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Abstract 
Electrokinetic pozzolanic nanoparticle treatments have been reported in the 
literature to achieve rapid porosity reductions and deeply penetrating 
strength enhancement of cement and concrete. The high electric fields re-
quired to achieve these results have tended to be accompanied by particle 
suspension instability. Coagulation is an instability that can limit the effi-
ciency and effectiveness of a treatment by removing particles from suspen-
sion. The current study examines how electro-coagulation impacts electroki-
netic treatment effectiveness. The nano-pozzolan suspension used in this 
study was Nalco 1056, alumina-coated silica (24-nm). A threshold electric 
field strength of 0.4 V/cm was identified for avoiding direct electro-coagulation. 
Treatments conducted at this threshold value exhibited a 50% strength in-
crease. Treatments conducted above this threshold value exhibited significant 
particle electro-coagulation losses and strength increases of only 25%. This 
study found that electro-coagulation was influenced by the electric field 
strength, through a combination of particle crowding at pore entrances and 
pH shifts as driven by electrolysis.  
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1. Introduction 

Concrete is one of the more widely used construction materials due to its rela-
tively competitive affordability and versatility. Durability plays a significant role 
in determining the useful life of a concrete structure. Failures in durability are 
induced by several factors. High on this list is the problem of elevated capillary 
porosity [1]. 
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Reducing the porosity of an existing concrete structure generally involves sur-
face treatments and structural overlays. In recent years, the application of elec-
trokinetics has been demonstrated to provide deeply penetrating (over 5 cm) 
reductions in porosity. The delivery of colloidal nanoparticles is particularly in-
teresting due to the changes in suspension stability that these materials exhibit. 
During a given treatment suspended particles are electrophoretically driven well 
into the structure. At some points, they become unstable and fallout of suspen-
sion within the pores [2]. This instability constitutes a significant advantage over 
the transport of ionic species which can easily leach back out of the structure. In 
general, the literature has focused on the benefits of these treatments but with 
little or no examination of particle instability, that can occur prior to pore pene-
tration. This study focused on the question of efficient particle delivery into the 
capillary pores of hardened cement paste. 

2. Background 

Capillary porosity is an unavoidable characteristic of ordinary Portland cement. 
It greatly influences durability and strength and is preferably controlled via 
suitable mix design [3] [4]. These pores are randomly distributed and often ex-
hibit areas of discontinuity, especially in relatively mature concrete. When mix 
design and batch execution fail to provide the desired result, several approaches 
have been developed to reduce the surface porosity of hardened concrete struc-
tures [5] [6]. In 1992, Lageman reported the use of an electrokinetic approach 
for porosity reduction by which selected chemicals were transported into con-
crete capillaries in order to block pore openings [2]. In the past decade, several 
researchers have demonstrated deeply penetrating and highly effective porosity 
reductions using electrokinetic treatments applied to cement and concrete [7] 
[8] [9] [10]. In one study, experimentation, modeling and simulations utilizing 
alumina-coated-silica nanoparticles achieved electrokinetic porosity reductions 
of as much as 57% in hardened cement paste (HCP) [11]. In later work, similar 
treatments conducted over 6 - 8 weeks of treatment had reduced the porosity of 
reinforced concrete beams down to less than 3%. The dosages utilized in these 
studies were relatively high, costly, and exhibited low particle delivery efficiency 
[12].  

The process of electrokinetic nanoparticle transport is governed primarily by 
electrophoresis. Other transport processes within concrete such as pressure flow, 
electroosmosis, and diffusion can influence the rate and direction of particle 
transport [13] [14]. Electrophoretic transport is governed by the applied electric 
field (E-field), the viscosity and dielectric constant of the fluid, and the Zeta po-
tential of the suspended particle. The Zeta potential is related to the surface 
charge that surrounds a colloidal particle. A high Zeta potential correlates to a 
large surface charge that keeps particles well separated (due to high electrostatic 
repulsion) and thus minimizes particle collisions that cause suspension instabil-
ity. Both the rate of electrophoresis and the stability of the suspended particle are 
highly dependent on the magnitude of the Zeta potential. 
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The success of an electrokinetic treatment depends largely upon the amount 
of particles that can remain stable and suspended long enough to penetrate well 
into the porous network of the HCP [11]. Particles that fall out of suspension or 
that collapse into a gel prematurely cannot be transported into the pores. The 
stability of a suspension of particles mainly depends upon the Zeta potential, 
which in turn is dependent upon the fluid pH, and the presence of stabilizing 
ions [14] [15] [16]. Particle characteristics that are also important in stabilizing 
the suspension include the particle size and concentration, and its affinity for io-
nic stabilizing agents that can be used to influence the Zeta potential [17] [18] 
[19]. The suspension temperature also influences stability [20]. 

Suspended particle instability can manifest as coagulation [14] [21]. This term 
applies to situations in which particles collide and stick to each other, forming 
flocs [21]. Coagulated particle flocs can fall to the bottom of the fluid chamber, 
as a sediment. In other cases, the coagulation is rapid and pervasive enough to 
cause the fluid suspension to suddenly transform into a semi-solid gel. When 
coagulation is caused by electrochemically manipulating the Zeta potential, it 
can be considered electro-coagulation. In the water and wastewater treatment 
industry, electro-coagulation is practiced for control of suspended solid. This 
method involves electrolytic addition of coagulating contaminants. These elec-
tro-coagulation processes have also been generated by activation of sacrificial 
anodes. Ions generated from these anodes are used to promote coagulating 
chemical interactions allow efficient pollutant removal by sedimentation or fil-
tration [22] [23]. In some cases, electro-coagulation can be achieved by electro-
phoretically driving particles toward a mesh filter that collects them for removal. 
The efficiency of these other electro-coagulation processes can be enhanced by 
pH-induced reductions of the magnitude of the Zeta potential.  

As mentioned earlier, pH plays a significant role in particle stability. During a 
given treatment, pH changes can be induced by the treatment electrodes. At the 
anode, the oxidation of water as follows: 

2 22H O O 4H 4e+ −→ + +                     (1) 

This reaction will produce H+ (hydrogen ions) at the anode. H+ ions located 
adjacent to the treatment anode will tend to reduce the pH value in this vicinity 
[24]. 

At the cathode, the following reaction will produce H2 (hydrogen gas) and 
OH− (hydroxide ions) [24]. 

2 22H O 2e H 2OH− −+ → +                    (2) 

Another influence on the pH in the treatment fluid is the absorption of at-
mospheric carbon dioxide. When carbon dioxide dissolves into the suspension 
fluid, it will react as follows: 

2
2 2 3 3CO H O H HCO 2H CO+ − + −+ → + → +            (3) 

where CO2 is the carbon dioxide, 3HCO−  is bicarbonate ion, H2CO3 is carbonic 
acid, and 2

3CO −  is the carbonate ion [25]. With the absorption of carbon dio-
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xide, the pH value in the fluid drops. 
Although not widely reported in the literature, coagulation can commonly be 

observed during successful electrokinetic particle treatments. In considering the 
several factors that can influence electro-coagulation, the strength of the applied 
E-field may play a significant role. It is conceivable that a sufficiently high elec-
tric field can cause suspended particles to crowd together just prior to entering a 
given pore and thus suffer an increased risk of collision and coagulation. This 
hypothesis is illustrated in Figure 1. When no E-field is applied, particles tend to 
wander about randomly via Brownian motion. They remain separated from a 
stable suspension due to mutual electrostatic repulsion. When a low E-field is 
applied, it can drive these particles to penetrate the pores in sequence, thus per-
mitting them to reduce the porosity of the cement. When the applied E-field is 
high, it can force the particles into relatively close proximity where a higher col-
lision risk can cause them to coagulate. 

These electro-coagulated particles can tend to collect adjacent to the cement 
surfaces and block some of the pore openings. The main emphasis of this study 
was to examine the role of E-field strength and pH changes that can influence 
particle stability and thus treatment efficiency. This work involved an effort to 
identify a threshold value of the E-field that causes particle instability. 

3. Research Significance 

Electrokinetic nanoparticle treatments have been shown to exhibit remarkable 
benefits for mitigating reinforcement corrosion, increasing concrete strength, 
and reversing the effects of sulfate attack. In these studies, and in pilot field ap-
plications particle stability had become a significant barrier for achieving effi-
cient and reproducible outcomes [8] [12]. Unstable particles tend to fall out of 
suspension. This halts particle transport. In the current study key stability para-
meters were defined. Vital threshold values were identified that protect particle 
stability while ensuring effective transport. This achievement is expected to 
greatly expand the range of treatment applications that this technology will ena-
ble. 
 

 
Figure 1. Particles in a stable suspension normally repel each other. They wander about 
randomly due to Brownian motion. Under an applied electric field, the particles are 
forced toward the cement pores. Under a low E-field, the particles are able to remain se-
parated and penetrate the pores in sequence. Under a high E-field, particles are forced 
into close proximity where they are at higher of risk collision and may possibly coagulate 
at the pore openings. 
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4. Experiential Procedure 

Figure 2 illustrates the dimensions of the cylindrical hardened cement paste 
specimens used in this study. Care was taken to ensure that the bottom end of 
the embedded titanium wire was equidistant from the bottom and the side sur-
faces of each specimen. This was done to facilitate a reasonably uniform electric 
field throughout each cement specimen during electrokinetic treatment. 

The specimens consisted of ordinary Type I Portland cement (Ash Grove Ce-
ment Company, Little Rock, AR) with a 0.48 water-cement ratio. Table 1 lists 
the chemical composition. The mixer (KitchenAid, 6-liter, Classic Model, 
Whirlpool Corporation, Greenville, Ohio) used to blend each batch was operat-
ed at low speed. Batching procedures followed the ASTM C 305 standard. 24 
hours after laboratory batching, the specimens were demolded and lime water 
cured for two weeks. 

In order to determine the threshold E-field value that could cause elec-
tro-coagulation of particles as they approached the cement pores, a series of test 
treatments were conducted on individual specimens as shown in Figure 3. Ob-
servations of coagulation were recorded for cases involving both negatively and 
positively charged silica nanoparticles (commercially available products and ob-
tained from NALCO Water Company, Naperville, IL). The negatively charged  
 

 

Figure 2. Dimensions of hardened cement paste specimens. 1 inch equals to 25.4 mm. 
 
Table 1. Mill test result of type I (Low Alkali) cement powder used in this study. 

Component Amount (mass %) 

CaCO3 2.41 

SiO2 20.15 

Al2O3 4.62 

Fe2O3 4.03 

CaO 63.61 

SO3 3.20 

Na2O 0.16 

K2O 0.57 

CO2 1.08 
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Figure 3. Individual specimen within an electrokinetic nanoparticle treatment setup. 
 
particle suspension was NalCo 1050 Silica sol, with a 20-nm particle. The posi-
tively charged particle suspension was NalCo 1056, alumina-coated, silica sol 
with a 24-nm particle. Each test was run continuously over a 4 - 6 day period 
with the E-field being adjusted daily. During these treatment periods the particle 
suspensions were removed and replaced with a fresh batch of particles on a daily 
basis. The volume dilution ratio for each suspension batch was 4 parts sol to 100 
parts of deionized water. 

The preliminary test treatments were used to determine the threshold E-field 
for avoiding electro-coagulation. More extensive treatments were conducted lat-
er to study particle stability, the resultant cement porosity, and the strength re-
sults due to treatment. Two treatment categories were established for these more 
extensive treatments based upon their respective parameters; the current control 
group and the E-field control group. The specimens of the current control group 
were treated with a current density that was limited to 1.5 A/m2 (the ACI dam-
age threshold) [26]. For the E-field control group, the treatment was conducted 
below the electro-coagulation threshold E-field value that was identified during 
the preliminary phase of the study. The treatment circuit and setup for both of 
these treatment groups is shown in Figure 4. 

The positive pole of the power supply was connected to the titanium mesh 
electrode that was immersed in the suspension fluid surrounding the cement 
specimens. This polarity drove the positively charged sol particles toward the ti-
tanium wire that were embedded within each cement specimen. The negative 
pole of the power supply was connected to the titanium wires that were centered 
within the cement specimens. During these treatments, the initial volume dilu-
tion ratio was the same as had been used for the preliminary tests (4 parts soil to 
100 parts of deionized water). One difference in these cases was that the full par-
ticle dosage was provided incrementally on a daily basis without removing any 
portion of the treatment fluid from the prior day. The overall dosage was calcu-
lated based upon the available capillary volume porosity that could receive par-
ticles. In these treatments, based on a 20% volume porosity assumption, a 
30-cm3 volume of pores was estimated for each specimen. This pore volume was 
targeted to receive 30 cm3 of particles. Compressive strength tests were con-
ducted in accordance with ASTM C873 directly after treatment. Prior to capping 
the cement cylinders, the exposed portions of the embedded titanium electrodes  
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Figure 4. Top view of treatment circuit setup for electrokinetic nanoparticle treat-
ment of hardened cement paste cylinders. 
 
were trimmed flush with the top surfaces of the specimens. After compressive 
strength testing, specimen fragments were subjected to evaporate porosity mea-
surement utilizing 105˚C to drive out resident moisture. 

pH monitoring of the particle suspension fluid was conducted throughout the 
treatment period to assess the potential impact on particle suspension instability. 
Measurements were conducted at selected locations (as identified in the results 
section) to examine pH gradients that could destabilize the suspension during a 
given treatment. 

5. Results and Discussions 

In order to determine the threshold electric field value that could cause elec-
tro-coagulation of particles as they approach the cement pores a series of tests 
was conducted on individual specimens as shown in Figure 3. Table 2 shows the 
observations of coagulation recorded for a negatively charged 20 nm silica par-
ticle. Each test was run continuously over a 6-day period with the electric field 
being adjusted daily. The particle concentration of the surrounding fluid was re-
set to the same starting value on a daily basis. For one specimen the electric field 
was started at a high value of 25.2 V/cm and gradually decreased to a low value 
of 1.77 V/cm. The large starting E-field value correlated to approximately twice 
the electric field that could be permitted in accordance with ICRI code [27]. A 
companion specimen was started at a low value of 0.787 V/cm and run to a high 
value of 3.14 V/cm.  

For the specimen starting at the high value of 25.2 V/cm, coagulation was ob-
served for every specific potential that was applied throughout the test period. 
The observation of a “Strong Gel” case of coagulation was noted when the re-
moval of the resulting gel required scrapping of the specimen. An image of a 
“Strong Gel” gelled specimen is shown in Figure 5. The values of electric field 
that did not exhibit coagulation were 0.787 V/cm and 1.57 V/cm. All other levels 
of the applied electric field exhibited significant coagulation on the surfaces of 
the specimens. As noted in the background section, there are a number of possi-
ble causes for particle coagulation. The current study encountered two compet-
ing causes, high E-field strength and shifting pH levels within the treatment flu-
ids. When coagulation appeared, it was found on each specimen surface as well 
as on the bottom of the treatment chamber (directly adjacent to each specimen). 

In Table 2 the specimen subjected to a decreasing electric field exhibited se-
rious coagulation at every electric field level in the range of 25.2 to 2.76 V/m.  
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Figure 5. Day 1. Specimen subjected to a decreasing electric field. 20-nm (negatively 
charged) Silica sol treatment, was applied with a starting electric field of 25 V/cm. See 
Table 2. Submerged portions of the specimen developed a gel covering of elec-
tro-coagulated particle. 
 
Table 2. Electro-coagulation observation of 20-nm silica sol with negative charge. 

Trial Day 
Decreasing Electric Field Increasing Electric Field 

E (V/cm) Coagulation Observed E (V/cm) Coagulation Observed 

1 1 25.2 Strong Gela 0.787 None 

2 2 12.6 Strong Gel 1.57 None 

3 3 6.3 Strong Gel 3.14 Strong Gel 

4 4 2.76 Strong Gel - - 

5 5 2.24 Weak Gelb - - 

6 6 1.77 Weak Gel - - 

a. Removal of coagulation gel required scrapping. b. Removal of coagulation gel only required rinsing. 

 
Coagulation was also appearing at electric fields as low as 2.24 and 1.77 V/m. 
During the course of this test series it was likely that coagulating particles may 
have provided significant blockage of pore openings that would not have been 
reopened simply due to mechanical scraping. While this would have limited the 
number of pores available to receive particles, this did not mean that the lower 
concentration of pore openings would necessarily produce additional coagula-
tion or significantly influence the threshold electric field value. This is because a 
sufficiently low electric field would not have produced electro-coagulation re-
gardless of the concentration of particles or the number of available pore open-
ings. Instead of coagulating, it was most likely that these particles would form a 
traffic jam. They would probably have simply held their positions in the fluid 
suspension (as controlled by the mutual electrostatic repulsion). As a result, it 
would have been expected that a field value below the threshold would have al-
lowed the particles to crowd together without colliding. Continuously reducing 
the number of available pore openings would not have caused the crowd of par-
ticles to start colliding, unless the electric field was being magnified in the vicin-
ity of these pores openings. Such magnification was unlikely since the availabili-
ty of ions (forming via hydrolysis) was relatively steady. In light of these cir-
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cumstances, observing a threshold electric field value would not appear to be 
significantly dependent upon whether the field was increasing or decreasing 
during the evaluation process. Table 2 shows that the threshold value for the 
electric field was in the range of 1.77 - 1.57 V/m. Based on these observations, it 
appears that the same threshold value for electro-coagulation was achieved re-
gardless of whether the applied electric field was increasing or decreasing as this 
threshold value was being approached. 

Similar to Table 2, Table 3 shows the electro-coagulation test observations 
recorded for a positively charged, 24-nm, alumina-coated, silica particle. These 
results were used to determine the threshold electric field value for avoiding 
electro-coagulation at the surface of cement specimens. Over a 4-day test period, 
two treatment cases were applied. In the first case, the specimen was subjected to 
a broadly ranging electric field (25.2 to 1.77 V/cm). In the other case, the speci-
men was subjected to a relatively low ranging electric field (0.787 to 0.400 
V/cm). This electric field was adjusted daily. The treatment suspension was also 
renewed daily to re-establish the original starting concentration. For each treat-
ment case, the starting electric field value was at the high end of the test range. 
In most cases the observed coagulation was found to be either just “Weak Gel” 
or “Strong Gel”. When the electric field value was reduced to 0.4 V/cm no coa-
gulation was observed. The specimen surface was free of coagulated particles as 
shown in Figure 6. 
 

 

Figure 6. Day-4. Specimen subjected to a low ranging electric field. 24-nm, positively 
charged, alumina-coated, silica sol treatment, was applied with a starting electric field 
of 0.4 V/cm. See Table 3. Submerged portions of the specimen were not covered with 
coagulated particles. 
 
Table 3. Electro-coagulation observations of 24 nm alumina-coated silica sol with 
positive charge. 

Trial Day 
Broad Ranging Electric Field Low Ranging Electric Field 

E (V/cm) Coagulation Observed E (V/cm) Coagulation Observed 

1 1 25.2 Strong Gela 0.787 Strong Gel 

2 2 1.18 Strong Gel 0.787 Strong Gel 

3 3 0.59 Weak Gelb 0.40 None 

4 4 0.59 Weak Gel 0.40 None 

a. Removal of coagulation gel required scrapping. b. Removal of coagulation gel only required rinsing. 
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In Table 3, coagulation was observed on both specimens at every applied 
electric field in the range of 25.2 V/cm to 0.59 V/cm. For the low ranging electric 
field experiment, “Strong Gel” electro-coagulation was observed after applying 
an electric field value of 0.787 V/cm on Day 1. In order to examine this behavior 
further, this electric field value was applied a second time on Day 2. “Strong Gel” 
gelling was again observed following Day 2. Similarly, the 0.4 V/cm electric field 
was also repeated. In this case, both trials exhibited no electro-coagulation. 
Comparing these threshold values for the 24-nm alumina-coated silica particles 
and the 20-nm silica particles, it appears that the threshold value for the posi-
tively charged 24-nm alumina-coated silica particles (which was +0.4 V/cm) was 
significantly smaller than that of the negatively charged 20-nm silica particles 
(which was −1.57 V/cm). 

As noted earlier, it was conceivable that the particles applied on the Day-1 tri-
al could have caused some amount of pore blocking, so as to influence the thre-
shold E-field findings of later trials. This is unlikely since coagulation can occur 
when the particle concentration is high enough to cause a backlog of particles 
waiting to enter a pore. A sufficiently high E-field is expected to cause these par-
ticles to collide and coagulated as they wait their turn to enter the pore. A li-
mited or even diminishing number of pore openings would not be expected to 
change this situation significantly. It is anticipated that the reduction in available 
pore openings caused by prior coagulation events would not be expected to alter 
the observed threshold E-field significantly. The findings of Table 3 indicate a 
threshold E-field of approximately 0.4 V/cm regardless of the amount of coagu-
lation that was exhibited in the early trials. Based on these observations, it ap-
pears that the particles would tend to avoid coagulation regardless of how li-
mited the remaining number of pore openings may become.  

Figure 7 and Figure 8 contain results for treatments conducted above and 
below the electric field (E-field) threshold value of 0.4 V/cm, that was found to 
cause electro-coagulation of the 24-nm alumina-coated silica particle. One group 
of specimens were treated above the 0.4 V/cm threshold, but were limited to a 
maximum current density of 1.5 A/m2 (as per International Concrete Repair In-
stitute code), to avoid strength loss in the cement [26]. This limiting current 
density was maintained with an electric field that ranged from 0.9 to 0.75 V/cm. 
This treatment category is referred to as the current control group. These speci-
mens were treated for two weeks. The full particle dosage was provided incre-
mentally on a daily basis. This dosage was calculated based on the estimated 
available capillary volume porosity that could receive particles. In this case, 150 
cm3 of particles was provided for an estimated 150 cm3 volume of pores. The 
actual pore volume available for treatment may vary due to the degree of pore 
continuity as influence by weathering factors. Since the particle packing effi-
ciency typically averages in the vicinity of 50%, the dosage provided was signifi-
cantly in excess of the available pore volume [28]. Electro-coagulation was ob-
served on each day of the treatment period for the current control group. 
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Figure 7. Current density drop plot for 24 nm Alumina-Coated Silica Sol treatment 
under current control. The treatment under current control resulted in significant 
electro-coagulation. The applied voltage for this treatment adjusted daily to limit cur-
rent to 1.5 A/m2 to avoid strength loss, and the total sum of daily current drops was 
2.9 A/m2. 
 

 

Figure 8. Current density drop plot for 24 nm Alumina-Coated Silica Sol treatment 
under E-field control. The treatment under E-field control resulted in no significant 
electro-coagulation. The applied voltage limited to 0.4 V/cm to avoid suspension in-
stability, and the total sum of daily current drops was 2.3 A/m2. 
 

Figure 5 contains an example of a specimen exhibiting a gel coating of the 
coagulated particles. This coagulated particle gel was scrapped from each speci-
men surface following each day of treatment. Gel scraping may only be possible 
for localized field applications such as the treating of cracks. It was done here in 
an attempt to sustain the availability of open pores that could allow particles to 
continue entering the cement as the treatment continued. A drop in current 
density was observed during each day of the treatment period. The magnitude of 
this current density drop is plotted in Figure 7. This drop was recorded prior to 
the daily scrapping of coagulated particles and the dosing of additional particles. 
The total accumulated current drop came to 2.9 A/m2. 

The current density control group (Figure 7) was subjected to an electric field 
value that ranged from 0.82 V/cm to 0.9 V/cm, which was twice the threshold 
value (0.4 V/cm observed from Table 3). For this reason, it was not surprising 
that coagulation was observed. This high E-field appeared to provide a relatively 
excessive electrostatic force for driving the particles. The relatively high concen-
tration of particles adjacent to each pore opening would have induced electros-
tatic interference with each other’s’ progress, as they were entering a given pore. 
Due to the high driving force of the E-field, this electrostatic repulsion would 
not have been sufficient to keep them from being driven close enough to collide 
and coagulate (this is illustrated in Figure 1). Due to this instability, relatively 
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few particles tended to enter the pores prior to coagulating and falling out of 
suspension. Because of this high collision frequency within the cloud of particles 
adjacent to each pore opening, many particles would have been unable to remain 
suspended. This region of high particle collision frequency tended to produce a 
coagulated gel on the specimen surfaces just outside of the pore openings (see 
Figure 1). The benefit of a given treatment depended upon the number of par-
ticles that could penetrate the pores. It appeared that relying solely on the max-
imum current density value to control a treatment was inappropriate since it did 
not protect against electro-coagulation losses. 

In contrast to the current density control group, another 24-nm alumi-
na-coated silica treatment was conducted for the E-field control group. These 
results are shown in Figure 8. As noted earlier, the E-field threshold value for 
this treatment (0.4 V/cm) was determined from the preliminary testing that is 
summarized earlier in Table 3. Using this threshold value as the applied electric 
field was done to avoid electro-coagulation and the associated loss of particles. 
The treatment period and overall dosages were held to the same values as were 
used earlier for the current control group (Figure 7). The current density in this 
treatment period was governed by the E-field that was being applied. In this case 
the current density ranged from 0.91 A/m2 to 0.59 A/m2. 

Since the threshold E-field value was determined from the preliminary testing 
reported in Table 3 (0.4 V/cm), an E-field controlled treatment would be ex-
pected to provide a functional treatment option. Using a threshold E-field to 
control treatment, the applied E-field would be expected to hold particles stable 
in the suspension, awaiting their opportunities to enter into available pores, se-
quentially. This became evident when a concentrated particle cloud formed 
during treatment as illustrated on the right side of Figure 9. A relatively few of 
the particles suffered coagulation as reported in Table 3 (at 0.4 V/cm). These 
particles in the suspension cloud were relatively stable. As a result, they were not 
tending to form coagulated blockages of the pore openings on the cement sur-
faces. The penetration of particles into the pores would have proceeded relatively 
unhindered. Based on these observations, a maximum E-field threshold value 
utilized in a given treatment may help minimize coagulated particle losses. 
 

 

Figure 9. After applied the appropriate electric field, the distribution of particles 
changed from uniformly to concentrated cloud. Concentrated cloud of particles is 
waiting for the turn to enter specimen surface pores. Location A-D were the pH mon-
itoring sites. 
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Specimens treated with 24-nm alumina coated silica were subjected to 
strength and porosity testing. These results are presented in Figure 10. The re-
sults were obtained for 3 groups based on their treatment parameters; the E-field 
control group, the current control group, and the untreated control group. For 
the current control group, the applied E-field value ranged from 0.7 to 0.9 V/cm. 
An average E-field value of 0.8 V/cm was reported for this group in Figure 10. 
For the E-field control group, the highest strength value observed was 5 ksi. The 
porosity results for this group averaged 21%. For the current control group, the 
strength test results ranged as high as 4 ksi. The porosity values for this group 
averaged 23%. This group exhibited electro-coagulation. For the untreated con-
trol group, the porosity averaged 26%. The peak strength test result for this 
group was 3 ksi. 

Student F and T test were selected to prove that all porosity test were provided 
to statistically demonstrate that these porosity results of Figure 10 exhibited sig-
nificant differences when comparing one case to another. These calculations 
were conducted in accordance with “Exploring Chemical Analysis” [29]. After 
comparing the results for the E-field control group, the current control group 
and the untreated group, each of these test cases was found to exhibit statistically 
significant differences. 

From Figure 10, the average compression strength results were 2.2 ksi for the 
untreated group, 2.8 ksi for the current density control group and 3.2 ksi for the 
E-field control group. The E-field control group exhibited a nearly 50% strength 
increase as compared to the untreated group. For the current density control 
group, the strength increased by 25%, despite a significant amount of gel forma-
tion that inhibited particle delivery. The current density control group and the 
E-field control group exhibited 23% and 21% average porosities (respectively) 
while the untreated group exhibited the porosity of 26%. As expected the poros-
ity decreases observed in this study were consistent with the strength increases 
observed among these three study groups. Based on these observations, the par-
ticle treatments were found to be effective at increasing the compressive strength 
and decreasing the porosity even when significant particle instability and losses 
were occurring during the treatment process. 
 

 

Figure 10. Strength and porosity plot for 24 nm Alumina-Coated Silica Sol treatment 
groups and control group. 
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In designing the nanoparticle treatment dosage, it was assumed that the entire 
pore volume of a given specimen was accessible. This assumed continuity of ca-
pillary pores throughout the matrix and that the sizes and shapes of each pore 
were sufficient to permit particle access. In contrast, mature, un-weathered ce-
ment paste is expected to exhibit multiple pore sizes, bottle necks, and randomly 
varying degrees of pore discontinuity. During the treatment period, current drop 
was observed during each day of treatment. This drop could be attributed to the 
ion polarization at each electrode, the capture of particles (which are charge car-
riers) at pore bottle necks, and the increasing circuit resistance as conduction 
through the pore network was inhibited by trapped particles. During the 2-week 
treatment period approximately 60% of the dosed particles were delivered into 
the HCP pores. The porosity reductions noted in Figure 10 were observed 
throughout these specimens, as opposed to being confined to just the surface 
areas. This suggests that randomly distributed areas of bottle necks and discon-
tinuity were trapping particles at various locations throughout the HCP matrix. 

Based on the average strength and the average porosities reported in Figure 
10, the benefits achieved in the E-field control group were almost twice the value 
of those exhibited by the current density control group. The E-field control 
group was driven by a relatively low threshold value (0.4 V/cm), which was 
one-half the field strength used for the current control group. For this reason, 
more particles escaped coagulation and were able to penetrate into the cement 
pores under E-field control. They were available in relatively large numbers that 
enabled the observed reductions in porosity and the increased strength. In con-
trast, the high E-field (0.8 V/cm) of the current control group tended to coagu-
late some of the suspended particles. The coagulated particles were lost and un-
available for entering the pores. This indicated that the treatments may be ren-
dered more effective by maintaining an applied E-field that is below the thre-
shold value (0.4 V/cm). Based on these observations it appears that an appropri-
ate electric field value, which does not cause electro-coagulation, would produce 
greater mechanical benefits for a given particle treatment of ordinary Portland 
cement. 

Daily pH monitoring was conducted in order to determine if pH changes ob-
served during treatment were influencing coagulation. Four monitoring points 
were established to evaluate pH during treatment (see Figure 9). Figure 11 
contains these results which were conducted under E-field control at 0.4 V/cm. 
For the first 8 days, a cloud of particles appeared within a centimeter of the spe-
cimen surface. This cloud of particles was easily re-dispensable by agitation. 
During the entire treatment period the pH increased at each of the monitoring 
points. It did not reach the pH-induced suspension collapse threshold which 
occurs at approximately 5 to 5.5 for this sol. After 8 days of treatment, par-
ticles started to exhibit some slight gelling. This meant that the particles in the 
gel could not be redisposed by agitation. During this same period, the pH values 
continued to increase. At the fluid surface adjacent to the treatment electrode  
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Figure 11. pH monitoring of 24 nm Alumina-Coated Silica Sol treatment under E-field 
Control (0.4 V/cm). When extrapolated, suspension collapse (at pH = 5.5) is predicted; 
A—Day 77, B—Day 38, C—Day 28, and D—Day 18. Each curve fit exhibited a 99% con-
fidence. Concentrated particle cloud (Not gelled) was observed adjacent to the cement 
specimen surface. The rest of the suspension fluid was clear. See illustration in Figure 10. 
 
(Location A), the pH increased from 3.8 to 4.1. The pH increase at the fluid sur-
face adjacent to the specimen (Location B) was from 3.8 to 4.6. At the bottom of 
the treatment container, the pH value adjacent to the treatment electrode (Loca-
tion C) increased from 3.8 to 4.8. Adjacent to the specimen (Location D), this 
increase went from 3.8 to 5.2. By comparison, the initial pH within the HCP 
specimens was probably in the vicinity or 13.6 to 12.4 as influenced by the 
2-week, limewater curing period that concluded just prior to the start of treat-
ment. 

As contained in Figure 11, some slight gel formation was appearing after 9 
days of the treatment period. This small amount of instability may have been in-
fluenced by the amount of suspended particles that had been accumulating as a 
dense cloud (see Figure 9) during the trial. As the concentration of particles in 
this cloud kept increasing, the average distance between particles was reducing. 
This tended to cause the probability of particle collisions to increase. The slight 
amount of gelling incurred could be associated with the elevated concentration 
of particles present in this concentrated cloud that formed during treatment. Af-
ter this slight gel started to appear, the pH values appeared to follow a higher 
slope as the system approached the pH-induced suspension collapse threshold 
value of 5.5. It is conceivable that the true behavior of the particle system may be 
better modeled with two straight lines. Future work will examine this possibility. 
At Day 11, the highest pH value was 4.9 at monitoring location D. This suggests 
that all observed coagulation was electro-coagulation from Day 9 to Day 11. On 
Days 12 and 13, the pH values at location D (5.0 and 5.1) had reached very fairly 
to the suspension collapse since the threshold value is typically in the range of 5 
to 5.5. This suggests the possibility that some amount of pH-induced coagula-
tion might have been occurring at location D. Based on these observations, the 
pH values did not appear to significantly affect coagulation during the E-field 
control treatment. 

As shown in Figure 11, pH values immediately started to differ among each of 
the monitoring points (A - D). The pH values exhibited a gradient in two direc-
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tions. In the horizontal direction (From B to A and from D to C), the pH dif-
fered by as much as 0.5 by Day 13. In the vertical direction (From B to D and 
from A to C), the pH differed by as much as 1.0. The particles appeared to re-
main in stable suspension as they approached the cement pore openings, proba-
bly due to the mutual electrostatic repulsion and the low E-field. At the cement 
surfaces, a concentrated particle cloud had formed after Day 1 (see Figure 12). 
The relatively large amount of suspended particles within this dense cloud area 
appeared to remain stable. At the same time, the oxidation of water would have 
been producing H+ ions at the external treatment electrode (Anode). It makes 
sense that H+ ions forming adjacent to the treatment electrode would tend to 
reduce the pH value in this area (Location A and C) as compared to the Loca-
tions B and D. This difference is noted in Figure 12. For the pH gradient vertical 
direction, at the fluid surface, CO2 was available to dissolve into the suspension 
fluid and react to form H2CO3. The resulting 3HCO−  and 2

3CO −  ions would be 
accompanied by an increase in H+ [25]. This probably explains why the pH val-
ues at the bottom levels (C and D) were generally higher than at the fluid surface 
(A and B). It is conceivable that some agitation could remedy these two pH gra-
dients and thus delay the pH rise toward the suspension collapse threshold (pH 
= 5 to 5.5). Similar pH gradients were observed for the current control treatment 
cases as summarized in Figure 11.  

Figure 12 contains the pH monitoring results for the current control treat-
ment. The same monitoring points were used in this case as before. During the 
first 6 days, particles were forming a “weak gel” on the specimen surfaces. At the 
same time, the surrounding suspension fluid was found to be clear after each 
treatment day. After the first 6 days of treatment, a strong gel of coagulated par-
ticles started to appear daily. This observation was again accompanied by a clear 
suspension fluid. During the same period, the pH values at Location D shifted 
from 4.5 to 5.2, which was approaching the suspension collapse threshold value 
(5.5). Over the entire (13-Day) treatment period, the pH values at the fluid  
 

 

Figure 12. pH monitoring for 24 nm Alumina-Coated Silica Sol Treatment under Cur-
rent Control (0.8 V/cm). When extrapolated, suspension collapse (at pH = 5.5) is pre-
dicted; A—Day 34, B—Day 22, C—Day 17, and D—Day 15. Each curve fit exhibited a 
99% confidence. Removal of the weak gel only required rinsing with water. Removal of 
the strong gel required mechanical scrapping. 
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surface (adjacent to the treatment electrode, Location A) increased from 2.2 to 
3.7. At the fluid surface (adjacent to the specimen, Location B) the pH increased 
from 2.2 to 4.4. Along the bottom of the treatment chamber (nearly 8 cm from 
the surface), the pH values adjacent to the treatment electrode (Location C) went 
from 2.2 to 4.5. The pH values adjacent to the specimen (Location D) increased 
from 2.9 to 5.2. 

In general, pH values observed during the first 6 days in the current control 
treatment (Figure 12) were lower than the E-field control treatment (Figure 11). 
The reason for this may be related to the weak gel that was forming at the spe-
cimen surface after each day (caused by the high E-field, 0.8 V/cm). The H+ ions 
(produced by the oxidation of water) were probably being inhibited from enter-
ing the cement pores by the “weak gel” at the cement surfaces. This suggests that 
the high E-field was causing the gelling as opposed to the rise in pH, since these 
values were in the vicinity of 2.5 to 3.5 (well below the pH-induced coagulation 
threshold of 5.5). After each day of treatment, the surrounding fluid was clear 
and apparently free of particles. After the first 6 days of treatment, coagulation 
was observed as a “strong gel” and pH values jumped significantly by as much as 
1 pH unit. The mechanism of pH rise stems from electrode reactions mentioned 
earlier (See Equation (2)). The reason for this relatively sudden increase was un-
clear, future work will examine the possibility of various factors. During the en-
tire treatment, since the pH values remained below the suspension collapse 
threshold value (5.5) the possibility of pH-induced coagulation was considered 
unlikely. Based on these observations, it appears that the electro-coagulation can 
be caused primarily by high E-fields, when the suspension remains below the 
pH-induced coagulation threshold value. 

6. Conclusions and Recommendations 

This study explored several developments for stable and effective electrokinetic 
treatment with suspended particles. Treatment efficiencies made possible by this 
work will enable the development of feasible approaches for reversing sulfate at-
tack, mitigating reinforcement corrosion, and enhancing re-alkalization processes 
to the point where existing structures may be upgraded with microstructural 
properties that could conceivably exceed the as-built condition. Based on the 
observations from this study, these conclusions and recommendations are sum-
marized. 
 There appears to be a maximum E-field threshold value that should be 

avoided in order to minimize electro-coagulation and the resulting loss of 
particles. 

 The same threshold value for electro-coagulation was achieved regardless of 
whether the applied electric field was increasing or decreasing as this thre-
shold value was being approached. 

 Particles tend to avoid coagulation regardless of how limited the remaining 
number of open pores may become during a given treatment. 
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 The benefit of a given treatment depended upon the number of particles that 
could successfully penetrate the pores. It appeared that relying solely on the 
maximum current density value to control treatment effectiveness was insuf-
ficient since it did not protect against electro-coagulation losses. 

 The particle treatments were found to be effective at increasing the compres-
sive strength and decreasing the porosity even when significant particle in-
stability and losses were occurring during the treatment process.  

 Electro-coagulation can be caused primarily by high E-fields, when the sus-
pension remains below the pH-induced coagulation threshold value. 

 For the 14-day treatments conducted in this study, the upward drift of pH 
values did not appear to significantly affect particle suspension stability until 
the suspension collapse threshold (pH = 5.5) was approached.  

 It is conceivable that some agitation of the particle suspension fluid may be a 
potential remedy that could eliminate the formation of pH gradients and 
thus delay the pH rise at specimen surfaces.  
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