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Abstract

The development of concrete corrosion in new seiges undergoes an initiation process
before reaching an active corrosion stage. Thigation period is assumed to last several
months to years but the key factors affecting thecgss, and its duration, are not well
understood. This study is therefore focused onitiiigl stage of the corrosion process and
the effect of key environmental factors. Such kremgle is important for the effective
management of corrosion in new sewers, as evenyofjdde extension of such systems has a
very high financial benefit. This long-term (4.5ayg study has been conducted in purpose-
built corrosion chambers that closely simulated gbeer environment, but with control of
three key environmental factors being hydrogenidelfH,S) gas phase concentration,
relative humidity and air temperature. Fresh camecceupons, cut from an industry-standard
sewer pipe, were exposed to the corrosive conditinrthe chambers, both in the gas phase
and partially submerged in wastewater. A total®@eRposure conditions were investigated to
determine the controlling factors by regular retaileof concrete coupons for detailed analysis

of surface pH, sulfur compounds (elemental sulfnd sulfate) and concrete mass loss.
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Corrosion initiation times were thus determined €fiferent exposure conditions. It was
found that the corrosion initiation time of bothsgahase and partially-submerged coupons
was positively correlated with the gas phas8 ldoncentration, but only at levels of 10 ppm
or below, indicating that sulfide oxidation rateher than the b5 concentration was the
limiting factor during the initiation stage. Relati humidity also played a role for the
corrosion initiation of the gas-phase coupons. Harethe partially-submerged coupons
were not affected by humidity as these coupons werBrect contact with the sewage and
hence did have sufficient moisture to enable therobial processes to proceed. The
corrosion initiation time was also shortened byhkiggas temperature due to its positive
impact on reaction kinetics. These findings providal opportunities for pro-active sewer
asset management with the aim to delay the onfs#teocorrosion processes, and hence

extend the service life of sewers, through impropestliction and optimization capacity.

Key words

Sewer; corrosion; hydrogen sulfide; humidity; temapere; initiation time

Nomenclature

ANOVA Analysis of variance

MAM Minimum adequate model
MIC Microbially induced corrosion
PLC Programmable logic controller
SRB Sulfate-reducing bacteria
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SOB

RH

RTD

Sulfide-oxidizing bacteria

Relative humidity

Resistance temperature detector
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1 Introduction

Existing sewers are valuable infrastructure andetasshat have been established by
continuous public investment over the period of entiran the past century. These sewers
have an estimated asset value of one trillion dolila the USA (Brongers et al., 2002) and
$100 billion in Australia. However, concrete coriars is a costly deteriorating process
affecting sewer systems worldwide. Corrosion caugss of concrete mass and structural
capacity, cracking of the sewer pipes and ultinyagdtuctural collapse. The rehabilitation
and replacement of damaged sewers involves vetydogts. The sewer assets are being lost
at an estimated annual economic cost of aroundbfilidn in USA alone (Brongers et al.,
2002) due to corrosion. This cost is expected ¢eeimse as the aging infrastructure continues

to fail (Sydney et al., 1996; US EPA, 1991).

Population growth and urbanization have led to iooius expansion of existing sewers and
replacement of outdated sewers. Fresh concreter geiywes and structures are installed
worldwide due to many advantages including low €@std flexibility. However, knowledge
about the development of corrosion on new concsetgaces under sewer conditions is
limited. Gravity sewers offer favorable conditidies microbially induced corrosion, such as
available water (due to elevated relative humidi®H)), high concentrations of carbon
dioxide, and high concentrations oL$ (Wei et al., 2014). However, the fresh concrete
surface after construction is not suitable for witcal growth because of the high alkalinity.
Therefore, an initiation period is required to make surface amenable for sulfide oxidizing

microorganisms.

The development of corrosion on concrete sewerdeatlivided into three stages, as shown
in Figure 1. During stage 1, the concrete surfaacghanged to a more favorable environment

for microorganisms due to carbonation andsHcidification (Islander et al., 1991; Joseph et

4
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al., 2012). On the new concrete surface, owindiéopresence of catalytic oxides, hydrogen
sulfide is chemically oxidized to sulfur in the forof very small crystals (Bagreev and
Bandosz, 2004; Bagreev and Bandosz, 2005). Ovaralmportant step is the dissociation of
hydrogen sulfide to HSin the adsorbed film of water on the concrete ameaf This
dissociation is enhanced by the alkaline surface which is an important factor for the
uptake of gaseous hydrogen sulfide during this $étage (Nielsen et al., 2006b). Additionally,
the chemical sulfide oxidation rate in the sewesasn to double for a temperature increase of
9 °C by the same study. Therefore, relative humidiy& concentration and temperature all

play a certain role in stage 1 of the corrosionefigyment.

(Figure 1)

During stages 2 and 3, biological sulfide oxidatlmnnetruophilic and acidiophilic sulfide

oxidising-bacteria will contribute to the sulfideidation to produce sulfuric acid (Cayford et
al., 2012; Okabe et al., 2007). This reacts with ¢cament material leading to the formation
of two important corrosion products: gypsum (Ca&bkO) in the matrix of the corrosion

layer and ettringite ((Ca@Al.03(CasSQ)s32H,0) near the corrosion front where there is
higher pH (Jiang et al., 2014b; O'Connell et aD1®@. Recent studies show that the
biological sulfide oxidation rates correlate with3Hconcentration, relative humidity and

temperature (Jiang et al., 2014a; Nielsen et @063; Nielsen et al., 2005).

The total time span starting from fresh concretéase to observed mass loss of concrete is
defined as the initiation time, i.&,. It is clear that the length of initiation timep#ds on
many different factors due to the many processdg@actions involved. For a specific sewer
environment, it is beneficial to estimagefor the purpose of evaluating or optimizing cutren
corrosion prevention strategies. Although the Wwalbwn Pomeroy model can be used to

calculate the deterioration rate of concrete sewmes (Pomeroy, 1990), no model exists for



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

the estimation ot;, which is mainly due to the limited understandingtibé controlling
factors for the corrosion initiation. Therefordud understanding of the relationship between
tn and sewer environmental factors includingSHconcentration, relative humidity and

temperature is critical for the overall predictiainsewer corrosion.

This study aims to enhance understanding of theeledion between the initial development
of sewer corrosion and the sewer environmentabfadghcluding HS concentration, relative
humidity and temperature. In particular, to detemnihe controlling factors important for the
corrosion initiation timety,. Fresh concrete coupons, either located in thepbase or
partially submerged in domestic wastewater, wer@osad to thirty-six independent
conditions in well-controlled laboratory chambehatt simulated conditions typically found
in various sewers, with six levels ot$l concentration, two levels of relative humidityHR
and three levels of temperature. During the extdrel@osure experiment (over 4.5 years),
the change of surface properties, the formatiocoofosion products and the mass losses due
to corrosion were measured regularly. The obseresglts were then statistically analyzed to

identify the controlling factors for the corrosionitiation time.

2 Material and Methods

2.1 Concrete coupons

The fresh concrete coupons were prepared from asesver pipe (1.2 m diameter x 2.4 m
length and 0.07 m thickness) obtained from a sewm# manufacturer (HUMES, Sydney,
Australia). The HUMES concrete composition includ€s20% Portland cement, about 60%
aggregates containing crystalline silica (quarez)ds crushed stone and gravel, water at <20%
and other supplementary cementitious materialsp@Gouaimensions were approximately 100

mm (length) x 70 mm (width) x 70 mm (thickness)tekfcutting, the coupons were washed
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in fresh water to remove any surface contaminatidashed coupons were then dried in an
oven (Thermotec 2000, Contherm) at 60 °C for 3 dayachieve similar and stable initial

water content.

(Figure 2)

One of the original surfaces of the coupons, e internal surface of the pipe, was
designated as the surface to be exposed,$ Alfter cutting, the coupons were mounted in
stainless steel frames using epoxy (FGI R180 e@o¥A180 hardener) with the steel frame
providing a reference point for determining theramin thickness due to corrosion (Jiang et
al., 2014b). As described in section 2.2, the framelosed coupons were used in the gas-
phase exposure. In addition, the same number afretencoupons without enclosures were

partially submerged in real sewage in the corrostmambers (Figure 3).

2.2 Corrosion chamber and exposur e condition

Thirty-six identical corrosion chambers were constied to achieve a controlled environment
simulating that of real sewers (Table 1). The aallgd factors include combinations of three
gas-phase temperatures (17 °C, 25 °C and 30 °0)levels of RH (100% and 90%) and six
H,S levels (0 ppm, 5 ppm, 10 ppm, 15 ppm, 25 ppm %hgpm). The RH is sensitive to

temperature and the low RH (90%) fluctuated betw&®¥ and 95%. Temperature anglSH

variations are within 1 °C and 2 ppm, respectively.

(Table 1)

The chambers were constructed of glass panelsmmdthickness. The dimensions of the
chambers were 550 mm (L) x 450 mm (D) x 250 mm (Hpure 3). Each chamber
contained 2.5 L of domestic sewage that was celtefétom a local sewer pumping station

and replaced every two weeks. Seven coupons edcioseames were exposed to the gas
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phase within the chambers with the exposed suffiadeg downwards approximately 110
mm above the sewage surface (Figure 3). This coap@amgement simulated the sewer pipe
crown, a location which is reported to be highhsaptible to sulfide induced corrosion
(Mori et al., 1992; Vollertsen et al., 2008). Anethsix unmounted coupons were placed at
the bottom of the chambers. These were thus dgrsabmerged (approx. 20-30 mm) in the
wastewater simulating the concrete sewer pipe theawater level, which is also a region of

high corrosion activity.

(Figure3)

To achieve the specified,B gaseous concentrations in the corrosion chariMag®, solution
was injected into a container partially filled wahid (13% HCI), using a corrosion-resistant
solenoid pump (Bio-chem Fluidics, model: 120SP244%) with a dispense volume of 40
pL. The HS concentrations were monitored using & ldas detector (OdaLog Type 2) with
a range between 0 and 200 ppm (App-Tek Interndtityaltd, Brendale, Australia). A PLC
was employed to monitor the 8 concentration and to trigger the dosing pumpNesS

addition to maintain the specifieg$lconcentrations (Figure 3).

The corrosion chambers were installed in threenebj i.e. A, B and C (12 chambers each
cabinet), with different sewage temperatures cdlietfoby re-circulating temperature
controlled water through glass tubes immersedenstbwage. The relative humidity was thus
controlled at approximately 100% or 90% for difigr&hambers (Table 1). Humidity was
monitored using two resistance temperature det€éB®D) probes, of which one acts as wet
and another acts as dry bulb inside the chambesth&n of these probes was employed to

monitor the sewage temperature.

2.3 Corrosion sampling and chemical analysis
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The corrosion chambers were operated for 54 momdhse December 2009. The
environmental factors were checked regularly tousnshe chambers being operated under
proper conditions. Periodically, at intervals betwes-10 months, one set of coupons (one
gas-phase coupon and one partially-submerged cpupene retrieved from each corrosion
chamber for detailed analysis. A standard steptby-procedure of various analysis was
employed to measure surface pH, followed by sarmgphlor sulfur species (primarily
elemental sulfur and sulfate, as other sulfur cammpls were found to be at nonsignificant

levels), and then photogrammetry analysis (thickrbsnge).

A flat surface pH electrode (Extech PH150-C corecpdt kit, Extech Instruments, USA) was
used to measure the coupon surface pH. Steady qudings were obtained after sufficient
contact between the pH probe and the coupon sunfi@esuring spots that were wetted with
about 1 mL of milliQ water. Four measurements waage on randomly selected spots on

the coupon surface to determine an average value.

After measuring the surface pH, the exposed suidécencrete coupons was washed using a
high pressure washer (Karcher K 5.20 M). Four lalewater was used for each coupon. The
wash-off water was homogenized using a magneticemiar 2 hours before subsamples
taken into sulfide anti-oxidant buffer solution. Bionex ICS-2000 IC with an AD25
absorbance (230 nm) and a DS6 heated conductigigctbr (35 °C) was used to measure the

soluble sulfur species.

Five photos for each coupon were taken at diffegntations to measure the coupon
thickness after washing using photogrammetry. AirBAge of the exposed surface for each
coupon was generated to calculate the surface thefghe coupon relative to the stainless
steel frame as the reference plane. The decredbe&ckness after certain exposure time was

then calculated by subtracting the average thickaésr washing from the average thickness
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before exposure. This technique not only enableacanrate change in coupon thickness to
be determined irrespective of the surface roughhassalso provides a detailed record of the

spatial distribution of the losses that occurred.
2.4Data analysis

As discussed, the concrete corrosion developsrgetstages where in the third stage sulfuric
acid production occurs (Figure 1). Thus, we mayngethe corrosion initiation time,, as
the time taken before detection of significant lewa sulfate on the concrete surface. Taking
into consideration the location of coupons and rttetual sulfide oxidation rates, we
determined the critical levels of sulfate arbityads 1 gS/mand 10 gS/ffor the gas-phase
and partially-submerged concrete coupons respégtiveorrosion initiation time for all
coupons were then calculated as the time to relehctitical levels assuming a linear
increase of sulfate production with time. The eatmdt,, was subsequently analyzed to

identify the controlling environmental factors bktcorrosion initiation processes.

First, regression tree models (R ver 3.1.1, httpii.R-project.org/) were used to determine
which of the three environmental factors were intguatr (exploratory analysis). Tree models
were used as they can give a clear picture ofttiuetare in the data and they automatically
accommodate complex interactions between explanatarables. Recursive partitioning,
that successively splits the data by the explagatariables (i.e. b5 concentration, relative
humidity and gas temperature), was used to disshggroupings in the corrosion initiation
time. To further investigate the importance of eadvironmental factor for the corrosion
initiation, statistic models with all three factongere analyzed using analysis of variance
(ANOVA) in R. These maximal models were then sirigdi by backward selection to get

minimal adequate models (MAM).

3 Resultsand Discussion
10
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3.1 SurfacepH

For fresh coupons exposed to O ppa$Hor 54 months there was little change in theamaf
pH from an initial level of 10.6 (Figure 4). Thelpractor driving pH down on gas-phase
coupons exposed to 0 ppm ofFHwould be from Cg however, this could not cause further
decrease of the surface pH as the coupon surfazkslready reached an equilibrium with
regard to carbonation. Extended exposure in thfe trke air at different temperatures and
humidity levels did not lower the pH significantlySurface pH of partially-submerged
coupons exposed to 0 ppm otFdecreased slightly, within 1 unit, after 54 maenthf
exposure (Figure 4). This slight change could lxtbated to the neutralization from G@

the gas, and other organic acids present in theewater.
(Figure4)

Reduction of surface pH on other gas-phase cougrpassed to various 43 concentrations
(5-50 ppm) was more significant due to the acidiimn by HS itself or its oxidation product,
i.e. sulfuric acid (Figure. SI-2). A trend of graduecrease in surface pH with the time of
exposure is evident for gas-phase coupons expose#i,$. In general, higher 43
concentrations coincided with lower surface pH. Pphiedrop in the 100% RH chambers was
slightly more than that in 90% RH chambers. Likdligh humidity levels facilitated sulfide
oxidation, as pore water is essential for chemieattions to occur in concrete and for the
development of the sulfide oxidizing microbial adies. In contrast to RH, there is no

discernable effects of temperature on the coupdaceipH drop.

For partially-submerged coupons the surface pHitvadred to about 4 for 5 ppm,H, with
some variations, after 54 months of exposure. THdop coupons exposed to 10, 15, and 25
ppm HS was between 2 and 4 in the majority of the coapdie partially submerged

coupons exposed to 50 ppmS had their surface pH reduced to around 2 fdn ot 100%

11
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and 90% RH after 34 months of exposure. No dist@enaffects of RH and temperature
were observed on the coupon surface pH over tiragiay-submerged coupons were in

close proximity to water, and were consequently BEnsitive to RH levels.

In comparison to gas-phase coupons, it is evideat the decrease of surface pH is more
prominent on partially-submerged coupons for albHas levels. This is partially due to the
different factors contributing to the overall pHlugtion. At the initial stages, the surface pH
was lowered by b5 and CQ, which was facilitated by high moisture levels.isTh

acidification, as evident by high sulfide oxidatiantivities, started earlier on the partially

submerged coupons (Fig. SI-1 & SI-2).

Over time, the dominating trend was of acidificatimf the coupon surface. However, it was
noticed in a few cases after becoming acidic, tméase pH then increased somewhat. A
possible explanation for this is by oxidation of(B&),, to form Ca(OHy, i.e. alkalinity, and
elemental sulfur. Another possibility is that dgrichamber maintenance and coupon
retrieval, the HS exposure was temporarily interrupted and alkglipermeating from the

concrete causes this slight rise in surface pH.

3.2 Sulfate and elemental sulfur

Levels of elemental sulfur and sulfate on couparases clearly increased with the exposure
time and gaseous,H levels (Fig. SI-1 & SI-2). Both elemental sulfurd sulfate detected on
gas-phase coupons were limited, i.e. less thanS#6fg The difference of elemental sulfur
production on gas-phase coupons between the twodRHitions and three temperatures was
not clear. Although high levels of elemental sulfup to 40 gS/mwere detected, this was
about 10 times lower than the sulfate detectecherpartially-submerged coupons (Fig. SI-2).
It is evident that the surface sulfate increases wicreased gaseous$levels and with

increased time of exposure. In the latest sampéwgnts there were significantly higher

12
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sulfate levels, implying very active sulfide oxiaet, likely this resulting from the biological

processes being more active. No discernible difileze were found for sulfate concentrations
between the two RH levels. For the partially sulgedrcoupons at least, these would have
an increased moisture content as water would berdup from the submerged surface to the

corrosion layer, and thus overriding the effecRéf differences.

The first peak shown in the profiles of elementafis without sulfate being present suggests
that the neutrophilic sulfide oxidizing microbesoguce mainly elemental sulfur at the

corresponding intermediate pH levels. With the dweihg decrease of surface pH, the
accumulated elemental sulfur was further oxidizedulfate, probably by another group of

sulfide oxidizing microbes. At low pH, some elena@ndulfur was detected on the coupon
surface (Figure SlI-1). Likely this is due to elerasulfur being a temporary intermediate of
sulfide oxidation, which is then finally oxidized sulfate. The formation of elemental sulfur

is attributed to both chemical and biological sidfioxidation (Okabe et al., 2007). It has also
been observed thaf $an be temporarily stored in the corroding corectayer when high

gaseous b5 levels occur (Jensen et al., 2009; Sun et al4)20

As the concrete mass loss occurs by reactions sulfuric acid, the percentage of sulfate
indicates the progress of the development of caimog-igure 5 shows evidently increasing
trend of sulfate percentage with exposure timectvig in accordance with the succession of
sulfide oxidizing microorganisms (Figure. 1). Paliti-submerged coupons achieved 100%
of sulfide oxidation to sulfate for both 100% ar@®RH levels after 24 months of exposure.
However, the sulfate percentage on gas-phase ceuporeased steadily with exposure time,

with higher levels attained for coupons exposeti@% RH in comparison to 90% RH.

(Figureb)

13
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It was seen that the sulfate produced on gas-ptmgsons at 90% RH was still lower than
the elemental sulfur, with the percentage as suliats most often less than 50% (Figure 5).
It is reported that for $ gas concentrations of between 5 and 50 ppm thexesurface pH
threshold of 8.3-9.4, that influences the exterti£8 oxidation. Due to oxygen limitations in
the liquid film on the coupon surface, partial ation only occurs above the pH threshold,
and sulfate formation is only favored when the atefpH is below this threshold (Joseph et
al., 2012). For each of the,8l levels above 5 ppm (10, 15, 25, and 50 ppm)g#sephase
coupon surface pH has decreased to levels lowerttiethreshold (8.3-9.4) after nearly 3
years of exposure. The attenuating surface pH osetlcoupons would have led to the
complete oxidation of b& to form sulfate. Collectively, these observaticosfirmed that
gas-phase coupons are still in the early stageoofosion: where a significant part of

acidification would mainly occur by 1$.

Both gypsum (CaSf) and ettringite (CgAl2(SOy)3(OH)12-26H0) can be formed in the

corrosion layer due to the production of sulfuttdda Measured molar ratios between calcium
and sulfur (Ca:S) on the coupons were around 181«4®.5), which indicates the corrosion
products contain both gypsum and ettringite thateh&a:S molar ratios of 1 and 2
respectively. The high surface pH of the gas-plamgons also favors the conversion of

gypsum into ettringite (Jiang et al., 2014b).

3.3 Corrosion losses

The thickness of gas-phase concrete coupons caifiedtto decrease due to corrosion loss
after 34 months of exposure (Figure 6), reachingaximum at the end of the exposure
period of 2-3 mm for high §8 levels (25 and 50 ppm). These gas-phase coumha low
corrosion rate in this initial period. It is notigent that concrete coupons exposed to 100%

RH induced more corrosion losses than those und&r BH, although higher sulfate was

14



308 detected for high RH coupons (Fig. SI-2). It ishtygpossible that higher levels of moisture
309 promote more active biological and or chemical idelf oxidation, to produce higher
310 concentrations of sulfuric acid or elemental sulfdowever, the noticeable low levels of
311 sulfate detected on gas-phase coupons, in compattsahat on the partially-submerged
312 coupons, indicates that the corrosion is limitedthsy sulfide-oxidizing rate rather than3

313 concentration.

314 (Figure®6)

315 In contrast, the corrosion loss of the partiallypserged concrete coupons had reached more
316 than 4 mm for those exposed to 25 and 50 pp® (Higure 6). This corresponds well to the
317 high measured sulfate levels on these coupons §Fg). It is clear that corrosion losses are
318 directly correlated to & concentrations (Figure 6). This suggests th& id the decisive
319 factor for the corrosion rate, as reported befarge-corroded concrete sewer (Jiang et al.,
320 2014a). This is in contrast to the gas-phase cajpmehere it is likely that microbial activity
321 is the determining factor and hydrogen sulfide wasa limiting factor in this early stage of
322 corrosion initiation. Partially-submerged coupons aontinuously inoculated and wetted
323 with wastewater in the corrosion chambers. Constfyesulfide-oxidizing microbes might

324 Dbe better developed on these coupons in compaasibre gas-phase coupons.

325 3.4Corrosion initiation time

326 Corrosion initiation timet,, was determined for both gas-phase and partialyaerged
327 concrete coupons (Figure 7). For the gas-phaseoosup was more or less similar at 20
328 months for the different $$ concentrations, except that of 5 ppa®SHp=0.0079, Table 2).
329 The expected trend of decreasing corrosion inaiatime with increasing #6 levels was not
330 evident. Instead, % above 5 ppm seems to be a critical point fotithamplicating a certain

331 level of HS is required for significant corrosion developmé@ritis supports our findings of

15
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355

corrosion losses on gas-phase coupons, which tedicorrosion is limited by the sulfide
oxidation rate, not the 4% concentration (Section 3.3). For these gas-pbaspons it is
evident also thati, decreases with higher temperature and higher htyn{ieigure 7). Both
the Tree (Figure SI-3) and the ANOVA analyses (€aB) were consistent with these
findings, emphasizing the importance of temperatame relative humidity ort,, with
ANOVA p values of 5.95xI®and 6.86x10 for relative humidity and gas temperature,

respectively.
(Figure?7)

It is noticeable that for partially-submerged conpadhe corrosion initiation time decreases
with increased b5 concentrationp=0.0044). This confirms that 8 is a key controlling
factor of theti, over periods of long term exposure in sewer caost Temperature was
again shown to be a significant factor affecting tlorrosion initiation time, with pvalue of
0.0063. As found for the coupon surface sulfur conmals and corrosion losses (Section 3.2
and 3.3), the humidity was not a significant fadtrt;, (p=0.7459). The data in Fig. 7 also
suggest that corrosion likely starts with the wdiee and reaches the crown gradually as
reported previously (Vollertsen et al., 2008). Animum adequate model (MAM) was thus
identified through the backward selection procesgleich drops one explanatory factor for
the ti, each time. The MAM for gas-phase coupons inclualkthree experimental factors,
while the MAM for partially-submerged coupons onigquires HS concentration and

temperature (Table 2).
(Table2)
3.5 Practical implications

The observations of this study identified the coltittg environmental parameters for the

initiation of corrosion on sewer concrete. The iny$ are relevant to develop strategies for
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the prevention or reduction of sewer corrosion ignging the initiation time. One obvious
solution would be to reduce gaseousSHoncentration, which could be achieved by dosing
sulfide sequestering agents or sewer biofilm cdintigpagents (Ganigue et al., 2011; Jiang et
al., 2013; Jiang et al., 2015; Jiang and Yuan, 2013 EPA, 1974). However, it should be
noted that unless gaseousSHconcentrations can be reduced down to below 5, ppen
corrosion initiation would still progress at thersapace for sewer crown areas (similar to the
gas-phase coupons in the corrosion chamber). lnldhalso be noted that the corrosion
initiation time was only reduced from around 25 mfsnat 50 ppm to 15 months at 5 ppm
(Figure 7), i.e. a 40% reduction of corrosion atitbn time for a 90% reduction of,H
concentration. Also, liquid-phase technologies act¢ capable of reducing the relative
humidity in a sewer system. In contrast, sewerilagi@n and gas treatment could be used to
decrease both 43 and humidity, and consequently these would besraffective strategies

for prolonging the initiation of corrosion.

Another type of technology for preventing corrosienby pipe relining or coating with
plastic or epoxy resins (Hewayde et al., 2007;¥atial., 2012). These materials are more or
less inert to sulfuric acid. However, the coatingtenial usually doesn’t have alkaline
buffering capacity as fresh concrete, which medres durface can be easily inhabited by
acidiophilic sulfide-oxidizing bacteria due to tiyeick drop of surface pH. Consequently,
high concentrations of sulfuric acid will form orhet sewer coating surface, which
inevitability will reduce the performance and liiene of the coating. Other products might
provide such a sacrificial material like magnesitmydroxide, which will be eventually
exhausted but can slow down the corrosion developmié should be noted that the
corrosion initiation was largely due to the biolkeai activity of sulfide oxidizing bacteria
enhancing sulfuric acid production. Pipe coating retining materials that provide

antimicrobial properties and inhibit the microbivelopment on coating surfaces might be
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the most useful strategies to ameliorate the damgagfifects (Haile et al., 2010; Hashimoto,
2001). However, all corrosion reduction practicell wead to higher gaseous .8l

concentration, potentially causes more odor problem

4 Conclusions

The initiation of corrosion on fresh concrete soefin sewers was investigated in a 4.5-year

exposure study, which demonstrated that three elesweere mainly affecting this process:

» Gas-phase }$ concentration is an essential factor in init@ticoncrete corrosion
under sewer conditions. However, the corrosionnly tmited by the HS supply at
concentrations at or below 10 ppm. At higheBHoncentrations the sulfide oxidation
rate was the limiting factor during the initiatistage. This is contrary to the long-
term sulfide corrosion processes where even high& concentrations were still
increasing the corrosion rates.

* The corrosion initiation was positively correlatedth the gas-phase temperature
mainly due to chemical reactions involved. This gegls a more rapid onset and
higher occurrence of sewer corrosion in warmer ales, and may be further
enhanced by ongoing climatic changes and increasmgeratures in urban areas.

* For concrete surfaces exposed to sewer air, hymadys a significant role to
provide moisture to the concrete surface via vapondensation. Moisture is
important for both the initiation and active coiors stages. Ventilation can thus
delay the on-set and possibly mitigate against seweerosion through reduced

humidity.
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Table 1.Controlled environmental factors for the 36 comascthambers.

Group [Gas temperature (°C)]

A[17 °C] B [25 °C] C [30 °C]

Chamber No. RH (%) H.S (ppmv) RH (%) H.S (ppmv) RH (%) H.S (ppmv)

1 90 0 90 0 90 0
2 100 0 100 0 100 0
3 90 5 90 5 90 5
4 100 5 100 5 100 5
5 90 10 90 10 90 10
6 100 10 100 10 100 10
7 90 15 90 15 90 15
8 100 15 100 15 100 15
9 90 25 90 25 90 25
10 100 25 100 25 100 25
11 90 50 90 50 90 50

12 100 50 100 50 100 50




Table 2. Analysis of variance (ANOVA) for the corrosion iition time i,) of gas-phase

concrete coupons.

tin ~ Hb'S + RH + T (Minimum adequate model)
Factors 'Df SumofSq RSS Fvalue Pr(>F) ZSignificance
H2S 1955 8109 8.2612 0.0079 **
RH 758.0 1373.4 32.0282 5.95E-06 ***
T 1 1000.1 1615.4 42.2558 6.86E-07 ***

Gas-phase
concrete

I S

tin~HS +RH+T

H2S 1 332.5 1223.1 9.7058 0.0044 **
Partially- RH 1 3.7 894.3 0.1073 0.7459
submerged T 1 302.4 1193.1 8.8289 0.0063 **
concrete tin ~ HeS + T (Minimum adequate model)

H2S 1 332.5 1226.8 10.0377 0.0038 **

T 1 302.4 1196.8 9.1308 0.0054 **

! Df stands for degree of freedom; RSS, residual sfisguare; Pr(>F), the p-value using the

F-test.

2 Significance codes based on the Pr value: 0-0.6810.001-0.01: **; 0.01-0.05: *; 0.05-

0.1: .; 0.1-1: NA.



A
12 Mass of Concrete

T

w

[Y]

= ~9.

o pH

@

o

5

S 4

s} .

T | Stage 1. o Stage 3. Active

o | Abiotic Stage 2. Biological ‘u,_ Concrete

8 pH Succession and pH reduction | % Deterioration

@ | reduction

» Carrosion initiation time {f,) 1
-
Time

1
2  Figure 1. The development of microbially induced corrosion on new concrete sewer surfaces,
3  adapted from Islander et a. (1991), with the corrosion initiation time (t;,) including stage 1, 2

4  and apart of stage 3.

Exposure surface

Stainless steel frame

7  Figure 2. Photos of (A) afresh concrete coupon; (B) the coupon mounted on a stainless steel

8  frame with epoxy.



|
= -
= Computer PLC controller
Water bath !
|
! Glass chamber

S/Steel frame Odalog H»S
i sensor m
/ELSolenmd pump

Fresh concrete
coupons

R
probes
Na,S solution Domestic sgvage —
9 -
10 Figure 3. Side view of the corrosion chamber with H,S concentration, relative humidity and
11

gas temperature controlled by programmable logic controller (PLC).



12

13

14

15

16

-17°C ®-25°C +-30°C <17 °C {+25°C —<-30°C

=

Surface pH

50 ppm

S N B O ®
L

T — T T 1 S — T 1 T T T 71

0 61218243036424854 0 6 1218243036424854 0 6 1218243036424854 0 6 1218243036424854
Time (month)

Figure 4. Surface pH of fresh concrete coupons exposed to different H,S concentrations in
corrosion chambers for 54 months. Plots in columns 1 & 2 and columns 3 & 4 are for
coupons located in the gas-phase and those partially-submerged in sewage, respectively.

Filled and empty symbols are for 100% and 90% relative humidity respectively.
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Figure 5. Percentage of sulfate as the final product of sulfide oxidation on the surface of
fresh concrete coupons exposed to different H,S concentrations in corrosion chambers for 54
months. Plots in columns 1 & 2 and columns 3 & 4 are for coupons located in the gas-phase
and those partially-submerged in sewage, respectively. Filled and empty symbols are for 100%

and 90% relative humidity respectively.
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Highlights

A long-term study (4.5 years) focusing on the initiation of H,S induced sewer corrosion
The sulfide oxidation products gradually transform from elemental sulfur to sulfuric acid
Corrosion initiation is controlled by H,S only when the level is a or below 10 ppm
Corrosion initiation is highly correlated with the gas temperature

Humidity isimportant for the corrosion initiation on concrete exposed to air
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Figure Sl-1. Elemental sulfur measured on the surface of fresh concrete coupons exposed to
different H2S levels in the corrosion chambers for 54 months. Plots in columns 1 & 2 and
columns 3 & 4 are for coupons located in the gas-phase and those partially-submerged in
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respectively.
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Figure Sl-2. Sulfate measured on the surface of fresh concrete coupons exposed to different
H2S levels in the corrosion chambers for 54 months. Plots in columns 1 & 2 and columns 3
& 4 are for coupons located in the gas-phase and those partially-submerged in sewage,
respectively. Filled and empty symbols are for 100% and 90% relative humidity respectively.



T<21 H2S <12.5
]

RH k 95 RH < 95
34.34 26.06 T<p7.5 T421
H2S £ 12.5 T<R75
T<p7.5
20.70
30.25 21.25
18.82 9.00 e il 16.47 1253
A. Gas-phase concrete B. Partially-submerged concrete

Figure SI-3. Trees for the corrosion initiation time of concrete coupons located in the gas-
phase and those partially submerged in wastewater (from left to right). The expressions at
each branch node are the splitting factor and the levels. E.g. H,S<12.5 means the corrosion
rates can be partitioned into two groups by different H,S levels. The left branch is the data for
H,S<12.5 ppm and the right is for H,S >=12.5 ppm. The numbers at the end of each branch
are the mean values for the corrosion initiation time in that group. The analysis shows that
different experimental factors contribute to the difference in the corrosion initiation time.



