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Abstract:

The construction of bulk storage facilities on shorelines near ports presents a unique set of challenges,
particularly when dealing with poor ground conditions, and managing unique or delicate environments. This
paper explores the key factors influencing the design of megalitre scale storage tanks, with a focus on
optimising structural integrity, material usage, durability and tank capacity.

Through a combination of case studies and engineering analysis, this research identifies best practices for
designing storage infrastructure that can withstand climate extremes and operational requirements. The
findings contribute to the development of innovative engineering solutions that improve the longevity and
reliability of bulk storage facilities.

1 Introduction

The design and construction of resilient bulk storage facilities in challenging environments require the
application of precise engineering principles, coupled with robust design methodologies to achieve
compliance, operational efficiency, and structural durability. Bulk storage tanks, especially megalitre-scale
units located near shoreline ports, pose complex engineering challenges relating to legacy infrastructure,
adverse geological conditions, hydrological risks, and environmental sensitivities. This paper provides a
comprehensive analysis of these challenges, alongside innovative engineering solutions structured to ensure
longevity, resilience, and adherence to regulatory frameworks.

Through clinical evaluation, the technical intricacies of designing bulk storage facilities are explored in terms
of geotechnical design, foundation selection, hydrological mitigation, structural capabilities, construction
practices, and long-term maintenance. Emphasis is placed on industry standards such as API650 - Welded
Tanks for Oil Storage, AS1170.0-4 - Structural Design Actions, and BS EN 14015 - Specification for the
design and manufacture of site built, vertical, cylindrical, flat-bottomed, above ground, welded, steel tanks
for the storage of liquids at ambient temperature and above, which guide structural design, operational
safety, and environmental protection. This review relies on detailed case studies, empirical data, and
engineering methodologies to offer effective strategies for ensuring operational reliability in extreme
conditions.

This paper not only addresses current design and operational challenges but establishes frameworks for
future-proofing infrastructure, ensuring it remains adaptable to evolving environmental and operational
demands. The findings presented contribute to advancing engineering practices, optimising cost efficiency,
and reducing risk while maintaining compliance in bulk storage facilities requiring advanced technical
designs.
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Bulk storage facilities serve as critical infrastructure for the storage and handling of liquid and semi-liquid
materials, including hydrocarbons, chemicals, and industrial fluids. These facilities often operate in
environmentally sensitive and geotechnically challenging environments, demanding stringent design controls
to mitigate safety risks, premature failures, and environmental contamination.

1.1 Background

As industries expand to meet growing demands, storage facilities near ports and shorelines have become
increasingly prevalent due to their proximity to logistics networks. However, the construction of large-scale
tanks under adverse conditions presents significant engineering challenges. Poor subgrade soils, high water
tables, coastal erosion, legacy drainage systems, and seismic instability are often encountered. These
factors necessitate rigorously engineered solutions backed by geotechnical investigations, advanced
foundation design, erosion control strategies, and comprehensive hydrological modelling.

Existing infrastructure such as pipelines, bund systems, and electrical networks introduces additional
complexity to facility development. Many legacy systems lack compatibility with modern standards and
performance requirements, amplifying risks of operational inefficiencies and regulatory noncompliance.

From a regulatory standpoint, bulk storage facilities must comply with stringent standards governing
structural integrity (e.g., AP1620, API650), seismic resistance, and environmental sustainability (e.g.,
AS1170, AS1940). Failure to address these mandatory requirements jeopardises operational safety and
increases exposure to penalties. On an economic level, poorly designed facilities result in elevated
maintenance costs and reduced service lifespans, compromising profitability and reliability.

1.2 Scope

This paper addresses the critical technical considerations central to the design of resilient bulk storage
facilities under challenging conditions. By deploying clinically precise analysis, the scope encompasses the
following engineering aspects:

1.2.1  Legacy Infrastructure Challenges

o Integration of outdated systems with modern designs.
Mechanisms to retrofit, augment, or replace legacy drainage, bunds, and access networks.
o Regulatory compliance under restricted site conditions.

1.2.2  Geotechnical Challenges

e Ground behaviour under high loading conditions.
e Bearing capacity failure mechanisms and differential settlement risks.
e Techniques for ground improvement and soil stabilisation.

1.2.3  Foundation Design

o Comparative analysis of foundation types: Earth foundations, concrete ringwalls, rigid slabs, and
piled foundations.
o Load handling methodologies and performance criteria in alignment with AP1650.

1.2.4  Hydrological and Contamination Risks

Erosion control strategies, drainage optimisation, and high-water table engineering.
o Design measures against hydrodynamic forces such as flooding, scour, and groundwater-induced
uplift.
1.2.5  Structural Design Challenges

Lateral load resistance during seismic/wind events.
o Material degradation in corrosive environments and dynamic loading solutions.
e Emergency venting mechanisms and internal stress mitigation techniques.
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e Logistics of construction under spatial and access constraints near ports.
o Protocols for site stabilisation, dewatering, and controlled access during project execution.
o Long-term upkeep of tanks, foundations, and auxiliary structures in extreme environments.

1.2.6  Construction and Maintenance Challenges

1.2.7  Regulatory Compliance and Standards

e Adherence to API650, AS1170.4, AS3600, AS4100, and BS EN 14015 for safety and operational
performance.
¢ Recommendations for scalable designs that align with environmental protection benchmarks.

This paper consolidates empirical data, simulation models, and engineering best practices to provide
actionable recommendations. Its findings aim to equip stakeholders with technical frameworks that enhance
the safety, functionality, and adaptability of bulk storage facilities, ensuring compliance and optimising
lifecycle performance.
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When developing resilient bulk storage facilities in challenging environments, the coexistence of outdated
systems with modern designs can compromise reliability, operational efficiency, and compliance standards.
It is imperative to rigorously assess the scope and limitations of the existing infrastructure to ensure that
integration proceeds without compromising the overarching objectives of safety, functionality, and
environmental protection.

2 Legacy Infrastructure Challenges

Legacy services such as piping systems, electrical networks, and communication infrastructure often fail to
meet the capacity or performance requirements of contemporary bulk storage operations. For instance, older
pipeline systems may be unsuitable for handling newer high-capacity flow rates or modern materials such
as high-viscosity fluids. In addition, existing electrical systems may lack sufficient load capabilities or fail to
comply with updated power distribution and safety codes. The integration of these services necessitates
retrofitting, supplementary installations, or full replacements, which can significantly impact project timelines
and budgets.

Bunds are critical to preventing environmental contamination and ensuring containment of hazardous
materials during spills. Legacy bunds may be designed to outdated capacity standards, constructed of
inadequate materials, or compromised due to structural degradation over time. Reinforcement or
reconstruction of bunds is often required to meet current regulatory guidelines, posing spatial and logistical
challenges, especially when working within confined or constrained sites.

Legacy drainage systems often lack sufficient capacity to manage increased runoff volumes from expanded
facilities, especially in environments with high precipitation or extreme weather events. Outdated drainage
configurations may be prone to blockages, inefficient flow, or non-compliance with modern water
management requirements such as separation of contaminated effluent. Integrating drainage systems
requires a thorough hydrological analysis and the potential redesign of drainage paths, catchment basins,
and treatment solutions to mitigate flooding risks and adhere to environmental standards.

Access to and within legacy sites is frequently limited by narrow entryways, insufficient truck turning radii, or
aging roadways incapable of supporting higher load classes. Furthermore, access routes may be in locations
that conflict with the logical layout of new storage units, potentially affecting operations such as loading,
unloading, and maintenance. Realigning transportation and internal access networks often requires
extensive demolition, rerouting, or expansion, which may conflict with ongoing site operations, leading to
operational downtime.

Many legacy facilities were not designed to accommodate the increased loads associated with modern bulk
storage tanks or equipment. Foundations may lack the necessary bearing capacities, while steel and
concrete members in existing structures may have deteriorated over time. Conducting structural
assessments, load testing, and implementing reinforcements are often necessary to ensure that legacy
elements can safely support new installations.

Failure to adequately address these challenges can result in operational inefficiencies, elevated safety risks,
and non-compliance with regulatory frameworks. Legacy infrastructure integration demands detailed
diagnostics, including condition surveys, structural evaluations, and computational flow modelling, to ensure
compatibility with new designs.
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The geological condition of a site influences the stability and longevity of bulk storage tanks and all auxiliary
structures. Poor or unfavourable soil conditions can cause significant structural issues, leading to severe
repairs or even catastrophic failures. General failure mechanisms of founding material are by subsoil bearing
failure and/or excessive foundation settlement when placed under load.

3 Geotechnical Challenges

Typically, ML storage tanks depending on diameter, height and capacity can produce significant bearing
loads, where shallow founding material may be insufficient. Auxiliary structures, such as pipe racks, slops
tanks, stair towers and bunding, can produce forces in the order of hundreds of kilonewtons (kN), which can
generally be sufficiently controlled by high level foundation practices on suitable bearing conditions.
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General shear failure Local shear failure Punching shear failure

Figure 1: Nature of bearing capacity failure in soil: (a) general shear failure: (b) local shear failure; (c) punching shear failure (Das,
2016)

Movement of the founding material under a foundation may cause damage and affect the serviceability of
the superstructure and its interfacing with critical services. Ground movement may be uniform, which may
not cause significant damage, or differential or cyclical, which both may lead to distortion or failure of large
tanks and associated infrastructure.

The design performance requirements of a bulk storage tank foundation is generally defined by the tank
purchaser and in API650. As seen in API650 Cl. 7.3.7.6 the tank shell may have “.. any differential
settlement > 13 mm per 10 m of circumference or a uniform settlement over 50 mm shall be reported to
Purchaser for evaluation.” Additional performance requirements may include dishing, which is the differential
settlement between edge and centre of the tank, and planar tilt, which is differential vertical settlement over
the diametral line through the tank. All requirements are to be validated through geotechnical investigation
and subsequent modelling.

Certain soil types, particularly clays, exhibit time-dependent settlement due to consolidation and creep.
These processes occur as water is gradually expelled from soil pores under load, causing long-term
settlements. Laboratory testing conducted within short time frames may not capture this long-term behaviour
accurately, necessitating empirical modelling. Furthermore, reactive clays, such as black soil commonly
found in Australia and particularly marine clays found in coastal areas, are problematic and are susceptible
to significant swelling when wet and shrinkage when dry. The soil absorbs water and increase in volume
exerting pressure on foundations and during dry periods these soils contract, causing voids beneath
foundations and resulting in uneven settlement. Moisture ingress on problematic sites can occur due to poor
drainage, weather events, natural rise and fall of the water table, or infrastructure failures (e.g. broken
pipelines, leaky sewers). Moderately saturated soils with poor drainage, like silty sands or sands and gravels
with impermeable sediments, are susceptible to liquefaction. Liquefaction, typically occurring from a seismic
event, where the pore water pressure builds up due to the cyclic loading, resulting in the accumulation of
large shear strains and hence loss of soil strength and behaving like a liquid (Lees, 2024). AS1170.4 currently
does not provide guidance for the evaluation of liquefaction potential.

Uncontrolled fill is a soil or material used to fill a site that has not been properly regulated under standard
practices. This may include improper or lack of compaction, fill containing construction waste, demolition
debris, organic materials, and other unknown substances making it unpredictable in terms of its structural
stability and potential for settlement issues. Issues arising from this includes bearing failure, settlement,
corrosion or degradation of unknown materials leading to contamination and further subgrade failure.
Additionally, sites on a slope, where part of a tank is on undisturbed ground or rock and partly founded on
fill or another construction or where the depth of fill is variable can cause issues with differential settlement.
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It is critical for a comprehensive geotechnical investigation to be conducted prior to design of a bulk storage
facility to inform the designer of any potential issues. As discussed in the previous section, ML storage tanks
induce significant forces onto its foundation. The bearing and settiement of a storage tank is controlled by
the foundation type and/or by ground improvement. By thoroughly investigating and understanding the
founding strata, engineers can design suite specific foundation solutions to ensure long-term reliability of the
asset.

3.1 Mitigation strategies

3.1.1  Foundations

There is a wide variety of ML storage tank foundation types in modern construction as outlined below.
Foundation design and types are discussed in non-Australian guidelines and standards including API650
Welded Tanks for Qil Storage, PIP STE03020 Guidelines for Tank Foundation Designs and PIP VECTAQ01
Tank Selection Guide.

3.1.1.1  Earth Foundations without a Ringwall

Often the cheapest and easiest for execution foundation generally requires sufficient founding material at
shallow depths. This entails the subgrade to have adequate bearing capacities and settlements that are
acceptable to the purchaser's specification. This is evaluated based on engineering experience and/or
exploratory work of the subgrade to satisfactorily construct the foundation from earth materials. The
performance requirements of earth foundations and more extensive foundations are generally identical. But
specifically, an earth foundation, API650 Annex B4.1 notes recommendations on additional required
outcomes including:

e “provide a stable plane for the support of the tank;”

o “limit overall settlement of the tank grade to values compatible with the allowances used in the

design of the connecting piping;”

o ‘“provide adequate drainage;”

o “not settle excessively at the perimeter due to the weight of the shell wall.”
During a tank’s operational life, the underlying soil's density increases under load, allowing for subsidence
differential movement of the foundation, which may lead to loss of steadiness. In addition to this performance
requirement, the installed foundation soil should:

e  be of low compressibility, to ensure low and even subsidence.

e be insoluble in the presence of water, i.e. groundwater and rainwater.
Otherwise, additional foundation material improvements like geotextiles can increase the lateral strain
resistance. Disadvantages of earth foundations without a ring wall is that it is generally limited to small tanks
on good soils and the superstructure tank cannot be anchored against wind and earthquake overturning. In
a challenging site with excessive moisture variation and settlement issues, earth foundations may not be the
best solution (Zdravkov, n.d.). This may be satisfactory with further ground improvement as discussed in
Section 3.1.2, but deep-seated poor material may make this an expensive task.

3.1.1.2  Earth Foundations with a Concrete Ringwall
The most common foundation in practice has a concrete ringwall, which is a reinforced concrete ring beam
under the tank shell. Large tanks can impose substantial loads onto the tank wall, especially due to lateral
forces, which the concrete ringwall efficiently distributes to the ground. API6G50 Annex B4.2 notes the
advantages of earth foundations with a concrete ringwall includes:
o “ltprovides better distribution of the concentrated load of the shell to produce a more nearly uniform
soil loading under the tank.”
“It provides a level, solid starting plane for construction of the shell.”
e ‘It provides a better means of leveling the tank grade, and it is capable of preserving its contour
during construction.”
o ‘“ltretains the fill under the tank bottom and prevents loss of material as a result of erosion.”
e ‘It minimises moisture under the tank.”
In addition to the above:
e Minimises edge settlement and consequently tank shell distortion
o Deep concrete ring walls can cut through upper layers to be founded on underlying firmer layers.
e  Provides means of tie down of the tank if required.
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e Thering wall provides confinement of the soil beneath the tank, ensuring even bearing and limiting
differential displacement.

A disadvantage of concrete ringwalls is that they may not smoothly conform to differential settlements across
the perimeter if the subgrade under the ringwall is insufficient. Additionally, this may cause the tank to deform
out of roundness potentially causing the roof seal to lose its effectiveness or even the roof to jam.
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Figure 2: API650 Annex B4 Figure B.1— Example of Foundation with Concrete Ringwall

F/bure 3: Example of Foundation with Concrete Ringwall (icubed onsulting)

In lieu of a concrete ringwalls, crushed stone and gravel can be used for the ringwall with similar strength. A
crushed stone or gravel ringwall can provide adequate support for the large imposed loads from the shell but
relies on sufficient shallow bearing material. API650 Annex B4.3 notes the advantages of a crushed stone
or gravel ringwall as:
o ‘It provides better distribution of the concentrated load of the shell to produce a more nearly uniform
soil loading under the tank.”
e ‘It provides a means of leveling the tank grade, and it is capable of preserving its contour during
construction.”
o ‘“ltretains the fill under the tank bottom and prevents loss of material as a result of erosion.”
e ‘It can more smoothly accommodate differential settiement because of its flexibility.”
In addition to the above:
o Less expensive than concrete ringwall
o Construction material typically readily available
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Despite the above, crushed stone or gravel ringwall is more difficult to construct to achieve a flat, level plane
for the tank shell. There are some disadvantages in the use of crushed stone ringwall, including:
e Tank cannot be anchored against earthquake overturning
o Foundation material may be subject to washout without the proper preparation
¢ Increases pitting of the tank bottom/annular plates at points where the tank bottom contacts stones.
Water and corrosive salts can collect between the stones and cause increased pitting corrosion on
the tank bottom.
o Potential for differential settiement causing subsequent issues
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Figure 4: API650 Annex B4 Figure B.2 — Example of Foundation with Crushed Stone Ringwall

3.1.1.3  Rigid Slab Foundations
Where the bearing loads, imposed by the tank wall, must be distributed over a larger area, a reinforced
concrete slab is typically used, e.g. a tank which is relatively tall in comparison to its diameter. Slab
foundations are generally applicable to tanks of relatively small size due to being expensive. Advantages of
including:

o Differential settlement is better controlled, especially in areas with high water tables

Provides even distribution shell load for uniform soil bearing over a larger area
Robust means of leveling the tank grade
Allows for tank anchorage against wind and earthquake overturning
Low corrosion rate

3.1.1.4  Piled Foundations

Piled foundations in combination with the above foundation types, help support bulk storage tanks, especially
in areas with weak or highly compressible soil. The primary functions of piled foundations include:
o To transfer structural loads to deeper, to more stable soil layers, ensuring long-term stability and
minimising settlement risks.
o To resistance to horizontal forces, induced from wind, seismic, and other dynamic forces, which is
essential for the stability of taller bulk storage tanks.
o To mitigation the effects of expansive and collapsible soils, by extending piles beyond the active
zone of swelling and shrinking.

Designing Resilient Bulk Storage Facilities in Challenging Environments Page 8 of 18



icubed consulting ﬂ

Adequately designed piled foundations to effectively achieve the above, must account for factors as noted
below:

o Additional load from negative skin friction. The moisture changes in clayey soils can lead to
downward drag on piles, necessitating additional design considerations.

o Minimising differential settlement, where discrete piles under the large footprint of the tank need to
be founded on similar material to ensure uniform movement. This is controlled in design,
construction and testing. Contiguous pile foundations can be more effective than isolated
foundations in reducing differential settlement over collapsible soils (Das, 2016).

o Ifthe level of poor material extends extremely deep, and piles are employed, reaching a satisfactory
stratum may result in great expenditure, in which case alternative ground improvement should be
investigated or the site relocated.

3.1.2  Ground Improvement Techniques

Ground improvement techniques are essential for enhancing the engineering properties of soil, particularly
under ML bulk storage tanks involving soft or loose soils. Ground improvement techniques typically serve
one or more of the following primary functions:
o Increase shear strength and bearing capacity,
Increase density,
Decrease permeability,
Control deformations,
Increase drainage,
Accelerate consolidation,
Decrease imposed loads,
Provide lateral stability,
Increase resistance to liquefaction,
Transfer embankment loads to more competent subsurface layers (Elias & Alderton, 2021).

Shallow or superficial remediation under the tank bottom will not improve the support conditions. The
following common methods are techniques commonly used to improve the subgrade, individually or a
combination of.

3.1.21  Excavation and Replacement:

Removal of weak/problematic soils and replacing it with a more suitable material that is easy to compact,
control and is insensitive to moisture change. Excavation and replacement is one of the most widely adopted
ground improvement technique improving shallow foundation performance. It is a simple, reliable, and well-
established technique that does not require specialty contractors and generally has readily available
equipment to complete on most sites (Abolfazl Eslami et al., 2020). However, may be constrained by difficult
site conditions including a high groundwater table, deep seated poor founding material and limited truck
access to the site.

3.1.2.2  Preloading/Surcharging

Surcharging or preloading is a technique used to improve soil stability by applying an overburden load to
settle and strengthen founding material as consolidation occurs under the imposed load before construction.
This method is simple and a relatively low-cost solution with the advantage of reduced total and differential
settlements, while maintaining uniform settiement of a site. This allows for the long-term primary and
secondary consolidation settlements to be brought to an acceptable level. Additionally, improved founding
material strength and density properties such that liquefaction potential is limited. However, this technique is
very time consuming to allow settlements to occur and may be further exacerbated by deep deposits of clay
requiring even further consolidation time. This requires extensive planning to effectively manage a site.

3.1.2.3 Rigid Inclusions
Rigid inclusions are an efficient solution for controlling and reducing settiement in weak soils while increasing

their load-bearing capacity. They serve as an economical alternative to traditional deep foundation methods
and can optimise the overall design of an overlying structure. Rigid inclusions is commonly refer to as
Controlled Modulus Columns (CMC) or Vibro Concrete Columns (VCC) (reference to proprietary names),
and is effectively the introduction of an array of vertical rigid columns of stiffer material such as concrete,
grout or gravel into a soft soil down to a deep seated bearing material. This densifies the adjacent soil matrix
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(specifically in granular soils) thereby improving the load sharing and deformation characteristics of shallow
foundations through the load transfer platform (LTP). By distributing loads more effectively, rigid inclusions
enhance foundation stability and mitigate differential settlement. The apparent ground stiffness can be
controlled by various parameters by the designer including the column spacing, diameter, the anchorage in
a competent material and the modulus of the rigid inclusion. These parameters are altered to achieve an
improved soil within the allowable range set out in the performance requirements.

q
RElATGrEaBHt b Concrete slab (optional) A
(optional) ~ Load transfer platform

Columns
(rigid inclusions)

Figure 6: Rigid inclusion diagram (Simon, 2012)

3.1.24  Soil Mixing
Soil mixing techniques, including Chemical Soil Stabilisation, Mass Soil Mixing (MSM) and Deep Soil Mixing

(DSM), involve the mechanical blending of weak soil with stabilising agents such as cement or lime to
enhance strength and durability. The primary objectives of soil stabilisation through mixing include:

o Increasing the strength of soft soils. Additionally flooding foundation trenches with solutions of
sodium silicate and calcium chloride, can chemically stabilise the soil. This method is only
successful if solutions can penetrate deeply, hence is primarily only applicable in fine sands. The
soil will then behave like a soft sandstone and be resilient to collapse upon saturation (Verma et al.,
2021).

e Improving deformation properties to minimise settlement.

o Enhancing dynamic stiffness

e Remediating contaminated soil. This method is particularly effective in projects requiring ground
stabilisation while maintaining cost efficiency and minimising environmental impact.

3.1.25  Conclusion
There are numerous other ground improvement techniques such as dynamic compaction, jet grouting and
wick drains that have not been mentioned in the above. It is of the designer to determine a cost effective,
time efficient and suitable ground improvement technique that mitigates the highlighted geotechnical
challenges.
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Designing resilient bulk storage facilities necessitates the comprehensive consideration of hydrological and
contamination challenges. These factors can significantly impact the long-term performance, structural
integrity, and operational safety of such facilities. Key challenges include erosion and undermining, the
presence of high-water tables, acid sulfate soils, and the potential impact of floodwaters. Each of these
hazards must be addressed through meticulous engineering design and mitigation strategies.

4 Hydrological & Contamination Challenges

Erosion is a predominant hydrological challenge, particularly in environments subjected to high rainfall, water
flow, or fluctuating water levels such as tidal zones. Surface runoff, channelised flow, or hydrodynamic forces
can lead to progressive soil loss around the base of storage facilities, exposing foundations and increasing
the risk of structural instability. The loss of foundational support due to scouring, particularly during flood
events, can undermine the load-bearing capacity of subsurface materials, posing catastrophic risks to the
facility.

Countermeasures such as soil stabilisation, well-designed drainage systems, and protective revetments
(e.g., rock armouring, clay capping and geotextiles) are essential to mitigate erosion. Computational
hydrological modelling can further inform the placement of the facility to minimise exposure to erosive zones.

In regions with high water tables, subgrade soils remain saturated, leading to additional hydrostatic pressure
exerted against foundations and base structures. This pressure heightens the risk of groundwater infiltration
into storage pits and tanks, threatening their structural integrity and increasing maintenance demands.
Moreover, buoyant forces resultant from high water tables can jeopardise the stability of lightly anchored or
inadequately designed tanks, causing uplift or displacement.

Mitigation strategies include the use of dewatering systems during construction, integrating sub-surface
drainage solutions (e.g., subsoil drains), and employing weighted or anchored foundations. In some cases,
permeable reactive barriers designed to redirect groundwater flow may be deployed to protect critical
components of the facility.

Acid sulfate soils, common in coastal and estuarine zones, present a geochemical hazard that warrants
special consideration. When disturbed during excavation or construction, these soils oxidise, generating
sulfuric acid that can corrode steel, degrade concrete, and contaminate groundwater supplies. The risk of
long-term structural damage and environmental contamination is elevated if these soils are not properly
managed.

In soils containing sulfates, the presence of water and oxygen can trigger a chemical reaction that leads to
the expansion of certain minerals (e.g., ettringite), causing heave and damage to foundations and structures.

Mitigating solutions include soil testing to detect sulfide-rich soils prior to excavation, lime treatment to
neutralise acidity, and the use of protective coatings for concrete and steel structures. Engineering designs
should emphasise minimising soil disturbance and adopting materials resistant to acidic conditions.

Extreme hydrological events, such as inundation by floodwaters, pose immediate and severe risks to bulk
storage facilities. The high velocity and volume of floodwaters can destabilise tanks through scour—eroding
the surrounding substrate and exposing the foundations. Tanks located in floodplains or low-lying areas are
particularly susceptible to uplift, wherein buoyant forces cause tanks to lift off their bases, or displacement,
wherein tanks may shift laterally. Both scenarios can result in structural failure or leakage, compounding
environmental hazards.

Flood-resilient designs must accommodate these risks. Techniques include deep pile foundations, proper
anchorage systems, and elevated platforms to lift storage tanks above flood levels. Incorporating perimeter
berms or flood barriers can provide a secondary line of defence against floodwater intrusion. Monitoring and
early warning systems, combined with emergency response plans, should also be established for such
facilities.
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Figure 8: Flooding of containment bund (icubed consulting)
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S Structural Design Challenges

The structural design of bulk storage facility presents numerous challenges that must be carefully addressed
to ensure safety, functionality, and longevity. Structural design extends to elements including bulk storage
tanks, stairs, pipe racks and bund retaining walls.

The load distribution and stability of bulk storage tanks experience significant vertical and lateral loads due
to stored liquid weight, wind forces, and potential seismic activity. The structural system of the tank and
foundation, as discussed in the previous section, must distribute these loads efficiently to prevent excessive
settlement, tilting, distortion or failure. Bulk storage tanks are particularly susceptible to significant lateral
forces when subject to earthquakes, due to its high seismic mass. Additionally, high wind speeds can result
in additional tank internal pressures that need to be accounted for, as well as the effect these loads may
have laterally on lightweight steel auxiliary structures.

The material selection plays a vital role in the structural integrity, where steel tanks and auxiliary structures
in proximity of breaking shores require protective coatings, cathodic protection, or stainless-steel linings to
resist corrosion from stored substances and environmental exposure. Temperature variations cause
expansion and contraction in the tank shell, foundation, and piping. The longitudinal thermal movement of
long running pipes exert significant lateral forces upon supporting structures. Designing for these thermal
effects is critical to avoid stress-induced failures or leaks, particularly in large tanks exposed to extreme
weather conditions.

Addressing these challenges through advanced engineering techniques and meticulous planning ensures
the safe and efficient operation of bulk storage facilities, reducing long-term maintenance costs and
improving overall reliability.

5.1 Regulatory Compliance & Mitigation strategies

Compliance with relevant standards of structural elements such as AS/NZS1170 series, AS3600 and
AS4100 is required by the designer, however there is little guidance of bulk storage tank design within
Australian Standards. In accordance with AS1940 - Storage and handling of flammable and combustible
liquids, Clause 5.2.1, the design and construction of a tank is to comply with AS1692. However, in
accordance with AS1692 - Steel tanks for flammable and combustible liquids, table 3.4, tanks of a diameter
greater than 4.5m are classified as a Category 6 tank. Clause 3.7 states “A Category 6 tank shall comply
fully with BS EN 14015, API 620, API 650, or other equivalent Standard.”

The American standards API650 - Welded Steel Tanks for Oil Storage and API620 - Design and Construction
of Large, Welded, Low-Pressure Storage Tanks are both standards developed by the American Petroleum
Institute (API) for the design and construction of storage tanks. APIB50 generically covers the design,
fabrication, erection, and inspection of atmospheric storage tanks. This is limited to cylindrical, aboveground,
closed- or open-top, welded storage tanks of various sizes. It also provides robust guidelines for normal and
emergency venting requirements.

API1620, on the other hand, is specific to low-pressure storage tanks, not greater the 15psi, requiring similar
requirements as API650, but being more rigorous, with additional design considerations, extensive testing
and analysis. AP1620 provides the standards for designing and constructing large, welded tanks that store
gases or high-volatile liquids, like liquefied natural gas (LNG), under lower pressure. Carbon steel is the most
typical tank material, however API620 permits a variety of materials, including nickel and stainless steel. The
inspection and testing under API 620 are more stringent, for example, it mandates radiographic testing for
all butt welds ensuring the structural integrity.
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The European Standard EN14015 outlines the design and construction requirements for vertical, cylindrical,
flat-bottomed, above-ground, welded steel storage tanks. These tanks are used to store liquids at ambient
or higher temperatures and are primarily constructed from carbon or stainless steel, though other materials
may be used based on specific project requirements. The standard allows for fixed or floating roofs,
depending on the stored liquid and design considerations. Environmental factors such as wind load, seismic
activity, and snow load are taken into account. EN14015 also specifies that tanks must be installed on a
level, stable surface. Inspection and testing procedures are rigorous, including radiographic and ultraviolet
testing, ensuring compliance with safety and performance standards (Meena, 2023).

In addition to the mentioned standards, PIP VECTA001 - Tank Selection Guide, is a guideline “that provides
guidance in avoiding recurring problems and indicates preferred practices where appropriate”. It discusses
stakeholders’ responsibilities and industry standard practices for tank structural elements. It does not provide
technical design but alternatively provides reference to relevant standards and codes applicable for the
design.

Wind design speed and pressure, snow loads, and seismic earthquake hazard design factor are to be
determined by Australian Standards AS1170.2, AS1170.3 and AS1170.4 respectively and appropriately
applied to the relevant API/EN standard for tank design. It should be noted that the wind gust design speed
defined in AS1170.2 is based on a 0.2 second gust. However, in American & British standards the design
wind gust is based on a 3-second gust wind speed, and the appropriate conversion between should be
applied.

With seismic loads, the earthquake hazard design factor (Z) from AS1170.4 can be utilised in the relevant
API/EN standard. The fluid inside of the tank imparts lateral loads onto the tank in 2 parts with the impulsive
and convective components. Impulsive loading is the lower portion of contained liquid acting rigidly onto the
wall. Convective loading is the upper portion of the contained liquid oscillating (sloshing) at its own natural
frequency exerting additional force onto the wall. API650, AP1620 and EN14015 have methods defined in
the appendixes to determine these impulsive and convective loads according to total fluid mass and the tank
dimensions.

UNDISTURBED OSCILLATING

WATER SUR?AﬂE/ WATER SURFACE
d
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(a) FLUID MOTION IN TANK

Figure 9: Fluid motion of bulk storage tank subject to seismic load (American Petroleum Institute, 2020.)

These standards outline rigorous design, construction, and inspection requirements, ensuring structural
integrity and safety. Additionally, environmental factors such as wind, snow, and seismic loads must be
appropriately adapted from Australian Standards and applied within the relevant international design
frameworks. By integrating these standards effectively, designers can ensure safe, reliable, and compliant
storage tank structures.
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Construction and maintenance of resilient bulk storage facilities present a complex interplay of logistical,
technical, and operational hurdles. These challenges arise from the precise requirements of high-capacity
infrastructure combined with the unpredictability of adverse geological, hydrological, and environmental
conditions. Addressing these challenges necessitates a meticulous, evidence-based approach to ensure
long-term functional operability, economic viability, and regulatory compliance.

6 Construction & Maintenance Challenges

6.1 Construction Phase

Many challenging sites, particularly those with legacy or constrained designs near ports and shorelines,
impose severe restrictions on the transportation of construction materials and equipment. Narrow access
corridors, insufficient turning radii for heavy vehicles, or load-capacity restrictions on aging roadways can
create bottlenecks in material supply and slow construction progress. Coordinating the placement of heavy
equipment such as cranes, hydraulic jacks, and pile drivers must be carefully staged to prevent congestion.
Moreover, temporary works, such as access platforms and stabilised traffic routes, may be required to allow
uninterrupted site access, especially during inclement weather.

Given the high variability of geotechnical conditions in unfavourable environments, temporary stabilisation
of subgrade soils is often imperative during construction. Soft, unconsolidated soils or sites susceptible to
liquefaction may necessitate advanced techniques such as controlled sheet piling, temporary ground
anchors, or engineered mats to support construction activities. Missteps during stabilisation not only risk
project delays but also impact occupational safety by exposing workers to collapse hazards.

Determining suitable foundation types for high-density liquid storage tanks in unfavourable soils is a critical
engineering challenge. Earth foundations, concrete ringwalls, or piled systems must be constructed to resist
bearing failure, extensive settlement, and uplift forces from high water tables. Variability in soil properties
across large footprints of tanks increases the risk of differential settlement, which can jeopardise structural
integrity. Suboptimal compaction levels during foundation construction further exacerbate these challenges,
necessitating strict quality control protocols to verify compliance with design specifications.

Construction sites subjected to high water tables or located within floodplains may require continuous
dewatering infrastructure during excavation and foundation work. These systems must be properly managed
to avoid undermining nearby soils or adjacent structures. Additionally, protective measures such as berms,
cofferdams, or cut-off walls may be required to isolate the foundation excavation from surrounding
hydrological forces. Achieving such measures in active sites, such as ports or near legacy infrastructure,
poses spatial and logistical challenges.

Safety requirements often extend beyond standard protocols, particularly for handling hazardous materials
or structures located near operational or environmentally sensitive zones. Temporary containment systems,
spill barriers, and controlled access zones for hazardous areas must be implemented and vigilantly
monitored. Simultaneous execution of new construction and ongoing operational activities within existing
facilities heightens the complexity of ensuring safety compliance without disrupting critical operations.

6.2 Operational Phase

Addressing long-term maintenance challenges begins with resilient construction. Design-specific
enhancements, such as employing reinforced ringwall geometries, advanced coatings for steel, or multi-
layered drainage systems, directly mitigate risk factors associated with foundational degradation and
hydrostatic loads.

Over the operational lifespan of bulk storage facilities, foundation systems are subject to varying degradation
mechanisms, including settlement-induced stresses, groundwater-induced corrosion, and wear from
dynamic forces. Uncorrected downtime caused by inadequate maintenance of foundations can lead to tank
tilt, shell distortion, or differential settlement exceeding tolerance limits specified by API650. Undetected
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issues involving poorly compacted soil layers or unregulated fill often exacerbate foundational instability and
create progressive maintenance liabilities.

Steel and concrete elements in storage facilities are prone to accelerated wear in harsh environments,
especially where coastal or industrial chemical contaminants exist. Bund systems, structural reinforcements,
and subgrade materials are particularly vulnerable to corrosion from sulfates, salinity, and acidic
groundwater. Maintenance solutions require periodic inspections and the application of protective finishes,
cathodic protection systems, or coatings specifically designed for durability in aggressive environments.
Failure to implement such measures increases the risk of structural failure and environmental contamination.

Saturation of underlying soils from high water tables, excessive surface runoff, or legacy drainage system
defects can undermine tank foundations or cause progressive erosion along bund perimeters. Additional
challenges arise from scouring during storm surges or high precipitation events, which require post-event
inspections to assess structural integrity. Sites developed on floodplains face an elevated risk of larger-scale
maintenance due to accumulated hydrostatic loads compromising drainage systems and containment
berms.
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The construction of resilient bulk storage facilities in challenging environments requires a methodical and
holistic approach, addressing the diverse complexities associated with geotechnical conditions, legacy
infrastructure, structural integrity, hydrological risks, and operational safety. This paper has outlined a series
of critical considerations for ensuring cost efficiency, sustainability, safety in design, and alignment with
client-specific requirements.

7 Conclusion

Designing bulk storage facilities entails a careful balance between initial capital expenditure and long-term
operational efficiency. The utilisation of foundation systems such as earth foundations, concrete ringwalls,
or rigid slab solutions must be evaluated against geotechnical conditions to minimise maintenance costs and
premature failure. Where cost impediments arise (e.g., deep-seated poor soils necessitating advanced
ground improvement techniques or piled foundations), thorough geotechnical investigation can mitigate
unnecessary expenditures by optimising design solutions and focusing resources in targeted areas.

Adherence to sustainable principles remains critical in any bulk storage facility development. Where practical,
ground improvement methods such as dynamic compaction, rigid inclusions, and surcharging provide a
sustainable alternative to deep excavation, minimising environmental disruption. Furthermore, erosion
mitigation measures, such as geotextile installations and protective barriers, reduce long-term environmental
impacts while enhancing site stability. Incorporating corrosion-resistant and durable materials reduces the
frequency of replacements and minimises the ecological footprint associated with resource extraction and
material production. Sustainable designs are further reinforced by prioritising drainage configurations that
prevent contamination and employ water separation systems to protect nearby aquatic and land ecosystems.

Safety remains paramount throughout all stages of design and execution. Structured application of regulatory
guidelines (e.g., API650, AS1170.0-4) ensures that bulk storage facilities are designed to withstand extreme
loads, including seismic, wind, and operational forces. Adaptive design features, such as flexible pipe
connectors, base isolators, and reinforced anchorage systems, address dynamic loading scenarios,
including seismic activity and thermal expansion forces, to mitigate risks of catastrophic failure. Emergency
venting systems, such as frangible roofs designed per API650 Cl 5.8.5, ensure safe pressure release under
extreme internal forces, avoiding hazardous spills. Advanced monitoring technologies can further enhance
safety by providing real-time feedback mechanisms against potential failure points, while the phased
construction approaches outlined mitigate risk during simultaneous operations. Design provisions for legacy
infrastructure, including retrofitting and compatibility with new systems, ensure that safety is preserved
without compromise to operational efficiency.

Meeting client-specific objectives necessitates tailored designs that incorporate operational, capacity, and
regulatory requirements. Bulk tanks must align with performance criteria such as API650 standards for
differential settlement, planar tilts, and allowable bearing limits, as dictated by the end-user. Adaptability in
material selection, layouts, and auxiliary structures ensures that facilities are optimised for functionality,
including transport logistics, high-flow rate handling, and storage of variable materials such as high-viscosity
fluids. Special emphasis is placed on achieving compatibility between operational needs and available site
conditions, employing client-approved materials and methodologies to fulfill long-term performance goals.
Future-proofing strategies, encompassing scalable drainage systems, modular layouts, and structural
reinforcements, ensure facilities can adapt to evolving operational demands, thereby maximising utility and
lifecycle performance.

In conclusion, the design and construction of bulk storage facilities in adverse environments demand
precision engineering and robust frameworks to address cost-effectiveness, sustainability, safety, and client
expectations. Adopting advanced geotechnical and structural design strategies, with an emphasis on
compliance and adaptability, ensures that facilities achieve both operational integrity and resilience in the
face of long-term environmental and functional challenges.
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