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Abstract.  This study investigated four electric field configurations of two-dimensional accelerate lithium 
migration technique (ALMT), including line-to-line, plane-to-line, contour-to-line and plane-to-plane, and 
analyzed the ion migration behavior and efficiency. It was found that the free ion distribution diagram and 
voltage distribution diagram were similar, and ions migrated in the power line direction. The electrode 
modules were used for the mortar specimen with w/c ratio of 0.5. The effectively processed areas accounted 
for 14.1%, 39.0%, 49.4% and 51.4% of total area respectively on Day 28. Larger electrode area was more 
advantageous to ion migration. In addition, it was proved that the two-dimensional electric field could be 
divided into different equifield line active regions, and regarded as affected by one-dimensional electric 
field, and the ion migration results in various equifield line active regions were predicted by using the 
duration analysis method based on the theoretical model of ion migration obtained from one-dimensional 
test. 
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1. Introduction 

 

The alkali-silica reaction (ASR) is the most extensively distributed alkali aggregate reaction 

(AAR) type damaging the structures most severely at present (Ueda et al. 2013, Beyene et al. 

2013, Donnella et al. 2013, Gao et al. 2013, Demir and Arslan 2013, Yurtdas et al. 2013, Bach et 

al. 2013). It occurs after the hydration of cement, and the concrete pore solution contains free ions 

of Na
+
, K

+
, Ca

2+
 and OH

-
. If the concrete contains ASR reactive aggregate, the OH

-
 breaks the 

silicon-oxygen bonding with lower bond energy on the surface of reactive aggregate to generate 

negatively charged -Si-O
-
. It combines positively charged cation into steady product. The Na

+
 and 

K
+
 carry monovalent cation and are smaller than Ca

2+
, so they are more likely to be combined into 

stable alkali-silica gel. The swelling capacity of sodium-silica gel and potassium-silica gel is 

higher than that of calcium-silica gel. This gel expands when it absorbs water, so that the concrete 

has failure by bulging (Liu 2003). 
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For fresh concrete, the ASR prevention methods include limiting the alkali content in concrete, 

using non-reactive aggregate, adding mineral admixtures such as fly ash, silica fume or slag, or 

adding chemical admixture containing Li compound. Hobbs used opal as aggregate, and indicated 

the concrete specimen had no expansion reaction when the total alkali content in concrete was less 

than 2 kg/m
3
 (Hobbs 1984). Due to the difference in aggregate reactivity, the total alkali content 

limits for inhibiting ASR are different in different countries, for example, it is 3.3 kg/m
3
 in the 

U.S., 5.5 kg/m
3
 in New Zealand, 2 kg/m

3
 in Australia, 2.1 kg/m

3
 in South Africa, and 3 kg/m

3
 in 

Canada (Ghanem et al. 2010). In addition, the recommended addition for effective inhibition is 

Li/(Na+K) molar ratio greater than 0.74 (Michael et al. 2007). 

The waterproofing engineering can be used for hardened concrete. However, Daidai et al. 

indicated that the cracks in the concrete piers of a bridge built in 1972 were filled up with epoxy in 

1989, and coated with waterproof layer (Daidai and Torii 2008). However, 5 years later, the 

protective layer had obvious cracks, the bridge was finally demolished and rebuilt for severe 

internal damage. Another strategy is to feed Li
+
 in for long-term inside improvement. If lithium 

solution is used for soaking, the Li
+
 only penetrates into the surface (Folliard et al. 2008). If 

pressurization is adopted, the Li
+
 penetrates a short distance, taking a long time, and the effect is 

inconsistent (Era et al. 2008). The penetration distance can be increased, and the required time can 

be reduced by applying electric field to feed Li
+
 into the concrete (Liu 2003, Liu et al. 2011). 

The ALMT uses electric characteristics to feed Li
+
 into the concrete while accelerating 

removing Na
+
 and K

+
 out of concrete, so as to solve the ASR problem thoroughly (Liu 2003, Liu et 

al. 2011, Wang 2010, Wang et al. 2011, Wang 2014). At present, the research findings of ALMT 

construct the effect of one-dimensional electric field and obtain the theoretical model and 

empirical equation of ion migration (Liu et al. 2011). As the one-dimensional ALMT can process 

limited practical problems, the influence of the electrode configuration of two-dimensional electric 

field on the migration behavior of cations related to ASR still needs to be discussed. 

This study discussed four probable electric field configurations of two-dimensional ALMT, 

including line-to-line, plane-to-line, contour-to-line and plane-to-plane, and analyzed the ion 

migration behavior and efficiency of mortar specimen (Liu et al. 2013). The two-dimensional 

electric field was divided into different equifield line active regions in the concept of equifield 

line, regarded as affected by one-dimensional electric field. The theoretical model of ion migration 

obtained from one-dimensional ALMT test was used to evaluate the feasibility of using duration 

analysis method to predict the ion migration behavior in various equifield line active regions (Liu 

et al. 2011). 

 
 
2. Experimental design 

 
Four two-dimensional electrode forms may be used in the practical application of ALMT: line-

line, plane-line, plane-plane and contour-line. This study applied the concept of equifield line in 

the two-dimensional electric field to draw equifield line, and then marked different one-

dimensional equifield affected subregions. The empirical equation of Na
+
 and K

+
 migration in one-

dimensional electric field obtained from Wang (Liu et al. 2011) test and the duration analysis were 

used to calculate  

the ion feed and emigration quantity in different subregions of equifield line, and to estimate 

the ion content distribution under the effect of two-dimensional electric field. The estimation result  
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Fig. 1 One-dimensional ALMT schematic diagram 

 
Table 1 Chemical composition of cement (%) 

Item SiO2 Al2O3 Fe2O3 CaO MgO SO3 F. CaO K2O Na2O Na2Oeq I.L. 

Result 20.65 3.85 3.66 63.83 3.38 2.18 0.65 0.52 0.18 0.52 1.17 

 

 

was compared with the test result to validate the feasibility of using the ion migration 

characteristics of one-dimensional electric field in two-dimensional equifield line to evaluate the 

ion migration behavior. 

Fig. 1 shows the one-dimensional ALMT schematic diagram for applying a constant current 

density. Only the necessary exhaust openings were kept during the electrolysis process to prevent 

air dissolving into the electrolyte and increasing the resistance.  A data logger was used to record 

changes in voltage or current, an ion chromatograph (IC) was used to analyze the cation 

concentration inside the cathode electrolyte, periodically, while the temperature changes within the 

cathodic cell were measured manually. 

 

2.1 Specimen design and electrifying analysis method 
 
The specimens of four electrode forms were made of mortar. The distance between electrode 

centers was 15 cm, the specimen was 15 cm in width and 5 cm in height. The line electrode was a 

circle in diameter of 2.5 cm, and the depth was 4 cm. The mix design of mortar was identical with 

that of Wang (Liu et al. 2011). The aggregate-cement ratio was fixed at 2.25, and the aggregate 

gradation distribution referred to ASTM C227 requirement. Three water-cement ratios were 

designed: 0.4, 0.5 and 0.6. The alkali equivalent in cement was adjusted from 0.52% to 2.0% by 

NaOH. The aggregate was river sand from western Taiwan, and it was metasandstone. Table 1 

shows the chemical composition of cement. The form was removed on the following day, and then 

cured at 23°C, 100% R.H. for 3 months. 

The specimen for measuring the voltage is shown in Fig. 2. Horizontal and vertical lines of 

1.25 cm were marked on the mortar specimen. An iron nail was inserted in the center point of grid 

to measure the voltage inside the specimen. The voltage value was entered in the mapping 

software to draw isopotential line and equifield line.  

 Data Logger 

Power Supply 
 ＋ － 

 1L Saturated 
   Ca(OH)2 

1L 1N 
LiOH·H2O 

φ10 × L cm 
Cylindrical Specimen 

 K
+
 

 Li
+
 

 Na
+
 

 ＋ － 

#20 304 
Stainless 
Steel Wire 
mesh 
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Fig. 2 Schematic diagram of mortar electrode module with iron nail inserted 

 

 
(a) Recorded voltage 

 
(b) Drawing isopotential line and equifield line by Surfer 9 program 

Fig. 3 Description of drawing method of isopotential line and equifield line (take mortar 

specimen with w/c ratio of 0.5 as an example) 

 

 

The electrifying module for ALMT test is shown in Fig. 2 without iron nail inserted. The 

applied current density was 18 A/m
2
 when the line electrode was anode. The applied current 

density was 9 A/m
2
 when the plane electrode was anode. The anode used 1 N LiOH solution, and 

the cathode used saturated Ca(OH)2 solution. The power-on time was 28 days. The line electrode 

was stainless steel bar, and the plane-contour electrode was a stainless steel mesh covered with  
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Table 2 Changes in voltage and resistance of various electrified modules 

Electrode 

Configuration 

W/C 

Ratio 

Current 

Density 

(A/m2) 

Initial 

Voltage 

(V) 

Final 

Voltage 

(V) 

Altered 

Voltage 

(%) 

Passing 

Current 

(A) 

Initial 

Resistance 

(Ω) 

Final 

Resistance 

(Ω) 

Altered 

Resistance 

(%) 

line-line 

0.4 

18 

124.0 74.6 -39.8 0.057 2175.4 1308.8 -39.8 

0.5 96.9 43.3 -55.3 0.054 1794.4 801.9 -55.3 

0.6 75.0 58.9 -21.5 0.054 1388.9 1090.7 -21.5 

plane-line 

0.5 9 

90.7 114.5 26.2 0.069 1314.5 1659.4 26.2 

plane-plane 67.6 123.5 82.7 0.069 979.7 1789.9 82.7 

contour-line 89.5 108.4 21.1 0.071 1260.6 1526.8 21.1 

 
 
cotton. The electrodes and solution were renewed every seven days in order to avoid the oxidation 

of anode on the stainless steel. In order to reduce the air that enters the cathode tank to form CO3
2-

 

in the power on process, which may be combined with the Ca
2+

 whose concentration increases 

gradually as the Na
+
 and K

+
 concentrations decrease inside the specimen at the final stage of 

electrifying to form CaCO3 sediment blocking pores, the specimen was covered with preservative 

film in the entire process (Wu 2010). 

When the specimen was electrified, a dry cut 1.25  1.25  1.25 cm specimen was studied. The 

water dissolution test was carried out referring to AASHTO T260. Taking 3 g of the sample 

(passing sieve #50) add 60 mL of deionized water into beaker. Heating the solution by the magnet 

heater until boiling, cool the solution after 5 minutes boiling and then standing for 24 hours. Filter 

the solution through CNS 5038G paper into beaker. Dilute the filtered solution. An Ion 

Chromatograph (IC) was used to analyze the free Li
+
, Na

+
 and K

+
 content distribution in the 

specimen. 

 
2.1 Specimen design and electrifying analysis method 
 
Fig. 2 shows the electrode setting. The power supply applied constant voltage. One end of 

digital multimeter was connected to the anode, and the other end was connected to the iron nail. 

The iron nail coordinates and voltage difference were recorded. The equifield line was drawn by 

using Surfer 9 program according to the results. Surfer is a full-function 3D visualization, 

contouring and surface modeling package that runs under Microsoft Windows. Take line-to-line 

electrode as an example, Fig. 2 (a) is the schematic diagram of electrode electrifying, the measured 

voltage result is shown in Fig. 3(a). Fig. 3(b) shows the isopotential line and equifield line. 

 
 

3. Results and discussion 
 

3.1 Voltage and resistance changes in electrifying 

 
Table 2 shows the initial and final voltage and resistance changes in the course of electrifying 

of four electrode modules. The resistance of mortar specimen (Ω) = voltage (V)/current (A). The 

constant magnitude of current was applied in this study, so the resistance was proportional to 

voltage. In the ion migration process, the voltage dropped gradually at the initial stage of 

electrifying. As constant current was applied, the resistance of mortar specimen decreased 
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gradually. The anode area of line-line electrode module was small, the voltage dropped at the late 

stage of electrifying. The anode area of plane-line, plane-plane and contour-line electrode modules 

was large, thus, the applied voltage was increased in order to maintain constant magnitude of 

current at the late stage of electrifying. The resistance of specimen increases at the late stage of 

electrifying and the final voltage of plane-plane module increased the most.  

The initial voltage was lower when the plane or contour was used as anode. The applied 

voltage increased gradually with the power on time, indicating that the resistance of mortar 

specimen increased. It might be due to the following reasons. First, the cations in the specimen 

migrated from the large-area anode to the small-area cathode, so the number of original Na
+
 and 

K
+
 ions in the specimen decreased in the mortar nearby the anode region at the late stage of 

electrifying. The quantity of Ca
2+

 dissolved out of Ca(OH)2 increased, thus moving towards the 

cathode. Meanwhile, although the catholyte was sealed with preservative film in the course of 

electrifying, it was difficult to completely avoid the CO2 in the air dissolving in the catholyte to 

form CO3
2-

 in the course of changing electrode, and it moved towards the anode, meeting with 

Ca
2+

 in the specimen to form CaCO3 blocking pores. Second, the anode was electrolyzed in the 

course of electrifying, and the formed metal ions were fed into the mortar under the effect of 

electric field. Literature (Wu 2010) showed that the resistance of mortar specimen increased under 

the influence mentioned above.  

In addition, a lower water-cement ratio indicates less moisture in the concrete, denser structure, 

and fewer connected pore channels. In order to maintain a certain applied magnitude of current, 

higher voltage should be applied, so the initial voltage and average voltage increased as the water-

cement ratio decreased. 

 

3.2 Comparison between voltage distribution diagram and ion content distribution 
diagram 

 
Fig. 4 shows the free cation distribution after the test of line-line electrode module of mortar 

specimen with w/c ratio of 0.4. For fresh concrete, two preventive strategies against ASR reactive 

aggregate can be adopted: (1) to control the Na2Oeq content below 3 kg/m
3
; (2) to add Li 

compound to make the Li/(Na+K) molar ratio higher than 0.74. This study measured the free 

cation content in mortar specimen. If the following two methods were used to identify the efficient 

processing region for preventing ASR: (1) the Na2Oeq content should be controlled below 3 kg/m
3
, 

if about 60% of it is free, the free value should be controlled below 1.8 kg/m
3
; or (2) if there is 

slight difference in the dissolution ratio of cations, the free Li/(Na+K) molar ratio is higher than 

0.74. The Na2Oeq mortar specimen with water-cement ratio of 0.4 and alkali equivalent of 2.0 

adopted line-to-line electrode module. The efficient processing region applied with 18 A/m
2
 on 

Day 28 of electrifying was within about 2.5 cm to the anode, accounting for 13.0% of the total 

area.  

In the same way, for the specimens with w/c ratio of 0.5 and 0.6, the efficient processing 

regions were within about 3.75 cm and 8.75 cm to the periphery of anode respectively, as shown in 

Figs. 5 and 6, accounting for 14.1% and 33.7% of the total area, respectively.  

The Na
+
 and K

+
 in the mortar migrated towards the cathode under the driving force of electric 

field, and the electric field intensity nearby two poles was large, as indicated by the arrow length in 

Fig. 3(b). The Na
+
 and K

+
 migrated from the anode towards the cathode in radiation form, as 

shown in Fig. 4(a). The Li
+
 in the anolyte was fed into the mortar in the same mode, and then 

migrated towards the cathode. In the calculation of distribution diagram of Li/(Na+K) molar ratio  
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(a) Na2Oeq 

 
(b) Li/(Na+K) molar ratio 

Fig. 4 Free cation distribution in line-to-line module (specimen with w/c ratio of 0.4) 

 

 
(a) Na2Oeq 

Fig. 6 Continued 
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(b) Li/(Na+K) molar ratio 

Fig. 6 Free cation distribution in line-to-line module (specimen with w/c ratio of 0.6) 

 

 
(a) Voltage 

 
(b) Na2Oeq 

Fig. 7 Continued 
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(c) Li/(Na+K) molar ratio 

Fig. 7 Voltage and free cation distribution in plane-to-line module (specimen with w/c 

ratio of 0.5) 
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(b) Na2Oeq 

Fig. 8 Continued 
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(c) Li/(Na+K) molar ratio 

Fig. 8 Voltage and free cation distribution in contour-to-line module (specimen with w/c 

ratio of 0.5) 

 

 
(a) Voltage 
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Fig. 9 Continued 
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(c) Li/(Na+K) molar ratio 

Fig. 9 Voltage and free cation distribution in plane-to-plane module (specimen with w/c ratio of 0.5) 

 

 

in mortar specimen, the Li
+
 migrated from the anode towards the cathode in radiation form, as 

shown in Fig. 4(b). The free total alkali content distribution diagram and the Li/(Na+K) molar 

ratio distribution diagram in the electrified specimen were very similar to the voltage distribution 

diagram (Fig. 3(a)), the ions migrated in the power line direction. 

Fig. 7 shows the voltage and free cation distribution in plane-to-line electrode test of mortar 

specimen with w/c ratio of 0.5. The region having alkals removed effectively was 7.5 cm away 

from the cathode border, as shown in Fig. 7(b). The region having Li
+
 fed in effectively was 10 cm 

away from the cathode border, as shown in Fig. 7(c), which matched the isopotential line 

distribution trend in Fig. 7(a). The efficient processing region accounted for 39.0% of the total area.  

Fig. 8 shows the voltage and free cation distribution in contour-to-line electrode test of mortar 

specimen with w/c ratio of 0.5. The region having alkalis removed effectively was 7.5 cm away 

from the cathode border, as shown in Fig. 8(b). The region having Li
+
 fed in effectively was 7.5 

cm away from the cathode border, as shown in Fig. 8(c), which matched the isopotential line 

distribution trend in Fig. 8(a). The efficient processing region accounted for 49.4% of the total area.  

Fig. 9 shows the voltage and free cation distribution in plane-to-plane electrode test of mortar 

specimen with w/c ratio of 0.5. The region having alkalis removed effectively was 7.5 cm away 

from the anode, as shown in Fig. 9(b). The region having Li
+
 fed in effectively was 6.25 cm away 

from the anode, as shown in Fig. 9(c), which matched the isopotential line distribution trend in Fig. 

9(a). The efficient processing region accounted for 51.4% of the total area.  

Fig. 9(b) shows that the residual free Na2Oeq content at the upper and lower sides of specimen 

was lower. As shown in Fig. 9(c), the Li
+
 migrated faster at the upper and lower sides of specimen 

than in the middle part. The reason needed to be further studied.  

According to the test of four probable electrode configuration modules, the ion migration path 

in the specimen was guided by the transmission of electric field. Therefore, isopotential line and 

equifield line can be plotted when analyzing the ion migration behavior in two-dimensional 

ALMT test. The empirical equation of one-dimensional ALMT was used to estimate the ion 

migration for identical power transmission path. The feasibility of this idea will be analyzed in 

Section 3.3.  
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The applied electric field for plane and line electrodes is 9 A/m
2
 and 18 A/m

2
 and the electrode 

area for plane electrode is twice that of line electrode, so that all electrifying modules have the 

same accumulated electric quantity at the same electrifying duration. The same total electric 

quantity was applied to the mortar specimen in water-cement ratio of 0.5. According to the above 

test, for the line-to-line, plane-to-line, contour-to-line and plane-to-plane electrode modules, the 

effective processing regions accounted for 14.1%, 39.0%, 49.4% and 51.4% of the total area 

respectively. The result showed that larger electrode area is more advantageous to ion migration. 

 
3.3 Estimate two-dimensional trial value using theoretical value of one-dimensional 

ALMT 
 

According to the Na2Oeq mortar specimen with w/c ratio of 0.5, ASTM C227 aggregate mix 

proportion with alkali content in cement of 2.0% Na2Oeq in literature (Liu et al. 2011), under the 

effect of one-dimensional electric field, the Na
+
 removing velocity was 0.019i (10

-3
 mole/h), the 

K
+
 removing velocity was 0.0048i (10

-3
 mole/h), and i was the current density (A/m

2
).  

As limited to the measurement of Li
+
 content, IC was used for analysis. Therefore, only the free 

cation content obtained from water dissolution could be measured, in order to compare the 

estimated value with the test value of theoretical value of two-dimensional ALMT test. The free 

form content of alkali metal ions inside the mortar specimen in the pore solution was analyzed first. 

It was found that the free Na
+
 and K

+
 contents accounted for 60% and 80% of the total contents of 

Na
+
 and K

+
 respectively.  

If the line-line electrode module was used for analysis, the cathode and anode were divided into 

16 equal parts by the isopotential line and equifield line, as shown in Fig. 3. There would be 16 

equifield line regions. The Zone in Fig. 10(a) was analyzed as an example. This zone was divided 

into 10 subregions. Each subregion was regarded as affected by the one-dimensional electric field. 

The empirical equation of one-dimensional cation migration was used to calculate the total 

 

 

 
(a) Mark out Zone in equifield line direction 

 
(b) Zone is divided into 10 equal subregions 

Fig. 10 Schematic diagram of equifield line zoning 
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Fig. 11 Comparison of the prediction and test results of free quantity of Na2Oeq in specimen 

with w/c ratio of 0.5 using line-to-line module 

 

 

contents of initial free Na
+
 and K

+
 in each subregion. One day was a duration computing unit, the 

amount of movement of Na
+
 and K

+
 in the initial mortar specimen on Day 1 could be calculated by 

the given electric field intensity. The initial amount of each subregion at the beginning of 

electrifying on Day 2 could be obtained, then the initial amount on Day 3 could be obtained by 

calculating the amount of movement on Day 2, and so forth. The theoretical free residual quantity 

of Na
+
 and K

+
 in the mortar specimen on Day 28 of electrifying can be obtained.  

The line-line electrified module was applied with 18 A/m
2
 constant current density in this study. 

The anode and cathode were in diameter of 2.5 cm, in depth of 4 cm, and the lateral surface area 

was 0.002944 m
2
, so the applied rated current is 0.053 A. It was equally divided into 16 parts. The 

rated magnitude of current distributed to each part was 0.0033 A, namely, the current passing 

through Zone in Fig. 10 was 0.0033 A. The passed magnitude of current was divided by the 

average cross-section area of grids to obtain the average current density. The original Na
+
 and K

+
 

contents in the mortar specimen in each subregion in Fig. 10(b) were calculated.  

As the power on area of empirical equation was circular cross-section area in diameter of 10 cm, 

it should be converted into average sectional area of each specimen cube, so as to determine the 

actual removal velocity of ions. It was found that in the same electric field line, the current was 

identical, the cross-section areas were different, so that the current densities were different. 

However, the ion removal velocity was the same, the Na
+
 removal velocity in each subregion was 

1.9210
-4

 mole/day, and the K
+
 removal velocity was 0.4910

-4
 mole/day.  

Fig. 11 compares the prediction and test results of theoretical value of residual quantity of free 

Na2Oeq in mortar specimen with w/c ratio of 0.5 using line-to-line electrode module. It was found 

that there is no significant difference between them, indicating that the two-dimensional electric 

field ALMT test can use the concept of equifield line to divide two-dimensional electric field into 

different equifield line active regions. For each equifield line active region, the theoretical model 

of ion migration obtained from one-dimensional ALMT test was used to predict the result of ion 

migration using duration analysis method. 

 

 

4. Conclusions 
 

This study discussed four probable electric field configurations of two-dimensional ALMT, and 

analyzed the ion migration in mortar specimen. The equifield line concept was used to divide the 
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two-dimensional electric field into subregions under the effect of one-dimensional electric field. 

The theoretical equation of one-dimensional electric field was used to calculate the time-varying 

migration of ions, compared with test result. The conclusions are described below:  

 The free total alkali content distribution diagram in electrified specimen and Li/(Na+K) 

molar ratio distribution diagram were very similar to voltage distribution diagram, the ions 

migrated in the power line direction. 

 In terms of mortar specimen with w/c ratio of 0.5, for the line-to-line, plane-to-line, contour-

to-line and plane-to-plane electrode modules, when the same total electric quantity was 

applied to the mortar specimen, the effective processing area accounted for 14.1%, 39.0%, 

49.4% and 51.4% of the total area respectively. Larger electrode area was more 

advantageous to ion migration. 

 The equifield line concept could be applied for ALMT test of two-dimensional electric field. 

The two-dimensional electric field was divided into different equifield line active regions, 

regarded as affected by one-dimensional electric field. The theoretical model of ion 

migration obtained from one-dimensional ALMT test was used to predict the ion migration 

in various equifield line active regions by using duration analysis method.  
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