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Abstract: This experimental study proposes a conductive mortar to increase the efficiency of the
sacrificial anode cathodic protection (SACP) system by decreasing resistivity and maintaining it
for a long time. The resistivity characteristics of the mortar that contained electrically conductive
admixtures and/or chemical agents were evaluated by the Brunauer-Emmett-Teller (BET) method
and resistivity measurements. The conductive mortar with activated carbon and sodium hydroxide
had the lowest resistivity. The SACP system was then designed to evaluate the cathodic protection
(CP) performance with the proposed activated-carbon-based conductive mortar. The proposed
conductive mortar contributed to lower CP potential and higher current density and depolarization
potential than the general mortar.
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1. Introduction

Corrosion of steel in concrete has been recognized as a major reason for damage and
deterioration of reinforced concrete structures worldwide, mainly due to the presence
of chlorides [1-4]. Tidal and splash zones of marine concrete structures are particularly
vulnerable to corrosion due to not only the relatively abundant oxygen, water, and chloride
but also to wet-dry cycles [5-7]. Treating corrosion is costly, about 3—4% of each country’s
gross domestic product (GDP) [8]. In 2013, USD 2.5 trillion, or 3.4% of the global GDP, was
estimated to be used to address the global corrosion problem [9].

Cathodic protection (CP) has been recognized as an effective and reliable method for
corrosion protection of reinforced concrete structures damaged by chloride penetration [10,11].
It is primarily categorized into impressed current CP (ICCP) and sacrificial anode one (SACP),
depending on the way of delivering electric current to the structure. In ICCP, a rectifier provides
electric current from an insoluble anode to a cathode; SACP utilizes the potential difference
between an anode and a cathode, i.e., an anode such as aluminum, zinc, and magnesium has
a lower potential than a cathode, which results in current flow [12,13]. One representative
advantage of ICCP is that it is easier to apply to materials with high resistivity because the
current intensity can be controlled, whereas ICCP can induce hydrogen embrittlement in rebar
because of the significantly negative CP potential [14]. On the one hand, SACP can provide easier
and cheaper corrosion protection; however, its application to the high-resistance environment is
not straightforward since the current intensity is low, which leads to a substantial reduction in
the effectiveness of CP and resultant throwing power [15,16]. This leads to limitations of SACP
system application for tidal and splash zones, considering that throwing power is reported
to be only a few centimeters, depending on the surrounding environments (e.g., concrete
resistivity) [17-19]. To overcome these critical limitations of SACP, for example, a hybrid CP
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system that combines SACP and ICCP was proposed [20,21]; however, this method increases
the system complexity. If there exists a way to efficiently protect the tidal or splash zone by only
the SACP system, it will greatly benefit the corrosion protection market.

A conductive mortar has been developed and supported by many researchers for im-
provements of electrical, mechanical, and other properties (e.g., volume and contact resis-
tivity, wear resistance, and oxidation resistance) and for various purposes (e.g., deicing,
self-monitoring material, and extension of fatigue life) [22,23]. In particular, the carbon fiber
conductive mortar was widely considered and experimentally tested for CP systems [23-27].
For example, Fu and Chung [23] evaluated the volume and contact resistivity of the conduc-
tive mortar as a primary step for the anode design of the CP system. Hou and Chung [24]
considered the conductive mortar as the primary anode for the ICCP system and verified
its effectiveness through experiments in the dry condition. Bertolini, Bolzoni, Pastore and
Pedeferri [25] proposed an anode system in which the primary anode is combined with the
conductive mortar anode made of nickel-coated carbon fiber. They tested the ICCP system
using this anode system for the concrete specimens with and without chloride contamination
under both dry and wet conditions. Xu and Yao [26] took into account a similar ICCP system
using conductive mortar combined with the primary anode. They focused on the current
distribution by the conductive mortar anode as a function of the initial corrosion state, con-
crete resistivity, and current density magnitude. Xu and Yao [27] continued to investigate
the mechanical, electrical, and electrochemical properties of conductive mortar. In addition,
Carmona et al. [28] applied CP, cathodic prevention, and electrochemical chloride extraction
using a graphite—cement paste layer as the conductive mortar anode combined with a primary
graphite anode and tested their performance with immersed specimens and chloride.

This study investigated novel conductive mortar to improve CP efficiency by lowering
the resistivity of mortar. Compared to previous studies focused on electrical conductivity
used to support the primary anode of the ICCP system to widen the electron’s active range,
this study focused more on the conductive mortar in the perspective of ionic movement
from the anode to the rebar by reducing the concrete resistivity and maintaining its humidity
for a long time. Combined with the proposed conductive mortar, the SACP application
would be much more attractive to tidal and splash zones.

This study consists of two experimental studies to evaluate the developed conductive
mortar, which is systematically presented in the following sections: (1) the development of
conductive mortar and (2) laboratory tests to verify its effectiveness on the SACP system.
First, conductive mortar candidates containing electrically conductive admixtures were
selected, and their resistivity characteristics were analyzed: activated carbon, bentonite,
zeolite, and geopolymer, recognized as materials with high moisture absorption, were
selected. In addition, chemical agents were added to admixtures to increase conductivity
further: sodium hydroxide, calcium hydroxide, lithium hydroxide, and sodium chloride
were chosen. Adsorption and desorption tests and resistivity measurements were carried
out. Next, the proposed mortar’s SACP characteristics were analyzed through laboratory
tests with specimens similar to the ASTM G109-92 specimen [29] with a zinc mesh anode.
Potential and current measurements and 4 h depolarization tests were conducted.

2. Development of Conductive Mortar
2.1. Experimental Procedure
2.1.1. Materials

Various admixtures and chemical agents were mixed with mortar to develop con-
ductive mortar. The admixture is a material that contains its own volume in concrete
or mortar volume, and its amount is generally more than 5% of the cement amount. In
our case, admixtures should have low resistivity and high specific surface area to lower
mortar resistivity; therefore, this study selected activated carbon, bentonite, zeolite, and
geopolymer as cement substitutes, which are commercialized as general adsorbents.

Activated carbon is the most widely used multi-purpose adsorbent and has a large
surface area induced by the volume of micropores and mesopores. The main ingredients
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are carbon materials such as wood, coal, petroleum coke, and fruit shells. Activated
carbon produced through the activation process is mainly used in processes that adsorb
gas or vapor, and it is known that activated carbon adsorbs hydrogen the most among
commercially available adsorbents. It has a non-polar surface or lower polarity due to
oxide groups or inorganic impurities on the surface, and activated carbon is used in the
process of dealing with moist gas mixtures or aqueous solutions.

Bentonite, whose main component is montmorillonite, is a clay mineral. Bentonite is
primarily classified into Ca-based and Na-based bentonite according to the type of cation
between the mineral structural layers. Na-based bentonite has the properties of dispersed
clay, which has a relatively smooth surface, good swelling properties, and excellent gel
formation ability when absorbing water. On the other hand, Ca-based bentonite is classified
as an aggregated clay with relatively severe irregularities and lower swelling and gel
formation abilities. Bentonite, in general, has the property of sucking water between unit
layers and swelling, a high ability of gel production while absorbing water, and a large
specific area so that bentonite can be used as an adsorption treatment material.

Zeolite, a generic term for aluminosilicate, has the characteristic of forming a space large
enough for molecules to easily enter and exit the material due to a unique pore structure
present in the crystal. Zeolite is a crystalline material; thus, its crystal structure is not easily
broken even when heated or exhausted. When air is exhausted while heating, the substances
adsorbed in the pores are desorbed, and the inside of the pores is emptied. In addition, fine
pores are well developed, and reversible adsorption—desorption is possible through heating
and exhaust operations so that it can be used repeatedly, and it is widely used in separation
processes due to its excellent adsorption—desorption characteristics. Water is well absorbed
since it is a material with many fine pores and polarity. Water is not a component of zeolite,
but it fills the pores; thus, zeolite is sometimes regarded as a hydrate.

The geopolymer is an aluminum-based binder that can significantly reduce the amount
of CO, emission during construction depending on various factors [30], which was the
primary reason the geopolymer was selected as one of the admixtures in this study. The
main materials of geopolymer are fly ash, alkali solution, sodium hydroxide, and sodium
silicate; the compressive strength of alkali-activated concrete can generally be as high as
150 MPa without the addition of special admixtures.

A chemical agent is a material that does not contain its own volume in concrete or
mortar volume, and its amount is generally less than 1% of the cement amount. Sodium
hydroxide, calcium hydroxide, lithium hydroxide, and sodium chloride were selected to
decrease concrete resistivity further and increase pH that helps in better anode consumption,
i.e., better CP performance.

2.1.2. Specimen Preparation

Figure 1 shows the prepared specimens. Specimens were cup-shaped with a top diam-
eter of 15 cm and a height of 20 cm. Ordinary Portland cement and standard sand were
selected while adding various admixtures, i.e., activated carbon, bentonite, zeolite, and
geopolymer, and chemical agents, i.e., sodium hydroxide, calcium hydroxide, lithium hy-
droxide, and sodium chloride. The four-probe system suggested by Wenner was designed
to measure resistivity [31]; four probes were evenly spaced 1 cm apart.
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Figure 1. Prepared cup-shaped mortar specimens for resistivity measurement.

The mix design is given in Table 1. The primary mixing ratio of cement and sand by
weight for general mortar was 1:2, and we reduced the amount of sand while increasing
the amount of admixture for the conductive mortar. The admixture ratio is defined as the
volume of admixture divided by the volume of admixture and sand. Different admixture
ratios of 100%, 50%, 30%, and 10% were selected while the amount of cement was fixed.
The amount of water was determined by conducting a flow test and depended on the
characteristics of the admixture.

Table 1. Mix design.

Unit Content of
Mixing Ratio (g) Water in Concrete Admixt
: (Flow Test Result) mixture
Admixture . Rati Ratio (%)
Cement Sand Admixture V\}:eoitgaht (ﬁ/:l)o Water (g)
General mortar 250 500 0 750 18 135 0
250 0 165 415 44 181 100
2 2 2 2 2 14!
Activated carbon 20 >0 8 %8 > > 20
250 350 49 649 20 131 30
250 450 16 716 17 119 10
250 0 286 536 56 300 100
X 250 250 143 643 31 199 50
Bentonite
250 350 85 685 24 163 30
250 450 28 728 18 130 10
250 0 365 615 33 200 100
. 250 250 182 682 22 150 50
Zeolite
250 350 109 709 18 130 30
250 450 36 736 16 120 10
250 0 365 615 33 200 100
250 250 182 682 21 143 50
Geopolymer
250 350 109 709 18 125 30
250 450 36 736 15 107 10
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The weight of chemical agents was set to be 1% of the weight of the cement, and
the weight of the chemical agents was not included in the mix design. The flow test also
determined the amounts of water for the cases with chemical agents, but the amounts were
the same as those without chemical agents.

2.2. Results and Discussions
2.2.1. Pore Characteristics

Before measuring the resistivity of the prepared specimens, pore characteristics were
analyzed. The specific surface areas, pore volumes, and average pore sizes were measured
by adsorbing N, and measuring its amount (i.e., Brunauer-Emmett-Teller (BET) method).
In other words, N, was adsorbed to four admixtures (i.e., activated carbon, bentonite,
zeolite, and geopolymer) and sand, and the above properties were evaluated. The Surface
Area and Porosity System (TriStar II 3020, Micromeritics, Norcross, GA, USA) was used
for this test. Ny adsorption and desorption isotherms of admixtures were obtained at
—195.8 °C, and overnight degassing was conducted at 105 °C. We obtained 99 points to
determine the adsorption and desorption isotherms.

Table 2 and Figure 2 provide the measured specific surface areas, pore volumes, and
average pore sizes of the four admixtures and sand. In general, it is true that the larger
the specific surface area and pore volume, the greater the capacity to store water. The
specific surface area of activated carbon is the highest among the five materials, and the
four selected admixtures have a higher specific surface area than sand. The pore volume
can be used to determine the conductivity of the pores. When the size (diameter) of pores
is less than 2 nm, they are classified as micropores; when it is in the range of 2-50 nm,
it is classified as mesopores; when it is more than 50 nm, it is traditionally classified as
macropores in the field of chemistry according to the International Union of Pure and
Applied Chemistry (IUPAC, Ziirich, Switzerland). Typically, the mesopore acts as a channel
through which moisture can be smoothly supplied into the material, and the micropore
adsorbs moisture. While mesopores are developed to some degree, materials with a large
volume of micropores play a crucial role in reducing resistivity by adsorbing a large amount
of moisture in the pore, which is a favorable condition for conductive mortar. The activated
carbon has the largest micropore volume; bentonite, zeolite, and geopolymer follow; and
sand has the smallest volumes of mesopores and micropores. Since activated carbon has
much larger mesopore and micropore volumes and specific surface area than sand, it can be
used as a material for providing large conductivity by mixing a small amount of activated
carbon [32]. Based on the results, we can tentatively conclude that activated carbon will be
the best material as the conductive mortar, and the resistivity measurement supports this
tentative conclusion in the next section.

Table 2. Specific surface area, total pore volume, and average pore size of admixtures and sand.

Pore Volume

Specific - Pore
Item Surface Area Micropore Mesopore Total Pore Size
(m2/g) Volume Volume Volume (nm)
(cm3/g) (cm3/g) (cm3/g)
Sand (#6) 0.239 0.000034 0.000759 0.001 13.249
Activated 939.270 0.397324 0.023491 0.420 1792
carbon
Bentonite 78.548 0.023538 0.078483 0.102 5.195
Zeolite 24.695 0.005015 0.057684 0.062 10.155

Geopolymer 20.337 0.000571 0.147579 0.148 29.138
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Figure 2. Specific surface area (a) and micropore and mesopore volumes (b) of admixtures and sand.
2.2.2. Resistivity Characteristics
The resistivity was measured for 90 days in a dry condition at a lab temperature of
23 °C after the cup-shaped mortar specimens were made. Figure 3a shows the resistivity
variations of the general mortar and four proposed conductive mortar specimens with
an admixture ratio of 100% for 90 days. Since the moisture content is reduced over time,
resistivity tends to increase for all specimens due to reduced moisture content. Zeolite
and geopolymer have even higher resistivity than general mortar after 90 days; the higher
the admixture ratio, the higher the resistivity for these materials after 90 days, as shown
in Figure 3b. As discussed in Section 2.1.1, these materials have higher mesopore and
lower micropore volumes than activated carbon and bentonite; moisture can quickly
increase or decrease induced by highly developed mesopores. This means that resistivity
can promptly increase in dry conditions, as shown in Figure 3. Since SACP requires
sufficient and sustainable moisture inside the concrete structures, these materials are not
proper candidates.
40.0 . , . . 40.0
—&— General Mortar : --------- General Mortar
—=&— Activated Carbon | I Activated Carbon
Bentonite | . | [Bentonite
300 g—zegite | TP ATT T g 30.0 7 <olite
—=— Geopolymer & I Geopolymer
=
200f———-— - M=o —— - - Z200¢
z
k7]
%]
)
L e i @ 10.0
0.0 0.0
0 20 40 60 80 100 100.0 30.0 10.0
Time (Day) Admixture ratio (%)
(@) (b)

Figure 3. Resistivity variations during the 90 days after mortar specimens were made (an admixture
ratio of 100% for conductive mortars) (a) and resistivity after 90 days at different admixture ratios (b).

On the other hand, activated carbon has lower resistivity than general mortar over
90 days, which means that it can maintain the humidity inside the mortar well. Bentonite
has a similar resistivity level to general mortar after 90 days. In addition, increasing the
amount of these materials helps to decrease resistivity, especially for activated carbon. Thus,
these materials can hold moisture inside the mortar for a long time and can be considered
conductive materials.

After 90 days, all specimens were immersed in tap water for 24 h. We took out the
specimens and measured the resistivity for 21 days to check whether the humidity was
well maintained. This test aims to identify whether the proposed conductive mortar can
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hold humidity for a long time. Figure 4 presents the resistivity change over 21 days.
Geopolymer and zeolite quickly reduce resistivity after immersion; they quickly dry out
and return to their original dry state in 21 days due to well-developed mesopores. Again,
these materials have higher resistivity than general mortar. Considering that sustainable
CP is important, quick increase and decrease characteristics are improperly used as the
conductive mortar. However, large resistivity reductions are observed for the specimens
with bentonite and activated carbon, and these materials have resistivity lower than general
mortar. In addition, the resistivity is well maintained over 21 days, which means that
the moisture is well maintained inside the mortar. In particular, activated carbon shows
excellent performance with low, sustainable resistivity for a long time. In addition, specific
surface area, total micropore volume, and average pore size play a role in determining the
resistivity, as Table 2 and Figure 2 are compared with Figures 3 and 4; the micropore volume
and pore size are key factors in the resistivity while specific surface area is somewhat related.

40.0 35.0 T
---------- General Mortar
30.0 - I A ctivated Carbon |4
=300t _ R — [ Bentonite
£~ €250 Il Zcolite
G G
ot it I Geopolymer
< —&— General Mortar X 20.0
= 200 e Lol L —&— Activated Carbon | | =
£ ‘ | Bentonite
E I I —— Zeolite
@ | | —#— Geopolymer
& 100{-----4--mmo b T
[ “l_.—_”’l//.—;—_’}-
h:_‘ ; \ ! !
00 = : == =a .
0 5 10 15 20 25 100.0 30.0 10.0
Time (Day) Admixture ratio (%)
(a) (b)

Figure 4. Resistivity variation during the 21 days after mortar specimens were immersed for 24 h
(an admixture ratio of 100% for conductive mortars) (a) and resistivity after 21 days at different
admixture ratios (b).

The same procedures were repeated for the specimens with both admixtures and
chemical agents. Various combinations of admixtures and chemical agents were made,
and resistivity was measured. As mentioned before, sodium hydroxide (NaOH), calcium
hydroxide (CaOH), lithium hydroxide (LiOH), and sodium chloride (NaCl) were selected
as chemical agents. Sodium hydroxide, calcium hydroxide, and lithium hydroxide are
strong alkali components, and sodium chloride has high electrical conductivity. Specimens
with an admixture ratio of 50% were used for this study.

We first measured resistivity for 90 days after specimens were made, as shown in
Figure 5. Note that the direct comparison is difficult between the cases with and without
chemical agents due to the different admixture ratios. Adding chemical agents change
the resistivity significantly. While there are significant resistivity variations within the
case with various chemical agents, a proper combination of admixture and chemical
agent reduces resistivity. For example, the specimen with Bentonite and LiOH has a
resistivity of 2.39 kQdcm, which is even lower than the specimen with bentonite only with
an admixture ratio of 100%. In addition, different admixtures have different chemical
agents to reduce the resistivity most, but, in some cases, chemical agents contribute to
increased resistivity. Among all the combinations, activated carbon with NaOH provides
the lowest resistivity, which will be the best solution for the conductive mortar. NaOH is
a strong alkali component with high electrical conductivity, and the resistivity is further
reduced when activated carbon with a large specific surface area is mixed with NaOH.
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Figure 5. Resistivity variation during the 90 days after mortar specimens were made (a) and resistivity
after 90 days (b) at different admixtures and chemical agents.

Another critical point of our conductive mortar is that our proposed conductive mortar
has lower resistivity than the commercially available one. For example, conductive mortar
FC200 at Fosroc has a resistivity of 5-10 kQ2cm, and the proposed conductive mortar with
activated carbon and NaOH has a much lower resistivity of 0.72 kQdcm. Note that a direct
comparison between FC200 and the present ones might be difficult since resistivity varies
depending on the mixed ratio.

After 90 days, all specimens were immersed for 24 h. Resistivity was then measured
for 21 days after samples were taken out. Figure 6 shows resistivity variations during the
21 days after mortar specimens were immersed for 24 h and resistivity of the specimens
with different admixtures and chemical agents after 21 days. Again, it was found that the
resistivity is lowered with the additional chemical agents. The combination of activated
carbon and NaOH is measured with the lowest resistivity, and the most stable results are
shown over time. Again, the activated carbon has the largest specific surface area and
micropore volume. Thus, when water penetrates the mortar’s surface, resistivity is rapidly
lowered and maintained for a long time. In this regard, it was concluded that activated
carbon can serve as a conductive mortar to improve the performance of the SACP system.

T T T 15.0 T

—&— General Mortar —&— Zeolite+NaOH s General Mortar [l Zeolite
—#— Activated Carbon+NaOH —#— Geopolymer+LiOH I Activated Carbon -Geopolymer

B [ Bentonite

8.0 [~ |—#— Bentonite+LiOH
T T

10.0

5.0

Resistivity (k2-cm)

NaOH LiOH CaOH NaCl
Time (Day) Admixture Type

(a) (b)

Figure 6. Resistivity variation during the 21 days after mortar specimens were immersed for 24 h (a)
and resistivity after 21 days (b) at different admixtures and chemical agents.

3. Characteristics of SACP System with Activated-Carbon-Based Conductive Mortar

In Section 2, activated-carbon-based conductive mortar shows not only the highest
specific surface area and micropore volume but also the lowest resistivity. Therefore, we
further used conductive mortar with activated carbon to check the feasibility of the SACP
system with the proposed conductive mortar.
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3.1. Experimental Procedure
3.1.1. Mix Design

The mix design is presented in Table 3. Activated carbon was chosen as a conductive
material. Different admixture ratios of 0, 5, 10, 15% were selected. An admixture ratio
of 0% stands for general mortar. Since the grain size of silica sand No. 6 is similar to
activated carbon, the amount of activated carbon increased while decreasing the amount of
silica sand No. 6. Furthermore, x-gypsum hemihydrate, expansion agent, lithium, latex
resins, silica fume, polycarboxylic acid-based polymer, polyvinyl alcohol (PVA), dispersing
agent, and air-entraining agent were mixed as additional admixtures. These materials
aim to reduce drying shrinkage, accelerate hardening, and enhance durability, adhesion
strength, and strength. In detail, a-gypsum hemihydrate is an expansion agent used to
prevent cracks; the expansion agent is a dispersing agent that helps to mix sand, cement,
and admixtures; lithium is used to accelerate hardening; latex resin is used to enhance
durability and strength; silica fume is used to increase strength; the polycarboxylic acid-
based polymer is a high-range water-reducing agent used to enhance the mixing ability;
polyvinyl alcohol is used to increase flexural strength and toughness; the dispersing agent
is used to prevent separation of materials when pouring; the air-entraining agent is a high-
range water-reducing agent used to reduce the amount of water and increase workability.
The amount of water was calculated to be 18% of mortar by weight, and the unit quantity
was calculated to satisfy workability through a flow test.

Table 3. Mix design.

Activated Carbon Mix Design (OPC:S = 1.45)

Admixture Ratio: Admixture Ratio: Admixture Ratio: Admixture Ratio:
0% 5% 10% 15%
Material Weight Percentage Weight Percentage Weight Percentage Weight Percentage
(g (%) (g (%) (g (%) (g (%)
Cement 348.46 85.28 348.46 85.28 348.46 85.28 348.46 85.28
x-gypsum hemihydrate 4.73 1.16 4.73 116 4.73 1.16 4.73 116
Expansion agent 15.76 3.86 15.76 3.86 15.76 3.86 15.76 3.86
LI-T 2.24 0.55 2.24 0.55 2.24 0.55 2.24 0.55
Latex resin 6.31 1.54 6.31 1.54 6.31 1.54 6.31 1.54
Silica fume 28.57 6.99 28.57 6.99 28.57 6.99 28.57 6.99
Polycarboxylic acid-based polymer 113 0.28 1.13 0.28 113 0.28 1.13 0.28
PVA 1.22 0.3 1.22 0.3 1.22 0.3 1.22 0.3
Dispersing agent 0.16 0.04 0.16 0.04 0.16 0.04 0.16 0.04
Air-entraining agent 0.03 0.01 0.03 0.01 0.03 0.01 0.03 0.01
Total powder 408.61 100 408.61 100 408.61 100 408.61 100
Sand #5 116 19.59 116 19.59 116 19.59 116 19.59
Sand #6 476 80.41 446.4 75.41 416.8 70.41 387.2 65.41
Activated carbon 0 0 29.6 5.00 59.2 10.00 88.8 15.00
Total sand 592 100 592 100 592 100 592 100
W/M 180 18 180 18 180 18 180 18

3.1.2. Specimen Preparation

Specimens were manufactured similar to the ASTM G109-92 specimen [29], as shown
in Figures 7 and 8. The mortar thickness between the concrete and rebar surfaces was
40 mm. Two parallel rebars were placed at an interval of 40 mm. The SD300 rebar was
used with a diameter of 10 mm and a length of 380 mm, as shown in Figure 7. A shrinkage
tube (pink area in Figure 7) was used around both ends of the rebar to guarantee the
same protection area. A 250 x 90 mm zinc mesh anode was placed between the rebar and
concrete surface. The electric wire was connected from the end of the zinc mesh anode to
the end of the rebar. The material composition and properties of the zinc mesh anode are
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presented in Table 4. An acrylic water barrier was installed on the surface to expose the

specimens to water.
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Table 4. Composition and mechanical properties of Zn mesh anode.

Composition % by Weight

Lead 0.005 max
Iron 0.010 max
Cadmium 0.005 max
Copper 0.7t0 0.9
Zinc Remaining

Mechanical Properties

Ultimate tensile strength 152-200 MPa
Hardness (Rockwell 15T) 59-69
Minimum ductility 7.1 mm

3.2. Results and Discussions
3.2.1. CP Potential and Current Density

After the general mortar and activated-carbon-based conductive mortar (admixture
ratios of 5%, 10%, and 15%) specimens were prepared, freshwater was poured into the
specimen. After that, potential and current measurements were made for 60 days. Figure 9
shows the CP potential variations. A silver/silver chloride reference electrode (SSCE) was
employed for potential measurements. The initial potential before CP application was
—61 mV /SSCE for the general mortar specimen and —50, —46, and —37 mV /SSCE for
the activated carbon specimen with admixture ratios of 5, 10, and 15%. After applying
the CP system, potentials dropped significantly at the initial stage, and fluctuations were
observed for six days. The fluctuations in the initial stage were due to the generation of
oxide film on the anode. Then, clear indications of a decrease in potential were observed
since the oxidation film was well generated. In addition, conductive mortar specimens
showed lower potential than the general mortar specimen. The higher the admixture ratio,
the lower the potential. Since activated carbon contributes to lower resistivity, a better CP
effect can be observed when adding more activated carbon by looking at the potential after
60 days. For example, the specimen with an admixture ratio of 15% can have about 115 mV
lower CP potential than the general mortar specimen.

0.0* T T T T T

: : —&— General Mortar

| | —— Activated Carbon (5%)

me I R Activated Carbon (10%)| |
8 200.0 lr : —8— Activated Carbon (15%)
(7] | |
2 | |
E -400.0 |
T I
= |
2
O .
& 600.0

-800.0
0

Time (Day)

Figure 9. CP potential variations for 60 days.

Figure 10 shows the CP current density variations. CP current density was estimated
by dividing the measured current by the rebar surface area. A large CP current density
was detected during the initial stage. CP current density had large fluctuations during the
initial six days and gradually increased for 54 days, which shows the relationship between
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CP potential and current density. After 60 days, the results showed that the higher the
admixture ratio, the higher the CP current destiny. Current density is closely related to
the concrete resistivity, and this result further supports the low resistivity observed in
activated-carbon-based conductive mortar. The higher CP current in conductive mortar
specimens demonstrates that they can provide better CP efficiency. For example, the current
density measured in the specimen with an admixture ratio of 15% is 1.4 times higher than
that in the general mortar specimen.
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| | —&— General Mortar

600 4 ——__4____—=—Activated Carbon (5%) ||
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! ‘ —&— Activated Carbon (15%)
EB00p-——t-—--t-—--
2
2 40.0
[}
[a}
€ 30.0
e
5
O 200
10.0
0 10 20 30 40 50 60

Time (Day)

Figure 10. Current density variations for 60 days.

3.2.2. Four-Hour Depolarization Test

Four-hour depolarization tests were carried out after operating the SACP system for
60 days. One of the most widely adopted methods for concrete structures is the 100 mV
depolarization criterion in NACE RP0169 [33]. Note that this 100 mV does not include
IR drop. Since we poured fresh water on top of the specimen, the IR drop was negligible.
Figure 11 shows the 4 h depolarization measurements. The general mortar specimen had a
depolarization potential of 430 mV while increased depolarization potentials of 526, 546,
and 739 mV were measured for the specimens with admixture ratios of 5, 10, and 15%,
respectively. All the specimens had much higher depolarization potentials than the 100 mV
criterion since they were exposed to fresh water, and the zinc mesh anode was close to
the rebar. However, all conductive mortar specimens had higher depolarization potentials
than the general mortar specimens. In addition, the higher the amount of admixture ratio,
the higher the depolarization potential (or the higher the CP performance). In places with
wet—dry cycles, such as tidal and splash zones, the depolarization potential will be low
with the SACP system. A better depolarization potential is essential for these zones, and
the proposed conductive mortar specimens can improve the efficiency of the SACP system.

T T T T
|
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Figure 11. Depolarization potential measurement.
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4. Conclusions

This study investigated the possibility of improving cathodic protection (CP) efficiency
through the proposed conductive mortar. Laboratory experiments were conducted to
first find the best combination of admixture and chemical agent by not only using the
Brunauer-Emmett-Teller (BET) method to identify the specific surface areas, pore volumes,
and average pore sizes but also the Wenner 4 probe test to measure resistivity. After
selecting the best-performed combination with low resistivity and higher specific surface
area/micropore volume, the sacrificial anode cathodic protection (SACP) system was
tested to check the CP performance. From the laboratory tests, the following key results
were obtained:

e  Among admixtures, higher specific surface area and micropore volume result in lower
resistivity. A large specific surface area contributes to adsorbing a large amount of
moisture, while micropores increase the possibility of maintaining moisture for a long
time. Activated carbon has the highest specific surface area and micropore volume;
thus, it can hold a large amount of moisture for a long time.

e  Specimens with activated carbon show the lowest resistivity, and adding sodium hy-
droxide further decreases the resistivity. Sodium hydroxide is a high-alkali component
with high electrical conductivity, and the resistivity is further reduced when activated
carbon is mixed with sodium hydroxide.

e Based on CP performance evaluation, lower CP potential and higher CP current
density were observed in the proposed activated-carbon-based conductive mortar
specimen compared to the general mortar specimen. The higher the admixture ratio,
the higher the CP performance, proving that the CP performance can be improved by
adding the proposed admixture.

e The four-hour depolarization measurement showed that all specimens, including
the general mortar, have more than 100 mV depolarization since the samples were
exposed to freshwater and the rebar was close to the zinc mesh anode; however, the
conductive mortar shows higher depolarization potential than the general mortar.

Based on the measurements of resistivity, pore characteristics, CP potential, CP current
density, and 4 h depolarization potential, the activated-carbon-based conductive mortar
shows excellent performance in the laboratory environment. The proposed conductive
mortar with the SACP system was applied to an actual bridge structure in South Korea,
and in situ measurement results will be presented to demonstrate its feasibility in Part 2.
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