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Abstract: To improve watertightness and antibiosis of sewage structure concrete, the antimicrobial watertight admixture was made
with fluosilicate salts and antimicrobial compounds. And fresh properties, watertightness, harmlessness and antibiosis of concrete
were investigated experimentally. As a result, the fresh properties of concrete were similar to those of an ordinary concrete, without
setting time delay. Compressive strength and carbonation resistance of concrete were better than those of an ordinary concrete.
Finally it was confirmed that the antimicrobial watertight admixture of concrete had an antibiosis inhibiting SOB growth.
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1 Introduction

Sewage structures like sewer pipes and clarifiers are
mostly of the underground or closed type, and their
interiors come into constant contact with sewage
containing pollutants and corrosive substances, a great
amount of moisture content and harmful gases. Due to
these physical and chemical deterioration factors, sewage
structures undergo a faster deterioration than those of
aboveground concrete structures and have a remarkably
lowered durability.

PAKER[1-2] reported that, in addition to various
physical and chemical factors responsible for the
corrosion of sewage structure concrete, the biochemical
corrosion by microbes like SOB (sulfur-oxidizing
bacteria) accelerates the deterioration of sewage structure
concrete. Since his study, there has been extensive
research on the biochemical corrosion of sewage
structure concrete[3—6].

Considering those various corrosive factors, many
improved performances were more needed in sewage
structure than in any other ordinary concrete structures:
1) watertightness resisting to penetration of outer
corrosive factors, 2) antibiosis inhibiting SOB growth,

Foundation item: Brain Korea 2th (BK21) funded by the Korean Government

and 3) harmlessness relating with the water quality.
Undoubtedly fresh properties and compressive strength
of concrete are basically needed for construction.

In these days, to improve performance of concrete
structures, various functional materials are used and are
attempted to hybrid. This study aimed especially at
watertightness and antibiosis for the sewage concrete
structures. So the antimicrobial watertight admixture is
manufactured and main ingredients of it are as follows:
1) watertight ingredients (fluosilicate salts) and 2)
antibiosis ingredients (Ni and W). This admixture was
made liquid because it was profitable for the admixture
dispersion in concrete and homogeneity of concrete.

In the experiments, the concrete mixed with the
antimicrobial watertight admixture was compared with
plan concrete in  workability,  watertightness,
harmlessness and antibiosis totally to evaluate
application feasibility to sewage structure concrete.

2 Composition and function of antimicrobial
watertight admixture

ZnSiFg and MgSiF¢ are used as fluosilicate salts in
the antimicrobial watertight admixture. When these
fluosilicate salts and cement hydrates come together,
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CaF, and MgF, that have insoluble, stable and fine
crystal structure are generated. These products make
concrete watertight, so the strength and durability of
concrete can be improved. The reactions between
fluosilicate salts and cement hydrates are as follows.

MgSiF+2Ca(OH),— 2CaF,+MgF,+SiO,+2H,0
MgSiF¢+2CaCO;—2CaF,+MgF,+Si0,+2CO,
ZnSiFg+2Ca(OH),— 2CaF,+ZnF,+Si0,+2H,0
ZnSiF¢+2CaCO;—2CaF,+ZnF,+Si0,+2CO,

Furthermore, soluble SiO, was used in making
admixture as a watertightness ingredient. It has a
pozzolan reaction with cement hydrate (Ca(OH),) and
accelerates generation of C-S-H gel. It improves the
strength and durability of concrete too and is usually
used in concrete admixture in these days.

Ni and W were used as antimicrobial ingredients
and were dissolved in the admixture. Surely, their
antibiosis inhibiting the SOB growth was reported
already. MAEDA et al[7—11] attempted to inhibit the
SOB growth by mixing metal ingredients (Ni, W) into
concrete. The wvalidity of his research was confirmed
through an exposure experiment in an actual sewage
environment.

The schematic about the functions of admixture
ingredients is shown in Fig.1. Table 1 shows ingredients
and composition rate of admixture and Table 2 shows the
physical properties of admixture.

Antimicrobial
ingredients
Ni, W powder

Watertight ingredients
MSiFg (M: Zn, Mg) SiO,

* MSiF,+Ca(OH),—~
MF(‘+fCaSi03+Hh30 Control of SOB

SiF*+H,0— I
SiO,+4H +6F" Antibiosis
]K[,;_:]%F:lm_f’ Salts flunridel Watertightness

Fig.1 Functions of admixture ingredients

Table 1 Ingredients of admixture

Ingredient Composition
Fluosilicate salt (ZnSiFg, MgSiF) 15.0
Soluble silica 25.0
Nickel compound (Ni) 5.0
Tungsten compound (W) 2.5
Diluted solution 52.5

3 Experimental plan and methods

3.1 Experimental plan
Table 3 shows items and methods to evaluate

Table 2 Physical properties of admixture

Item Measured value
Solid concentration/% 13+2
Density/(kg'm °) 1.20+0.05
pH 3.040.5
Table 3 Evaluation items and methods
Item Value of measurement

* Air content
Workability * Slump

* Setting time

» Compressive strength
) * Resistance to carbonation
Watertightness
* Pore volume

* Microstructure(SEM)

+ ICP-MASS
(Thermo Elemental IRIS DUO)

Harmlessness

« Broth Microdilution MIC test
o * Color change test
Antibiosis
* Total colony test

« Simulation test

properties of concrete mixed with the
antimicrobial watertight admixture. First slump, air
content and setting time of concrete were tested to
evaluate fresh properties for concrete. To evaluate
watertightness, the compressive strength, resistance to
carbonation, inner pore volume and microstructure were
tested by SEM. And to evaluate harmlessness, the
harmful ingredients elution test by ICP-MASS (Thermo
Elemental IRIS DUO) was conducted. Finally, to
evaluate antibiosis, Broth Microdilution MIC test, color
change test, total colony test and simulation test were
conducted.

various

3.2 Mix proportions and materials of concrete

Table 4 shows the mix proportions of concrete in
this study. In evaluating workability and watertightness,
two water/cement ratios of 0.45 and 0.50 were applied.
To evaluate harmlessness, water/cement ratios of 0.50
was applied. And, to evaluate antibiosis, the mortar mix
proportion was applied; water.cement:fine aggregate=
1:1.67:4 (mass ratio). Aimed slump and air content of
concrete were (1804+25) mm and (4.5+1.5)%.

Two types of specimen were made: plain-concrete
(mixed without the antimicrobial watertight admixture,
in mortar was plain-mortar) and AW-concrete (mixed
with the antimicrobial watertight admixture, in mortar
was AW-mortar). The antimicrobial watertight admixture
was added in amount of 1% to cement mass. Physical
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Table 4 Mix proportions of concrete
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Item Ww/C S/a Water/(kgm ) Cement/(kg'm )  Fine aggregate /(kg'm °) Coarse aggregate /(kg'm ™)
. 0.45 0.45 170 378 783 991
Workability
0.50 0.45 175 350 792 1001
. 0.40 0.45 170 378 783 991
Watertightness
0.50 0.45 175 350 792 1001
Harmlessness 0.50 0.45 175 350 792 1 001
Antibiosis" (1:1.67:4)

1) Mix proportion for antibiosis evaluation shows mortar mix proportion with weight rate.

properties of cement, fine aggregate, coarse aggregate
and a superplasticizer used in the experiment are shown
in Table 5.

Table 5 Physical properties of materials

Item Value of measurement

* Ordinary portland cement
Cement ) 3
* Density: 3.15 g/cm

* Sea sand
Fine aggregate « Density: 2.58 g/cm®

* Fineness modulus: 2.84

* Crushed stone
Coarse aggregate * Density: 2.62 g/cm3

* Max. size: 20 mm

= * Napthalene
Superplasticizer 3
* Density: 1.1 8g/m

3.3 Test methods
3.3.1 Fresh properties

The slump, air content and setting time of concrete
were tested according to standards: KS F 2402 Method
of test for slump of concrete (ASTM C143/C143M-98),
KS F 2421 Method of test for air content of fresh
concrete by pressure method (ASTM C231-97) and KS F
2436 Testing method for time of setting of concrete
mixture by penetration resistance (ASTM C403/C403M-
08).
3.3.2 Watertightness

The compressive strength of concrete was tested
according to KS F 2405 Method for compressive
strength of concrete (ASTM C873-99). To evaluate the
carbonation resistance, the concrete specimen with size
of 100 mm X 100 mm X400 mm was made. It was cured
in water at 20 ‘C. After 28 d curing, the specimen was
moved into carbonation chamber with temperature 20 C,
relative humidity 60% and CO, 5%. And the specimen
was split and was measured carbonation depth using
phenolphthalein solution at every carbonation curing 1, 2,
4 and 8 weeks. Then the carbonation coefficient was
calculated through the following equation.

C=At" (1)

where C denotes carbonation depth, mm; A denotes
coefficient of carbonation velocity, mm/a®’; t denotes
age, a.
3.3.3 Harmlessness

First, the specimen powder was gathered by
crushing concrete specimen. It was mixed in water with
mass ratio of 1:10. And pH was regulated to 5.8—6.3 by
using hydrochloric acid. The powder solution was
shaken for 6 h, then pH of the solution was analyzed by
ICP-MASS (Thermo Elemental IRIS DUO).
3.3.4 Antibiosis

1) Broth Microdilution MIC test

This test is for antibiosis evaluation of antimicrobial
watertight admixture. First, SOB (Thiobacillus novellus)
was put in saline solution and SOB density of the
solution was controlled to 3.75X 10%/mL. The nutrient
agar was covered with the SOB solution and the
antimicrobial watertight admixture was dropped on it.
This nutrient agar was cultured for 2 days and the clear
zone created on the surface was measured.

2) Color change test

The culture solution mixed with SOB (Thiobacillus
novellus) was prepared and an indicator was put into it.
The mortar specimen with size of 40 mmX40 mm X 10
mm was soaked into the culture solution for 4 weeks.
Then pH of the culture solution was measured by color
change of the culture solution. The color changing point
of an indicator is shown in Table 6.

Table 6 Properties of indicator

Indicator pH Color
Bromo cresol >6.6 Purple
Purple <6.6 Yellow

3) Total colony test

The mortar specimen with size of 40 mmX40 mm
X 10 mm was soaked into culture solution of SOB
(Thiobacillus novellus, 3.75X 10%/mL) and was cultured
for 2 days. At initial time and after 12, 24 and 48 h, the
culture solution of 100 uL was put on the nutrient agar
and was cultured again for 2 days. Then total colony on
the nutrient agar was counted.
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4) Simulation test

The mortar specimens transplanted  with
Thiobacillus novellus were put into the simulation test
device. The inner temperature and humidity of the
simulation test device were controlled to optimize the

conditions for Thiobacillus novellus, as shown in Table 7.

During the simulation test, SEM and EDX were used to
examine the growth of Thiobacillus novellus and the
elements on the specimen surface. The schematic of
simulation test is shown in Fig.2.

Table 7 Conditions of simulation test

Item Content
SOB Thiobacillus novellus
Temperature/‘C 29+1
Humidity/% 90+5
H,S 50%107°

Temperature: (291 1) C
Humidity: (90 £5)%
H,S: 50X 107

Pressure
regulator | [~ "~~~ SOB
________ Culture
medium
........ Specimen(semlsohd)

“Temperature
controller

Fig.2 Schematic of biochemical simulation test
4 Results and discussion

4.1 Fresh properties

The results of slump and air content of the concrete
are presented in Fig.3 and Fig.4. The slump and air
content of all mixture in this experiment met the aimed
values.

Fig.5 shows the initial and final setting time of all
mixture. The setting time of AW-concrete mixed with the
antimicrobial watertight admixture was more delayed
about 6.5—7 h than that of plain-concrete. When fluoric
ion(F) which is an main ingredient of antimicrobial
watertight admixture comes together calcium ion(Ca®")
eluted by cement hydration, CaF,'SiO, is generated. It is
a corpuscle and covers the surface of cement particle.
Then the connection between cement and water is
inhibited and the setting time of concrete is delayed[12].
So when the antimicrobial watertight admixture is used
in real construction, the setting delay of the concrete
should be considered.
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Fig.3 Comparison of slump between plain-concrete and
AW-concrete
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Fig.4 Comparison of air content between plain-concrete and
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Fig.5 Comparison of setting time between plain-concrete and
AW-concrete

4.2 Watertightness

In this study, the compressive strength was
measured at 3, 7, 14, 28, 56 and 91 days, respectively.
The results of compressive strength are presented in



s138 Gyu-Yong KIM, et al/Trans. Nonferrous Met. Soc. China 19(2009) s134—s142

Fig.6. In case of W/C 0.45, the compressive strength of
AW-concrete at 3 days was about 23% less than that of
plain-concrete. But after 7 days, the compressive strength
of AW-concrete was maximum 28% higher than that of
plain-concrete. In case of W/C 0.50, until 14 days the
compressive strength of AW-concrete was about
5%—18% less than that of plain-concrete, but after 28
days the compressive strength of AW-concrete was
4%—7% higher than that of plain-concrete. As using the
antimicrobial watertight admixture in the concrete, the
compressive strength of the concrete at an early age was
decreased but the long term compressive strength was
increased.

50

=
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=

b
=

o — Plain-concrete
* — AW-concrete

(=]

Compressive strength/MPa

14 28 42 56 70 84 98
Age/d
50

40}

301
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* — AW-concrete

Compressive strength/MPa

L 1 L 1

14 28 42 56 70 84 98
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Fig.6 Comparison of compressive strength between plain-
concrete and AW-concrete: (a) W/C=0.45; (b) W/C=0.50

Fig.7 shows the predicted carbonation depth
through Eq.(1). The carbonation coefficients were
calculated based on the real data measured in the
concrete specimen. In case of W/C 0.45, the carbonation
coefficients of plain-concrete and AW-concrete were 4.2
mm/a’> and 3.3 mm/a’>. In case of W/C 0.50, the
carbonation coefficient was 5.2 mm/a’>, about 50% less
than that of plain-concrete. As using antimicrobial
watertight admixture in the concrete, the resistance to
carbonation (resistance to penetration of the corrosive
factors) of concrete was increased.
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Fig.7 Comparison of predicted carbonation depth between
plain-concrete and AW-concrete: (a) W/C=0.45; (b) W/C=0.50

Fig.8 presents the SEM images on microstructure of
pore surface in the concrete with W/C 0.50. The crystals
observed on the pore surface in AW-concrete, were more
than those in plain-concrete. And Fig.9 shows the pore
size and volume of the concrete cured for 28 days. The
pore volume of AW-concrete was less than that of
plain-concrete. Especially for the pore size under 0.1 um,
the pore volume of AW-concrete was 5%—15% lower
than that of plain-concrete, because the fine pores with
the pore size under 0.1 um were filled with additional
crystal generated from fluosilicate salts and soluble SiO,,
as shown in Fig.8. The data clearly confirm the
improvement effect of the antimicrobial watertight
admixture on concrete watertightness.

4.3 Harmlessness

To use the antimicrobial watertight admixture in
sewage concrete structures, it is important to test
harmlessness of the antimicrobial watertight admixture
on the quality of water. In this study, the elusion test for
heavy metals and harmful ingredients was conducted.
The result of the test is presented in Fig.10. All values
measured each day were much lower than 100X 10~ and
met the standard. Furthermore, the elusion of watertight
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Fig.9 Comparison of pore volume between plain-concrete and
AW-concrete (W/C 0.50)

ingredients (Zn, Mg) and antimicrobial ingredients (Ni,
W) which are main ingredient of admixture was much
lower, under 30X 10, This indicates that the effective
ingredients of the admixture were fixed stably in the
concrete, and that the watertightness and antibiosis of the
concrete were maintained.

4.4 Antibiosis
Fig.11 shows the antibiosis test results of the

(b)
Fig.8 Comparison of microstructure on pore surface (W/C 0.50, SEM): (a) Plain-concrete; (b) AW-concrete
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Fig.10 Result of elusion test of AW-concrete

antimicrobial watertight admixture with different
concentration. The clear zone was made on nutrient agar
by dropping of the antimicrobial watertight admixture. It
means that Thiobacillus novellus could not live in the
area admixture dropped. And the diameter of clear zone
was increased as increasing concentration of admixture.
So it is concluded that the antimicrobial watertight
admixture has an antibiosis.

Fig.12 shows the antibiosis test results of mortar
mixed with the antimicrobial watertight admixture. The
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Fig.11 Change of clear zone with different admixture concentrations: (a) No dropping; (b) 0.015 pL; (¢) 0.030 pL; (d) 0.060 pL

Color: Deep purple
pH: 7.2

Color: Dark yellow
pH: 6.24
c(H,80,): 2.56X 10”7 mol/L

Color: light purple
pH: 6.24
c(H,804): 3.75X 10 mol/L

Fig.12 Change in color of culture solutions in which plain-
mortar and AW-mortar were sunk: (a) Initial; (b) Plain-mortar;
(c) AW-mortar

initial color of the culture solution mixed with
Thiobacillus novellus and an indicator (bromo cresol
purple) was deep purple. After 4 weeks, the color of the
culture solution with plain-mortar changed to dark
yellow. The pH of it was 6.24 (under 6.6) and the

concentration of H,SO, of it was 2.56 X 10”7 mol/L. But,
in case of WA-mortar, the color of culture solution was
light purple. The pH of it was 6.86 (over 6.6) and the
concentration of H,SO4 was 3.75X 10 mol/L. This
result indicates that the antimicrobial ingredient of
specimen inhibited the growing of Thiobacillus novellus
and the production of H,SO,4 was controlled.

Effect of the antimicrobial watertight admixture on
Thiobacillus novellus proliferation was investigated
numerically in total colony test. The results of it were
presented in Fig.13. Total colony per unit culture solution
(mL) at initial was 1.68X10°/mL. In case of SOB (no
specimen in culture solution) and Plain-Mortar, the cells
of Thiobacillus novellus were increased and were
uncountable after 24 h. But Thiobacillus novellus in
culture solution with WA-mortar were disappeared after
24 h.

Fig.14 shows the results of biochemical corrosion
simulation test. The AW-mortar specimen has a lower
number of Thiobacillus novellus than the Plain-mortar
specimen, as shown in Fig.14. As the test time elapsed,
the transformed Thiobacillus novellus are observed. As
shown in Fig.14(d), Thiobacillus novellus destroyed cell
membranes are observed on the AW-Mortar specimens at
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Fig.13 Results of total colony counting test

age 17 weeks. And dead Thiobacillus novellus with
destroyed internal organizations were observed also on
the AW-Mortar specimens at age 20 weeks. In general,
the antibiosis mechanism of antimicrobial metal is that
the cell membrane or internal protein tissue of microbial
is destroyed by it [13]. This antibiosis mechanism is

clearly shown in Fig.14.
5 Conclusions

1) The fresh properties of concrete mixed with the
antimicrobial watertight admixture are similar to those of
an ordinary concrete. But the setting time of concrete is
delayed because of fluoric ion in it. So when the
antimicrobial watertight admixture is used in real
construction, the setting delay of concrete should be
considered.

2) The watertight ingredients in the admixture make
an additional fine crystal and a reduction of fine pore in
concrete. And the compressive strength and carbonation
resistance of concrete mixed with the antimicrobial
watertight admixture are improved.

3) The antibiosis of the antimicrobial watertight
admixture and the concrete mixed with it were confirmed
through broth microdilution MIC test, color change test,
total colony test and simulation test. Especially, the
destruction of cell membrane or internal protein tissue of
microbial was observed in simulation test.
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Fig.14 SEM images of specimen surface submitted to simulation test: (a) After 4 weeks plain-mortar; (b) After 4 weeks AW-mortar;

(c) After 17 weeks plain-mortar; (d) After 17 weeks AW-mortar; (e) After 20 weeks plain-mortar; (f) After 20 weeks AW-mortar
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