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Abstract 

Electro-osmosis is an important method to reduce internal humidity of concrete, and 

humidity is an important factor affecting the electrical parameters of concrete. Under the 

influence of electro-osmosis electric field, the movement of water molecule changes the 

distribution of humidity inside the concrete, and has a great influence on the electrical parameters 

of concrete. In this paper, through the measurement and analysis of electrical parameters of 

concrete, explores the changes of electrical parameters of concrete with electro-osmosis process, 

this paper proposes a method for judging concrete humidity, provide a basis for the evaluation of 

effect of electro osmotic effect of concrete. 
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1. Introduction 

Electro-osmosis is a phenomenon of the directional movement of fluid in a porous solid 

medium under the action of electric field. It was discovered by F.F. Reuss (Russia) in 1803. In 

1866, the first modeling of Electro-osmosis was performed by Hemholtz (Germany), i.e. the 

Hemholtz-Smoluchowski model [1]. Studies on the Electro-osmosis technology were carried out 

earlier in terms of bean curd strips dehydration [2], tomato sauce dehydration [3], sludge 

dehydration in the sewage treatment plant, and crude oil electric dehydration and the Electro-

osmosis technology is also widely applied in these aspects. However, researches on the 

application of this technology in the underground engineering is relatively late. In 1988, Kjell 

Aage Utklev (Norway) expanded the technology and applied it to building waterproofing. In 

1994, the US military set about to study the application of Electro-osmosis in the waterproofing 

of concrete structures. China introduced this technology in the early 1990s, and applied it to such 

projects as Zhengzhou high-voltage cable tunnel, Yunnan Tengmie mountain tunnel basement of 

Beijing Bishui Manor and other projects [6-7]. 

In order to make the Electro-osmosis function, electric fields must be established first. 

Therefore, in its application to the underground engineering, the electrode should be set on both 

sides of the underground engineering concrete [8]. The existence of both the positive and 

negative electrodes objectively formed the resistance and capacitance. The resistance and 

capacitance parameters change under the impact of the concrete condition, so these parameters 

can be taken as the important indicators to measure the concrete condition [9]. There are many 

factors influencing the resistivity of concrete, among which humidity has the greatest influence 

on the resistivity of concrete [10].  

The specific resistance of completely dry normal concrete is within the range of 10
4
~10

9
Ωm; 

the specific resistance of the concrete whose degree of saturation is 70% is about 500Ωm; the 

specific resistance of the concrete with 100% degree of saturation decreases to about 100Ωm 

[11]. The capacitance of the concrete is related to the electrode area, the dielectric constant of the 

concrete and the distance between the two electrodes [12]. The existence of water molecules in 

the concrete will affect the distance between the two electrodes and the dielectric constant, which 

will further affect the value of the capacitance. Therefore, the measurement of the parameters of 

resistance and capacitance composed by the electrodes can reflect the internal humidity of the 
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concrete from the project as a whole, thus providing basis for evaluating the progress of work of 

Electro-osmosis inside the concrete.  

2. Equivalent Circuit Analysis 

In the phenomenon of Electro-osmosis, the water molecules migrate under the action of 

electric field, so the establishment of electric field is the precondition for the Electro-osmosis to 

function efficiently. To avoid anode corrosion, titanium wire is generally adopted in the 

engineering for its prominent corrosion resistance and durability. However, its price is fairly high. 

Therefore, the low-cost graphite conductive mortar is also adopted to serve as the anode. The 

specific procedures of electrode construction are as follows: The titanium wire is adopted as the 

anode, which detours on the inner wall of the project or the graphite conductive mortar is used 

and laid in the full inner wall. Thanks to the electro chemical cathodic protection, copper bar or 

copper pipe can be adopted to serve as the cathode and laid in the rock mass or claypan outside 

the concrete via drilling. No matter what kind of electrode is adopted, it is to build an electric 

field extending from the inside to the outside of the concrete to promote the out-migration of 

water molecules. A multi-layer shape similar to the sandwich biscuit is objectively formed out of 

the arrangement of electrodes. Observe the profile of certain section shown in Figure 1, and it can 

be seen that there is the anode layer, concrete dielectric layer, rock mass or claypan layer, and 

cathode layer [13]. After analysis, the multi-layer structure is equivalent to the circuit in Figure 2. 

The meaning of each parameter is as follows: 

 

 

Fig.1. Electro-osmosis Arrangement Profile 
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Fig.2. Electro-osmosis Equivalent Circuit Diagram 

Ra is the resistance of anode itself. If the titanium wire is adopted to serve as the anode, since 

the specific resistance of titanium is small (4.2×10
-3

Ωm at 20℃), its own resistance can be 

ignored; if the graphite conductive mortar is adopted to serve as the anode, its specific resistance 

depends on the mix ratio of graphite and mortar.  

Rb is the contact resistance between the anode and concrete, which depends on the degree of 

contact between the anode and the concrete and is also greatly influenced by the moisture content 

of the concrete. When the moisture content is high, the gaps between the anode and the concrete 

are all soaked by moisture. Since the water is somewhat conductive, the contact resistance 

between the anode and concrete is relatively small; when the concrete is dry, the contrary is the 

case.  

Rc is the dry resistance of the concrete and the rock (clay), which is related to the 

composition of concrete. Completely dry concrete has a higher resistivity. 

Rd is the channel resistance of the water molecules inside the concrete, which is related to 

the number of capillary channels inside the concrete, the water content of the concrete and the 

conductivity of the water molecules. The higher the water content is, the smaller the resistance is; 

the lower the water content is, the greater the resistance is.  

C0 is the capacitance between the anode and cathode, which is related to the overlap area, 

dielectric constant of the concrete and the distribution and distance of the two electrodes. 

Re is the contact resistance between the cathode copper rod and the rock mass or soil layer. It 

is related to the degree of contact and moisture content. Considering that the water molecules are 

moving to the cathode under the action of Electro-osmosis, the area surrounding cathode keeps 

wet and its contact resistance can be basically stable.  

Rf is the resistance of the cathode itself. Copper rod or copper plate are usually adopted to 

serve as the cathode, so the resistivity is extremely low (1.68×10
-4

Ωm at 20℃), and the resistance 

is negligible. 
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Fig.3. Equivalent Simplified Diagram of Electro-osmosis 

 

Considering the resistance capacity parameters of the whole circuit, Ra, Rb, Re and Rf are in 

series, while Rc and Rd are in parallel. And each resistance is distributed inside the concrete, 

which can’t be measured one by one individually. Therefore, Figure 2 is simplified to the circuit 

in Figure 3, i.e. circuit of R1, R2 and C. 

R1 includes Re and Rf, and R2 includes Ra, Rb, Re and Rf. When the moisture content in the 

concrete changes, R1, R2, and C are affected, and their parameters will change accordingly. 

 

3. Experiment 

3.1 Experiment Preparation 

Two pieces of experimental masonry unit in the size of 5×5×30cm are made of ordinary 

concrete and clay. The thickness of the concrete layer and the claypan is 15cm respectively. The 

anode uses titanium wire and the cathode adopts copper sheet, which are preset when the 

masonry units are made. Before experiment, infiltrate the masonry units in water and let them 

stand for two days. The experiment was conducted in two groups simultaneously. In one group, 

the dc constant voltage is exerted and in another group, intermittent pulse voltage is exerted. The 

experimental equipment and measuring instruments include: dc constant voltage power supply 

QJ-3003SII, intermittent pulse power (homemade), multimeter HP-3468A, and oscilloscope 

TDS1001B-SC. 

 

3.2 Experimental Measurement and Calculation Method 

There are many methods to measure the concrete resistance and capacitance parameters, 

including two-electrode method, four-electrode method, non-contact method, etc. [14-15] Two-

electrode method is adopted here, i.e. the anode and cathode are used as the test electrodes. The 

calculation method adopts RC first order zero-state response method. 
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R1, R2 and C are all the intrinsic parameters of the masonry units, which can be figured out 

through testing the port parameters. The procedures are as follows:  

Short connect the port ab of the experimental masonry unit for some time to ensure that the 

charge at both sides of the capacitance is completely released through resistance, i.e. ensure that 

the capacitance C is at zero state. The same effect can be achieved when the port ab is 

disconnected, however, it takes longer.  

In port ab, exert dc constant voltage Us. Test continuously and record the port current I, until 

two electric currents in succession remain the same, as shown in Figure 4. Since there is 

resistance and capacitance in circuit, and capacitance has been in zero state, so after dc constant 

voltage is exerted, the typical first-order RC zero-state input response is formed. The exponential 

function of current i decreases along with the change of time, as shown in Figure 5.  

 

Fig.4. One Order RC Zero State Circuit 

 

 

Fig.5. Current Variation 

 

According to the zero-state response rule of RC circuit, the values of resistance R1, R2 and C 

can be calculated according to the current values and time of m, n and k. The point m is the initial 

current im of the circuit; the point k is the steady-state current ik, that is, the current no longer 

decreases with time; point n is the location where the current is 37.5% (im-ik). According to the 

zero-state response of the RC first order circuit of RC, the following equations are obtained: 
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Using the simultaneous solution method, the values of R1, R2 and C can be obtained [16-17], 

Instructions: 

(1) Due to the presence of resistance, it takes some time for the capacitance to be charged 

(this process is called transient state). The longer it takes, the more sufficient the measurement 

time will be. Due to the small area of the experimental masonry unit, the value of R1, R2 and C is 

small, and the duration of transient state is short. For laboratory measurement, oscilloscope can 

be adopted to record and reserve the waveform of the current for analysis. In practical Electro-

osmosis seepage prevention works, the Electro-osmosis working area tends to reach hundreds or 

thousands of square meters. Due to the large size of the area, the value of the capacitance C also 

rises correspondingly, therefore, the transient state is longer, and the test time is more sufficient. 

(2) When the experiment began, under the action of Electro-osmosis, the water molecules in 

the concrete moves towards the claypan. Despite the low speed, the value of R1, R2, and C data 

will change slowly. Since the measurement time is very short compared with the entire 

experimental period (16 days), the data of R1, R2 and C are considered to be stable in this instant 

of measurement.  

 

3.3 Experiment Results and Analysis 

The first group (# 1) adopts dc constant voltage with a voltage amplitude of 36V; the second 

group (# 2) adopts the intermittent pulse voltage, with a voltage amplitude of 36V. The positive 

pulse time is 4 seconds, while the negative pulse time is 0.4 seconds, and the interval between 

positive and negative pulses is 0.2 seconds. After 16 consecutive days of energization and test, 

the curves of R1, R2 and C changing with time of the two groups are obtained.  
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Fig.6. Variation Law of R1 

 

As can be seen from Figure 6, ① the trend of change of resistance R1 with time is obvious, 

indicating that the water molecules in the concrete migrate under the influence of Electro-

osmosis, and the concrete gradually dries, so the resistance changes obviously; ② the resistance 

value changes obviously when the wet concrete turns dry, suggesting that the moisture content of 

the concrete has a large impact on its resistivity. When the experiment starts, i.e. when the 

saturation ratio is 100%, the specific resistance is 1,2202Ωm; when the experiment ends, the 

specific resistance decreases to 88Ωm. The change ratio is about 138; ③ when intermittent pulse 

voltage is exerted to the concrete (#2 Group), the Electro-osmosis drainage effect is significantly 

faster than that of the concrete with dc constant voltage (#1 Group). It can be obviously seen from 

the figure that the resistance R1 of #2 Group is basically stable when the experiment lasts for 11 

days, but for #1 Group, it takes almost 15 days to reach the same effect.  

According to the mechanism of Electro-osmosis, the movement of water molecules to the 

cathode will starts from energization, but in the first six days of the experiment, the change of 

resistance R1 is not obvious. The analysis shows that R1 is formed by two resistors in parallel: the 

dry resistance of concrete and the solution resistance of each capillary inside the concrete. The 

dry resistance of the concrete is a fixed value, and there is a great number of capillary structures 

inside the concrete. When every capillary is filled with water molecules, each capillary is a 

conductive path, and each capillary conductive channel is in parallel. When the solution in a 

small number of capillaries migrates, the resistance of these capillaries gets larger. However, 

since in the parallel relationship, the total resistance must be less than the smallest resistance 

composing the parallel circuit, only when the water molecules of the majority of capillaries have 
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migrated, and great change has happened to the resistance of most of the capillary channels, will 

the total resistance R1 change sharply. Based on this analysis, the change rule in Figure 6 shows 

an important message: when R1 rises sharply and tends to be stable, it indicates that the electric 

osmosis basically ends. At this point, the water molecules in the capillary of the concrete have 

basically entered the rock or clay layer. 

Figure 7 is the variation rule of resistance R2. It can be seen that ① the change of the pulse 

voltage group (# 2) is faster than the constant voltage group (# 1), indicating the electric osmosis 

of the pulse voltage group is faster than the dc constant voltage group; ② the data of the two 

groups both tended to be stable at the late stage (after the 5th day) of the experiment.  

The elements that make up the resistance R2 include the resistance of the anode itself, the 

contact resistance of the anode, the contact resistance of the cathode, the resistance of the cathode 

itself and the wire resistance. Because the anode, cathode and wire are all good conductive 

materials with stable resistivity, the resistance value and change are both negligible. The water 

molecules move towards the cathode under the action of Electro-osmosis, and the surrounding 

area of the cathode keeps moist, so the cathode contact resistance remains relatively stable. The 

situation is different for anode contact resistance. After the water molecules move from anode to 

cathode, the anode gets wet from the initial dry state, so the contact resistance changes obviously 

due to the lack of infiltration of water molecules. As shown in Figure 7, the movement of the 

water molecules after energization made R2 change. Therefore, the increase of R2 in the short 

time after energization clearly indicates that the Electro-osmosis has already functions and that 

the water molecules have left the anode, leading to the increase of the anode contact resistance. 

 

 

Fig.7. Variation Law of R2 
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Fig.8. Variation Law of C 

 

Figure 8 shows the change rule of the concrete capacitance. It can be seen that ① with the 

movement of the water molecules, the capacitance follows a linear change rule; ② the drainage 

speed of pulse voltage group (#2) is faster than that of the dc constant voltage group (# 1). It can 

be seen from the figure that the #2 curve tends to be stable much earlier than the #1 curve.\ 

The continuous decline and gradual stabilization of capacitance suggest that the function of 

Electro-osmosis tends to end. The contrast with the changing rule of resistance R1 in Figure 6 

also clearly shows that Electro-osmosis tends to end at the 11th day for #2 Group and at the 15th 

day for #1 Group.  

 

Conclusion 

(1) The moisture content of concrete has a significant impact on its resistance. When the 

water molecules move to the cathode, due to the shunting effect, the concrete resistance change is 

not obvious, but when the electro-osmosis is drawing to a close, the concrete resistance rises 

sharply. When the resistance tends to be stable again, the electro-osmosis completes. The 

variation of the resistivity of concrete can be taken as the criteria to judge the end of electro-

osmosis.  

(2) The water molecules move towards the cathode after the electro-osmosis functions. The 

water molecules surrounding the anode leaves the anode, so the anode contact resistance begins 

to rise. The gradual stabilization of the contact resistance of the anode suggests that the migration 

of water molecules surrounding the anode have completed. Therefore, the contact resistance of 

the anode can be taken as the criteria to judge the start of electro-osmosis.   
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(3) With the function of electro-osmosis, the capacitance C presents a tendency of stable 

declining, following a linear change rule, therefore, the value of capacitance can be viewed as the 

criteria to judge the water content and the electro-osmosis progress.  

(4) In the electro-osmosis experiment of the concrete, the effect of the Intermittent pulse 

voltage is obvious than that of the constant voltage effect. 
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