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h i g h l i g h t s

� Biogenic sulfuric acid corrosion of concrete was studied.
� The effect of cement type on the performance of NARC was studied.
� Biogenic sulfuric acid corrosion of concrete was studied in a simulation device.
� Biogenic sulfuric acid corrosion resistance of NARC is superior to OPCC.
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a b s t r a c t

Through biogenic sulfuric acid attack on concrete, comparisons between ordinary Portland cement con-
crete (OPCC) and new artificial reef concrete (NARC) prepared with sulphoaluminate cement, marine
sand and sea water were made. Biogenic sulfuric acid corrosion resistance was studied by analyzing
the surface and localized morphology, mass loss and compressive strength of both concrete specimens.
The corrosion products were investigated by environmental scanning electron microscope (ESEM), X-
ray diffraction (XRD) and Fourier-transform infrared (FT-IR). Results showed that the visually apparent
corrosion degree and loss rates of mass and compressive strength are higher for OPCC than for NARC fol-
lowing exposure to biogenic sulfuric acid.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Artificial reefs (AR) are submerged in seawater as a home for
marine life. The material for AR varies widely, ranging from steel
vessel and barge, natural rock and concrete block. Owing to low
cost and ease of transportation and deployment, artificial reef con-
crete (ARC) has gained increasing attention. ARC is a suitable habi-
tat for microorganisms, but the metabolic activities of microbes
can cause serious corrosion on concrete [1,2]. The most typical
microbial corrosion on concrete is the biogenic sulfuric acid corro-
sion [3]. The lower part of artificial reefs, which is generally con-
structed in shallow sea, is embedded in marine mud. In this
habitat, sulfate-reducing bacteria convert rich sulfur-containing
organic and inorganic materials into sulfide through biogenic
metabolism [4]. Oxygen released during photosynthesis by nearby
marine plants offers prerequisite conditions for sulfur oxidizing

bacteria, such as Thiobacillus ferrooxidans, to oxidize sulfur com-
pounds thereby generating biogenic sulfuric acid [5,6].

Previous research on sewer pipes under biogenic sulfuric acid
attack has shown that the biogenic release of acid reacts with the
cement hydration products in concrete, generating volume
expanding gypsum and possibly ettringite. The relevant reactions
are as following:

CaðOHÞ2 ðportlanditeÞ þH2SO4 ! CaSO4 þ 2H2O ð1Þ

3 CaSO4 � 2 H2O ðgypsumÞ þ 3CaO � Al2O3 þ 26 H2O

! 3CaO � Al2O3 � 3CaSO4 � 32H2OðettingiteÞ ð2Þ
These expansive sulfate salts lead to internal cracks in the con-

crete and eventually to structural failure [7]. Previous studies have
confirmed [8] that gypsum and ettringite are the main products of
biogenic sulfuric acid corrosion. However, the differences lied in
the generated order and the amount of the two corrosion products
and their effects on the cement matrix. Some studies [8,9] found
that the attack of biogenic sulfuric acid on concrete is more serious
than that of chemical sulfuric acid. This is mainly attributed to the
soft layer on concrete surface creating excellent conditions for the

https://doi.org/10.1016/j.conbuildmat.2017.10.007
0950-0618/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Research Center for Advanced Civil Engineering
Materials, Fuzhou University, Fuzhou 350116, China.

E-mail addresses: zhengxian.yang@gmail.com, zhengxian.yang@wsu.edu
(Z. Yang).

Construction and Building Materials 158 (2018) 33–41

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2017.10.007&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2017.10.007
mailto:zhengxian.yang@gmail.com
mailto:zhengxian.yang@wsu.edu
https://doi.org/10.1016/j.conbuildmat.2017.10.007
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


growth of the bacteria, which results in increased production of
biogenic sulfuric acid. Microorganisms can penetrate inside the
concrete matrix even if there are no observable cracks in concrete,
the action of which increases concrete porosity [10]. The higher
porosity in turn accelerates the biogenic sulfuric acid attack and
thus exacerbates the deterioration of concrete substrate.

The chemistry of the cementitious material and aggregate
within concrete is believed to impact on the rate of biogenic sulfu-
ric acid induced corrosion. The use of high-alumina cements, cal-
careous aggregates and the inclusion of antimicrobial and
silicates admixtures have shown varying degrees of success in
slowing down the rate of corrosion [11–13]. Alexander and Fourie
[11] reported that under biogenic sulfuric acid conditions in sew-
ers, concrete containing calcium aluminate cement clearly outper-
formed ordinary Portland cement concrete (OPCC). This is ascribed
to the ability of calcium aluminate cement to stifle the metabolism
of the acid-generating bacteria, thereby reducing acid generation.
Robin et al. [12] reported that the pores and integrity of the corro-
sion layer are determined by the concrete composition resulting in
varying performance of different types of cement concrete when
attacked by biogenic sulfuric acid. The transport of H+ into the con-
crete is related to aggregate tortuosity, which is determined by the
amount of aggregate and the gradation curves. Accordingly, the
greater bulk density of aggregate leads to a smaller neutralization
ability towards sulfuric acid in concrete.

In our previous work [14], a new artificial reef concrete (NARC)
was fabricated with sulphoaluminate cement, marine sand and sea
water. The experimental results showed that the workability
(slump, slump loss cohesiveness and water retention) satisfied
actual construction requirements and the mechanical properties
(compressive strength, splitting tensile strength and dynamic elas-
tic modulus) were better than OPCC. However, it was reported that
there is little evidence showing that increased concrete strength or
decreased permeability improves the resistance of biogenic sulfu-
ric acid corrosion [15,16]. Additionally, it is imperative to explore
the corrosion resistance of NARC when used under biogenic sulfu-
ric acid conditions. In this context, the primary objective of this
paper is therefore to provide preliminary understanding about
the biogenic sulfuric acid corrosion resistance of NARC and the
underlying mechanisms.

2. Experimental

2.1. Materials

A grade 42.5R Portland cement (Based on Chinese cement grad-
ing system, 42.5R cement can produce a fast-hardening cement
mortar with a 28d compressive strength of 42.5 MPa.) and a grade
42.5R fast-hardening sulphoaluminate cement (Tangshan Polar
Bear Building Materials Company, Hebei Province) were used for
making OPCC and NARC, respectively. Chemical compositions of
the two cements are listed in Table 1. The coarse aggregate used
is ordinary crushed stone; its physical properties are listed in
Table 2. Fine aggregate used include river sand and marine sand;
their physical properties are listed in Table 3. Water used in OPCC
was the tap water of the Fuzhou municipal area. Artificial sea
water was prepared by simulating the contents of sea water per
the mass proportions as shown in Table 4. A superplasticizer(SP)

KDSP-1 (Polycarboxylate retarding type) with a water-reducing
ratio of 25% and a retarder for sulphoaluminate cement, produced
by Tianjin BASF Chemicals Co. Ltd. were also used. Acidithiobacil-
lus ferrooxidans (T.f. bacterium), from Xiamen ocean institute,
was used in the experiment. Specifically, 10% T.f. bacteria solution
was inoculated with 9 K medium (a medium specially used for cul-
turing T.f. bacterium [17]) as a medium erosion solution for simu-
lating biogenic sulfuric acid corrosion. The compositions of 9 K
cultured medium is shown in Table 5.

2.2. Biogenic sulfuric acid corrosion device

The biogenic sulfuric acid corrosion simulation device is
schematically shown in Fig. 1, which has been modified based on
the one reported in literature [18]. H2S is produced in part 1 while
part 2 conducts the biogenic sulfuric acid corrosion. H2S was pro-
duced by Na2S (0.086 M) and HCl (0.042 M). Volumetric flow of
Na2S and HCl was kept at 1.4 ml/min while a certain oxygen input
quantity of 30 ml/min was maintained in the medium. H2S was
transformed into biogenic sulfuric acid due to the T.f bacteria in
the cultured medium [4,6]. pH change within the cultured medium
is shown in Fig. 2. Laboratory temperature was kept at 25 ± 2 �C to
ensure an identical test condition. A period of 14 days was used as
a cycle in this experiment and the solution of cultured medium
was adjusted every other cycle.

2.3. Sample preparation

In light of the requirements of NARC, C50 mix proportions of
ARC shown in Table 6 were designed in accordance with the design
method of OPC mix proportion [19]. Here, OPCC denotes concrete
made of ordinary Portland cement, river sand and fresh water.
NARC denotes concrete made of sulphoaluminate cement, marine
sand and sea water. To prepare the concrete samples, the additive
(SP and retarder) was dissolved first in the water. The cement, sand
and crushed stone were mixed in a mixer for 1 min and then the
additive solution was added and stirred thoroughly for 2 min.
Afterwards, the mixtures were cast in prismatic moulds (100
mm � 100 mm � 100 mm) and were carefully compacted to mini-
mize the amount of entrapped air. The samples were then covered
by plastic film and curing under 20 ± 2�C and over 80% relative
humidity for 24 h. All specimens were demoulded and cured in
sea water at a constant room temperature (20 ± 2 �C) for 27 addi-
tional days. Then they were moved into a ventilating chamber
for 2 more days before subjecting to corrosion test in the biogenic
sulfate corrosion simulation device. The corrosion time mentioned
in the following sections was recorded from the beginning of the
corrosion test, namely 30 days after the concrete was cast.

Table 1
Chemical composition of sulphoaluminate cement (SAC) and ordinary Portland cement (OPC) (%).

Type C3S (tricalcium silicate) C2S (dicalcium silicate) C3A (tricalcium aluminate) SO3 C4AF (tetracalcium alumino ferrite) C4A3S (calcium sulpho aluminate)

OPC 55.6 19.6 7.5 2.1 9.3 –
SAC – 31.4 – 2.9 11.2 52.8

Table 2
Physical properties of coarse aggregate.

Apparent density
(kg/m3)

Bulk density
(kg/m3)

Porosity
(%)

Water absorption
(%)

2660 1532 42.4 0.2

34 Y. Yang et al. / Construction and Building Materials 158 (2018) 33–41



Download English Version:

https://daneshyari.com/en/article/4912573

Download Persian Version:

https://daneshyari.com/article/4912573

Daneshyari.com

https://daneshyari.com/en/article/4912573
https://daneshyari.com/article/4912573
https://daneshyari.com

