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Fundamentals of Electro Kinetics and Ionic Interactions for 
Durability Enhancement of Cement Concrete 

By R. Selvaraj        
Introduction-

 
Durability of concrete structures is of great concern among civil engineering 

community. The concrete is one of the most widely used construction materials due to its 
relatively competitive affordability, versatility, easy availability of its raw materials, workability and 
mouldability to any shape and size. (1) Concrete is a composite material that consist of binding 
medium and aggregates particles. Once the concrete in set, it has three phases namely cement 
paste, the aggregate and the interfacial transition zone (ITZ) between them (2,3). The durability of 
cementitious materials is seriously affected by the service environments of the concrete. The 
service environment comprises several aggressive ions and are transported into the concrete 
through the pores, capillary pores, voids, cracks, microchannels, nanochannels and these ions 
react with the cementitious materials and as a result deterioration of concrete as well as 
embedded reinforcing steel is caused. Among these concrete defects, the capillary porosity and 
pores connectivity from the surface of concrete to the interior of concrete is of great concern from 
durability point of view. (4). Surface coatings or overlays on concrete can prevent entry of 
aggressive ions from environment to the concrete. However, the durability of coating or overlays 
are questionable.
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I. Introduction 

urability of concrete structures is of great concern 
among civil engineering community. The 
concrete is one of the most widely used 

construction materials due to its relatively competitive 
affordability, versatility, easy availability of its raw 
materials, workability and mouldability to any shape and 
size. (1) Concrete is a composite material that consist of 
binding medium and aggregates particles. Once the 
concrete in set, it has three phases namely cement 
paste, the aggregate and the interfacial transition zone 
(ITZ) between them (2,3). The durability of cementitious 
materials is seriously affected by the service 
environments of the concrete. The service environment 
comprises several aggressive ions and are transported 
into the concrete through the pores, capillary pores, 
voids, cracks, microchannels, nanochannels and these 
ions react with the cementitious materials and as a 
result deterioration of concrete as well as embedded 
reinforcing steel is caused. Among these concrete 
defects, the capillary porosity and pores connectivity 
from the surface of concrete to the interior of concrete is 
of great concern from durability point of view. (4). 
Surface coatings or overlays on concrete can prevent 
entry of aggressive ions from environment to the 
concrete. However, the durability of coating or overlays 
are questionable. 

In recent years, the application of electrokinetic 
processes has been demonstrated to provide deeply 
penetrating metallic cations into the concrete from the   
surface of concrete and thus reduces the porosity to a 
greater extent. During the electrokinetic (EK) treatment, 
the charged nano particles (e.g., nano Sio2, Ca, Na, and 
K) in ionic form are driven into the capillary pores and 
voids and block the pores. Some ionic species and 
particles react with the cement hydrates and precipitate 
and settle in the pores and this causes pore blocking 
and pore filling of concrete. This effect is greatly reduces 
the transport of nanoparticles and ionic species in to the 
concrete. 
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The electrokinetic technique was first reported 
in 1992 by Lageman (5). In the past decades, several 
researchers (6-10) have demonstrated deeply 
penetrating and highly effective porosity reduction using 
electrokinetic treatments applied to cement mortar and 
concrete. In one (10) study, by using alumina coated 
silica nanoparticles achieved electrokinetic porosity 
reduction as much as 57% in hardened cement paste. It 
is also reported (11-13) that them is an effective ionic 
transport into cement mortar and also significant 
reduction in corrosion of embedded steel reinforcement 
when ionic solutions and nano silica particles used in 
suspension. 

II. Electrokinetic Phenomenon 

The movement of water through capillaries and 
pores of a porous medium with the application of 
electric field was first studied by F.F. Reuss in Russia in 
1808 (14). This phenomenon was first treated 
analytically by Helmholtz in 1879, which was later 
modified by Pellet in 1903 and Smoluchowski in 1921. 
This phenomenon is widely known as the Helmholtz-
Smoluchowski model, which relates electro-osmatic 
velocity of a fluid and charged porous medium under an 
electric gradient. The first application of electrokinetic 
was made by Casagrande in 1939 (14), for 
consolidating and stabilising soft fine-grained soils. 
Numerous laboratory studies and very few field 
applications have been conducted to investigate the 
electrokinetic processes till date. This electrokinetic 
technique has been applied successfully to same extent 
including increasing pile strength, stability of soil, 
removal of salts from the agricultural soils, removal of 
heavy metals from subsoils, removal of microorganisms 
which are causing damage to concrete sub structures in 
soil of low permeability, removal of contaminating 
chemical species from saturated and partially saturated 
porous soils, including removal of various inorganic and 
organic contaminants as shown in fig 1. 
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Fig. 1: Principles of Electrokinetic Transport in solurated porous Media (Ref. 15)

a) Principles of Electrokinetic: Transport Phenomena 
Electrokinetic processes are relatively new and 

promising technology being investigated for their 
potential applications in hazardous waste management 
specifically in case of high clay containing soils (14). 

United States Environmental Protection Agency (USEPA) 
has designated electrokinetic method as a viable in-situ 
process for decontaminating of low permeable soils. 
Electrokinetic process is neatly explained by the 
following fig 2. 

Fig. 2: Electrokinetics Electroosmasic, Electro phoresis and Electromigration is cement paste pores

The transport of ions and ionic species is 
induced in the pore solution on application of D.C. 
electric field, mainly by electromigration. This applied 
electric field induces water flow in a saturated porous 

medium is called electroosmosis and there in possibility 
of movements of charged small particles in the pore 
solutions is called electrophoresis (16). The transported 
ions and particles in the capillary pores and voids react 
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with the hydrated cement pastes in the pore walls and 
converts into complex phases and thus settles in the 
pores and also attaches in the pore walls. This resulting 
complex salts blocks the pores and voids, therefore the 
permeability in greatly reduced. This pore blocking 
process in finally increases the compressive strength of 
the concrete. It also significantly prevents the ingress of 
aggressive ions from the immediate environment of the 
concrete and thus the durability and servicelife of the 
structure in greatly enhanced. (11-19) 

i. Electromigration 
Most of the porous materials carry a surface 

charge and have pores with presence of unbalanced 
charges with bound and unbound ions along the pore 

wells (20). When an electric charge is applied the ions in 
the pore solution gets charged and is attracted by the 
oppositely charged electrodes and ions. Unlike in 
solutions, the ions in the porous materials are not able 
to move by electromigration directly to the opposite pole 
by the shortest route. Instead, they have to find their way 
along the tortuous pores. Presence of air-filled voids or 
particles filled voids block the direct path. The ions are 
normally transported in the continuous pores but not in 
the closed ones and the ions are transported in the   
pore solutions (21) fig 3 explains this pathways. The 
electromigration rate of a pores media depends on the 
pore volume, geometry of the pores and the water 
content. 

Fig. 3: Surface charges and Electroosmatic flow through pore

When DC electric field is applied across the electrodes in a saturated porous medium. The negatively 
charged ions migrate to anodes and positively charged cations move towards cathode. The classical theory of 
electro chemistry defines the flex due to electromigration is given by (22). 
 
 
                                                                     …………….1 
 
 
 
 
Where J in the flex in (Kg/m2/s) 
Z is the valency of the ion 
F is the Faraday constant (96,485C moe-1) 
E in the applied electric field (Volt/m) 
R in the gas constant (8.3143 J moe-1K-1) 
T is the temperature (°K). 

              DZECT 

   J    =      RT 
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The fig 4 shows the positively and negatively changed particles and fig 5 shows the components of a 
charged particle. 

 

Fig. 4: Various components of a particle 

Fig. 5: Positively Charged Nano Particles

The ionic mobility of many cations falls in the 
range of 1x10-8 to 10x10 -8 (m2/VS) (23) Table 1 The 
movement of ions towards electrodes in the functions of 
ionic mobility (24-26) and the concentration of the 
electrolytic solution or the pore water. The ions travel 
with velocity given by (24). 
 
 

……………..2 
 
 
 
 

When I is the applied current 
Vi is the ion velocity 
A is the area of cross section 
ρw in the pore water resistivity 
τ is the tortuosity 
ɵ is the volumetric moisture content 

The following table 1 presents the ionic mobility 
of selected ions in free electrolyte at 25°C (27). 
 
 
 
 

  
 

 

          I υi ρw
v =       
            Aτθ
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Table 1: Ionic mobility of same selected ions in free electrolyte at 25°C (27)

Element Ionic Mobility 
(10-8 m2/s) Element Ionic Mobility 

(10-8 m2/s) 
H+ 36.23 Na+ 5.19 

AL 3+ 6.32 Ph 3+ 7.36 
Ca 2+ 6.17 Zn 2+ 5.47 
Cd 2+ 7.36 OH- 20.6 
Cr 2+ 6.94 Cl- 7.19 
Ca 2+ 5.56 No-3 7.40 
Fe 3+ 5.60 SO4

2- 8.29 
K+ 7.62 CO3

2- 7.46 
 

ii. Electroosmosis 
Electroosmosis is the term given to the 

movement of the bulk aqueous solutions through the 
pores of a porous medium due to applied electric field. 
The electroosmosis was first observed in 1800s and was 
used in geotechnical engineering to clayey soils in 
1930s (28). The electroosmotic effect is a result of the 
complex electrical interventions that exist at the interface 
between solid and liquid. 

When the electric field applied across a 
saturated porous media, the ions in the pore fluid act as 
conducting medium and the movement of water is 
observed towards anode and cathode depending on 
overall surface charges of the porous material. The 
anions and cations will move towards opposite 
electrodes. The electroosmosis is significant in fine 
pores materials (29-32). It is important to note that in the 
most porous materials, the electroomatic velocity is 
towards the cathode and the electroosmotic is 
enhancing the transport of cations towards the cathode. 
But the electromigration is the dominant mechanism 
(33). Several factors influence surface charge of 
cementitious materials and thus the electroosmotic 
effect. 

Theoretically predicting electroosmotic flow 
becomes more difficult when the solid mass chemically 
reacts with pore water. The equation described as (34). 
 
 
                                                                   

………………3
 

 
When Ve is electroosmotic velocity (L/T) 
Ke is electroosmotic Permeability (L2/VT) 
and ie is the potential gradient (V/L) 

The Ke, the electroosmotic permeability of the 
medium is a function of dielectric constant of the 
medium, viscosity of pore water, zeta-potential and 
porosity of the medium. The Ke is given by (28) 

 
                 

…………….4
 

 
 
 

Σ is the permittivity of the medium 
℮ is the Zeta potential 
n is the porosity and 
µ is the liquid velocity 

The fig shows various layers of the particle and 
represents the solid liquid interface and charge 
distribution in spore sections. 

iii. Electrophoresis 
Electrophoresis is the movement of charged 

particles (Colloidal Particles) present in the pore water 
on application of electric field. The mobility of the 
particle in functions of the Zeta protentional on the 
particle surface. The electrophoretic velocity of a particle 
was first described by Helmholtz and later refined by 
smoluchowski and is given by the relation. 
 
  …………5 
 
 
Where V is the particle Velocity 
E is the applied electric field 
℮ is the dielectric permittivity of the medium 
µ is the viscosity of the pore fluid and 
τ is the zeta potential of the particle surface 

The electrophoretic mobility (µe) of a particle 
can also be defined as (35). 
 
 
                                                       ……………….6 
 
 

The mobility of colloids and particulates in 
porous medium also depends upon flocculation, 
sedimentation and depositions of particles in pores. 

b) Microstructural Properties of Concrete 
As has been stated earlier, the concrete is 

mixture of cement paste and aggregates. On a 
macroscopical scale the cement paste itself consist of 
unreacted cement grains, amorphous hydration product 
(Crystals of calcium hydroxide needles of ettringite and 
fibrous crystals of calcium silicate hydrates C-S-H) and 
pores (36). If pozzolanic materials are added to the 

Ke =Σ℮n/µ 

V = τ℮Ε/µ          

Ve =Keie                         µ e = Στ/µ 
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conventional concrete, the microstructure of concrete is 
modified by the pozzolanic reaction. Pore structure of 
the concrete is modified or densified homogeneity of the 
cement paste is improved porosity of cement paste is 
significantly reduced and thus it improves compressive 
strength of concrete. The pore connectivity determines 
the permeability and this parameter determines the 
transport properties of concrete or cement paste (37). 
Lesser permeability results durable concrete. 

To achieve high strength and more durable 
concrete the capillary porosity shall be reduced and this 
can be achieved by reducing the gel porosity i.e. by 
changing C-S-H (Calcium silicate Hydrate) Structure 
from porous to more crystallize phase (micro structural 
change). This micro structural change in the cement 
paste greatly reduces the porosity reduced permeability 
and pore size distribution. The pores and the pore 
connectivity is shown in Fig. 6. 

 

Fig. 6: Pictorial Explanation of Tortuosity

c) Calcium Silicate Hydrate (C-S-H) 
When Portland Cement in mixed with water, 

anhydrous Oxides (Mainly CaO and SiO2) react with 
water and forms a solid and water in the pores. The 
solid part consists of Ca2+, OH – and silicate ions (38,39) 
When pore water gets more Ca2+ ions, the PH of the 
pore water is increased more than 10 and it becomes 
super saturated. The main source of cohesion of 
cement paste is the nano particles of C-S-H, which is 
formed upon the dissolution of the original tricalcium 

silicate (C3S) present in the cement. The Ca2+ ions have 
strong physical affinity to negatively charged silicate 
particles. It should be noted that once the cement 
constituents are in contact with water, the constituent 
phases begin to dissolve at the surface of the grains, 
mainly C3S becomes negatively charged. The pore 
solution contains Ca2+, K+, Na+, OH-, SiO2, Al2O3 and 
SO4

- ions (40,41) and gets super saturated with respect 
to C-S-H (CaO-SiO2-H2O) = C-S-H. 

Fig. 7: Hydration of C3S component

The process of dissolution and precipitation 
continues. Initially the PH is increasing until the 

precipitation of Calcium hydroxide occurs in the pore 
water. Among the precipitated hydrates in the pores, the 
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main component is C-S-H which constitutes around 
60% of the fully hydrates cement paste. This is generally 
recognized as responsible for the setting and hardening 
of a cement. (42-44) because it precipitates at the 
surface of the hydrous calcium silicate grains. The 
strength of the paste increases during hydration process 
because of augmentation of the number of contact 
points and the cement grains created by C-S-H 
particles. A fully hydrated cement paste can exhibit a 
high compressive strength when as its tensile strength is 
low. This is probably due to the fact that the elastic limit 
of the material is small (44). 

The process of leaching of calcium from 
cementing materials is adversely affect the long term 
performance of the concrete structures in many 
facilities. However, series of dissolution /precipitation 
reaction can occur resulting from diffusion of ions 
through the cementing materials during its service life, 
or internal ions diffuse out and disturb the chemical 

equilibrium in the pore solution (45). It is also reported 
(46) that the leaching out of Ca2+ from the cementitious 
materials has the effect of increasing the chloride 
ingress. Saito (47) also reported that the calcium 
leaching increases the porosity in the cement hydrates. 
The mobility of ions in pore water takes place due to 
concentration gradient (ie ionic diffusion). The another 
driving force of ions into pore solution is electrical 
potential in the pore solution when the electric field is 
applied. 

The dissolution of (Ca (OH)2) and the 
decalcification of C-S-H occur to maintain the 
equilibrium of Ca2+ between solid hydrates and pore 
solution. When the concentration of Ca2+ is decreased 
in pore solution by migration then dissolution of (Ca 
(OH)2) starts, following this depletion decalcification of 
the C-S-H occurs (48). The dissolution and 
decalcification of C-S-H are given by the following 
chemical equilibrium equations. 

(Ca (OH)2)                              Ca2+  OH- 

X CaO S1O2 zH2O                               (X-S1) CaO (1-S2) SiO2 

          (z-S1) H2O+S1 Ca (OH)2 + S2SiO2 

d) Surface Change of Cementitious Materials 
Cementitious materials acquire a surface 

electric charge when they come in contact with aqueous 
solution and also the electric charge is created by 
dissolutions of surface sites of the cement hydrates and 
adsorption of ions on the surface. Therefore, the surface 
charge mechanisms are due to 

i. By the contact of the aqueous solutions 
ii. By the dissociations of hydrated cement particles 

and 
iii. By the adsorptions of the ions on the surface of the 

cement hydrates 

The (Ca(OH)2) possess positive surface 
charges while others show negative surface in water. 

The (C-S-H) has (SiOH) surface groups and its 
dissociation at high PH solutions gives a negatively 
charged surface. Formation of high amount of = SiO- is 
responsible for the negative surface area of the cement 
paste (49). The electrokinetic behaviour of Hydrated 
cement can be charged depending on the extension of 
ion adsorption is ionic concentration in the pore solution. 
If the multivalent ions are present in the pore solution, 
the specific adsorption will occur. This specific 
adsorption significantly affects the surface charge. 
Initially (C-S-H) is partially compensates the negative 
charge. At high concentrations of Ca2+ ions the specific 
adsorption of Ca2+ over compensates of the surface 
and leading to net positive charge. At higher PH further 
binding of Ca2+ would result in strong positive density 
when the pore wall is positively charged the chloride 
ions (cl-) and attracted more than Ca2+ ions (49,50). This 
positive and negative surface charges depends on 

hydration of cement, concentration of pore solution and 
if any admixtures are added to the concrete. 

e) Ion and Hydrated Cement Paste Interactions 
The study of interfaces between solid surface 

pore walls or the hydrated cement paste and contact 
pore solution is very important to know several 
properties of cementitious material. Adsorption of Ca2+ 
on the hydrated cement paste occurs when the pore 
walls are negatively charged. Chloride binding or 
adsorption occurs when the pore walls are positively 
charged. If these chlorides are binded with pore walls, it 
has direct influence on the corrosion of reinforcing or 
pre-stressed wires in concrete. Chloride binding is 
influenced by several parameters including cement 
composition mineral additives used pore water 
compositions and chloride concentration on surface 
area etc. Therefore, the surface chemistry is influenced 
by the ions. The adsorption of cations on the surface of 
cement hydrate surface decreases in the order: 
Ca2+>K+>Na+ and the adsorption of anions on the 
surface is SiO4

2->cl-., The sodium ions does not 
absorbed on surface (51). 

f) Pore Blocking and Densification of Cement Mortar 
and Concrete 

The electrophoresis uses a potential field to 
move charged particles that are suspended in the field 
phase in to porous medium (cement mortar or 
concrete). These particles leads with the surrounding 
charged surfaces. This bonding results in cementations 
process with the surfaces by suitable surface reaction 
with the particles and yielding a new composite in the 
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pore walls. This results in deposition of complex material 
in the pores and thus the density of the porous material 
is increased and the pore diameter is reduced 
significantly. This process of pore filling or pore blocking 
includes the strength, compactness and durability of the 
material (52-55). This pore filling material binds 
chemically in the pore spaces (see fig. 8). This pore 
filling treatment prevents ingress of aggressive species 
such as chlorides carbon di oxide and thus corrosion of 

embedded steel is prevented. The finely divided cationic 
nano particles such as Ca 2+, Na+ K+ react with 
(Ca(OH)2) to form cementing hydrates and this 
enhances the strength (56,57) of concrete. A maximum 
current density of 1A/m2 is continuously applied for a 
period of 6-12 weeks. The continuous generation of 
(OH)- ions assist in restoring the passivity of steel. Thus 
pore blocking treatment reduced the permeability by a 
factor of three. 

Fig. 8: Pore blocking: Positive nano particle and oxide deposits inside capillary pore

III. Conclusion 

1. The electrokinetic treatment is also applicable for 
removing the contaminants and heavy metals from 
the soil. 

2. The formation of C-S-H improves tensile strength of 
concrete. 

3. Pore blocking treatment blokes the pores voids 
cracks and all other defects by depositing complex 
salt in it. It reacts with pore walls and chemically 
binds. This results in compactness of concrete 
increases density, increases mechanical strengths 
by reducing porosity and pore connectivity. 

4. Ingress of external aggressive agents like Chloride 
and CO2 in presented by pore blocking and thus 
corrosion of embedded steel in avoided and hence 
durability of concrete is increased significantly. 
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