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Abstract: As Australia moves towards a low carbon economy, there is a need to ensure that the existing
electricity generation infrastructure is maintained in a safe and reliable condition. One challenge in this
transition is the ongoing management of the concrete infrastructure at the Tarong Power Station in
Queensland, Australia, owned and operated by Stanwell Corporation. The station's two 120-meter-tall
natural draft cooling towers have experienced natural deterioration after 40 years of operation. When
sufficient renewable generation capacity is available in the network, the towers can be decommissioned
following retirement of the existing coal-fired station. Until then, remedial work is required to ensure their
continued safe operation. Due to the uncertainties surrounding this timing, the management of these
assets posed a significant engineering challenge. It required innovation to implement a safe and
economically responsible approach. This, in turn, called for innovative methods to access, investigate,
and preserve the assets - techniques that are not typically associated with structures of this nature in
Australia. The successful completion of this work will ensure the continued operation of these assets
and their ability to provide reliable electricity during the low-carbon transition period.
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1. Introduction

This technical paper focuses on the remedial works investigations and planning for one of the reinforced
concrete Cooling Towers at the Tarong Power Station in Queensland, Australia. Stanwell Corporation
is a Queensland Government Owned Corporation (GOC), generating electricity and trading on the
National Electricity Market (NEM). The Tarong Power Station, situated approximately 45 km from the
Queensland regional town of Kingaroy, is one of two coal fired power stations owned and operated by
Stanwell, and generates over 1800 MW. Each of the two natural draft cooling towers shown in Figure 1
support two 350 MW Coal Fired Turbo-Generators.

Figure 1 Tarong Power Station Natural Draft Cooling Towers

The towers were constructed in the period between 1979 to 1982 and were commissioned in 1983.
Each of the generating units is overhauled on a four-year cycle, but given the shared usage of the
cooling towers, windows for non-operational access to the cooling towers for inspection and
maintenance is rare. Although some maintenance work was carried out around 2008, there had been
little evidence to warrant the safety and logistical exercise to carry out a detailed “hands-on” inspection



at the top of the towers. Remote inspections were carried out annually using telescopes to visually
inspect the exterior surfaces.

In 2018 signs of incipient spalling were observed indicating that some agent of deterioration had finally
manifested to a point of concern. Thus, a planning and budgeting project was established to investigate
means of safely accessing the tops of the towers. This project was accelerated when it was noticed that
a large section had spalled in late 2018. The primary concern was the safety of personnel near the
towers, as falling debris posed a significant risk. Additionally, it was necessary to determine the extent
of structural degradation, its root cause, and the estimated rate of deterioration.

The decision-making process for any potential works, from investigation to repairs, was complicated by
the current industry uncertainty. Stanwell and other generators on the NEM are actively pursuing
renewable generation projects, which will soon enable the retirement of existing coal-fired stations,
including the decommissioning of the cooling towers. As a GOC, Stanwell must ensure that any project
accurately targets public funding toward an outcome that provides a safe and stable structure and
reliable generation in the short term, given the looming closure of coal-fired generation.

This paper begins by providing a technical overview of cooling towers to help readers appreciate these
assets. It then discusses the challenges encountered during the investigation works undertaken in 2020,
as well as the approach taken to the remedial works that formed the eventual design proposal. To
develop this proposal, it was necessary to understand the complex behavior of the hyperboloid shell
under extreme loading conditions. The repairs, set to commence in late 2023, feature an innovative
approach that incorporates post-tensioned cables and cathodic protection systems.

2. Natural Draft Cooling Towers — A Technical Overview

2.1. Background to Cooling Towers

The hourglass-shaped form of the natural draft cooling towers are iconic symbols of nuclear power,
however coal plants use similar towers to cool hot water after it's been condensed from steam used to
turn a steam turbine. The type of tower discussed in this paper is usually mis-termed a “hyperbolic”
cooling tower. This is in general a reference to the shape which is a hyperboloid — a surface generated
by rotating a hyperbola around a central vertical axis. The correct technical description is a Natural-Draft
Cooling Tower which utilizes the buoyancy effect of warm moist air rising via a tall chimney.

While the shape does contribute somewhat to the aerodynamics of the air flow, it is a misconception
that this is the primary reason for the form. According to Cooper (1) it was determined at the turn of the
20" century that the most efficient structural form of a tall, large-diameter cylinder was the hyperboloid
which uses the least amount of concrete and steel while resisting wind forces.

2.2. Tarong Power Station Cooling Tower Details

The Tarong cooling towers are known as cross-flow towers, which feature the large podium base
consisting of an upper hot water pond and a lower cold water pond. In this configuration the incoming
hot water flows downwards from the top while the cooling air is drawn in from the sides in a cross-wise
fashion to rise up the chimney. Around 4 Megalitres of water per day pass out of the cooling tower
chimney.

The key dimensions of the towers are shown in Figure 2. The towers rise to a height of 116.5 m above
the ground surface and have diameters at the chimney base, waist and top of 75.9 m, 60.9 m and 64.8
m respectively. The hyperboloid has maximum wall thicknesses of 600 mm and 900 mm at the top and
base respectively while tapering to a mere 180 mm at the waist. While it is crucial that the egg-shell thin
waist is maintained in good condition for structural integrity, it is equally important that the upper and
lower “stiff-rings” provide the support for the shell, and a significant loss of circumferential strength could
be catastrophic.

The towers were constructed using a hybrid of precast and cast in-situ construction. The lower podium
section including columns, ponds and lintels were precast while the hyperboloid chimney shell was cast
in-situ using a jump-form system in nominally 1200 mm high lifts. The cast in-situ concrete had a design
strength of 30 MPa, incorporating grade 410 MPa deformed bar reinforcing with 40 mm of cover.
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Figure 2 Key dimensions of tower cross-section
3. Challenges

3.1. Investigations

One of the challenges from the outside of this project was the loss of corporate knowledge due to the
time elapsed from the last maintenance works carried out around 2008. The natural progression of staff
retirements and relocations over a decade required reverse engineering of the previously used system.
It was found that there were a set of existing mobile cradles in a storage yard used to straddle the top
ring of the shell and used to support hanging stages for access. It was necessary to inspect, test and
recertify these cradles to current Australian and Workplace Health and Safety Standards to ensure they
could safely be used. Using the cradles required sourcing a mobile crane with sufficient boom reach
and capacity to install them on the top rim.

Unlike other Australian experience, and the previous Tarong experience of 2008, the cooling tower
would be operational, with the vapour plume pouring from the top at 160,000 litres per hour It was
unknown how the turbulent airflow resulting from the uplift of the vapour would interact with uplift from
wind on the shell would interact with the crane boom and cradle and if it was feasible to land the cradles
on the top rim safely.



To address this, wind and updraft simulations were undertaken using computational fluid dynamics
(CFD) studies. The simulations attempted to numerically reproduce the emission of the vapour plume,
and its interaction with wind and the resulting speed and directionality of vortices near the top rim. The
studies considered effects of surrounding terrain, flow effects due to obstructions such as the second
nearby tower and the service wind speed that the crane could safely operate at for the height and loads
required. The study showed that, provided normal crane operational wind speeds were not exceeded,
the plume turbulence and wind directional effects (refer Figure 3) should not prevent the landing of the
cradles.
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Figure 3 Composite velocity vector and temperature contour plot from CFD simulations

To ensure the safety of personnel working at the top of the cooling tower, the potential health effects of
the plume had to be addressed. Due to the optimal temperature of cooling tower water for the growth of
legionella bacteria, an acid dosing system was used for water quality and bacterial control. However,
the existence and concentration of live legionella or other pathogens in the plume were unknown. To
address these concerns, an innovative approach was taken using a drone to capture samples from
within the plume for laboratory testing. This approach successfully resolved two issues. Firstly, it was
found that no harmful pathogens were present in the plume. Secondly, the environmental conditions,
including the average temperature and humidity of the plume, were assessed, and deemed safe for
personnel to conduct their work without adverse effects.

3.2. Operations

The prime concern was keeping people safe. The potential for a small amount of spalling debris falling
116 m and causing injury to personnel below was an unacceptable risk. The first and immediate action
was to establish exclusion zones around the base of the tower for general access. However, this did not
cover the personnel who needed to access the pond areas for ongoing operational and maintenance
activities. This was addressed in three ways.

Firstly, a drone-based inspection with high resolution photography was undertaken to visually inspect
the surfaces. Although this may not indicate spalling debris in imminent risk of falling, it did provide detail
mapping of the areas where spalling was evident and where debris was likely to emanate from. This
first drone-based inspection confirmed the initial perception that the deterioration was concentrated on
the last top two lifts of the shell.



As operational access was required in the hot pond area at the top of the podium section for
maintenance of cooling system sprays, the second safety intervention was the design and construction
of a mobile protective gantry structure. This structure, like a pedestrian hoarding used in metropolitan
high-rise construction sites, was relocatable to work locations by mobile crane and provided a protective
barricade.

The third safety intervention involved conducting drop tests on various objects to examine their fall
trajectories. Concrete pieces of different sizes were dropped from the hanging stages used for field
investigations in a controlled environment to investigate the potential fall path. The tests aimed to
investigate two concerns: the effect of updrafts on the shell that may cause debris to glide outward from
the hot water pond at the top of the podium, and the likelihood of an object bouncing outside of the hot
water pond area upon hitting the curved shell. The tests, using some spalled cover concrete,
demonstrated that all free-falling debris landed safely in the hot pond water without damage. For debris
hitting the shell, they broke into smaller fragments and slid down the shell into the water. The results
confirmed that falling material was unlikely to land outside of the podium area, thus affirming the
effectiveness of the exclusion zone system.

3.3. Condition Assessment

After establishment of the safe access to the top ring it was possible to undertake the actual condition
assessment. This involved removal of loose concrete to expose deteriorated reinforcing, measurement
and mapping of reinforcement loss, measurement and mapping of removed concrete and core sampling
circumferentially for laboratory materials testing.

Apart from mapping losses and conducting a preliminary “make-safe”, a key objective to obtain an
understanding of the root cause and from that establish a future deterioration profile to develop remedial
works if required and the forward preservation strategy. The materials testing looked at carbonation,
sulfate attack and chloride ingress as a base. Additionally, there was a desire to understand the
materials base from where the asset started its life. Questions around original concrete mix design,
strength and quality needed to be factored into the understanding the remnant life.

For the original construction, a portland cement content estimated to be 350 kg/m3 was determined by
chemical analysis using the CaO content of the concrete. Fly Ash content, if present, was not able to
be determined. The average compressive strength from the laboratory tests was about 60 MPa,
significantly higher than the 28-day characteristic design strength of 30 MPa, but not unexpected
considering the cement content, the quality of the concrete (as observed from the cores) and structure
age.

While it was good news that neither carbonation nor sulphate attack was an issue, chloride ingress was
a problem and likely to be the root cause of the spalling. The mechanism of chloride diffusion through
the cover concrete causing corrosion of rebar and subsequent spalling of cover concrete was the
challenge to control.

The investigation and testing resulted in the development of two significant tools for the management of
the asset going forward. Firstly, the spalling likelihood map (refer Figure 4) provided a means of
forecasting the deterioration expected based on chemical testing and extents. The unwrapped external
surface has been colour-coded based on the likelihood it will spall where black is current, red is likely
before 2040, yellow is possible by 2040 and green is unlikely before 2040. Using this allows
quantification of the level of effort required in remedial works for a given retirement timeframe.

The second tool developed was the equivalent loss model. For a given vertical shell lift, the maximum
loss of concrete section and reinforcing area was established. This model enabled development of the
design loss model. For example, from the measured deterioration a conservative allowance of 60mm of
section thickness and 50% of reinforcing was allowed for the current condition of the top lift as a stiffness
reduction allowance in finite element modelling. For a future condition (nominally 2040), the concrete
loss was increased to 150mm and external reinforcement loss to 100%, resulting in a significant loss of
stiffness.

A subsequent structural analysis was undertaken using the as-built drawings. The first case examined
the original 1970’s design in “good condition” with earthquake and wind loads based on current
Australian Standards.

Two more cases were assessed with the second covering the tower with the current deterioration model
and third using the future deterioration model. The modelling was undertaken using SAP2000 using



shell elements. For each case the equivalent shell elements were modified based on the representative
stiffness for the given concrete thickness and reinforcing.
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Figure 4 Spalling Likelihood Map

The as-built model analysis indicated that there are no design deficiencies in the original design
regardless of the change in standards since the 1970’s provided that the tower was in good condition.
The current-condition model indicated that parts of the top lift would become overstressed, particularly
where the external faces came into tension due to the deformed shape under wind loading (refer Figure
5). To further our understanding, a scenario of complete loss of the top lift was investigated assuming
the second last lift was in good condition. Interestingly it was shown that the tower could tolerate the
complete loss of structural capacity of the top lift provided the lower lifts were in good condition. This
does highlight the need to maintain the lower lifts which are starting to show progression of the spalling
moving down vertically.
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Figure 5 Plan view of deflected shape of the cooling tower under wind loading.

As can be anticipated, the future deterioration model presents an unacceptable outcome. As the top lift
becomes ineffective and the losses accumulate downwards, the integrity of the hyperboloid becomes
unacceptable. From a comparative view, if we assume that the as-built case could safely withstand a
1:500-year wind load event, the capacity of the future-condition case had reduced to a 1:65-year wind
load event. Given this likely result it was necessary to develop remedial works to preserve the structure
in its current condition.



4. Remedial Works Design Proposal

4.1. Concept Details

The solutions to investigation challenges outlined above provided the basis of the next phase of works.
Knowing that some works to slow or prevent further deterioration were necessary given the root cause
and given an uncertain life timeframe provided the next significant challenge. The chloride contamination
would continue to attack the reinforcing steel and lead to reinforcing loss and the loss of cover concrete.
The structural integrity of the tower would progressively be reduced as the spalling moved from the
current point to that predicted by the map of Figure 4. A summary of the key aspects relating to a
remedial concept is provided.

Table 1 Key aspects for remedial works design concept

Positive Negative Aspects
Remaining life uncertain but allow 20 years The remnant capacity would be unacceptable
before 2040.

Concrete damage was secondary to | Chloride contamination was present, and
reinforcement loss due to chloride induced | damage would continue

corrosion
The structural tower capacity of the tower was | The point at which deterioration became
acceptable based on design and even with | unacceptable was indeterminate

current deterioration
The chloride ingress and damage was only | The external reinforcing was critical in resisting
affecting outer layer of reinforcing steel and had | external face tensions.

no effect on inner surface or internally
Chloride removal was not feasible. Removal of | Conventional repair would require removal of
external cover concrete and reinstatement of | very large volumes to concrete from the top two
reinforcing could be considered to control | lifts of the tower with logistical difficulty, high cost
chloride. and high risk to worker safety.

Given the finding that driving the damage was chloride contamination of the cover concrete and that
loss of reinforcing was leaving a tensile strength deficit and there was a safety and logistical desire to
minimise stripping and recasting of concrete, lead to the formation of the proposed remedial works
concept.

Firstly, the areas projected likely to spall would be assessed and were found to be loose or poor would
be removed. Secondly, exposed reinforcement would be coated with a reinstatement concrete layer.
Next, external post-tensioning would be installed. The intent being to counter the tensile stresses from
wind induced bending at the outside face. This would have the secondary benefit of applying
compression to close any existing cracking. Finally, a cathodic system would be installed to slow the
progression of reinforcement loss.

(a) Deflected shape- Seismic action (exaggerated). (b) Deflected shape- Wind action (exaggerated).

Figure 6 Deformed shape for seismic and wind cases



4.2. Repair Design Development

FEA models were constructed to represent both the during-repair and post-repair stages of construction
incorporating the post tensioning system. The FEA stress resultants occurring in the upper region of the
tower wall were extracted for the critical load combinations and for each stage of works. The external
post-tensioning arrangement is a four-tendon system, located on the external surface of the structure.
The tendons are placed in four layers at specific distances down from the top of the tower. Each layer
is configured as two half-circumference segments, approximately 102m in length, with "common"
anchorages linking the two segments of each layer placed at each end of each segment and offset 90
degrees in plan to the layer immediately above or below.

Overall, the results of the structural evaluation and subsequent remedial external post-tensioning
strengthening design indicate that the uppermost two lifts may lose up to 150mm of external concrete,
around the circumference without exceeding allowable concrete or steel stresses, and without
exceeding the moment capacity of the existing deteriorated section. It should be noted that the design
of the external post-tensioning system was a critical part of the structural strengthening works for the
cooling tower. The design needed to ensure that the additional forces introduced by the post-tensioning
system did not exceed the capacity of the existing structure or create additional stresses that could
compromise its integrity.

Cathodic protection involves applying an electric current to the steel reinforcement to inhibit corrosion.
A hybrid system which combines sacrificial anodes and impressed current has been selected for this
work.

4.3. Execution of Works

The execution of works for the cooling tower repairs involved a range of key activities, including
designing and installing an access system, conducting concrete repairs, installing a corrosion protection
system, and installing a post-tension strengthening system.

The access system includes a hoist and full circumferential upper platform, allowing for safe
transportation of materials and personnel to the most upper rings for repairs.

5. Conclusions

To conclude, CFD studies were conducted to simulate the interaction between wind and updrafts in the
operational cooling tower. Results showed that the vapour plume pouring from the top did not interact
with wind uplift on the shell and crane boom. Furthermore, samples revealed the absence of harmful
pathogens, ensuring that the environmental conditions were safe for personnel to conduct their work.

FEA models were utilised to evaluate the structural condition of the Tarong Cooling Tower in during-
repair and post-repair stages of construction and installation of the post-tension strengthening system.
Materials testing was carried out to investigate carbonation, sulfate attack, and chloride ingress as well
as the original concrete mix design, strength, and quality. Although the laboratory tests indicated an
average compressive strength significantly higher than the design strength, the presence of chloride
ingress was identified as the root cause of spalling.

In summary, the design and implementation of the structural strengthening works for Cooling Tower 1/2
at Tarong Power Station presented a complex and challenging engineering project. The use of advanced
analytical tools and techniques, coupled with the expertise of specialist engineers and construction
professionals, was crucial in ensuring the safety and integrity of the structure.
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