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� Image analysis proved as accurate & labor-saving for studying deterioration of cement paste.
� Uncoated specimen has the most content of S and the least contents of Ca and Si.
� ECTPC has the best resistance to sewage corrosion, followed by CBC and CCCWC.
� Physical barrier effect & bactericidal function protect concrete against sewage attack.
� The image analysis can determine the evolution of deterioration layer.
a r t i c l e i n f o

Article history:
Received 21 June 2018
Received in revised form 30 September
2018
Accepted 5 October 2018
Available online 10 October 2018

Keywords:
Coating
Cement paste
Microbial induced deterioration
Image analysis
MATLAB
a b s t r a c t

In this study, a laboratory method and equipment was developed to accelerate and study the microbial
induced deterioration of cementitious materials, and three types of coatings, namely, cement-based
capillary crystalline waterproofing coating (CCCWC), cement-based bactericidal coating (CBC) and epox-
y coal tar pitch coating (ECTPC) were applied onto the cement paste surface, and their protecting effects
were investigated. After immersion in sewage, the microstructure and element distribution of cement
paste were characterized by scanning electron microscopy-electron dispersive spectrometry (SEM-
EDS). Besides, the distribution of dead/live cells within the biofilm attached to various specimens was
examined by confocal scanning laser microscopy (CLSM). To make a quantitative study, the image anal-
ysis was adopted. Since both the images obtained belonged to RGB color system, it was found that the
image processing program of MATLAB is simple but very helpful for such task. The results indicate that
for uncoated specimen, there were the most content of S and the least contents of Ca and Si. However, for
coated specimens, the contents of S decreased and that of Ca and Si increased accordingly. ECTPC had the
best protective effect on the microbial induced deterioration of concrete, followed by CBC and CCCWC.
Besides the physical barrier effect, the bactericidal function of coating has significant contribution for
protecting concrete against sewage attack. Furthermore, the image analysis was used to determine the
penetration depth of element S in cement paste quantitatively, and based on the change of the S concen-
tration with penetration depth, the surface specimens can be divided into three zones: interior deterio-
ration layer, transition layer and non-corroded layer. The combined use of micro-scale characterization
and image analysis can provide a quick, accurate and labor saving method for the deterioration study
of coated concrete in sewage environment.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete has long been used for building the municipal infras-
tructure due to its excellent durability. However, many wastewater
collection and treatment facilities face the problem of concrete
deterioration of its structure with time [1]. The mechanism of con-
crete deterioration suffered from sewage attack is very complex.
On top of the physical and chemical effects [2–4], microbial attack
is identified as a major source which induce concrete deterioration
[5–8], due to the harmful acids produced by the metabolic activity
of many bacteria. To protect concrete structures from sewage
attack, surface coating is the most widely adopted measure in engi-
neering [9,10]. Generally, the protective coatings of concrete in
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sewage environment can be divided into two categories. One is
inert coating, which isolates the concrete from aggressive acidic
medium, among them the acid-resistant organic resins are com-
monly used, such as epoxy resins, polyester resins, urea formalde-
hyde resins, acrylic resins, polyvinyl chloride, bitumen and so on
[11–14]. The other one is active coating, which can protect the base
materials through chemical or biological activities. For example,
the coating prepared with inorganic or organic cementitious mate-
rial as the matrix and bactericide as the functional component have
exhibited antibacterial or bactericidal capability [15,16].

Diamanti et al. [17] investigated the efficiency of two cementi-
tious coatings modified with acrylic polymers in preventing
chloride-induced corrosion by testing the materials permeability
to water, water vapour and chlorides. Vipulanandan and Liu [18]
reported the performances of two commercially available polyur-
ethane coatings under sulfuric acid environment (representing
sewer condition). Muynck et al. [10] and Berndt [19] adopted the
accelerated microbiological tests and, through measuring the
macro-performance of coated concrete, found that epoxy coating
has the best protecting effect. Hewayde et al. [20] used the
Sulfate-reducing bacteria (SRB), which were isolated from an
anaerobic lab-scale reactor using Desulfovibrio broth, as the med-
ium, and found that coated concrete pipes with either silver oxide
or cuprous oxide effectively reduced the SRB count in the nutrient
solution. We can see that the effectiveness of surface coatings for
protecting concrete from different aggressive medium attack has
been studied. However, the protecting effect of different types of
coatings in intensified sewage has not been systematically
investigated.

In addition, most of the studies focused on the degradation of
coatings in aggressive medium. For example, Nazemi and Valix
[21] investigated the diffusion and mass transfer of sulphuric acid
through epoxy coatings, and in order to validate the predicted
result, the penetration depth of acid in coating was measured by
sulphur mapping of scanning electron microscopy-electron disper-
sive spectrometry (SEM-EDS). Buenfeld and Zhang [22] observed
the morphology of the polyurethane coated mortar specimens
after 3-year exposure to NaCl solution by SEM, and they clearly
observed the two-layer structure of the coating with the outer
layer being much coarser than the inner layer. Microbial growth
inhibition and resistance to biological deterioration of concrete
specimens coated with silver-loaded zeolite was also studied by
Haile et al. [23], the growth of A. thiooxidans, biological sulfur oxi-
dation, sulfate generation and biomass respiration were tested, as
well as the morphology and mineral compositions of concrete
specimens. All of the results demonstrated the resistance of
silver-loaded zeolite coatings to biological sulfuric acid attack.
However, some properties of organic and inorganic coatings are
not suitable for comparison against each other. If it was possible
to directly study the performance of concrete under coating, it
would be more accurate for assessing the protective effect of coat-
ing on concrete against sewage attack.

The mechanism of biodegradation and the structure of
degraded cement paste specimens were studied using test tech-
niques such as, SEM, X-ray diffraction (XRD) and energy dispersive
X-ray analysis (EDXA) [24]. Concrete samples extracted from heav-
ily deteriorated concrete manholes of an Austrian sewer system
were analyzed using microbiological, biochemical and mineralogi-
cal methods [25]. The results revealed that the elemental accumu-
lation in sample was unequivocally correlated with responding pH
levels, associated dissolution and precipitation of solids, as well as
with the spatially resolved presence of microbes. Overall, most of
the current test methods to assess the performance of coating
and concrete are qualitative analysis based. Imaging technique is
a good method to characterize the degradation of both concrete
and coatings intuitively. It can identify the bugholes [26] and
cracks [27] on concrete surface, as well as other forms of chemical
attack like alkali silica reaction [28] or chloride attack. Sudbrink
et al. [29] and Moradllo et al. [30] used micro X-ray fluorescence
(lXRF) to image the presence of silane coatings and chloride in
concrete samples. Jensen et al. [31] used electron probe microanal-
ysis (EPMA) to measure chloride concentration profiles in cement
paste and concrete samples. In addition, SEM-EDS is also fre-
quently used in characterizing the surface chemistry of the cemen-
titious materials [21]. However, to make a quantitative study, the
raw data from images still need to be analyzed by image process-
ing software like toolbox of MATLAB [32,33]. The main functions of
MATLAB that can be utilized include original image reading, image
information collection, matrix data conversion and characteristic
parameters calculation, etc. In summary, the ideal method to
investigate the deterioration of coated concrete against sewage
attack should be accurate and quick with little work loading and
great time saving.

In line with these, in this study, the artificially intensified sew-
age with high concentration was prepared for the accelerated
degradation test, and three different types of coatings were applied
on hardened cement paste surface. Then the change in appearance
of coating and cement pastes were observed in the sewage corro-
sion process. The techniques of SEM-EDS and confocal scanning
laser microscopy (CLSM) were adopted to characterize the distri-
bution of elements and bacteria in cement paste and the attached
biofilm, respectively. Moreover, image analysis was used to quan-
tify the microstructure deterioration of coated and uncoated
cement paste specimens. The objective of the present study is to
investigate and propose a reliable and labor saving method for
deterioration determination and mechanism analysis of coated
concrete in sewage environment, which helps in comparing the
protective effects among different surface coatings for concrete.
2. Experimental program

2.1. Cement paste specimens

Grade 42.5 Ordinary Portland Cement (Chinese standard
GB175-2007) was used in the production of cement paste speci-
mens. The cement paste was prepared with a water/cement ratio
of 0.5 and molded in 40 mm � 40 mm � 40 mm cube blocks. After
curing (i.e. temperature was kept at 20 �C and the relative humid-
ity was higher than 95%) for 28 days, the cement paste specimens
were coated with the three types of coatings, respectively.
2.2. Surface coatings

Three typical protective coatings for cement and concrete were
investigated, including cement-based capillary crystalline water-
proofing coating (CCCWC), cement-based bactericidal coating
(CBC) and epoxy coal tar pitch coating (ECTPC), in this study as
shown in Fig. 1. The specific compositions and technology of coat-
ings investigated in this study are summarized in Table 1.

CCCWC has obvious effect on repairing cracks through blocking
pores, and can improve the impermeability and corrosion resis-
tance of concrete. CBC has certain bactericidal capability to inhibit
the production of biological acid. ECTPC can act as a barrier to iso-
late the concrete from aggressive acidic medium. Among them,
both CCCWC and CBC are cement-based inorganic coatings. Prior
to coating, they were mixed with water and stirred for 1 min with
an agitator. ECTPC is a type of organic coating. According to the
manufacture’s guidelines, after mixing the binder with curing
agent and cured for 20 min, the diluting agent was added, and then
the coating was ready to be used after a secondary mixing. The



Fig. 1. Cement paste specimens with different coatings: A) CCCWC, B) CBC, C) ECTPC.

Table 1
Compositions and technology of coatings.

Coatings Mixing ratio Coating technology Main components Functional component

CCCWC Powder: water = 5:2
(by mass)

2 layers of coats total
4.02 kg/m2

Ordinary portland cement
and refined quartz sand

Special active chemical substances
(alkali metal salt, complex compound, etc.)

CBC Powder: water = 5:2
(by mass)

2 layers of coats total
2.78 kg/m2

Ordinary portland cement
and refined quartz sand

copper phthalocyanine: cuprous oxide:
potassium nitrate = 1:1:1

ECTPC Binder: curing agent = 10:1
(by mass)

4 layers of coats total
2.19 kg/m2

epoxy resin, coal tar pitch, antirust pigment, auxiliary agent and modified amine
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thickness of all the three types of coating applied on cement paste
specimen surface was about 4–6 mm.

2.3. Sewage corrosion test

In order to accelerate the test, the artificially intensified sewage
with a chemical oxygen demand (COD) concentration of 6000 mg/
L, 20 times the concentration of ordinary sewage, was prepared as
follows. First, 1 kg activated sludge, which were obtained from the
secondary sedimentation tank in Shijiazhuang Sewage Plant, was
used as the parent; then 20 kg nutrient solution, which consisted
of starch (200.0 g), glucose (110.0 g), peptone (28.5 g), urea
(12.0 g), (NH4)2HPO4 (6.7 g), MgSO4 (3.6 g), NaCl (1.2 g), was added
into the parent sewage to promote the reproduction of microbes.
The in-house sewage corrosion device for concrete, developed for
this study, is shown in Fig. 2, which was formed with a plexiglass
cylindrical body (400 mm inside diameter, 8 mm thick). An auto-
matic heating rod was fixed to keep the sewage at a constant tem-
perature of 30 �C, which is good for the growth and reproduction of
microbes. Moreover, to prevent the sedimentation of sewage and
maintain a uniform and stabilized corrosive environment, a mixer
(a) Photo of experiment device (b) Sketch of experiment device

Specimens Sewage

Fig. 2. Sewage corrosion device (a) Photo of experiment device, (b) Sketch of
experiment device
was fixed on the center of the device. The uncoated and all sides
coated concrete specimens were placed on the shelf and immersed
in the sewage, thus the specimens could be corroded fully and
evenly as designated. The medium inside the device was replaced
with the fresh nutrient solution every 7 days by a pump. The total
liquid removed per cycle was less than 30% of the original sewage
by volume. The cement paste specimens without and with differ-
ent coatings were placed into four separate corrosion devices.

2.4. SEM-EDS test procedure

The uncoated and coated cement paste samples (with coating
removed) with 10 mm thick were cut from the middle of their
exposed surface, and the profile had a length of approximately
20 mm across the surface of each sample. Then the samples was
polished by silicon carbide sandpaper of 180 meshes, 600 meshes
and 1200 meshes, respectively, until they became as thin as about
5 mm. Ethanol was then used to remove dirt and residue from the
polished surface. The penetration depth and relative content of sul-
phate in artificially intensified sewage can be determined by area
mapping of sulphur (S) element through the cross section of sam-
ples from outside to inside using SEM-EDS. This was carried out by
using Zeiss Gemini SEM 300 with a spectrometer. The parameters
of surface scanning were set at the acceleration voltage of 18 KV
and resident time of 100 s. Since the maximum range that can be
observed by SEM with the lowest magnification factor
(i.e. 25 times) is 4.62 mm, the sample was divided into the equal
interval segment with a conductive pen to ensure that the dividing
line can be observed by SEM, as shown in Fig. 3. Therefore, in this
5 mm   

20 mm   

4.62 mm                  

Test direction    

Fig. 3. Illustration of SEM-EDS test for cement paste sample.
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study the test range of cement paste samples were 18.48 mm. In
addition, the microstructures of different cement paste samples
were observed at 3000 magnification, and the distribution of
calcium (Ca) and silicon (Si) elements were also examined.
2.5. CLSM test procedure

The viability of bacterial cells in biofilm was determined using
the live/dead cell fluorescence staining kit. First, the uncoated
and coated cement paste specimens were taken out from sewage,
and the biofilm attached to their surface was scraped down and
dipped the biofilm in buffer solution, which consist of NaCl
(137 mmol/L), KCl (2.7 mmol/L), Na2HPO4 (4.3 mmol/L) and KH2-
PO4 (1.4 mmol/L), to rinse off the loose cells. Then, the staining
solution was prepared by mixing reagent A and reagent B with
the volume ratio of 1:1 and being diluted 200 times with buffer
solution. Finally, the microbial cells from the biofilm were stained
and incubated for 5 min at 37 �C, subsequently, the samples were
observed under Fluoview FV-1000 CLSM. The wavelengths of exci-
tation photon and emission photon were 543 nm and 591 nm,
respectively. Under the blue light, the living cells exhibit green
while the dead cells red.
Blue component
Green component

Red component
Three color components 
of a color pixel arranged 
as a column vector.

Fig. 4. Schematic illustration of the image pixel in RGB color components [26]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

UCS CCS

1 month

2 months

3 months

Fig. 5. Surface morphology of cement past
2.6. Image analysis technique

The aim of image analysis is to transform a natural form of
image into a digital form suitable for computer processing. The pic-
tures obtained by SEM-EDS and CLSM were all color images, so
they can be analyzed by the most widely used RGB color system,
which is composed of three monochromatic images, known as
the red (R), green (G) and blue (B) component images. Each compo-
nent image corresponds to a two-dimensional function f(x,y) [26].
Therefore, the information of the image can be represented as a
digital matrix in the computer, and each element of the matrix
has different image characteristic information [34].The schematic
diagram of the component pixel in RGB color image is shown in
Fig. 4. MATLAB contains extensive image processing tools to
extract image information, which can provide simple function calls
to achieve that many classic image processing methods like image
enhancement, image segmentation and so on can achieve. In this
study, the matrix representation method and the operation func-
tion of image were used, which can do addition and subtraction
linear operations to represent images by using the form of matrix
or array. To do this, first, the IMREAD function in MATLAB is used
to read the original image, and the information on the image is col-
lected and the images are divided into X row and Y columns
according to the pixels that are read in. Then the pictures are con-
verted into matrix data based on that all the color maps are made
up of the RGB matrix. Finally the feature of the image is extracted
and the related characteristic parameters are calculated.
3. Results and discussion

3.1. Deterioration morphology of uncoated and coated cement paste
specimens

3.1.1. Surface morphology
After being immersed in sewage for 1 month, 2 months and

3 months, the surface morphology of various cement paste speci-
mens were observed, respectively, as shown in Fig. 5. The different
sets were designated with the following codes: uncoated cement
paste specimen (UCS), cement paste coated with CCCWC (CCS),
CBS ECS

e specimens after exposure to sewage.



346 L. Kong et al. / Construction and Building Materials 191 (2018) 342–353
cement paste coated with CBC (CBS) and cement paste coated with
ECTPC (ECS).

It can be seen that after 1 month from the start of sewage degra-
dation experiment, a white and soft layer with many cracks was
observed on the surface of UCS, whereas the appearance of other
three specimens had little change. With the increase of degrada-
tion time, more severe cracks appeared on the surface layer of
UCS, which was attributed to the formation of expansive gypsum
and ettringite [5,35], and the layer was easily separated from the
specimen surface. It is reported that the sulfuric acid, nitric acid
and organic acid produced by microbial metabolism, which can
react with alkali in the cement, is the main cause of concrete cor-
rosion in sewage [36–38]. For the coated specimens, the color of
CCS had no significant change, whereas that of CBS and ECS had
changed from grey to black and from black to brown, respectively.
Besides, both the inorganic coatings showed signs of spalling and
few cracks were observed on the surface of CBS. In comparison,
the surface of CCS showed only some voids which is due to the
self-healing of CCCWC. The active substance in CCCWC can enter
the pores and cracks of concrete with water and react with the ions
to form water-insoluble crystals [39,40]. On the other hand, the
1 month 2 

UCS

CCS

CBS

ECS

Fig. 6. Section view of cement paste sp
surface of ECS showed significant amount of air bubbles with loss
of gloss and swelling of the top coat.

3.1.2. Section morphology
In addition, the uncoated and coated cement paste specimens

were cut and the coatings were stripped off using sand paper, then
the cross section morphology of the samples exposed to sewage for
different periods was observed, as shown in Fig. 6.

An exterior deterioration layer, which has lighter color and a
sharp boundary with the cement matrix, can be seen obviously
on the cross-section of all the cement paste specimens except
ECS. The surface of UCS had developed a visible exterior deteriora-
tion layer after only 1 month immersion in sewage, and with the
increase of time, this layer became thicker. In contrast, the exterior
deterioration layers of the coated specimens of CCS and CBS were
relatively thinner. However, there was no such layer observed for
the coated specimen of ECS. For more accurate determination,
the thickness of exterior deterioration layer of various cement
paste specimens after different immersion periods were calibrated
and measured by image-analysis software. The results are listed in
Table 2.
months 3 months

ecimens after exposure to sewage.



Table 2
Thickness (mm) of exterior deterioration layer of different specimens.

Specimens 1 month 2 months 3 months

UCS 2.13 3.10 4.64
CCS 0.00 2.32 2.99
CBS 0.00 1.55 1.74
ECS 0.00 0.00 0.00
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3.2. Image analysis of cement paste specimens

3.2.1. EDS images
The area scanning image of element S in a specimen surface

obtained by EDS is shown in Fig. 7. For each image, an area of
4.62 mm � 2.00 mm was selected to eliminate the interference of
other white annotations in the extraction of red pixels. Moreover,
the element mappings of S throughout different cement paste
specimens were stitched from 4 such images (see Fig. 8).
ECS 

3 months 

CBS 

3 months 

CCS 

3 months 

UCS

3 months 

UCS

2 months 

UCS

1 month

Surface

Fig. 8. Sulphur profile map of

2.00 m
m

  

4.62 mm   

900 um

Fig. 7. Area scanning image of element S in cement paste by EDS.
The element distribution within the cement paste specimen
was characterized by decreasing S concentration from the surface
to the interior. Moreover, the S concentration within UCS increased
with time, and after 3 months deterioration it became higher than
that within coated specimens, especially for CBS and ECS.
3.2.2. MATLAB programming for image analysis
To make a quantitative comparison of the microstructure dete-

rioration of coated and uncoated cement paste specimens, these
EDS images were analyzed by MATLAB. Since the sulphur mapping
images only contained black and red pixels, and the red pixel is
[x, 0, 0] and black pixel is [0, 0, 0], the image analysis only involves
the extraction of red pixels, which can be implemented with the
MATLAB codes (see Appendix).
cement paste specimens.

Fig. 9. Histogram of the distribution of image pixels.



Fig. 10. Interval division of the EDS image.
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Take the specimen UCS as an example, the distribution of
image pixels after one month exposure to sewage is shown in
Fig. 9. It can be seen that when the pixel value was within
the range of 200–255, and the proportion of the area of red
pixels was close to 91%. For other specimens, the proportions
of the area of red pixels were all above 90% within this range.
1 month 2 m
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Fig. 11. Penetration depth of sulph
Therefore, the extracted threshold pixel was set to be [200,
255].

Besides, in order to calculate the proportion of red pixels, the
image was divided into 2400 columns and 260 rows. For the sake
of simplicity, set 60 columns as an interval, and the EDS image
can be divided into 40 intervals, as shown in Fig. 10.
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Fig. 12. Linear fitting of the change of deterioration layer thickness with time.

Table 5
Fitting parameters of the change of deterioration layer with time.

Specimen a b R2

UCS 8.80 3.79 0.96548
CCS 5.25 3.81 0.96914
CBS 5.20 2.72 0.99603
ECS 2.62 2.08 0.99188

Table 3
Thicknesses (mm) of zone Ⅰ and zone Ⅱ of different specimens.

Specimen Zone Ⅰ Zone Ⅱ

1 month 2 months 3 months 1 month 2 months 3 months

UCS 4.16 8.32 10.16 6.01 5.54 5.08
CCS 3.70 6.47 9.24 5.08 4.62 4.16
CBS 3.23 5.08 7.85 4.62 4.16 3.70
ECS 2.31 3.70 5.08 2.31 3.23 3.70
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3.2.3. Penetration depth and content of S in specimens
According to the number of red pixels in each interval, the

change of the S concentration with penetration depth in specimens
can be obtained, as shown in Fig. 11. Obviously, the pixel number
of S in all the specimens exhibited a fluctuating and decreasing
trend. Furthermore, the test specimens were divided into three
zones, which is similar to those identified by other studies
[41,42]. Zone I is described as the interior deterioration layer
where significant composition and microstructure changes are
expected. Zone II is described as a transition layer where moderate
changes may occur. The rest of the specimen described as the non-
corroded zone which is un-attacked by the sewage. In this study,
only the changes in zone I and zone II were analyzed and the thick-
nesses of interior deterioration layer and transition layer in differ-
ent specimens are listed in Table 3.

It can be seen that for all the specimens, the thickness of zone I
increased gradually with time, whereas that of zone II decreased
except ECS. This can be explained as follows. For uncoated and
cement based material coated specimens, the deterioration is a
damage accumulation process from outside to inside, and with
the deterioration of structure of the surface specimens, the cracks
and pores formed would result in the penetration of more aggres-
sive medium, so the deterioration rate of zoneⅠwas faster than that
of zone II, which led to the increase in thickness of zone I and
decrease in thickness of zone II with time. However, for specimen
ECS, the organic coating can act as a barrier to prevent sewage pen-
etration, so it suffered the least attack by corrosive media. With the
increase of immersion time, some bubbling and swelling appeared
on the surface of ECTPC, which resulted in the slow penetration of
sewage into a cement paste specimen, so the deterioration of spec-
imen ECS was a gradual development process, and there was
simultaneous increase in thickness of zone I and thickness of zone
II with time.

Based on the above study, it can be concluded that the exterior
and interior deterioration layers, as well as the transition layer, all
suffered sewage attack, which can be collectively referred to as the
deterioration layer. So the thickness of the deterioration layer is
the sum of these three items, and the results are listed in Table 4.
It can be seen that the deterioration layer of uncoated specimen
was significantly thicker than that of coated specimens. Moreover,
these results were plotted with respect to time, as shown in Fig. 12.
It can be seen that they all followed a linear relationship of Eq. (1),
and the fitting parameters are listed in Table 5. The coefficients of
determination (R2) were all above 0.96, indicating that the fitting
results can reflect the change of deterioration layer with time well.
The slope of the fit line, which represented the relationship
between deterioration layer thickness and time, can be defined
Table 4
Thickness (mm) of the deterioration layer.

Specimen 1 month 2 months 3 months

UCS 12.30 16.96 19.88
CCS 8.78 13.41 16.39
CBS 7.85 10.79 13.29
ECS 4.62 6.93 8.78
as the degradation rate. Taken together, it can be seen that the
UCS had both the thickest deterioration layer and the highest
degradation rate. Although the deterioration layer of CCS was thin-
ner than that of UCS, their degradation rates were similar. The
deterioration layer thickness of ECS was only about one third of
that of UCS, and its degradation rate was the lowest.

y ¼ aþ bx ð1Þ

where x is the corrosion time in month; y is the thickness of dete-
rioration layer in mm; and a and b are the fitting parameters.

In addition, the number of red pixel in the EDS image can rep-
resent the content of sulphur element in cement paste specimens.
From Fig. 11 it can be seen that the highest pixel number appeared
on the position within 3 mm of the specimen surface, and the pixel
number corresponding to peak of curve are listed in Table 6. The
results show that the content of S element in UCS was significantly
higher than that in coated specimens. That is to say, the three
Table 6
Maximum pixel number of sulphur in cement paste specimens.

Specimen 1 month 2 months 3 months

UCS 3574 5078 7992
CCS 3243 4496 6373
CBS 1236 1856 2196
ECS 927 1272 2322
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Fig. 13. SEM images and element mappings of Ca (green) and Si (blue) of specimens surface after 2 months exposure to sewage. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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coatings all had certain effect of preventing cement paste against
sewage attack, especially the organic coating, and the maximum
pixel number of ECS was only about one fourth of that of UCS.

3.2.4. SEM observation of specimens
In order to further investigate the deterioration of cement paste

specimens, the morphology and composition of uncoated and
coated specimens after 2 months exposure to sewage were
Fig. 14. SEM image of porous CSH.
examined by SEM with the micrographs (taken at the depth of
5 mm from the surface of the specimens) and are shown in Fig. 13,
as well the elementmappings of Ca (green color) and Si (blue color).
Live cells

Dead cells

Pores

Fig. 15. CLSM image of biofilm.
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Fig. 16. Distribution of live and dead cells within the biofilm attached to different specimens.
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It can be seen that the microstructure of UCS becomes loose,
and calcium hydroxide (CH) crystal could barely be found. More-
over the hydrated calcium silicate (CSH) gels became very porous,
hence lost it binding capacity (see Fig. 14). In the micrograph of
CCS, the cement paste structure became denser with less CH crys-
tal, and some short needle shaped gypsum crystals were observed
in the pores. In specimens CBS and ECS, some flattened CH crystals
and cluster like CSH gels could be observed. Such closely packed
products led to the formation of a relative dense structure, partic-
ularly in the case of ECS. Obviously, the deterioration of concrete
microstructure had been prevented by surface coatings in varying
degree. From the area scanning images of elements Ca and Si on
each specimen surface, it can be seen that both the green and blue
colors of the element mappings of ECS were the brightest, followed
by that of CBS, CCS and UCS, indicating that the Ca and Si contents
of ECS were the highest, whereas that of UCS were the lowest. As it
is well known, the CH and CSH are the main products of cement
hydration, so the decrease of the contents of Ca and Si in cement
paste indicated the dissolution and consumption of hydrates due
to the sewage attack. This is consistent with the results obtained
in S analysis.
3.3. Image analysis of biofilm

After being immersed in sewage for one month, the bacterial
colonies slowly gathered and finally formed a complete and
mature biofilm on the surface of uncoated and coated specimens.
The CLSM image is shown in Fig. 15. Under the blue light, the live
cells exhibit green, the dead cells exhibit red while the pores black.
To further compare the distribution of dead/live cells within the
biofilm attached to different specimens, the images of live cells
and dead cells were separated (see Fig. 16) and analyzed by
MATLAB, respectively. The extracted threshold pixel was set to
be [100, 255] by observing the histogram of the distribution of
image pixels. The MATLAB code implementation process is similar
to that for EDS image analysis.
Table 7
Area fraction of live/dead cells within the biofilm attached to different specimens (%).

UCS CCS CBS ECS

Live cells 2.31 2.19 0.22 0.49
Dead cells 0.87 0.40 0.44 0.52
Based on the image analysis, the area fraction of live and dead
cells within the biofilm attached to different specimens can be cal-
culated with the results presented in Table 7. By contrast, it can be
found that both the numbers of live cells within the biofilms
attached to UCS and CCS were higher, whereas that within the bio-
films attached to CBS and ECS had a sharp decrease, especially for
CBS. This is mainly due to the copper phthalocyanine and cuprous
oxide that was contained in CBC, which can combine with the
enzymes that required for microbes metabolism, thereby killing
or inhibiting their reproduction [43]. Moreover, the coal tar pitch
in ECTPC also had certain level of toxicity that can destroy the
microbial cell structure, and the epoxy resin can resist biological
attack to a certain degree [44]. It is worth noting that although
the area fraction of live cells with the biofilm attached to CBS
and ECS decreased greatly, the area fraction of dead cells with
them had no remarkable increase, even becoming lower than that
of dead cells with the biofilm attached to UCS. This may be due to
the falling-off of some dead microbes. The reduction of live cells
fraction can decrease the production of extracellular polymeric
substances (EPS), which is very important in promoting the
microbe aggregation and structure stability.

4. Conclusions

1. In order to propose a direct and accurate method for deteriora-
tion determination of coated concrete in sewage environment,
the image analysis technique was adopted to quantitatively
analyze the microbial resistance of different coatings, which is
very important to the anti-sewage attack of concrete. Both the
images obtained by SEM-EDS and CLSM belong to RGB color
system, so the extraction of image feature was only focused
on the color, and the image processing program of MATLAB
can be readily used for such task.

2. The elemental distribution in specimens can reflect the deteri-
oration of cement paste well. For uncoated specimen, there
were higher content of S and less content of Ca and Si. However,
for coated specimens, the contents of S decreased and that of Ca
and Si increased accordingly. Among them, the ECTPC had the
best protection effect on the microbial induced deterioration
of concrete, which can be attributed to both the barrier and
antibacterial effects, followed by CBC and CCCWC. This suggests
that the bactericidal effect of CBC was much better than the
crack self-repairing of CCCWC on protecting concrete against
sewage attack.
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3. In this study, the image analysis was used to determine the
penetration depth of element S in cement paste quantitatively.
Furthermore, based on the change of the S concentration with
penetration depth, the surface specimens can be divided into
three zones: interior deterioration layer, transition layer and
non-corroded layer. The combined use of micro-scale character-
ization and image analysis can provide a quick and reliable
method for the study of concrete deterioration.
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Appendix

The MATLAB script for EDS images analysis is as follows:
d1 = D (:, :, 1); Red
d2 = D (:, :, 2); Green
d3 = D (:, :, 3); Blue
EK = [ ];
EK = [ ];
for i = 1 : length (d1 (1, :))
n=0;
for k = 1 : length (d1 (:, 1))
if d1(k, i) >= 200&d1 (k, i) <= 255%
n = n+1;

else
n = n;

end
end
EK = [EK, n];

End
m = 60; % The interval width.
MM = [ ];
for j = 1 : length (EK) / m
s = sum (EK ((j-1) * m + 1 : (j-1) * m +m)); % The total number
of red pixels extracted from a single interval
MM = [MM, s] % The total number of red pixels in each
interval
nn = MM / (length (d1 (:, 1)) * m) % The proportion of red
pixels in each interval
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