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Abstract: The long-term performance of in-service reinforced concrete pipes (RCP) of various ages
and exposure conditions have been investigated. The focus of the investigation was to evaluate the
degree of steel reinforcement corrosion in below ground conditions which include salt water (tidal)
exposure and freshwater (stormwater) pipes. Analysis of cores extracted from long term tidal salt
water exposed pipes show that most of the reinforcement had very little or no corrosion despite the
total chloride content at the steel surfaces all being significantly higher than the ACI and RILEM
recommended chloride thresholds. The exception to this was the area with 10mm cover to the internal
pipe surface which showed significant corrosion through the whole bar. Where corrosion was
observed it was only on the bar surface facing the inside surface of the pipes. Steel reinforcement at
10mm cover to the soil side (external surface) of the pipe showed negligible corrosion. Analysis of
cores extracted from stormwater exposed pipes indicates that the degree of carbonation varies
significantly depending on the pipe and location in the pipe. Cores extracted from the internal bottom
and outside facing (soil facing) sides exhibited negligible carbonation depths. Cores from some pipes
exhibited detectable carbonation depths on the internal sides and the highest carbonation depths on
the internal top of the pipes. The degree of carbonation was hypothesized to correlate with the long
term expected moisture conditions of a pipeline and can vary withing a single pipeline depending on
localised conditions in the pipe.
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1. Introduction

Reinforcement corrosion is one of the most important durability issues in concrete structures. The
steel reinforcement in fresh concrete is passivated by an oxide layer from corrosion due to the high pH
(212.5) environment [1]. Loss of passivation typically occurs when either the ingress of chlorides or
penetration of CO, reaches the reinforcement. Carbonation is the reaction of CO, with primarily
calcium hydroxide from the cement. This results in calcium carbonate that lowers the pH to about 9.
When the carbonation front reaches the reinforcement the corrosion initiation stage is finished, and the
propagation stage begins. Chloride ingress does not reduce the pH of the concrete but rather when a
certain threshold of chloride is reached at the reinforcement the passivating oxide layer is disrupted
allowing corrosion initiation stage to finish and the propagation stage to begin. In the propagation
stage, corrosion products (iron oxide species or rust) accumulate along the steel-concrete interface.
The volume of the rust can vary from two to four times that of iron [2, 5], leading to concrete cracking
and spalling, loss of steel-concrete bond as well as a loss of bearing capacity due to the resulting steel
bars cross-section reduction [3-5]. For many bridge and building structures, it is often assumed that
corrosion damage (concrete cracking) will occur relatively soon after the propagation stage starts
which is the main justification of conservative service life design approaches [6,7].

In Australia and New Zealand, it is estimated that in the last 120 years over 500,000,000 metres of
steel reinforced concrete pipe have been installed in drainage, road culvert, sewer, and pressure pipe
applications [8]. Field observations seem to show that conservative durability design approach
adopted for buildings and bridges (end of the service life corresponding to the end of initiation stage) is
not appropriate for below ground reinforced concrete pipes. In these studies, despite high chloride
levels or carbonation reaching the steel-concrete interface, corrosion of reinforcement observed was
only marginal after a very long time without leading to any concrete cracking, but no explanation was
provided [9,10,11]. Therefore, despite a long history of reinforced concrete pipes performance there is
a risk that overly conservative corrosion models being applied to Australian standards and
specifications; this could lead to unnecessary and costly (both financially and environmentally)
durability requirements, such as excessive cover to steel, to be prescribed when concrete pipes are
exposed to chloride or carbonation environments.



In this study, concrete cores were extracted and investigated for long-term durability properties and
degree of reinforcement corrosion from various reinforced concrete pipes. The cores from the chloride
exposed pipes we extracted in-situ; the cores for primarily carbonation exposure investigation were
extracted from exhumes pipes. The chloride (tidal salt water) environment pipelines were exposed to
chloride from both inside surface (chloride from flowing tidal seawater) and outside surface (chloride
from coastal soil). Pipes have been in service and continuously in contact with chloride ions for up to
57 years. Chloride content (vie potentiometric titration following ASTM C1152 protocol [13]) at the
steel-concrete interfaces and the gravimetric mass loss (based on ASTM G1-03 [14]) of the steel bars
were determined. Carbonation depth (phenolphthalein indicator with an average of 10 to 15
measurements per core) were determined on exhumed reinforced concrete pipes that have been
functioning and exposed to stormwater without chloride contamination for up to 70 years. Additionally,
the corrosion products on the saltwater reinforcement were collected and analysed by X-ray diffraction
(XRD with phase identification by HighScore Plus software). The role of oxygen availability at the
steel-concrete interface on corrosion process and concrete pipes service life is discussed in relation
with the concrete cover to reinforcement.

2. Concrete specimens
2.1 Concrete cores extraction from concrete pipes

Cores were sampled at three different locations along the pipe cross-section representing the top or
obvert (type T), side (type S) and bottom or invert (type B). The reinforcement depth in all the pipes
analysed were elliptical therefore had varying cover to reinforcement. For cores sampled on the side
(type S), the lowest concrete cover is facing the external pipe surface. For cores sampled at the top
(type T) and bottom (type B), the lowest concrete cover is facing the internal pipe surface. The concrete
cores were 100mm diameter (chloride environment) or 125 mm diameter (carbonation) and with varying
height depending on the thickness of pipelines. All cores contained at least one steel bar allowing to
evaluate the corrosion of reinforcement. Obvert cores were unable to be taken from in service chloride
environment pipes.

2.2 Concrete pipeline locations and details
All pipelines have been in service for periods ranging from 43 years to 70 years, as showed in Table 1.

Table 1. Years in service and exposure environment of pipelines

Years Annua Relative
Pipeline in Coring Temp. I -
Location DN servic Core dist. from | range (°C)* | rainfall huromcilty Exp.
(mm) Locations (%)
e outlet (m) (mm)* °
Mackay, 51
Gordon St | 1500 2-11 Tidal
Side & 19.2-26.6 | 1594.8 71 salt
Mackay, 57 Bottom water
Chain St 1500 2-4
Ageltagg' 1350 | 60 120-218 | 526.7 | 555
0 1200
Unknown
R'?C‘ngft?f.'\; 4| 600 | 43 | Top side| PiPeS | 14.4-251|12519| 66 | Storm
& Bé)ttom exhumed water
Warwick, by third
Yangan | 4g00 | 70 Party | 406248 | 687.9 | 555
Rd

*Note: average value representing of above ground conditions [12].
3. Results and discussion

3.1 Total chloride content at steel-concrete interface in chloride environment



Fig. 1 presents the total chloride content at the steel-concrete interface against corresponding inside
(internal barrel tidal seawater exposure) and outside (external barrel saline soil) concrete covers. Since
the concrete mix design is unknown for all pipes in this study, the total chloride contents showed as %
of binder was calculated with the assumption of 400 kg/m3 OPC in the concrete mix. The highest and
smallest chloride contents at the steel-concrete interface were 6.06% and 0.89% respectively. These
chloride content values were consistent with previous studies investigating concrete structures after 40
years exposure to marine environment [3, 15, 16]. All chloride contents are significantly higher than the
chloride thresholds of 0.2% and 0.4% for steel bars de-passivation recommended by ACI and RILEM
respectively [17,18]. In addition, no correlation can be observed between concrete cover and chloride
content at this stage of the service-life. All steel bars were in contact with very high total chloride content
regardless the concrete cover ranging from 10 mm to 55 mm. For example, a same chloride content of
more than 4% over binder mass was measured at the steel-concrete interface of a specimen with a
concrete cover of 10 mm or a specimen with 60 mm concrete cover.
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Fig. 1. a) Chloride content at the steel-concrete interface facing inside and outside the pipes and critical
chloride thresholds for steel bar de-passivation according to ACI and RILEM. b) Corrosion % of steel
bars by gravimetric mass loss versus concrete cover facing inside the pipes in tidal saltwater (chloride)
environment

Despite the high chloride contents measured at the steel-concrete interface, corrosion products were
not observed on all steel bars. Furthermore, where corrosion was observed it was only on the steel
surface facing the inner barrel surface of the pipes. Two specimens exhibited cracks, of which one
appears to have cracked during the coring process, note that no cracks were visible in the pipes before
coring. As a result, no correlation was observed between chloride content and corrosion of
reinforcement.

3.2 Corrosion % evaluation by steel bar gravimetric mass loss

In chloride (tidal saltwater) environment, corroded surfaces observed on the extracted steel bars were
always facing inside the pipes. Hence, it is assumed that steel corrosion was predominantly the result
of both chloride and oxygen diffusion from the aerated interior surface of the pipes. Fig. 1 b) shows the
corrosion % of all steel bars extracted from the concrete cores against the concrete cover facing inside
of the concrete pipes. The corrosion % was calculated as the percentage of gravimetric mass loss
determined by using ASTM G1 method [14].

The reinforcement of one of the Chain St bottom cores 4m from the outlet was heavily corroded and
exhibited cracking that appeared interconnected between reinforcement spirals without propagating
through the pipe surface; no crack was visible before coring. Due to this heavy corrosion an accurate
determination of the corrosion was unable to be made. Consequently, the authors have estimated a
corrosion % of approximately 60% for this specimen as presented in Fig. 1 b). The corrosion % of all
other steel reinforcement bars was less than 5% or displayed no corrosion at all. For those bars, the low
corrosion combined with high chloride content indicated that the corrosion propagation stage has been
ongoing for a long time but at a very slow rate. Apart from the chloride threshold, the reinforcement
corrosion process also depends on oxygen availability at the steel-concrete interface, the so-called
oxygen diffusion rate-determining factor [25]. The environmental conditions of the pipelines including
seawater and ground submersion as well as high humidity inside the pipelines are suspected to greatly
delay oxygen diffusion and its availability at the steel-concrete interface. Indeed, the interior surfaces of



the pipes are saturated most of the time. Oxygen diffusion, depending on the concrete cover, can require
relatively long drying phases to allow oxygen renewal at the steel-concrete interface. According to Fig.
1 b), 20 mm concrete cover appears to be suitable to stop the oxygen renewal at the steel-concrete
interface in these tidal saltwater conditions. By contrast, 10 mm concrete cover in these exposure
conditions can lead to severe steel corrosion.

3.4 Corrosion products (rust) analysis by X-ray diffraction (XRD)

Corrosion products were collected from the heavily corroded core from chain street. It has not been
possible to extract corrosion products from other steel bars for XRD analysis in both chloride and
carbonation environments due to their relatively low corrosion amounts. The XRD pattern of the
corrosion products are presented in Fig. 2. The presence of Quartz is due to the concrete aggregates.
The corrosion products were a mixture of different iron oxides including Magnetite/Maghemite,
Akaganeite and Goethite. Magnetite and Maghemite, which cannot be separated in XRD analysis, are
the main crystalline corrosion products with the highest peak at around 35.5 °20. The XRD pattern in
Fig. 2 is similar to XRD pattern of corroded reinforcement in low oxygen environment with high peak of
iron oxides at 30.1 °260, 35.5 °26 and 62.6 °26 as reported by Zhao et al [21]. The significant presence
of less expansive ferrous containing minerals like Magnetite and Maghemite indicate that corrosion
occurred with limited dissolved oxygen. The presence of Akaganeite in the XRD pattern can confirm the
involvement of chloride ion from seawater in the formation process of corrosion products [22].
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Fig. 2. XRD pattern of tidal saltwater exposure corrosion products

The XRD analysis correlates visibly with the rust observed where a poor oxygen supply can affect the
oxidation state of the corrosion reaction products, resulting in darker/black colours which correspond to
the mixture of Goethite, Magnetite and Maghemite [23]. By contrast, rusts in high oxygen supply
presents yellow brown and red brown colours likely from the presence of Akaganeite phase in the XRD
pattern [21]. The Overall, the corrosion products identified in this study are consistent with results of
previous studies investigating reinforcement corrosion in natural chloride environments [5, 21, 24].

3.5 Carbonation depth

The average carbonation depth and natural carbonation coefficient of the internal barrel concrete cores
are presented in Fig. 3. These graphs visually show the correlation of pipe position to carbonation. It
also is critical to note that all external barrel positions (soil facing) had a negligible carbonation depth.
Negligible carbonation depth is not unheard of in below ground conditions as it has also been reported
in 36-year-old underground tunnels by Li et al [19].
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Fig. 3. a) Carbonation depth of internal barrel core samples. b) Natural carbonation coefficient of internal
barrel core samples

Since the concrete in the pipes is manufactured and placed uniformly, carbonation observed on the
internal barrels can be attributed to local moisture/humidity exposure conditions in the different localised
positions in the same pipeline. The bottom (invert) location of a pipeline is normally subjected to
continuous immersion, preventing CO,, diffusion into concrete for carbonation occurrence. CO, diffusion
in a water saturated medium can be 10* slower than in gaseous medium, indicating the importance of
concrete moisture on the carbonation process of concrete structures [20]. Contrarily, the top (obvert)
position in a pipeline is most likely to experience the driest conditions and therefore higher carbonation
depths in each pipeline. However, this assumption still depends on the given conditions in a pipeline
where pipes like those exhumed in Redlands exhibited carbonation coefficients lower than Warwick
while Adelaide exhibited negligible carbonation in all positions possibly indicating three very different
concrete moisture conditions in all three pipelines. It follows that the specimens extracted from side
locations exhibited carbonation depths in-between the top and bottom positions. Please note that the
in-service flow volume and hydraulics of the pipes analysed is presently unknown to the authors.

The corrosion % of the reinforcement in the analysed cores has been presented in Fig 4. It is
important to note that one of the Redlands top position cores had a relatively high corrosion % of
2.68% which was the second highest analysed. This was an anomaly as the average carbonation front
of this core, 5mm, had not reached the reinforcement depth of 14mm. Further inspection of the
extracted reinforcement bar indicates that the corroded bar is that of the longitudinal straight rather
than the connecting reinforcing spiral at 20mm cover that displayed a very low amount of corrosion. It
was also observed that when the extracted reinforcement was saturated with phenolphthalein indicator
the concrete adhering to the surface of the spiral reinforcement was the classic fuchsia colour while
the concrete adhering to the longitudinal straight displayed the typical colourlessness indicating that
this immediate region around the longitudinal straight was carbonated despite being deeper than the
average carbonation front of the core sample. One possible explanation for this is that cracks in the
typical invert and/or obvert position may have been present before/during installation or early in
service which lined up with the longitudinal straight; this may have provided a pathway for carbonation
to partially penetrate directly to the longitudinal straight despite the deeper average carbonation front
detected in the core.

The 70-year-old Warwick pipes with 20mm cover are the only pipes to exhibit a carbonation front that
has reached the reinforcement with the exception longitudinal straight discussed above. The highest
corrosion % was 4.19% in the top position in the W6 Warwick pipe, this core also had the highest
carbonation depth of 24mm. Despite this corrosion the core was fully intact and exhibited no signs of
visual cracks. All other cores exhibited relatively low amounts of corrosion with all being less than 1%.
This includes the other two Warwick pipe cores with carbonation depths of 21mm (W7 top) and 20mm
(W6 side) respectively that have reached the inside face of the reinforcement. Due to the Redlands
longitudinal straight discussed above a poor correlation between carbonation depth and corrosion % is
observed in Fig. 4.
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Fig. 4. a) Correlation between corrosion % and concrete cover facing inside surface of the pipe. b)
Correlation between corrosion % and carbonation depth.

3.6 Corrosion crack initiation and crack patterns in reinforced concrete pipes

Concrete cracking is one of the important parameters to determine the service-life of a structure exposed
to carbonation or chloride environments. Cracking is initiated at the steel-concrete interface when the
stress from corrosion product expansion exceeds the tensile strength of concrete. Then, corrosion-
induced cracks propagate through the concrete cover. After reaching the concrete surface, these cracks
can transport aggressive ions (chloride and CO,), O, and humidity directly from the outer environment
toward the steel-concrete interface, leading to the acceleration of reinforcement corrosion and the
widening of corrosion crack width [26]. In this study, as only one specimen was deduced to have
concrete cracking before coring, only concrete cracking initiation is considered in this section. Time-
dependent concrete cracking propagation and crack width widening could not be investigated based on
the cores extracted. Several researchers have suggested different approaches to predict and determine
the corrosion-induced crack initiation by using empirical, analytical, or numerical models [27-31]. A
model proposed by Rodriguez et al. [32] and then improved Vidal et al. [26] has been widely used to
predict corrosion induced concrete cracking initiation due to its simplicity and accuracy [33-36]. Equation
(1) presents the relationship between the loss of reinforcement cross-section required for initiating
cracks and the concrete cover/reinforcement diameter ratio.

2
_ N P ‘ -3
Ay = A |1 [1 5o X (7.53 + 9.23%) x 10 ]

(1)

Where AAy is the reinforcement cross-section loss required for initiating crack (mm?), A is the initial
reinforcement cross-section prior to corrosion (mm?2), ¢, is the initial reinforcement diameter (mm), c is
the thickness of concrete cover (mm), a is the pit penetration depth parameter (a = 2 for homogenous
corrosion and 4<a<8 for pitting corrosion). The loss of mass required for concrete cover cracking can
be calculated using Vidal et al. model [26]. For a steel bar diameter of 6.5mm (representing the nominal
reinforcement diameter in this study), a concrete cover of 20 mm and a pitting corrosion factor a. of 4,
the minimum loss of mass required for concrete cracking can be estimated to be a reinforcement mass
loss of 4.4%. Notably the Warwick W6 top core sample has not quite achieve this reinforcement
threshold at 4.19%; due to no carbonation cores exhibiting cracks it is currently unknown if the Vidal et
al. model [26] is appropriate for predicting cracks in carbonated reinforced concrete pipes. In addition,
it is likely that concrete cracking in carbonated concrete will also form interconnected cracks between
reinforcing spirals like those observed in the cracked chloride core discussed in section 3.2. and shown
in Fig. 5.



Fig. 5. a) Typical crack pattern and crack propagation observed in reinforced concrete pipe. b) Typical
crack pattern and crack propagation in concrete beams or slabs

4. Conclusion

This study investigates the long-term durability properties of below ground reinforced concrete pipelines
exposed to tidal saltwater and carbonation environments ranging for 43 to 70 years. The main outcomes
from this study are summarised below:

- The chloride content in concrete cores exposed to a tidal seawater environment for 51 and 57
years were significantly higher than the chloride thresholds recommended by ACI and RILEM,
this indicates that the initiation stage of corrosion was complete, and the propagation stage was
in progress. Most of the steel bars analysed presented only minor corrosion whilst some steel
bars showed no corrosion at all. All chloride corrosion was observed on the inside barrel face
of the bars indicating that steel corrosion was predominantly the result of both chloride and
oxygen diffusion from the aerated interior surface of the pipes.

- XRD analysis of the tidal saltwater reinforcement corrosion products (rust) was a mixture of
primarily Magnetite/Maghemite, followed by Akaganeite and Goethite. The primary presence of
the less expansive Magnetite/Maghemite indicates the dark/black corrosion products at the
steel-concrete interface were formed with limited oxygen availability.

- The corrosion % of reinforcement in tidal seawater environment was heavily dependant on the
concrete cover facing inside barrel of the concrete pipelines. Concrete cores with concrete cover
lower than 15 mm showed considerable corrosion while cores with concrete cover higher than
20 mm showed relatively low corrosion at less than 1% indicating 20mm cover is sufficient to
achieve the required service life in these conditions. Cracking only occurred when the concrete
cover was less than 10 mm with interconnected cracks between reinforcing spirals without
propagation of cracks through the concrete cover zone.

- The natural carbonation coefficients of exhumed stormwater pipes varied greatly from negligible
to 2.9 mm/yr®3. Where detectable carbonation occurred the core location had a significant
influence on the carbonation depth within the same pipe. Cores located at the top internal face
of the pipelines typically presented the highest carbonation depth likely due to experiencing the
driest conditions, followed by the concrete cores positioned on the internal side. By contrast, all
bottom and external facing cores had no carbonation at all likely due to being continuously
protected by stormwater or soil, limiting the diffusion of CO, into concrete.

- None of the carbonation cores were cracked therefore a determination on the amount of
reinforcement corrosion required for cracking due to carbonation was unable to be made.
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