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Development of rational mathematical models for prediction of the likely present and future internal corrosion of
reinforced concrete sewers requires understanding of the important physico-chemical processes, preferably
based on field evidence. Samples of new and 70 year old pre-corroded concretes were exposed for up to
31 months in an aggressive sewer environment at 26 °C, 98% relative humidity and 79 ppm H,S concentration
(averages). During the initial months of exposure the pH of the new concrete surfaces reduced rapidly however
little corrosion loss was observed during this period. Subsequently pH reduced further, mass loss commenced
and new concrete losses reached around 24 mm after 2 years. During the same period the old concrete corroded
at an approximately constant rate. The presence of the corrosion product layer had negligible influence on corro-
sion losses. A bilinear corrosion loss model is proposed for practical applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The safe and economic operation of existing reinforced concrete sewer
systems is an issue for many wastewater operators worldwide. This re-
quires prediction of the remaining years of satisfactory service likely to
be achieved under operational conditions without premature structural
failure. The issue is particularly critical for older sewers. The traditional
approach to assessing the existing condition of a sewer uses visual inspec-
tion of the interior but this is expensive, disruptive and known to be not
particularly accurate. Future sewer life however may be estimated from
successive visual inspections using simple rules such as linear extrapola-
tion but the confidence usually is low and data scarce [1].

It would be more useful to industry if the existing condition of a
sewer could be predicted from information about its operational condi-
tions and its material properties. In principle this also would permit ex-
trapolation into the future and thus allow prediction of the remaining
life. Such predictions require both information about operational condi-
tions and a model to convert this information into estimates for con-
crete sewer corrosion. Consistent with applications in other spheres
the use of models mathematically capturing accumulated knowledge
and expertise from a range of other sources should permit extrapolation
from data with considerably higher accuracy than is possible from ex-
trapolation using empirical data alone [2-4].

The aim of the present paper is to develop the form and characteris-
tics of a corrosion model based on data and observations from an actual
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operational sewer. While it is acknowledged that the sewer pipe corro-
sion process is principally driven by biological processes it is not the in-
tention of this study to present a detailed microbiological analysis of the
corrosion process. While such work is valuable, it does not of itself, ad-
vance our quantitative understanding of how the corrosion process pro-
gresses over time. The approach taken in this study is to observe the
course of the sewer pipe corrosion process over time, relate it to existing
theories of sewer pipe corrosion and provide models based on science
subsequently simplified for practical application.

This paper is organized as follows. The next section gives an outline
of the present state of knowledge of the various processes involved in
concrete sewer corrosion. As noted, some of this is based on observa-
tions in actual sewers but mostly it has been obtained from laboratory
experiments designed, in theory, to mimic conditions in real sewers.
However in common with other long-term deterioration studies
[5-8], questions remain about the transportability of laboratory tests
to actual sewers. An alternative approach is to consider corrosion
under natural but aggressive conditions including temperatures higher
than typical for most sewers. This will accelerate diffusion and kinetic
processes. Section 2 describes the relevant test conditions and
Section 3 reports the observations. This is followed by a discussion of
the results, the introduction of a bilinear model for corrosion loss esti-
mation in practical applications and conclusions.

1.1. Background

Over a century ago Olmstead and Hamlin [9] first observed the cor-
rosion of cement mortar in an outfall sewer constructed only 5 years
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earlier. In their report the primary corrosive agent was correctly identi-
fied as sulfuric acid which was linked to the presence of acidic gases
given off during putrefaction of sewage wastes. The sulfuric acid was
considered to have reacted with the mortar lining to form expansive
gypsum that caused spalling and fracture of the brickwork sewer.

Biological influences became associated with sewer corrosion fol-
lowing the identification of the bacterium Acidithiobacillus thiooxidans
(originally named Thiobacillus concretivorous) among the acidic corro-
sion products [10-13]. Numerous other bacterial and fungal species
have since been associated with the sewer corrosion process [14-17]
while a recent pyrosequencing study of corroded sewer pipe in two
Australian sewers [18,19] revealed a diverse range of bacteria and
fungi of which Acidothiobacillus spp. constituted only a minor portion.

Microbiologically influenced corrosion (MIC) was not regarded as
significant for concrete sewers until the 1980s when corrosion rates in-
creased significantly both in the USA [20] and in Europe [21]. Eventually
the increase was linked to a reduction in the concentration of biological-
ly toxic metals, such as lead, mercury and arsenic, discharged to sewers
following the introduction of ‘clean water’ legislation such as the 1980
U.S. Clean Water Act [22]. Since these metals are toxic to microorgan-
isms, their reduction had the unintended consequence of increased bac-
terial populations and activity with consequent increased MIC. In recent
decades increased MIC has been also been linked to the greater dis-
charge of sulfate containing detergents to sewers, increases in protein
consumption, higher sewage temperatures as well as increased length
of sewer lines (and hence sewage residence times) caused by increasing
suburban areas and populations [23].

The challenges posed by the increasing influence of MIC in the 1970s
and 1980s prompted an increased research effort particularly in
Germany [17,24,25] and also the publication of design manuals which
listed procedures for estimating corrosion rates [26,27]. More recently
studies aimed at improving our understanding and quantification of
the underlying mechanisms of the sewer corrosion processes [28-32]
as well as the bacterial population dynamics and kinetics involved [8,
33-35] have been conducted. Much of the research has employed labo-
ratory experimentation and has focussed on examining individual
facets of the corrosion process. Despite much research progress, practi-
cal management of sewer corrosion is still hindered by a limited under-
standing of the in-sewer processes causing sewer corrosion and how
those processes evolve with time.

Sewer corrosion processes vary over time in a complex fashion. Con-
ditions on the exposed pipe surface change as chemical (abiotic) and bi-
otic processes alter the surface chemistry. In turn surface conditions
help determine the nature and magnitude of corrosive activities taking
place. This was recognized in the three stage model first proposed by Is-
lander et al. [36] in which concrete sewer pipe corrosion initially pro-
ceeds principally by chemical (abiotic) acidification of the pipe surface
followed by MIC driven by a succession of evolving microbial communi-
ties (Fig. 1).

In brief, the model has the following features. In stage 1, the calcium
hydroxide present in the concrete matrix of new concrete dissolves in
the concrete pore water and any surface condensate film will have a
pH of ~12 to 13 [37]. This is too alkaline for the colonisation and growth
of most bacterial species. Thus biologically driven corrosion is minimal.
During this time any acidic gases present in the sewer atmosphere, such
as CO, and H,S, dissolve in the condensate film, reacting with the alkali
species thereby abiotically lowering the surface pH towards neutral
levels. The abiotic oxidation of H,S also produces thiosulfates and
polythionic acids [36].

Once the surface pH falls below pH = 9, conditions become
favourable for the colonisation of the surface by a number of microbio-
logical species and the corrosion process now enters stage 2. Among the
species present at this stage are neutrophilic sulfur oxidising organisms
(NSOM) [8,36], nitric acid producing nitrifiers (which have been linked
to the corrosion of concrete [21,38,39]), as well as fungal species [21,40]
which produce a range of carboxylic acids (including acetic, oxalic and
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Fig. 1. The corrosion of concrete sewer pipe as a three stage process as originally proposed
by Islander et al. (adapted from [36]).

v

glucuronic acids) that further lower the pipe surface pH [41]. As the
pH falls to near neutral, surface biological oxidation of sulfur species oc-
curs, dominated by the oxidation of thiosulfates to polythionates and
sulfates [8,36]. This lowers the surface pH even further.

When the surface pH reaches about 4 the corrosion process enters
stage 3 and a significant increase occurs in the colonisation of the sur-
face by acidophilic sulfur oxidising microorganisms (ASOM). Abiotic
and biological oxidation at these conditions converts H,S to elemental
sulfur which in turn is readily oxidised to sulfates by the ASOM present.
The acids produced by the ASOM and to a lesser extent the NSOM attack
the alkaline components (portlandite, calcium silicates and calcium alu-
minates) within the cement binder to form gypsum, CaS0,4.2H,0, and
the mineral ettringite, 3Ca0.Al;0.3CaS0,4.32H,0 [40]. The accompany-
ing increase in volume (124% and 227% respectively) [42] causes forma-
tion of cracks and internal voids, reducing the structural integrity of the
pipe wall and facilitating permeation of moisture, acids and biota into
the concrete structure, thereby propagating the corrosion cycle.

As noted by Roberts et al. [43] little quantitative assessment of the Is-
lander model as a whole has been undertaken as recent MIC research
has focused on sewer pipe in advanced stages of corrosion (for exam-
ple [1,16,44,45]). In order to predict the service life of a concrete
sewer pipe a better quantitative picture of the overall process is needed,
however only a limited number of studies have examined the initial
stages of sewer pipe corrosion [43] or the overall process [8].

As part of a larger study [46], the opportunity arose to use a working
sewer main with particularly aggressive internal environmental condi-
tions to examine the relationship between the corrosion of samples of
realistic concretes (both new and previously corroded 70 year old
sewer pipe) and the internal sewer environment. As described below,
this permitted direct observation of the results of the corrosion process
at different time intervals. It also allowed construction of a corrosion
loss curve for the concrete sewer under the specific in-situ conditions
and a quantitative rendering of the three stage model proposed by Is-
lander et al. [36]. This information will be significant in the eventual de-
velopment of a mathematical model.

2. Experimental design
2.1. Materials

Two different concretes were exposed in the sewer. The ‘new’ cou-
pons were cut from newly manufactured 1.2 m ID spun cast standard
reinforced concrete sewer pipe. The ‘old’ coupons were cut from rein-
forced concrete that had served for 70 years as covers for a typical oper-
ating sewer carrying domestic, industrial and trade waste. The original
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covers had corroded considerably leaving 80 to 100 mm remaining
thickness. The old coupons retained a ~2 mm thick crystalline layer of
corroded material generated during the earlier 70 years of exposure to
the sewer environment. The concretes were cut to 100 mm (nominal)
cubes. Care was taken to ensure that the previously corroded face of
the old coupons was left undisturbed during cutting and handling.

One old and one new coupon were embedded in resin (West Sys-
tem Kinetix R104 Epoxy) in specially designed stainless steel holders
(Fig. 2, left). The inner pipe surface of the new coupons and the pre-
viously corroded surface of the old coupons were exposed above the
resin. The exposed surfaces protruded approximately 10-20 mm
above the resin surface.

Aggregate in new concrete samples was dominated by sub-rounded
10 to 15 mm dacitic volcanics and chert with lesser amounts of quartz-
ite, quartz and some rhyolitic volcanics. Aggregate in the old coupons
was significantly larger, consisting of 15 to 30 mm rounded andesitic,
dacitic and rhyolitic volcanic gravel and cherts with lesser amounts of
sandstone, quartzite and quartz. The composition of the new and old
coupon cement binder was determined via XRF (Spectro X'Lab 2000)
and XRD (Philips X'Pert MPD diffractometer operating at 40 kV,
40 mA) analysis of material chiselled from the centres of the coupons
which was subsequently dried overnight at 105 °C before being ground
in an agate mill to <53 pm. XRD analysis was performed on the ground
material alone and XRF analysis on 40 mm pressed powder tablets to
which a small amount of PVA binder had been added. The analyses indi-
cated a similar mineralogical makeup with the exception that the
portlandite (Ca(OH),) component found in the new coupon cement
had been replaced by calcite and vaterite (both forms of calcium carbon-
ate) in the old coupons suggesting that most alkaline components of the
old coupon material had been completely carbonated over the course of
its previous time in service. XRD analysis and microscopic inspection of
the pre-existing corrosion layer present on the surface of the old cou-
pons revealed that it principally comprised quartz (most likely from
sand particles from the original cement binder retained within the cor-
rosion layer) and gypsum.

2.2. Exposure site

The sewer utilised for the present study is located in Perth (Western
Australia). It is part of a sealed sewer system with high H,S levels.
Twenty-four stainless steel holders with concrete coupons were
mounted in an inverted position on stainless steel racks fitted in a

Field coupon sample pair

manhole at the site. In this position the samples were well above the
normal ‘tidal range’ of the wastewater stream and were only immersed
at times of high stormwater assisted flow. Thus the coupon faces of in-
terest were unobstructed.

Extensive environmental monitoring was undertaken at the site to
determine the diurnal and seasonal variation in environmental condi-
tions in the sewer. Gas temperature, relative humidity and H,S concen-
tration were logged every 5 min over a 2 week period every 3 months
throughout the study period.

2.3. Analyses of recovered coupons

Recovered coupons were left in their stainless steel holders and
were inspected initially under a low powered microscope and then ex-
amined for changes in surface chemistry/mineralogy. The amount of
material lost and depth of the corrosion product layer that had formed
were also determined. Details are described below.

2.3.1. Surface pH survey

The surface pH of recovered coupons was examined by using a flat
faced pH probe (Extech pH100). A small droplet of deionised, distilled
water was placed on the surface of the coupon and allowed to equili-
brate for several minutes before the pH of the droplet was measured.
Typically 9 individual pH readings were made per coupon. However,
for some old coupons and new coupons with advanced corrosion and
porous and uneven surface conditions fewer readings were possible al-
though in all cases a minimum of 4 points were measured for each
coupon.

Surface pH measurements of new and old control samples kept in a
dry, temperature controlled laboratory were also made to assess the ex-
tent of background changes in surface pH brought about, for example,
by atmospheric carbonation of the samples.

2.3.2. Photogrammetric imaging

The amount of corrosion that took place on the exposed coupon sur-
faces was determined by using photogrammetry before and after expo-
sure of each coupon, as described below.

Before installation in the sewer, each stainless steel sample holder
with coupons was engraved with a unique numerical identifier before
being placed in an imaging frame (Fig. 3A). A targeting template com-
prising 60 unique circular targets (Fig. 3D) was placed in position sur-
rounding the two coupons on the upper rims of the sample container.

Concrete coupon

TR RS AN

Exposed face of coupon

Inverted mounting arrangment

Field samples mounted in the sewer

Fig. 2. Coupon pairs used in field trials (left). Mounting of coupon pairs at the Perth field site (right).
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Fig. 3. Setup used to generate photogrammetric 3D images of the coupon surface. A-Imaging
frame; B-5 fixed points of view for imaging; C-New and old coupon surfaces; D-Target
frame; E-Coupon sample holder.

Five images of the exposed surface of each coupon were recorded from
the fixed camera positioning rings (Fig. 3B) using a 7.1 megapixel digital
camera (focal length 5.99 mm, aperture f/2.6). Subsequently, a photo-
grammetric imaging software package (PhotoModeler Scanner®) was
used to create a 3D cloud point representation of each exposed coupon
surface from the series of photographic images. The images are first
corrected for lens distortion by using algorithms generated during a
camera specific calibration process. The circular targets contained in
the target template (which are visible in each image) are then used by
the software to: (1) determine the position and orientation of the cam-
era in 3D space at the time each image was taken and (2) scale each
image. The plane passing through the targeting template is the refer-
ence plane against which the height of the coupon surface is referenced.
The information from the five images is then used to generate a unified
3D point cloud representation of the surface of each coupon. The (x,y)

Original surface

Reference plane

Coupon

Prior to exposure

16
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1.2 A
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0.8 -
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Photgrammetrically determined height increase (mm)

0.0 CF T T T T T T T
0 0.2 04 06 038 1 1.2 1.4 1.6
Measured height increase (mm)

Fig. 5. Results of the sensitivity of the photogrammetric process for determining the aver-
age coupon surface height. The solid line represents perfect agreement between measured
height increase as determined by digital vernier and heights predicted from the photo-
grammetry process.

grid spacing used to generate the point cloud was set at a nominal
0.5 mm. This typically generated a cloud containing 100,000 to
200,000 points for each coupon surface. An average coupon surface
height prior to exposure was then calculated relative to the targeting
frame by averaging the z coordinate values.

Upon recovery of the coupons from the sewer the imaging process
was repeated for coupons in the ‘as-recovered’ state i.e. complete with
corroded material still present on the coupon surface. The pH survey
(see above) then followed immediately. After the pH survey, a high
pressure water wash was used to remove the corrosion product and
strip the coupons back to ‘sound concrete’ (‘stripped’ state). A Karcher
6030MS high pressure water washer delivering water at 8 I/min with
a minimum pressure of 20 MPa was used. The nozzle was positioned
300 mm from the coupon surface. A 3 min wash cycle was employed.
High pressure water blasting for longer than 3 min did not remove fur-
ther material. Testing of the washing procedure on new and old control

Reference plane

Coupon

After recovery

Fig. 4. Determination of corrosion layer depth and concrete losses. Zy, Z., Z; = the average surface height before exposure, after exposure (with corrosion layer) and after the corrosion
layer has been stripped respectively. Corrosion layer depth = (Z. — Z;); Corrosion losses = (Zo — Zs).
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coupons not placed in the sewer resulted in very minor amounts of ma-
terial removed from new coupons (an average of 0.04 mm, considered
to represent removal of some surface scale). As expected, more material
was removed from old concrete coupon control samples (an average
2.05 mm of the existing corrosion layer). These ‘background’ values
were taken into account when calculating the corroded product layer
depth and corrosion losses. Following the high pressure water washing
a final set of images was taken of the stripped samples.

In each of the sets of 3 images (original, as recovered, and stripped)
the target template was used as a fixed reference plane against which
the movement of the coupon surface was assessed (upwards as a corro-
sion product layer accumulates on the surface and down as concrete is
corroded away). It is essential that the targeting template is in the
same position for each of the three images in a set. To ensure that the
targeting template was in the same position for each of the three sets
of images great care was taken to ensure that the stainless steel rim of
the sample holder, on which the target set sits, was in clean and undam-
aged condition. No corrosion of the 316 stainless steel rim was observed
during the study. In addition, as a further guard against errors resulting
from an incorrectly seated target frame, the imaging process was carried
out in triplicate at each stage.
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After each imaging the 3D surfaces were generated. From these an
average surface height relative to the target reference plane was deter-
mined for each coupon in the original (Zy), as-recovered corroded con-
dition (Z.) and stripped states (Zs) (Fig. 4). The movement of the 3D
surfaces relative to the fixed reference plane was then calculated.
From this the depth of the corrosion layer, (Z. — Z), and the amount
of sound concrete corroded away, (Zy — Zs), were determined.

Because of the importance of the amount of corrosion loss in the ex-
perimental outcomes, the sensitivity of the photogrammetric process
was tested as follows. A coupon holder with a new and old coupon
was placed in a target template and the average surface height was de-
termined as before. A piece of thin cardboard was then placed under the
coupon holder. The coupons and target frame were re-photographed
and the photogrammetry process was used to calculate the new height
of the coupon surface relative to the target plane. New pieces of card-
board were added and the process was repeated until the coupons
had been raised approximately 1 mm. The change in surface height de-
termined by using the photogrammetric process was then compared to
the change in height determined from digital vernier calliper measure-
ments of the cardboard thickness. The results (Fig. 5), show a maximum
deviation from the measured values of less than 0.1 mm. This confirms
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Fig. 6. Diurnal (left) and seasonal variation (right) of H,S concentration (top), humidity (middle) and gas temperature (bottom) at the Perth sewer site. (The diurnal data shown was re-

corded on the 24th March 2012).
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the accuracy of the photogrammetric process to measure changes in
surface movement to 0.1 mm.

3. Experimental results

The field coupons were installed in the sewer during early December
2010. Sets of 3 coupons (3 new and 3 old concretes) were recovered at
7,14, 19, 26 and 31 months of exposure. All results reported here are
the average values for each set of 3 coupons recovered at any one time.

3.1. Environmental conditions

The daily average gas phase H,S concentration recorded over the
study period was 79 ppm; daily average relative humidity was close
to saturation (average 98%) and the sewer atmosphere temperatures
warm (daily average was 26 °C over the study period). H,S concentra-
tions in the sewer atmosphere ranged between 7 and 411 ppm, relative
humidity between 88 and 100% and temperatures between 22 and
29 °C. On a daily timescale (Fig. 6, left) little variation was generally ob-
served in either relative humidity or gas phase temperature. However,
H,S concentration typically varied considerably throughout the diurnal
cycle with concentrations changing by up to 100 ppm over any 24 h
period.

Seasonal averages over the study period (Fig. 6, right) also show some
variation. H,S levels were generally highest during the summer/autumnal
months with a daily average >100 ppm reducing to ~40 ppm during win-
ter. Relative humidity has declined over the study period from an average
value close to the dew point (>99%) to 94% while the daily average sewer
atmosphere temperature ranged from 28.5 °C in October 2011 to a mini-
mum 22.2 °Cin July 2012.

3.2. Surface morphology

Changes to the surface morphology were evident on both new and
old coupons after 7 months of exposure (Fig. 7). For the new concrete
the smooth light grey surface evident prior to exposure was replaced
by areas of white crystalline material with pale green and orange

Prior to exposure

Fig. 7. Changes in surface appearance after 7 months exposure for new coupon (left) and
old coupon (right).

areas with an amorphous appearance. In that time the original crystal-
line corroded surface of the old concrete coupons had been replaced
with a soft layer of corrosion product.

After 14 months sufficient corrosion had taken place on the new
coupons to expose underlying aggregate. After 26 months of exposure
(Fig. 8) the exposed surfaces of both the new and old coupons were es-
sentially indistinguishable. Both surfaces were covered entirely with a
soft, highly porous, white corrosion product layer. Inspection of the cor-
roded surfaces under a low powered microscope revealed many cracks
and holes, particularly around the exposed aggregate (Fig. 9).

Examination of the recovered coupons under a low power micro-
scope also revealed numerous areas of biological growth on the surfaces
of new and old coupons. The growths appeared as small black nodules
(~10 pm in diameter) from which emanated pale green/grey branching
filamentous structures (hyphae, Fig. 10). Nodules and hyphae were ob-
served on the new coupons retrieved after 7 months of exposure and in
increasing numbers after 14 months of exposure. Samples exposed for
longer periods however showed fewer numbers.

3.3. Chemistry of recovered coupons

3.3.1. Mineralogy of corrosion product

Previous studies have identified gypsum, (CaS04.2H,0) [17,33,40,
47], and ettringite, (3Ca0.Al,03.3CaS04.31H,0) [16,40], as major corro-
sion products generated in the corrosion of concrete sewer pipe. Major
element XRF analysis of coupons in this study revealed that levels of sul-
fur in the corrosion product were significantly higher in the corrosion
product than in the parent concrete for both new and old coupons.
XRD analysis confirmed that the major constituent of the corrosion
product of both coupon types was gypsum. Ettringite was not found.

3.3.2. Surface pH as a function of exposure time

It has long been recognized that the biotic and abiotic processes op-
erating in sewers lower the surface pH of the concrete over time [13].
The surface pH in turn will influence the type and rate of activity of
fungi and bacteria present on the surface and in turn influence the

Prior to exposure

Fig. 8. Changes in surface appearance after 26 months exposure for new coupon (left) and
old coupon (right).
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Fig. 9. Cracking and tunnelling of the corroded surface of a new (left) and old coupon (right).

rate of corrosion [16,36]. Thus the rate at which changes in surface pH
take place is indicative of the corrosiveness of the sewer atmosphere
and the relative activity of bacteria. The surface pH readings obtained
for control samples and the new and old concrete coupons as a function
of exposure time are shown in Fig. 11.

The surface pH of ~10.1 recorded for new coupons at the commence-
ment of the experiment was significantly below the 11 to 13 normally
reported for freshly cast concrete [37]. The initial surface pH declined
steadily to an average value of 2.6 after 31 months of exposure
(Fig. 11 - left). Over the 31-month period the rate of change of pH
was relatively constant for the first 14 months (— 0.4 + 0.03 pH units
per month) but slowed thereafter (—0.12 4+ 0.03 pH units per
month). Over the same period the new concrete control samples de-
clined in surface pH from 10.2 to 9.9.

The old concrete coupons had an average initial surface pH of 8.2
(Fig. 11 - right). This relatively low value compared with new concrete
is consistent with their previous exposure history, the presence of an
existing layer of corroded product and the carbonation of the
portlandite content of the coupon. After 7 months of exposure to the
sewer environment the surface pH was approximately 4. Similar values
were observed after 14 and 19 months of exposure. After 19 months of
exposure the surface pH decreased at a rate of 0.13 pH units per month
reaching 2.2 after 31 months exposure. Over the same period the old
concrete control samples declined in surface pH from 8.2 to 7.5.

Fig. 10. New coupon surface after 14 months showing nodules and hyphae.

3.4. Corrosion product layer

The average thickness of the corrosion product layer for the new and
the old concrete coupons as a function of time is shown in Fig. 12. The
build-up of corrosion product on the surface of the new coupon was
minimal (<0.5 mm) by the end of the first 7 months. As identified by
XRD it consisted of a thin film of small gypsum crystals. At 19 months
of exposure the depth of corrosion product had reached approximately
6 mm. By 31 months of exposure the depth was approximately 8.5 mm.
By this time the corrosion product layer had taken on a white amor-
phous appearance with a soft, pasty consistency.

After 7 months of exposure the initial 2 mm thick crystalline corro-
sion product layer present on the old coupons was replaced with a
~6 mm deep pasty white coating similar in appearance and texture to
that present on the new concrete coupons. After 19 months of exposure
the depth of corrosion product was approximately 9 mm and by
31 months of exposure was approximately 12 mm.

3.5. Corrosion losses

The loss of sound concrete experienced by the new and old concrete
coupons is shown in Fig. 13. After 7 months of exposure the corrosion
loss of the new concrete coupons was minimal, averaging 0.2 mm.
This increased in a slightly accelerating trend and after 19 and
31 months of exposure the losses were approximately 8.5 mm and
24 mm respectively. Significant losses were also experienced by the
old concrete coupons. Losses were apparent from the start and in-
creased linearly with time reaching 28.4 mm after 31 months of
exposure.

4. Discussion

As surface conditions on the sewer pipe evolve over time so does the
nature, population density and activity of bacterial and fungal commu-
nities present on the pipe surface. This was recognized in the three-
stage model first proposed by Islander et al. [36] in which concrete
sewer pipe corrosion initially proceeds principally by chemical (abiotic)
acidification of the pipe surface followed by MIC driven by a succession
of evolving microbial communities (Fig. 1). It is therefore appropriate to
compare the experimental results of the present study with the stages
of a 3-stage model and to ascertain the respective timing of these stages,
noting that the environmental conditions were particularly aggressive.

In the present work new concrete coupons were used to examine
corrosion behaviour in the early stages of the life of a sewer pipe (stages
1,2 and possibly the early part of stage 3 in Fig. 1) and old coupons were
used to examine the corrosion performance of pipe after corrosion was
well advanced (well into stage 3 in Fig. 1). Both the old and the new con-
cretes showed rapid changes and rapid deterioration. After 31 months
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Fig. 11. Surface pH recorded for new coupons (left) and old coupons (right) as a function of time of exposure.

of exposure the surface pH, surface appearance and corrosion rates of
the new concrete coupons were almost indistinguishable from those
of the old concrete coupons. This indicates that a near-complete picture
of the whole corrosion process predicted by the 3-stage model was
obtained.

In the 3-stage model, the duration of stages 1 and 2 is delineated by
the time taken for the surface pH to drop to 9 and 4 respectively. For the
new concrete the surface pH was 10.2 immediately prior to installation
in the sewer (Fig. 11 - left). This pH reading is not that for the bulk con-
crete which typically is much higher (around 13 to 14). This is a matter
for further investigation but at this stage it is speculated that carbon-
ation by atmospheric CO, may have been involved in the time between
pipe manufacture and the surface pH measurement on coupons (ap-
proximately 6 months). Normally carbonation is considered to be a
very slow process, but this is based primarily on the rate at which the
bulk concrete rather than the surface is carbonated. Irrespective of the
precise reason, the lower than expected surface pH has some influence
on the subsequent development of the surface pH, the chemical reac-
tions and the nature of surface biological activity.

The surface pH of 10.2 declined rapidly once the new concrete cou-
pons were exposed to the sewer atmosphere (Fig. 11 - left). As noted
this resulted in the surfaces reaching pH = 9 and thus the transition
from stages 1 to 2 occurred within 3 months. In previous studies
Okabe et al. [8] and Roberts et al. [43] have also observed relatively
short stage 1 intervals (56 days at H,S = 30 + 20 ppm and
60-90 days at H,S = 50 ppm respectively). Also fungal colonies were
observed on the coupon surfaces at 7 months of exposure indicating
that, by this time, surface conditions had changed sufficiently so as to
be supportive of microbiological activity. The transition to stage 3

14 1 -0ld coupons

-O-New coupons

Corrosion layer depth (mm)

0 10 20 30
Exposure time (months)

40

Fig. 12. Development of the corrosion layer as a function of exposure time. Each data point
is the average height change of 3 coupons and the error bars are the standard deviation of
the 3 measurements.

(pH = 4) was reached at 21 months of exposure. Hence for the
new concrete the duration of stage 2 is about 18 months.

For the old concrete, the transition through to stage 3 was much
faster, taking less than 7 months for the surfaces to come to equilibrium
with the sewer environment and for surface pH to decline to pH = 3 to
4. This places these coupons well within stage 3 after 7 months of expo-
sure (Fig. 11 - right). This suggests that the results for the old concrete
coupons after 7 months can be taken as indicative of corrosion behav-
iour for long exposures.

It is now possible to compare these transition times to both the cor-
rosion losses and the depth of the corrosion product layer, using the re-
sults for the new concrete to represent the early exposure period and
the old concrete the later exposure period (Fig. 14). For the new con-
crete (left) there is minimal loss of concrete (<0.2 mm) during the abi-
otic corrosion phase 1 and also, in consequence, minimal depth of
corrosion product. Corrosion losses remained minimal for several
months into stage 2 before then increasing quickly to reach an approx-
imately constant rate of 9 mm/year. The reason for the delay is not ob-
vious and warrants investigation.

When the new concrete deterioration reaches stage 3, there is a
slight increase in the rate of corrosion to about 12 mm/year at
31 months of exposure. This may be the result of the surface pH having
decreased to around 4, thus allowing acidophilic bacteria to begin to
succeed the neutrophilic bacteria.

For the old concrete (Fig. 14, right) the data trend in stage 3 is lin-
ear, consistent with the rate observed for the new concrete coupons
at 31 months. Linear regression shows that the corrosion rate is
11 mm/year (r? = 0.99).

35

-0-0Id coupons

30 4
-O-New coupons
25 4
20 4
15 -+

10 4

Loss of sound concrete (mm)

0 10 20 30
Exposure time (months)

40

Fig. 13. Losses experienced by new coupons and old coupons as a function of exposure
time. Each data point is the average height change of 3 coupons and the error bars are
the standard deviation of the 3 measurements.
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Fig. 14. Corrosion losses and corrosion layer depth observed with stage timings superimposed for new coupons (left) and old coupons (right).

For both the new and the old concretes the constant value of the cor-
rosion rates in stages 2 and 3 suggests that the increasing thickness and
volume of the corrosion products formed has little influence on the rate
of corrosion. If the corrosion products impeded oxygen diffusion or the
transport of nutrients and/or acid, a declining rate of corrosion would
have occurred. This lack of influence of the corrosion product is consid-
ered the direct result of the soft and cracked nature of the corrosion
product (see Fig. 9).

The results of the above analysis can be plotted in terms of corrosion
rate as a function of time (Fig. 15). Although these results are for the ag-
gressive corrosion site considered in the present paper, they are consis-
tent entirely with the 3-stage model for corrosion loss proposed by
Islander et al. [36]. This indicates the validity of using the corrosion re-
sults from the aggressive corrosion conditions described in the present
paper.

For practical purposes a more useful representation of the corrosion
of concrete sewers is the progression of corrosion loss with time. The
sharp change from almost no corrosion in the early exposure period
to an essentially steady-state condition for longer term exposures
(Fig. 15) means that the corrosion loss function may be considered as
essentially bilinear (Fig. 16). Further, in view of the consistency with
the model by Islander et al. [36] this can be expected to be the case
also for corrosion in conditions less aggressive than those considered
in the present paper.

The bilinear model can be parameterised by using just two parame-
ters — the time t; for corrosion to initiate and the longer-term steady-
state corrosion rate r (Fig. 16). For the data considered herein the values

N
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1 1
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) 1 1
g 10 i I
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c 6 1 1
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Fig. 15. A quantitative representation of the three stages of corrosion of concrete pipe for
exposure conditions at the Perth sewer site.

are t; = 0.9 years and r = 12 mmy/year. More generally, the values of
these parameters will need to be estimated from data for other sewer
internal environmental and operational conditions. It should be clear,
however, that with lower temperatures and less aggressive conditions
it can be expected that t; will be greater and r lower than these values.
The precise relationships between the parameters t; and r and the
influencing factors including temperature, relative humidity and hydro-
gen sulfide levels remain a matter for further research. This work is cur-
rently underway and will be reported in due course.

Finally, Fig. 16 can be used to provide a simple example of the pre-
diction of the service life of a standard reinforced concrete sewer pipe
with, for example, an initial 100 mm depth of concrete cover separating
the metal reinforcing structure from the sewer atmosphere. For the in-
ternal sewer environment described herein, Fig. 16 shows that it would
take 9.2 years for cover concrete to be corroded away exposing the
metal reinforcing at which point it is assumed that the pipe has reached
the end of its service life. Similar calculations can be made for differing
levels of concrete cover.

5. Conclusion

The results of the present study of the corrosion of new and 70 year
old concrete exposed to a realistic but particularly aggressive sewer en-
vironment show that new concrete passes through 3 stages, character-
ized by decreasing surface alkalinity and the eventual development of
long-term steady-state corrosion. Despite the severity of the exposure
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Fig. 16. Predicted corrosion losses for an unprotected concrete sewer pipe under the envi-
ronmental conditions considered herein. For a pipe with initial concrete cover depth of
100 mm a service life of 9.2 years is predicted. Data is fitted with a simple bilinear
model (see text).
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conditions, these stages are consistent with the model proposed earlier
by Islander et al. [36] for the changing corrosion rate of concrete sewers
under typical exposure conditions. The older concretes showed corro-
sion behaviour consistent with stage 3 of the model. The results can
be simplified to a bilinear model for corrosion loss, with negligible cor-
rosion in the early period and corrosion at a constant rate after initia-
tion. The data from the present study provide one set of parameters
for the bilinear model but further field data is required to calibrate the
to less severe sewer environments.
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