time, 

which will be discussed in the next sections.  
 
 

 

Fig. 6.4 Comparison of compressive strength development of 28-days cured mortar specimens fully 

submerged in water and in sealed conditions with w/c ratio 0.5 (a) and w/c 0.35 (b). 
 

6.3.2 The effect of curing and stray current on pore structure (identical w/c 

ratio 0.5, different curing time i.e. 24h and 28 days) 

MIP tests were performed to quantify the simultaneous effect of curing age, w/c ratio 

and stray current flow on the microstructural changes of mortar specimens. The 
complete study on 24h cured specimens of w/c ratio 0.5 for all conditions and stray 

current regimes have already been reported (Susanto et al. 2017). The results at the first 
and final tested time intervals for the 24h cured specimens are only partly discussed 
here in comparison to 28 days cured mortar, for comparative purposes and to elucidate 

the effect of curing on pore network development. 
 The actual MIP results for all specimens subject to discussion in the following 

sections 6.3.2.1, 6.3.2.2 and 6.3.3 are presented for the hydration age of 112 days (Figs. 
6.5, 6.8, 6.11, 6.13). For an easy comparison (in view of the large amount of recorded 
MIP data), the full range of MIP results for all discussed specimens are summarized and 

discussed with relevance to Figs. 6.6, 6.7, 6.9, 6.12, 6.14. 
 

6.3.2.1.  Mortar specimens partly and fully submerged in water 
The MIP results for partly and fully submerged water-conditioned specimens at 
hydration age of 112 days are shown in Fig. 6.5(a-d) as a comparison of: control and 10 

mA/m2 current regime of the 24h and 28 days old specimens (Fig. 6.5a,b) and control, 
100 mA/m2 and 1A/m2 of 24h and 28 days old specimens (Fig. 6.5c,d).  
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 Porosity and pore size (including critical pore size) were derived from MIP. 

Porosity was based on the cumulative intrusion vs pore size curves (Fig. 6.5a,c). The 
pore size distribution and critical pore size were based on the differential curves (Figs. 

6.5b,d). As aforementioned, for the sake of simplicity and clear comparison the MIP 
results for the rest of the discussed hydration ages, together with the 112 days results, 
are summarized in Figures 6.6 and 6.7. 

 
 

 

 
 

Fig. 6.5 MIP-derived porosity and pore size distribution at  112 days old  specimens with w/c ratio  0.5 but 

different curing time intervals, i.e. cured for 24h and cured for 28 days: (a, b) partly  submerged in water 

and 10 mA/m2 regime (c, d) fully submerged in water, 100 mA/m2 and 1A/m2 regimes.  

 

 
As previously commented, the microstructural properties of mortar are strongly 

affected by calcium ions leaching. This will occur when a concentration gradient with 

the surrounding medium is present, e.g. as for the mortar specimens in conditions of 
partly and fully submerged in water. The leaching-out process would be enhanced in 

conditions of stray current, which results from ion and water migration, together with 
diffusion-controlled ion and water transport. As can be seen from the results in Figs. 6.5 
to 6.7, porosity increased with increasing stray current for both half (Fig. 6.5a,b and Fig. 

6.6) and fully (Fig. 6.5c,d and Fig. 6.7) submerged in water specimens. This was 
relevant for both groups of mortar cured for 24h and cured for 28 days.   
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 For specimens partly submerged in water after for 24h moist curing, at hydration 

age of both 28 and 112 days (Fig. 6.6), porosity increased with 0.64% at 28 days and ca. 
1.35% at 112 days due to current flow at the level of 10 mA/m2  (specimens 10mA, 

24h), compared to control conditions (specimens R ½, 24h). For the 28 days-cured 
specimens, the difference in porosity due to stray current of 10 mA/m2 in half-
submerged in water conditions was not as significant at 112 days of age (Fig. 6.6). 

Increased critical pore size for the 10mA regime, compared to the control case was 
observed (Fig. 6.6, specimen 10 mA, 28d), hence coarsening of the matrix due to stray 

current was relevant. At the age of 140 days both porosity and pore size for the 28 days 
cured specimens maintained similar to those derived for 112 days (Fig. 6.6). 
 

 

 
 

Fig. 6.6 Porosity (column; solid column for 24h cured) and critical pore size (symbol, “cr.pore” in legend) 

at hydration ages of 28 days, 112 days and 140 days for 24h and 28 days moist mortar with w/c ratio 0.5, 

half submerged in H2O. The plot presents a comparison of control cases (designation R for both 24h and 

28d cured) and those, subjected to 10 mA stray current (designation 10 mA for both 24h and 28d cured).  

 

 
 

Fig. 6.7 Porosity (column; solid column for 24h cured) and critical pore size (symbol, “cr.pore” in legend) 

at hydration ages of 28 days, 112 days and 140 days for 24h and 28 days moist mortar of identical w/c 

ratio 0.5, fully submerged in H2O. The plot presents a comparison of control cases (designation R for both 

24h and 28d cured) and those, subjected to 100 mA/m2 and 1 A/m2 stray current (designation 100mA and 

1A for both 24h and 28d cured).  

For fully submerged in water conditions and larger current densities (Fig. 6.7), the 
difference in recorded porosity and pore size values for the 28days-cured specimens at 
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84 days of conditioning (112 days of age) and 112 days of conditioning (140 days of 

age) was more obvious. The results showed a 1.4% increase for the 100 mA and 1.79 % 
increase for the 1A regime, compared to control conditions at 112 days of age and 

almost equal values at 140 days of age. A difference in critical pore size was also 
observed, similar to half-submerged conditions, where the highest critical pore size was 
relevant for the highest current density level of 1 A/m2 (Fig. 6.7, specimen 1A-28d), 

corresponding to the higher porosity in this condition.  If these results are compared to 
the derived values for 24h-cured specimens subjected to the same levels of stray current 

and considering identical hydration age of 112 days (Fig. 6.5c,d), a significantly 
different pore network development was observed for the 24h-cured groups (Fig. 6.5c,d 
and Fig. 6.7), where porosity increased significantly at 28 days, with variation of > 3% 

due to stray current. At the age of 112 days, the effect was less obvious, but still more 
pronounced compared to the 28 days-cured specimens i.e. 0.35% increase for the 100 

mA and 1.65% increase for the 1A regime, compared to the control conditions in the 
24h-cured series (Fig. 6.5c,d, Fig. 6.7). Critical pore size remained larger as well, if 
compared to that of the 28days-cured specimens at equal hydration age (e.g. 112 days, 

Fig. 6.7). 
What can be stated is that for equal w/c ratio (0.5 in this case) the effect of stray 

current on bulk matrix microstructural properties is affected by the curing of the 
cement-based material i.e. 28 days curing results in less pronounced negative effect on 
porosity and pore size. In contrast, 24h curing only, equivalent to a fresh/young matrix 

on site in practical conditions, will be affected more significantly by stray current flow. 
This is linked to enhanced ion and water migration in the bulk matrix in fresh state, 

leading to leaching-out of alkali ions and matrix degradation (Susanto et al. 2013, 
Susanto et al. 2017), especially pronounced at early ages. In contrast, although 
negatively influenced as well, a more mature and adequately cured matrix of identical 

w/c ratio, would be less affected. This is at least to the level of stray current flow in the 
range of 10 mA to 1 A/m2, as applied in this chapter. This dependence, however, is not 

straightforward, as will be demonstrated in the following sections. 
 

6.3.2.2.  Calcium hydroxide submerged conditions 

The MIP results for 112 days hydration age for specimens conditioned in Ca(OH)2 are 
presented in Fig. 6.8. The summarized results for all reported hydration ages, including 

112 days of age, are depicted in Figs. 6.9 and 6.10. For half submerged in calcium 
hydroxide conditions, for the 28 days-cured groups at 112 days of conditioning (Fig. 
6.8a)b), Fig. 6.9), 0.9% decrease in porosity was recorded due to current density of 

10mA/m2, compared to the control specimens in this group. For fully submerged 
conditions in the same group (Fig. 6.8c,d, Fig. 6.10), the porosity decreased with 0.4 % 

and 0.6% for the current levels of 100mA/m2  and 1A/m2, respectively. In contrast, for 
the 24 hours-cured specimens, at conditioning age of 28 days porosity decreased with 
ca. 1% for the 10mA regime, compared to control cases (Fig. 6.9). In the same 24h-

cured group, for fully submerged in calcium hydroxide condition (Fig. 6.8c,d), porosity 
decreased with ca.1.5% and ca. 2% for 100mA/m2 and 1A/m2, respectively (Fig. 6.10), 

compared to control conditions. In other words, for Ca(OH)2-conditioned specimens, 
irrespective of curing time and regime of conditioning, densification only of the bulk 
matrix was observed for all cases.  

The effect of all current levels was in fact only positive, enhanced ion and water 
transport exerting raised cement hydration, which was more pronounced for the 24h-
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cured group, because of the young mortar state. If the 28days-cured specimens are 

considered, elevated ion and water transport would be also at hand, judged by the lower 
porosity of the specimens as derived in all conditions, mostly pronounced for the 

highest current density level of 1 A/m2 (Figs. 6.8, 6.10). The as recorded porosity 
changes for 28 days-cured specimens at w/c ratio 0.5 and for all conditions (Figs. 6.5-
10) are well in line with the recorded compressive strength development (Figs. 6.2 to 

6.4). The strength of the mortar specimens increased with a decrease in porosity and 
vice versa, as also stated by other authors (Mehta et al. 2001, Roy et al. 1993, Lian et 

al. 2011).  
 
 

 

 

 

Fig. 6.8 MIP-derived porosity and pore size distribution at 112 days of age for specimens of identical 0.5 

w/c rat io but different curing time intervals i.e. 24h cured and 28 days cured specimens: (a, b) half-

submerged in Ca(OH)2 control (R1/2) and 10 mA/m2 reg ime (10mA) (c, d) fully submerged in Ca(OH)2 

control (Rfu ll), 100 mA/m2 (100 mA) and 1A/m2 (1A) regimes (designation 24h and 28d refers to the 

respective curing time). 
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Fig. 6.9 Porosity (column; solid column for 24h cured) and critical pore size (symbol, “cr.pore” in legend) 

at hydration ages of 28 days, 112 days and 140 days for 24h and 28 days cured mortar of identical w/c 

ratio 0.5, half submerged in Ca(OH)2. The plot p resents a comparison of control cases (designation R for 

both 24h and 28d cured) and those, subjected to 10 mA stray current (designation 10 mA for both 24h 

and 28d cured).  

 

 
 

Fig. 6.10 Porosity (column; solid column for 24h cured) and crit ical pore size (symbol, “cr.pore” in 

legend) at hydration ages of 28 days, 112 days and 140 days for 24h and 28 days cured mortar of identical 

w/c ratio 0.5, fully submerged in Ca(OH)2. The plot presents a comparison of control cases (designation R 

for both 24h and 28d cured) and those, subjected to 100 mA/m2 and 1 A/m2 stray current (designation 

100mA and 1A for both 24h and 28d cured).  

 

 

What can be concluded is that when curing conditions and stray current are judged 

in parallel for identical in w/c ratio specimens (identical mortar mixtures and identical 
external medium), the factor determining performance is the level of stray current. The 
curing conditions (24h or 28 days as in this case) are only important at early age and 

when concentration gradient with the surrounding medium is present (as in water 
conditions). With increased maturity of the cement matrix, the initially different curing 

conditions are not a decisive factor for the potentially negative effect of stray current, 
but rather the external medium and level of current will be decis ive parameters. This is 
reflected by pore network coarsening of both 24h-cured and 28 days-cured water-

conditioned specimens at hydration age of > 100 days and subjected to higher current 
density (> 100 mA/m2 in this test).  
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6.3.3 The effect of w/c ratio (0.5 and 0.35) in stray current conditions on pore 

structure development of equally cured (hardened) bulk matrix (28 days-

cured mortar) 

Water-to-cement ratio has an important role for strength and durability of concrete. In 
general, higher w/c ratio results in an increase of capillary porosity (Sahu et al. 2004, 
Powers et al. 1958), subsequently reduced strength. Figures 6.11 and 6.13 show the 

MIP results for 28 days-cured mortar at the hydration age of 112 days for the specimens 
discussed in this section i.e. w/c ratio 0.35 and 0.5, water and Ca(OH)2 submerged. 

Figures 6.12 and 6.14 depict the summarized information from MIP results for all 
discussed time intervals, including the 112 days of age. 

 

 

 

 
 
Fig. 6.11 MIP-derived porosity and pore size distribution at 112 days of age for 28 day -cured mortar 

specimens: (a, b) half-submerged in water specimens as a comparison of w/c ratio 0.5 and 0.35 in control 

(R1/2) and 10 mA/m2 current regime (10mA); (c, d) fully submerged in water, 28-day cured specimens of 

w/c ratio 0.35 and 0.5 in control (R full), 100 mA/m2 (100 mA) and 1 A/m2 (1A) current regime. 

 
 

For partly submerged in water conditions and level of current density 10 mA/m2, 
the effect of w/c ratio together with the stray current effect, was not significant (Fig. 

6.11a,b; Fig. 6.12). As can be observed in Fig. 6.12(a), similar porosity was recorded 
for the control cases (R ½ specimens 0.5 and 0.35) at 112 days and only a slight 
densification of the matrix was relevant for the w/c 0.35 group at 140 days. Critical pore 

size was also similar for the control groups, irrespective of w/c ratio (Fig. 6.11(a,b); Fig. 
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6.12a). For the “under current” specimens (10 mA) of w/c ratios at both 0.5 and 0.35, 

coarsening was observed, compared to the relevant control case, slightly more 
pronounced for the 0.5 group at the stage of 112 days. Critical pore size remained 

similar, as for the control groups. 
 For fully submerged in water specimens (Fig. 6.11(c,d), Fig. 6.12b), a larger effect 
of the w/c ratio was observed, also in combination with the already larger current 

density levels of 100 mA/m2 and 1 A/m2. Similarly to half submerged in water 
conditions, the control cases presented a slight difference due to w/c ratio, reduced 

critical pore size and 0.3 % lower porosity at 140 days for the mortar of w/c 0.35, 
compared to that of w/c 0.5 at the same age. The effect of stray current was not 
significant at later hydration ages, except the slightly lower porosity and pore size for 

the 0.35 w/c ratio specimens (Fig. 6.12b). Coarsening of the pore network was evident 
in both 0.5 and 0.35 cases, more pronounced for the specimens of w/c ratio 0.5 (Fig. 

6.12b), although a family of pores around 1 micrometer appeared to be pronounced for 
the 0.35 w/c ratio group in fully submerged conditions and in 100 mA and 1A current 
regimes (Fig. 11d). The critical pore size, however, for both groups of w/c ratio 0.5 and 

0.35 remained similar per case/condition, reduced for the 0.35 w/c ratio gro up (Fig. 
6.11d).  
 

 

 
 

 

Fig. 6.12 Porosity (column; solid column for w/c 0.5) and critical pore size (symbol, “cr.pore” in legend) 

at hydration ages of 112 days and 140 days for 28 days cured mortar of different w/c ratio (0.5 and 0.35), 

half submerged in H2O (a) and fully submerged in water (b) . The plot a) presents a comparison of control 

cases (designation R1/2) and those, subjected to 10 mA/m2 (designation 10 mA); b) compares control 

cases (designation R full) with 100 mA/m2 (designation 100 mA) and 1 A/m2 (designation 1A). 
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The most pronounced (negative) effect of stray current in these (fully submerged in 

water) conditions was recorded for the highest current density level of 1 A/m2 and the 
higher w/c ratio of 0.5 (Fig. 6.11(d), Fig. 6.12b). However, the almost equal values for 

the 1 A/m2 case in both series of w/c 0.35 and w/c 0.5 at identical hydration age, 
suggests that the negative effect of stray current does not depend significantly on w/c 
ratio and/or curing conditions. The above statements are well in line with the recorded 

compressive strength values (Fig. 6.2). Moreover, this correlation of results even 
suggests that stray current can result in enhanced reduction of global mechanical 

properties in specimens of lower w/c ratio, because of restricted cement hydration in a 
lower pore water volume, which would otherwise positively counterbalance ion and 
water migration. In fact, a more significant reduction in compressive strength was 

observed for the lower w/c ratio of 0.35, as already commented in Section 6.3.1 (Fig. 
6.3). Consequently, optimum curing and improved concrete mixture would only delay, 

but not prevent the influence of stray currents in practical situations. 
 
 

 

 
 

Fig. 6.13 MIP-derived porosity and pore size distribution at 112 days of age for 28 day -cured mortar 

specimens: (a, b) half-submerged in Ca(OH)2 specimens as a comparison of w/c ratio 0.5 and 0.35 in 

control (R1/2) and 10 mA/m2 current regime (10mA); (c, d ) fully submerged in Ca(OH)2, 28-day cured 

specimens of w/c ratio 0.35 and 0.5 in control (R full), 100 mA/m2 (100 mA) and 1 A/m2 (1A) regime. 
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In contrast to partly or fully submerged in water conditions, the results for all 

specimens conditioned in calcium hydroxide, present only densification of the pore 
network i.e. positive effect of the stray current, irrespective of w/c ratio and/or current 

density levels. Porosity and critical pore size for all specimens reduced with time and 
with the application of stray current in both partly and fully submerged conditions (Figs. 
6.13, 6.14). Slightly lower values were observed for the series of w/c ratio 0.35, 

compared to those for the series of w/c ratio 0.5. The largest effect of stray current was 
observed for the highest current density level of 1 A/m2. These results are in line with 

the mechanical performance of these series of specimens, where a gradual increase of 
compressive strength values was observed at all time intervals and for all specimens in 
calcium hydroxide environment (Fig. 6.2). As previously discussed, in conditions where 

concentration gradient between the pore water and surrounding medium is avoided, the 
stray current effect, up to the level of the hereby tested current densities, is only 

positive. 
 
 

 

a. Half submerged in Ca(OH)2 
 

 

b. Fully submerged in Ca(OH)2 

 

Fig. 6.14 Porosity (column; solid column for w/c 0.5) and critical pore size (symbol, “cr.pore” in legend) 

at hydration ages of 112 days and 140 days for 28 days cured mortar of different w/c ratio (0.5 and 0.35), 

half submerged in Ca(OH)2 (a) and fully submerged in Ca(OH)2  (b). 
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6.3.4  Evaluation of the effect of stray current on porosity and compressive 

strength of mortar specimens 

From the experimental results the relationship between porosity and compressive 

strength of mortar specimen can be plotted. The results were compared with those 
according to the expression that relates compressive strength porosity (Balshin 1949). 
Since the compressive strength-porosity relationship of cement-based materials (e.g. is 

predominantly governed by the capillary porosity of the cement paste (Granju 1974, 
Young et al. 1973), the Balshin equation (eq. 5.27, which has been applied for concrete) 

can also be applied for mortar. For the compressive strength of the mortar as a function 
of the porosity of cement paste it then holds: 
 

𝑓𝑚 = 𝑓𝑚𝑜(1 − 𝑝)𝑛 (6.1) 
 
where fm is the compressive strength of mortar, fmo is the intrinsic strength of the mortar 
at zero porosity [i.e. in the range from 90 to 130MPa (Powers 1962), here is chosen 130 

MPa], p is the capillary porosity of cement paste, n is an empirical constant with values 
in the range from 3 to 14.47 (Balshin 1949, Powers 1958, Röβler and Odler 1985). It 

was reported that an empirical constant n for ordinary concrete is in the range from 3 
(Powers 1958) to 8.15 (Balshin 1949). 

Fig. 6.15 shows the measured and calculated compressive strength of mortar 

specimens subjected to stray current as a function of porosity. Fig. 6.15a gives results 
for mortars in fully submerged condition and Fig. 6.15b in partly submerged condition. 

An empirical constant n can be determined from the measured compressive strength of 
mortar specimens subjected to stray current as a function of porosity (Fig. 6.15a) by 
curve fitting with eq. (6.1). The n values obtained from curve fitting with eq. (6.1) are 

3.7, 4.1, and 4.7 for control specimen in fully submerged condition and specimen under 
stray current levels 100mA/m2  and 1 A/m2, respectively. For mortar specimen partly 

submerged in water (Fig. 6.15b), the n values are 4.1 and 4.5 for control specimen and 
specimens under current of 10mA/m2. In general, the n values of control specimens are 
in the range from 3 to 5, which is in line with the n values reported in the literature 

(Balshin 1949, Powers 1958, Röβler and Odler 1985), both for mortar specimens partly 
and fully submerged in water. In case of current, hardly any change of the n values 

compared to specimen without current is observed. There is tendency, however, that n 
values increase in case a current is applied.   

From Fig. 6.15 it can be deduced that mortar specimens partly submerged in water 

and under current (Fig. 6.15b) show almost the same trend as mortar specimens fully 
submerged in water (Fig. 6.15a). During the hydration process capillary suction takes 

place in mortar specimens partly submerged in water, resulting in an increase in degree 
of saturation of the mortar specimens. Consequently, the degree of saturation in mortar 
specimens partly submerged in water is getting close to the mortar specimens fully 

submerged in water.      
 



125 

 

6 

   
 

a. Fully submerged in water            b. Partly submerged in water 

 

Fig. 6.15 Measured and calculated compressive strength of mortar specimens fully submerged (a) and 

partly submerged in water (b) subjected to stray current as a function of porosity. Water-to-cement rat io 

0.5. 

 
 

6.3.5  Electrical resistivity of 28-day cure d mortar in condition of stray current 

flow  

As discussed above, the stray current flow through mortar specimens stored under 

different environmental conditions led to a change in porosity and pore size distribution 
of the bulk matrix. This will also change the electrical properties of the specimens. 

According to Archie’s law (Archie 1942), the electrical resistivity is mainly influenced 
by porosity and moisture. Electrical resistivity is reported to be an indicator of the 
interconnectivity and tortuosity of the pore network (Andrade et al. 2000). As reported 

by Lakshminarayanan et al. (1992), the electrical resistivity of the concrete depends on 
the pore volume and pore size distribution. Interconnected pores influence the electrical 

resistivity, since these pores are the pathways determining transport properties (i.e. 
diffusion and permeability). In general, the electrical properties of concrete, i.e. 
electrical resistivity increase with decreasing in porosity. 

 

6.3.5.1 Electrical resistivity development of mortar specimens in sealed condition 

Fig. 6.16 shows electrical resistivity development of mortar specimens in sealed 
condition. As expected, the electrical resistivity values gradually increase with time due 
to the progress of cement hydration. Since the electrical current is carried by ions in the 

pore solution of the mortar specimens, a higher water/cement ratio (0.5) results in an 
“easier” electrical current flow (i.e. low electrical resistance/resistivity). In contrast, a 

lower w/c ratio (0.35) impedes electrical current flow (i.e. high electrical 
resistance/resistivity). For specimens exposed to current, i.e. 100 mA/m2 and 1A/m2, 
cement hydration was enhanced, resulting in higher electrical resistivity over time – in 

the range of 480 to 530 Ohm.m, compared to control conditions – approximately 350 
Ohm.m towards the end of the test. Slightly higher values were recorded for the lower 

w/c ratio group (0.35) compared to the 0.5 w/c ratio group in both control and under 
current conditions. 
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a. Mortar specimens in sealed condition with w/c ratio 0.35 

 

 

b. Mortar specimens in sealed condition with w/c ratio 0.5 

 

Fig. 6.16 Electrical resistivity development of mortar specimens in  sealed condition for w/c ratio 0.35 (a) 

and w/c ratio 0.5 (b). Conditioning time of t=0 is equal to 28 days of hydration age. 

 
 

6.3.5.2 Electrical resistivity development of mortar specimens partly and fully 
submerged in water or calcium hydroxide solution 

Figures 6.17 and 6.18 present the evolution of electrical resistivity of 28 days old mortar 

specimens with w/c ratios 0.5 and 0.35, partly and fully submerged in either water or a 
calcium hydroxide solution. The figures show that, from 28 days until ca. 40 days, the 

electrical resistivity for all specimens increased with time (following the sealed 
condition trend), irrespective of w/c ratio and exposure conditions. This is logic and as 
expected, reflecting ongoing cement hydration. In addition, stray current and ambient 

temperature of about 25°C (higher compared to the temperature in the fog room of 
20°C) will accelerate the hydration process, resulting in an increase in electrical 

resistivity at early ages. Electrical resistivity of mortar specimens submerged in 
Ca(OH)2 remains constant after 40 to 55 days of conditioning (Figs. 6.17, 6.18, open 
symbols, designation CH), whereas a decrease in electrical resistivity was observed for 

specimens submerged in water (Fig. 6.17, 6.18, solid symbols, designation H2O). 
The “turning point” of resistivity development - decrease of electrical resistivity for 

the water-conditioned specimens after longer treatment (> 50 days), for both partly 
submerged (Fig. 6.17) and fully submerged (Fig. 6.18) specimens, was obviously 
related to the leaching-caused coarser pore structure and degree of saturation. In those 

cases, the negative effect of stray current takes place, reflected by the lowest electrical 
resistivity for specimen, subjected to the highest current density levels (Fig. 6.18). As 
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can also be observed in both Fig. 6.17 and Fig. 6.18, the negative effect of stray current 

was independent of the w/c (phenomenon observed for w/c ratio 0.35 and 0.5). 
 

 

 
 

 

 

Fig. 6.17 Electrical resistivity of mortar specimens cured in  fog room for 28 days, partly submerged in 

water and calcium hydroxide, conditioned from 28 to 112 days: a) specimens of w/c ratio 0.5; b) 

specimens of w/c ratio of 0.35. Ambient temperature is about 25°C. 

 
 

 
 
 

 

Fig. 6.18 Electrical resistivity of mortar specimens cured in fog room for 28 days, fully submerged in 

water and calcium hydroxide, conditioned from 28 to 112 days: a) specimens of w/c ratio 0.5; b) 

specimens of w/c ratio of 0.35. Ambient temperature is about 25°C. 

 
 

The electrical resistivity of mortar specimens in calcium hydroxide solution 
increased with time and with the intensity of stray current. For the specimens with 
w/c=0.5 (Fig. 6.17a and Fig. 6.18a) an increase of electrical resistivity was observed for 

the specimens in 10 mA/m2, 100 mA/m2 and 1 A/m2 regimes, compared to control 
conditions. A similar trend was recorded for the mortar with w/c=0.35, (Fig. 6.17b and 
Fig. 6.18b). For all specimens stabilization of the resistivity after 60 days o f 

conditioning is observed, specifically for fully submerged conditions (Fig. 6.18). This is 
irrespective of w/c ratio and current density. From Fig. 6.17 and Fig. 6.18 can be 

inferred that stray current is not harmful for cement-based materials located in the 

a. Partly  submerged in water and 

calcium hydroxide with w/c ratio 0.5 
b. Partly  submerged in water and 

calcium hydroxide with w/c ratio 0.35 

a. Fully submerged in water and 

calcium hydroxide with w/c ratio 0.5 
b. Fully submerged in water and 

calcium hydroxide with w/c ratio 0.35 
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surrounding environment with high PH (e.g. in calcium hydroxide solution). In contrast, 

stray current have potential to accelerate degradation processes in cement-based 
materials submerged in water due to leaching of the microstructure. 

 
 

6.4 Conclusions 

This chapter reports on the effect of stray current flow on materials properties of mortar 
specimens subjected to stray current for about 112 days, after 28-days hardening in a 

fog-room with 98% RH without current. The w/c ratios used were 0.35 and 0.5. The 
following conclusions can be drawn: 
 

1. The compressive strength of mortar specimens subjected to stray current, after 28-
days hardening in a fog-room with 98% RH (without current), is affected by stray 

current flow. The effect strongly depends on the exposure conditions and the current 
density.  

 

a. In case there is no ion concentration gradient between the pore water of the mortar 
specimens (i.e. mortar specimens submerged in calcium hydroxide) and the 

surrounding medium (i.e. alkali ions leaching-out is avoided), compressive 
strength generally increases due to enhanced cement hydration.   

 

b. In conditions where ion concentration gradients exist (i.e. mortar specimens 
submerged in water), the stray current promotes ions migration towards the 

surrounding medium. A coarser microstructure (Figs. 6.6, 6.7 and 6.12) caused by 
alkali ions leaching was observed at current densities larger than 100mA/m2, 
resulting in a lower compressive strength of mortar specimens (Fig. 6.3). 

 
2. Negative effects of leaching in mortar specimens submerged in water due to stray 

current (i.e. coarser pore structures) occur at current density larger than 100mA/m2, 
both for w/c ratios 0.35 and 0.5.  
 

3. In sealed condition, stray current with current density up to 1A/m2 has a positive 
effect on the development of electrical resistivity of mortar specimens (i.e. higher 

electrical resistivity over time compared to control conditions) due to accelerated 
cement hydration.    

 

4. Electrical resistivity of mortar specimens partly and fully submerged in water  
subjected to stray current increases at early age of hydration and decreases at later 

ages (> 50 days). It was noticed that the drop of electrical resistivity (Figs. 6.17 and 
6.18) is caused by alkali ions leaching and degree of saturation of the coarser pore 
structure. 

 

 



 

 

 7 
Retrospection, Conclusions and 

Recommendations for Future Research  

 

This chapter summarises the results of experiments and numerical simulations 

presented in this thesis. Next, general conclusions are presented. Finally, 

recommendations for future research are given.  
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7.1 Retrospection 

As mentioned in the previous chapters, stray current causes an increase of temperature 

of hardening concrete due to Joule heating, which will accelerate cement hydration.  

The accelerated cement hydration has been used as a basis for electrical curing to 

improve/increase compressive strength development of concrete. When concrete is 

exposed to water, however, leaching of alkali ions will decrease the compressive 

strength and increase the diffusion coefficient of concrete. Under stray current, leaching 

of alkali ions is accelerated, which will increase the level of structural degradation. It 

was reported in literature that stray current does not only affect steel reinforcement 

embedded in concrete and underground infrastructures, but can also induce degradation 

of the cement-based matrix. Concrete damage due to stray current flow is a process that 

involves many mechanisms. The main factors include ions transport, electrical 

conduction, heat transfer and corresponding occurrence of mechanical stresses. 

However, the study on the effect of stray current on material properties (e.g. 

microstructural, mechanical, electrical properties) and long-term performance/durability 

of cement based materials is still not completely understood and rarely reported. 

 

The aim of this project was to investigate the effects of stray current on long-term 

performance of cement-based materials. This project focuses on the effect of stray 

current on hardening cement-based materials in different environmental conditions (e.g. 

sealed and partly and fully submerged in saturated calcium hydroxide and in water). 

Simulations and experimental studies were carried out to quantify the effect of stray 

current flow on the hydration process and properties of cement-based materials like 

porosity, strength and diffusivity of specimens with and without exposure to stray 

current. In addition, the effect of stray current on hardened cement-based materials was 

investigated. 

 

In Chapter 3, the effect of low level stray current flow (i.e. 10 mA/m2) on material 

properties of cement-based materials, partly submerged in water , was investigated. 

Numerical simulation of the stray current distribution in the specimens was performed, 

meant to serve as a basis for modelling of the level of current density that could exert 

significant microstructural alterations in a bulk cement-based matrix. 

 

In Chapter 4, experiments were carried out under the joint action of stray current 

and different environmental conditions (i.e. sealed, submerged in water and in saturated 

calcium hydroxide) to distinguish between a diffusion-controlled process (including 

ions leaching due to concentration gradient between the pore solution in cement-based 

materials and the external medium) and a migration-controlled process (ion/water 

transport in stray current conditions) with 24 hours curing. Stray current levels applied 

to the cement-based materials were 10mA/m2, 100mA/m2 and 1A/m2, values also 

measured in real practice. Material properties (i.e. mechanical, electrical and 

microstructural properties) of the cement-based material subject to stray current were 

evaluated to quantify negative effects of stray current due to alkali ion leaching and/or 

possible positive effects of stray current on cement hydration.  

 

In Chapter 5, the effects of stray current flow on the hydration process and 

temperature development and evolution of materials properties in hardening cement-
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based materials were quantified. Experiments were performed in isothermal condition at 

20°C to investigate the rate of heat release and microstructural changes in cement paste 

caused by stray current flow with current density 10 mA/m2, 100 mA/m2 and 1 A/m2. In 

addition, semi-adiabatic tests were performed in hardening cement paste prisms with 

specimen size of 5.55.529.5 cm3 and current densities 10 A/m2, 40 A/m2 and 60 A/m2. 

In parallel, numerical simulations were performed to quantify the hydration process and 

temperature development in hardening cement-based materials. The effect of stray 

current on hardening cement-based materials with different element sizes was simulated 

to investigate possible size effects and consequences for hardening in real-size structural 

elements. In order to quantify possible mechanical internal damage (i.e. cracking) in 

hardening concrete, maximum temperatures induced by stray current were numerically 

investigated. The evolution of capillary porosity of cement paste as function of the 

degree of hydration  and the temperature during the reaction was calculated. Apparent 

diffusion coefficients of concrete subjected to stray current were calculated from 

microstructure parameters (i.e. capillary porosity).  

 

In Chapter 6, the effect of stray current flow on material properties of different 

mixtures of hardened mortar specimens, 28-days cured in a fog-room with 98% RH, 

was studied. The joint effect of water-to-cement ratio, curing age, different external 

environment and stray current on the microstructural (porosity and pore size), electrical 

(resistivity) and mechanical (compressive strength) properties of 28 days-cured cement-

based materials were investigated.  

 

 

7.2 Conclusions 

In this research, experiments on 24 hours-cured and 28 days-cured mortar specimens in 

a fog-room with 98% RH with w/c ratio of 0.35 and 0.5 subjected to stray current were 

performed and summarized in Table 7.1. In addition, experiments on hardening cement 

paste subjected to stray current were carried out and listed in Table 7.2. 

 

 
Table 7.1 Summary of the experiments of the effect of stray current on material properties (i.e. 

microstructural, mechanical and electrical properties) of mortar specimens. 

No 

        Current  

         density 
Environmental conditions 

Sealed 
Fully submerged Partly submerged 

   Group H2O Ca(OH)2 H2O Ca(OH)2 

1  Control      

2 

   10mA/m2      

   100mA/m2      

   1A/m2      
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Table 7.2 Summary of the experiments of the effect of stray current on heat of hydration and temperature 

development in cement paste. 

 

Experiments 

        Current  

         density 
Environmental condition 

No 
Sealed 

    Group 

1 Isothermal calorimetry tests 

   Control  

   10mA/m2  

   100mA/m2  

   1A/m2  

2 Non-isothermal tests 

   Control  

   10A/m2  

   40A/m2  

   60A/m2  

 

The conclusions of this research are as follows: 

 

7.2.1 General conclusions 

- Stray current flow through hardening cement based-materials will cause an increase 

of the temperature of the material due to Joule heating. The temperature increases 

with increasing current densities. This temperature increase will accelerate cement 

hydration, resulting in faster evolution of materials properties (e.g. stiffness and 

strength) and also a faster decrease of the capillary porosity. Hydration at higher 

temperatures, however, will also result in - for the same degree of hydration - a 

higher capillary porosity, a lower final compressive strength and a higher diffusion 

coefficient at later ages. This may reduce the durability and service life of concrete 

structures.  

 

- As said in the foregoing paragraph, stray current results in a higher hydration rate 

and a higher peak temperature. In case of peak temperatures beyond about 60C 

(DANISH Ministry of Transport 1985), internal microcracking in hardening concrete 

may occur once the central part cools down.  

 

- When hardened cement paste, mortar or concrete is exposed to water, leaching of 

alkali ions occurs due to concentration gradients between the pore solution in the 

specimen and the surrounding medium. Under stray current, leaching of alkali ions is 

accelerated. Leaching of alkali ions will increase the capillary porosity and decrease 

the compressive strength of cement-based materials. In case specimens are exposed 

to an alkaline medium, leaching of alkali ions is prevented/avoided. 

 

7.2.2 Effects of stray current on material properties in the centre of hardening 

concrete  

- The maximum temperature in the centre of hardening concrete elements reaches 

higher values with increasing specimen size and increasing stray current levels (see 

also section 7.2.1). Hydration at higher temperature results in coarsening of the 

capillary pore structure in the centre of concrete specimens, a lower final 

compressive strength and a higher diffusion coefficient. A lower final compressive 
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strength and higher capillary porosity in the centre of concrete elements, however, is 

generally not considered problematic as it will not affect the service life of concrete 

structures.  

 

7.2.3 Effects of stray current on material properties in outer zone of hardening 

concrete 

 

Without insulation  

- To what extent Joule heating caused by stray current may affect the hydration 

process in the outer zone of concrete structures strongly depends on the presence and 

type of insulation during the hydration process and the ambient temperature. There is 

no significant effect of stray current on the properties of the outer zone of hardening 

concrete as long as the heat discharge to the environment is fast enough to keep the 

concrete temperature in the outer zone of the concrete low. This is generally the case 

if no formwork insulation is used. However, the outer zone of hardening concrete 

without thermal insulation may reach high temperatures if the ambient temperature is 

high. In that case stray current will further increase the temperature in the outer zone 

of the concrete. In this case the capillary porosity of the concrete in the outer zone 

may become coarser, which may impair the concrete’s durability. 

 

With insulation  

- The capillary porosity and the associated apparent diffusion coefficient in the outer 

zone of hardening concrete decrease with ongoing cement hydration. This decrease is 

faster with increasing current density. In case thermal insulation is present, the 

temperature of the concrete in the outer zone will reach higher values and hydration 

will be faster compared to the case without insulation. Faster hydration will result in 

faster evolution of materials properties (e.g. strength, stiffness etc.). A higher 

temperature during hydration, however, may also result in higher capillary porosity 

compared to hydration at lower temperature, given the same degree of hydration. At 

early ages the concrete may benefit from the faster evolution of mechanical 

properties (e.g. earlier demoulding is possible). At later ages, however, a higher 

capillary porosity caused by hydration at high temperatures, may result in a higher 

apparent diffusion coefficient and hence lower durability. 

 

7.2.4 Cement-based materials submerged in water or alkaline medium subjected to 

stray current 

- Stray current flow through hardening mortar specimen submerged in water 

accelerates cement hydration, which can be considered as a positive effect. At the 

same time, stray current promotes ion migration towards the surrounding medium, i.e.  

leaching of alkali ions. Leaching results in coarsening of the concrete, which 

eliminates the positive effect of stray current. This will result in a lower compressive 

strength and a lower electrical resistivity of the concrete compared to control 

specimens. A similar effect takes place in hardened mortar specimens subjected to 

stray current. In this case, however, when submerged in water the leaching process is 

much slower than in hardening mortar specimens. In case mortar specimens are 

submerged in an alkaline medium, leaching of alkali ions is prevented/avoided and 

the material will not suffer from leaching effects.   
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7.3 Recommendations for future research 

Although several aspects of the influence of stray current flow on cement-based 

materials have been considered in this thesis, the following aspects are recommended 

for future research.  

 

 Experimental validation of the effect of stray current on apparent diffusion 

coefficient of cement-based materials  

As mentioned in this thesis, stray current affects the properties of cement-based 

materials. Temperature increase in hardening concrete due to stray current will 

accelerate cement hydration resulting in a faster evolution of material properties and 

a faster decrease of the capillary porosity. Hydration at higher temperature, however, 

results in coarsening of the capillary pore structure, a lower final compressive 

strength and a higher diffusion coefficient of concrete at later ages. However, 

experimental studies of the long-term performance of cement-based material 

subjected to stray current are still lacking. To investigate the effect of stray current 

on long-term performance of cement-based materials, the apparent diffusion 

coefficient has been determined in this thesis by numerical simulation. In order to 

accurately predict the time-dependent chloride diffusivity, experimental tests (e.g. 

the rapid chloride migration (RCM) test or the diffusion cell test following NT 

BUILD 443) are needed for validating the apparent diffusion coefficient values 

obtained from numerical simulation.  

 

 Experimental validation of the effect of high stray current levels on materials 

properties of cement-based materials. 

In this thesis, the effect of high stray current levels (i.e. up to 60A/m2) on the 

hydration process and temperature development in hardening cement-based materials 

and evolution of materials properties has been numerically investigated. Capillary 

porosity and apparent diffusion coefficients were calculated. However, experimental 

validation of the effect of high stray current levels on material properties of 

hardening concrete (e.g. microstructural, mechanical and transport properties) is still 

needed.   

 

 Analysis and experimental validation of stray current induced damage in cement-

based materials. 

Stray current increases the maximum temperature in hardening concrete. This higher 

temperature may induce (micro)cracking in hardening concrete. Simulation and 

experimental validations are important to get better understanding about the effect of 

stray current and associated Joule heating on thermal stresses which promote 

deterioration and/or internal damage in hardening concrete. 

   

 Alternative stray current scenarios 

In this thesis the stray current has been assumed constantly present, both in the 

experiments and in the numerical simulations. In practice stray current is normally 

present in a non-steady mode. In view of practical application realistic stray current 

scenarios need to be investigated in more detail. 

 



 

 

Appendix A 

 

Determination of pore structure parameters and image analysis 
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A.1 Determination of pore structure parameters 

Porosity and pore size distribution of all specimens in all tested conditions were 

evaluated by Mercury Intrusion Porosimetry (MIP) and through Environmental 

scanning electron microscopy (ESEM). The experimental procedures for both MIP and 

ESEM followed already reported sequence of sample preparation, where cement 

hydration was ceased by submersion in liquid nitrogen, followed by freeze-drying until 

reaching a constant weight (Ye 2003; Sumanasooriya et al. 2009; Struble et al. 1989; 

Kjellsen et al. 2003; Ye et al. 2002). The samples for both MIP and ESEM analysis 

were taken from identical geometrical location in the cubes for each test series (Fig.1c). 

The MIP tests were carried out by using Micromeritics Poresizer 9320 (with a 

maximum pressure of 207 MPa). The drawbacks of MIP, e.g. “ink-bottle effect”, 

surface tension and contact angle within Hg intrusion/extrusion, etc. are well known and 

reported in numerous works (e.g. Diamond et al. 1995; Winslow et al. 1970; Willis et al. 

1998). However, MIP is largely employed to study the bulk matrix of cement-based 

materials, including mortar and concrete (Ye 2003; Laskar et al. 1997; Kumara et al. 

2004). Therefore, by “bulk matrix” in this study, the total volume of the mortar matrix 

refers to MIP, while the bulk cement paste only was evaluated by ESEM image analysis. 

More importantly, absolute values are not claimed, but rather a comparative analysis 

between equally handled specimens from identical geometrical location in the same test 

series is considered, in view of the effect of stray current and relevant environmental 

conditions. ESEM imaging and image analysis have been successfully used in studying 

the pore structure of cement-based materials (Lange et al. 1994; Diamond et al. 1995; 

Olson et al. 1997). The image analysis in this work was performed on an average of 35 

locations per sample of 20×20 mm2 size. The image analysis complies with previously 

reported methodology for pore structure and phase distribution analysis of cement based 

materials, implementing mathematical morphology and stereology approaches (Serra 

1982; Hu et al. 2003). Main details and considerations with regard to image analysis are 

as follows. 

 

A.2 Image analysis 

The image analysis complied with the generally used methodology for pore structure 

analysis of cement based materials (Ye 2003; Hu 2004). The image analysis performed 

in this study is as reported in (Koleva 2007), main considerations of which are as 

follows: Scanning electron microscopy (using ESEM Philips XL30) was employed for 

visualization and microstructure investigations. Section images of the specimens were 

obtained with backscattered electron (BSE) mode (a set of ESEM images were made at 

random locations throughout the full size of polished sections). The physical size of the 

reference region of each image is 226 μm in length and 154 μm in width, with the 

resolution of 0.317 μm/pixel (corresponding to a magnification of 500x). Small 

capillary pores play an important role in the transport properties of cement based 

specimens (Hu 2003). Hence, it is necessary to strike a balance between a representative 

area element revealing sufficiently large pore section, and a satisfactory resolution for 

detection of these small capillary pores. Higher magnification could be expected to 

reveal more details in the pore structure, however, as reported in (Hu 2003), resolutions 

of 0.293 μm/pixel (1000x) and 0.146 μm/pixel (2000x) gave similar values. The image 

analysis was performed using OPTIMAS software package.  
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The combination of ESEM images and quantitative image analysis allows deriving 

structural information of the pore space, such as the porosity and critical pore size. On 

the basis of mathematical morphology transformations, a pore size distribution can be 

obtained by using a sequence of similarly shaped structuring elements of increasing size 

(Serra 1982). In this study, the so called ‘opening distribution’ was used, where the 

binary image is opened by a series of squares of increasing size (Hu 2003; Koleva 2007). 

The original BSE image (or a selected area, excluding any aggregate particles, if any) is 

segmented by applying a grey-level threshold to create a binary image, reflecting the 

pore phase. The threshold grey level between porosity and solid phases is selected based 

on the shape of the histogram of the BSE image. The anhydrous material and calcium 

hydroxide (CH) have fairly uniform grey levels, resulting in certain peaks in the 

histograms. Due to variation in composition, the grey levels of the other hydration 

products (calcium silica- hydrate (C-S-H)) form a shallower but still identifiable peak in 

the histograms. For properly choosing a threshold value of the grey level for 

segmentation of the pore space, it has been found that consistent results can be obtained 

by selecting an arbitrary point on the lower slope of the peak produced by the other 

hydration products (Scrivener 2004). The binary image is then subjected to quantitative 

image analysis for derivation of structural parameters (pore size distribution, critical 

pore size, etc.). The cumulative pore size distribution curve is obtained by plotting the 

pore area fraction after an opening operation versus linear dimension of the structuring 

element. This gives a type of “size” classification in the case of an interconnected 

structure, like pore space in mortar. The critical pore size can be conceived as the 

diameter of the pore that completes the first interconnected pore pathway in a network, 

developed by a procedure of sequentially adding pores of diminishing size to this 

network.    
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Appendix B 

 
 

Numerical simulations results for the evolution of temperature, degree of hydration, 

capillary porosity and compressive strength in the centre and outer zone of concrete 

elements without insulation subjected to stray current for different wall thickness 
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a. Temperature development in the centre of hardening concrete without insulation for wall 

thickness 20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
b. Degree of hydration in the centre of hardening concrete without insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
c. Capillary porosity in the centre of hardening concrete without insulation for wall thickness 20cm 

(left), 40 cm (middle) and 80 cm (right). 
 

 
d. Compressive strength in the centre of hardening concrete without insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right). 
 

Fig. B.1 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the centre of hardening concrete without insulation for different wall thickness (i.e. 20cm, 

40 cm and 80 cm) and w/c ratio 0.35.  

20 cm                                        40 cm                                     80 cm 
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a. Temperature development in the outer zone of hardening concrete without insulation for wall 

thickness 20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
b. Degree of hydration in the outer zone of hardening concrete without insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right).  
 

 
c. Capillary porosity in the outer zone of hardening concrete without insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right).  
 

 
d. Compressive strength in the outer zone of hardening concrete without insulation with wall 

thickness 20cm (left), 40 cm (middle) and 80 cm (right). 
  

Fig. B.2 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the outer zone of hardening concrete without insulation for different wall thickness (i.e. 

20cm, 40 cm and 80 cm) and w/c ratio 0.35. 

 20 cm                                       40 cm                                     80 cm 
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Appendix C 

 
 

Numerical simulations results for the evolution of temperature, degree of hydration, 

capillary porosity and compressive strength in the centre and outer zone of concrete 

elements with insulation subjected to stray current for different wall thickness 
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a. Temperature development in the centre of hardening concrete with insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right) 
 

 
b. Degree of hydration in the centre of hardening concrete with insulation for wall thickness 20cm 

(left), 40 cm (middle) and 80 cm (right).  
 

 
c. Capillary porosity in the centre of hardening concrete with insulation for wall thickness 20cm 

(left), 40 cm (middle) and 80 cm (right). 
  

 
d. Compressive strength in the centre of hardening concrete with insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right).  
 

Fig. C.1 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the centre of hardening concrete with insulation for different wall thickness (i.e. 20cm, 40 

cm and 80 cm) and w/c ratio 0.35. 

20 cm                                  40 cm                                     80 cm 
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a. Temperature development in the outer zone of hardening concrete with insulation for wall 

thickness 20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
b. Degree of hydration in the outer zone of hardening concrete with insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
c. Capillary porosity in the outer zone of hardening concrete with insulation for wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right). 
 

 
d. Compressive strength in the outer zone of hardening concrete with insulation with wall thickness 

20cm (left), 40 cm (middle) and 80 cm (right). 
 

Fig. C.2 Temperature development (a), degree of hydration (b), capillary porosity (c) and compressive 

strength (d) in the outer zone of hardening concrete with insulation for different wall thickness (i.e. 20cm, 

40 cm and 80 cm) and w/c ratio 0.35. 

20 cm                                        40 cm                                     80 cm 
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Summary 
 

Stray current has become a main concern for many years due to its effect on (reinforced) 

concrete structures and underground infrastructures. It has been reported that stray 

current affects not only steel reinforcement embedded in concrete, but can also induce 

degradation of the cement-based matrix. Stray current causes an increase of temperature 

in hardening concrete due to Joule heating which will accelerate cement hydration. The 

accelerated cement hydration results in faster evolution of materials properties (e.g. 

stiffness and strength) and a faster decrease of the capillary porosity. The 

microstructural change due to stray current flow will affect transport properties, as well 

as the service life performance of cement-based materials. In case the concrete is 

exposed to water, leaching of alkali ions will decrease compressive strength and 

increase permeability and diffusion coefficient of concrete. Under stray current, 

leaching of alkali ions in concrete is accelerated which will increase level of structural 

degradation. Deterioration of concrete due to stray current involves many mechanisms 

including ion and mass transport, electrical conduction, heat transfer and corresponding 

occurrence of mechanical stresses. However, the study on the effect of stray current on 

material properties (e.g. microstructural, mechanical, electrical properties) and long-

term performance/durability of cement based materials is still lacking. The aim of this 

thesis is to investigate the effects of stray current on long-term performance of cement-

based materials. The results of this project will contribute to a better understanding on 

beneficial (positive) and/or detrimental (negative) effects of stray current on cement-

based materials, which is a point of significant importance for real practice. 

 

Firstly, the effect of low level current density (i.e. 10 mA/m2) on microstructural, 

mechanical and electrical properties of hardening mortar in arbitrary environmental 

condition (i.e. the hardening mortar specimens were partly submerged in water) was 

investigated. Numerical simulation of the stray current distribution is performed, meant 

to serve as a basis for further elaborated modelling of the level of current density that 

could exert significant microstructural alterations in a bulk cement-based matrix. 

Secondly, experiments under synergetic action of stray current and different 

environmental conditions (i.e. submerged in water and saturated calcium hydroxide) on 

cement-based materials with 24 hours curing were performed. These experiments were 

used to distinguish between diffusion-controlled process (ions leaching due to 

concentration gradients) and migration-controlled process (ion/water transport in stray 

current conditions). Stray current levels applied to the cement-based materials were 

10mA/m2, 100mA/m2 and 1A/m2, as measured in real practices, to quantify 

negative/detrimental effect of stray current due to alkali ion leaching and possible 

positive/beneficial effect of stray current on material properties (i.e. mechanical, 

electrical and microstructural properties) of cement-based materials. 

 

Thirdly, the effects of stray current flow on the hydration process and temperature 

development in cement-based materials and evolution of materials properties were 

experimentally and numerically investigated. Experiments were performed in 

isothermal condition at 20°C to investigate heat release and microstructural changes in 

cement paste subjected to stray current with current density 10 mA/m2, 100 mA/m2 and 

1 A/m2. In addition, semi-adiabatic test were carried out in hardening cement paste 
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prism with specimen size of 5.55.529.5 cm3 and current densities 10 A/m2, 40 A/m2 

and 60 A/m2. Numerical simulations were performed to quantify the hydration process 

and temperature development in hardening cement-based materials and evolution of 

materials properties. The effect of stray current on hardening cement-based materials 

with different element sizes was simulated to investigate possible size effects and 

consequences for real-size hardening structural elements. To analyse negative or 

possibly positive effects of stray current on hardening concrete subjected to stray 

current, degree of hydration, capillary porosity and compressive strength in the centre of 

hardening concrete with and without insulation with different wall thickness have been 

determined from the temperature development. Apparent diffusion coefficients of 

concrete subjected to stray current were calculated from microstructure parameters (i.e. 

capillary porosity). 

 

Finally, the effect of stray current flow on materials properties of hardened mortar 

specimens, 28-days cured in a fog-room with 98% RH, was studied. Synergetic effect of 

water-to-cement ratio, curing age and various external environment on the 

microstructural (porosity and pore size), electrical (resistivity) and mechanical 

(compressive strength) properties of hardened mortar specimens subjected to stray 

current were investigated.  



 

 

Samenvatting 
 

Lekstromen zijn al jaren een belangrijk aandachtspunt vanwege het effect die ze hebben 

op (gewapend) betonconstructies en ondergrondse infrastructuren. In de vakliteratuur is 

gemeld dat lekstromen niet alleen staalwapening ingebed in beton aantast, maar ook 

degradatie van de cementgebaseerde matrix kan veroorzaken. Lekstromen veroorzaken 

een temperatuurverhoging in verhard beton door Joule-verwarming, wat de hydratatie 

van cement versnelt. De versnelde hydratatie van cement resulteert in een snellere 

evolutie van de materiaaleigenschappen (bijv. stijfheid en sterkte) en een snellere 

afname van de capillaire porositeit. De microstructurele verandering als gevolg van 

lekstromen zal de transporteigenschappen beïnvloeden, evenals de levensduurprestaties 

van materialen op basis van cement. Als het beton wordt blootgesteld aan water, zal de 

uitloging van alkali-ionen de druksterkte verminderen en de permeabiliteit en 

diffusiecoëfficiënt van beton verhogen. Onder lekstromen wordt de uitloging van alkali-

ionen in beton versneld, wat de mate van structurele afbraak zal verhogen. 

Verslechtering van beton als gevolg van lekstromen omvat vele mechanismen, 

waaronder ion- en massatransport, elektrische geleiding, warmteoverdracht en 

overeenkomstig optreden van mechanische spanningen. Echter, onderzoek naar het 

effect van lekstromen op materiaaleigenschappen (bijv. microstructurele, mechanische, 

elektrische eigenschappen) en prestaties/duurzaamheid op lange termijn van materialen 

op basis van cement ontbreekt nog steeds. Het doel van dit proefschrift is het 

onderzoeken van de effecten van lekstromen op lange termijn prestaties van materialen 

op basis van cement. De resultaten van dit project zullen bijdragen tot een beter begrip 

van de gunstige (positieve) en / of nadelige (negatieve) effecten van lekstromen op 

materialen op basis van cement, wat van groot belang is voor de praktijk. 

  

Ten eerste werd het effect van een lage stroomdichtheid (d.w.z. 10 mA/m2) op de 

microstructurele, mechanische en elektrische eigenschappen van verhardingsmortel in 

willekeurige omgevingsomstandigheden onderzocht (d.w.z. de hardende 

mortelspecimen waren gedeeltelijk ondergedompeld in water). Numerieke simulatie van 

de lekstroomverdeling is uitgevoerd, bedoeld als basis voor verder uitgewerkte 

modellering van het niveau van stroomdichtheid dat significante microstructurele 

veranderingen zou kunnen veroorzaken in een bulkcement-gebaseerde matrix. 

 

Ten tweede werden experimenten uitgevoerd onder synergetische werking van 

lektromen en verschillende omgevingsomstandigheden (d.w.z. ondergedompeld in 

water en verzadigd calciumhydroxide) op materialen op basis van cement met 24 uur 

uitharding. Deze experimenten waren gebruikt om onderscheid te maken tussen een 

diffusie-gecontroleerd proces (uitlogen van ionen als gevolg van concentratiegradiënten) 

en migratie-gecontroleerd proces (ionen/watertransport in lekstroom omstandigheden). 

De toegepaste lekstromenniveaus op de cement gebaseerde materialen waren 10mA/m2, 

100mA/m2 en 1A/m2, zoals gemeten in de praktijk, om negatieve/nadelige effecten van 

lekstromen als gevolg van uitloging van alkali-ionen en mogelijk positief/gunstige 

effecten van lekstromen op materiaaleigenschappen (d.w.z. mechanische, elektrische en 

microstructurele eigenschappen) van materialen op basis van cement. 

  

Ten derde werden de effecten van lekstromen op het hydratatieproces en de 

temperatuurontwikkeling in materialen gebaseerd op cement en evolutie van 
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materiaaleigenschappen experimenteel en numeriek onderzocht. Experimenten werden 

uitgevoerd in isotherme toestand bij 20 °C om de warmtevrijgave en microstructurele 

veranderingen in cementpasta te onderzoeken die werd blootgesteld aan lekstromen met 

een stroomdichtheid van 10 mA/m2, 100 mA/m2 en 1 A/m2. Daarnaast werd een semi-

adiabatische test uitgevoerd in een prisma van verhardende cementpasta met een 

monsterafmeting van 5.5-5.5-29.5 cm3 en een stroomdichtheid van 10 A/m2, 40 A/m2 

en 60 A/m2. Numerieke simulaties werden uitgevoerd om het hydratatieproces en de 

temperatuurontwikkeling bij het harden van cementgebaseerde materialen en evolutie 

van materiaaleigenschappen te kwantificeren. Het effect van lekstromen op het harden 

van materialen op basis van cement met verschillende elementgroottes werd 

gesimuleerd om mogelijke omvangeffecten en gevolgen voor verhardende structurele 

elementen op ware grootte te onderzoeken. Om de negatieve of mogelijk positieve 

effecten van lekstromen op verhard beton dat onderhevig is aan lekstromen te 

analyseren, zijn hydratatiegraad, capillaire porositeit en druksterkte in het centrum van 

hard beton met en zonder isolatie met verschillende wanddikte bepaald uit de 

temperatuurontwikkeling. Schijnbare diffusiecoëfficiënten van beton die aan lekstromen 

zijn blootgesteld werden berekend op basis van microstructuurparameters (d.w.z. 

capillaire porositeit). 

 

Ten slotte werd het effect van lekstromen op materiaaleigenschappen van geharde 

mortelspecimens, 28 dagen uitgehard in een mistruimte met 98% RH, bestudeerd. Er 

werd onderzoek gedaan naar het synergetische effect van de verhouding water/cement, 

uithardingsleeftijd en verschillende externe omgevingen op de microstructurele 

(porositeit en poriegrootte), elektrische (weerstand) en mechanische (druksterkte) 

eigenschappen van geharde mortelspecimen onderworpen aan lekstromen. 
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