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Abstract: A recent study of global trends in the prefabricated building systems market suggests a
Compound Annual Growth Rate (CAGR) of 6% within the period 2016-2026. The Asia Pacific region is
leading this trend, however Australia is lagging far behind compared to rest of the region in terms market
share. Contributing to this is a reluctance to adopt new technology, a lack of education and training,
considerable financial and procurement constraints, as well as regulatory barriers which are key factors for
accepting ‘Modern Methods of Construction’ (MMC), included pre-fabricated concrete systems.

Despite these barriers, there are noteworthy examples of MMC being successfully deployed within the
Australian market, such as Hickory Building Systems (HBS). A hybrid of panelised and volumetric pre-
fabricated structural and fagade units (or modules), the system exhibits a new world medium in high-rise
buildings. With a majority of construction work being performed in a controlled factory environment,
downtime due to inclement weather is reduced, personnel safety is improved by reducing the need to work
at heights and a quality control checks can be implemented more effectively compared to conventional cast
in-situ construction systems.

This paper examines a 33-storey building constructed in Melbourne using simple and effective construction
methods for prefabricated floor and fagade systems, a volumetric precast core and innovative connection
details utilising drop-in dowels. It is the hope of the authors that case studies such as this will encourage
architects, engineers, and builders to consider adoption of prefabricated modular concrete construction as
a viable alternative to traditional conventional concrete construction.
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1. Introduction

Despite increased adoption of Modern Methods of Construction (MMC) in other global regions, Australia
has generally been slow to adopt modular forms of construction for holistic structural systems, particularly
on large scale or tall buildings. In Australia, prefabricated concrete construction as a subset of MMC (Fig 1)
has traditionally been deployed for discrete elements within an otherwise traditional insitu method of
construction, particularly for building structures - for example, walls or columns — which could be considered
as a hybrid form of construction, but there are few examples of fully pre-fabricated building systems at scale.

This paper provides a case study of a recently completed 33-storey building in Melbourne, where the overall
superstructure including floors, central core, load-bearing walls columns was constructed using
prefabricated concrete, in addition to unitized fagcade system and prefabricated bathroom pods. This
approach allowed the contractor and client to reap benefits with respect to time, safety, quality, wastage,
and sustainability — all of which are well-documented advantages typically associated with MMC (Fig. 1),
following successful adoption of MMC in other global regions.
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Figure 1. Insitu vs Hybrid vs Prefab Modular.




2. Prefabricated Modular Concrete — Design, Fabrication and Constriction

2.1 Design

The design procedure for individual structural elements is generally no different to in-situ concrete
construction, however additional load cases should be considered such as lifting and transport which can
sometimes govern the design. Care and attention is required when designing and detailing joints, particularly
where precast elements meet and additional tolerances need to be considered.

Locating joints in the structure during the early design phases should consider manufacturing opportunities,
as well as transport and lifting constraints, in addition to structural performance and robustness. For
example, when modularizing floor plates locating joints at or near points of contraflexure is typically preferred
to simplify detailing, however care must also be taken to ensure appropriate structural robustness against
disproportionate collapse. It is typically recommended to maximise the size of precast elements to suit
transport and/or craneage limits to reduce the number of lifts and therefore increase construction efficiency.
Oftentimes there is a tradeoff between these efficiencies and collaboration between engineers, builders and
fabricator is required to find the right balance for each project.

Joint design can influence global structural behavior in addition to local behavior. In the case of high-rise
modular concrete construction, overall building strength and stiffness are both affected by the joints in the
structure, and this must be considered carefully when determining seismic and dynamic wind responses. It
is the authors' view that there is insufficient guidance in relevant Australian Standards such as AS3600 and
AS3850 to provide guidance to practicing engineers with standardized methods of determining joint strength
and stiffness. Typically, a first principles approach is required, in many cases requiring complex FEA models
to estimate elastic joint stiffness and post-yield ductility. In absence of test data to validate analytically
determined joint stiffnesses, it is best practice to consider sensitivity studies for a range of joint stiffnesses.
Behavior of joints under fire conditions is also an area which requires further research, and appropriate
conservatism should be factored into the design in the absence of test data.

2.2 Fabrication

This stage is fundamentally where all the advantages come from as a modular system encompasses
several processes which are otherwise required on site. In the case of HIEX MLC, the modular systems
consisted of full slabs, core walls, as well as include the fagade. Prefabricated bathroom pods, also
supplied by Hickory, were transported and erected separately to the main structural/fagade modules.

Much like insitu concrete construction, modular concrete elements have often have complex reinforcing
requirements and require careful coordination with other trades such as fagade, which means each
module takes time to fabricate accurately, particularly complex shapes or where edges integrate the
facade. In a controlled factory environment, the overall time advantage is leveraged by fabricating
numerous modules concurrently, which would not be feasible with onsite construction. There is also a
core importance to ensure all aspects of fabrication at the yard are accurate and completed effectively, as
the implications of errors can have a significant impact on programme if only discovered when delivered to
site.

Securing manufacturing windows are critical to the successful delivery of modular systems, and
fabrication lead time is a major factor in the development of an overall delivery programme. This can be
somewhat mitigated by fabricating modules in advance of the construction critical path, however large
modules take up more space in a yard or warehouse, so it may not be practical to fabricate more than a
few floors ahead. For HIEX MLC Hickory typically had several floors ready to be delivered to site ‘just-in-
time’ (Fig 2)



Figure 2. Factory production Lifting & Site installation of HBS modules (production/storage,
lifting, installation, completed project)

2.3 Construction

At this stage, key designs and considerations are tested in the transport and installation.

For HIEX MLC, it was a matter of lifting a module onto a truck, delivering the module to site, lifting the
module into place and going through the brace and install method. It is a fast and mess free procedure,
with reduced construction congestion on site.

Design changes or issues at this stage could be difficult and effect all systems already produced, thus can
have larger set backs than conventional insitu construction. However, modifications required are easily
rectified into any modular that has not yet been fabricated, which in turn has shown to bring enormous
value to site teams, safety, sustainability, and speed of construction.

As a modern technology, ideas and innovation continue to arise and often found from site feedback and
visual inspection.

Modular construction does not require formwork systems for insitu concrete pours, removing the need for
building temporary structures and in most cases back-propping or perimeter screens. This removes
significant onsite work requirements, as well as allowing other services to gain access much faster.
Modular construction has proven to be faster, safer, ensures less wastage and is significantly cleaner on
sites. The quantity of products delivered to site for the structure is almost unimaginable, significantly
reducing traffic and time in loading bays.



The value for the construction sites for modular construction have expanded exponentially and promise to
continue doing so

3. Overview of HIEX MLC modular precast system

One of the successful systems developed in Australia is known as HBS system (Hickory Building System-
Fig 3) where floor slab and fagade of the building have been fabricated and assembled in the factory. A well
planned and coordinated module segment, with respect to size and weight, made the on-site transportation
and lifting placement easy.

The system has been developed and continuously improved by Hickory over the past 13 years. Continuous
scrutiny, research development and improvement of the prefab-modular system is the key to success. First
HBS system had steel columns which acted as temporary props and became the permanent columns for
the final structure. However, more precast walls were added as the load carrying capacity of the steel
columns was insufficient for a 44-level building (maximum levels 20 for steel column). This issue was then
overcome by using temporary props which were recycled to achieve the full benefit.

Challenges with design on modular systems were evident in the finished produces during the initiation
phases of modular systems. As the key obstacles were overcome, ease and efficiencies in design continued
to bring more value to all aspects of construction, including the sustainability of products. The more
measurable value adds include installation speed, minimized materials and machinery on sit and reduced
labor. As the design changes, so does the end product and the emergence of ‘best practice’. This
complimented by highly accurate & evolving design software, has modular construction showing promise to
be much more viable than other methods.

Figure 3. Reinforced precast floor with pre-installed temporary props and fagade

Panel to panel joints are achieved using a patented system of drop in dowels using cast-in bulb shaped
pockets that are subsequently grouted (Fig 4). By choosing structurally feasible floor stitching locations,
these drop-in dowels connections achieved the required design shear and nominal moment capacity at the
joints. Regulatory barriers were overcome by a performance-based solution (PBS). i.e., testing the capacity
of these drop-in grouted dowels.



Figure 4. Reinforced Precast floor with pre-installed temporary props and fagcade (Dowel Joints)

3.1 Post-Tensioned precast floor with dowel stitch joints

For the HIEX MLC project involving Hickory as the D&C builder and TTW as the consulting structural
engineers, the HBS system was utilized as it was well suited to the project typology and the site , i.e.
access, logistics etc. The typical floor was redesigned from a conventional two-way PT slab on columns
as at Tender, to a predominately one-way system on load bearing walls which was better suited to the
HBS system. After considering various options the HBS floor was adapted to incorporate post-tensioning
which represented an evolution of the system at the time.

The ratio of conventional reinforcement to post-tensioning was optimised, as the HBS modules required a
certain amount of top and bottom reinforcement for lifting and transport — a light degree of prestress was
added to the design to assist with deflection control and improve shear transfer at the joints. Post-
tensioning was site pre-installed in some panels with required lengths of strand coiled and temporarily
fixed to the panel, whilst other panels had PT ducts cast-in to the nominated drapes with a project specific
detail developed at the panel joints to facilitate feeding strands through each panel.

To ensure appropriate structural robustness and resistance to disproportionate collapse, panel joints were
also strategically located, and joints configured such that any panel could cantilever in an accidental
scenario in the extreme event a panel joint or wall element were to fail (Fig 5)
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Figure 5. Floor panel breakup and shear wall layout for 33-storey hotel building. Drawing and Site
photo.

3.2 Volumetric precast modular core system

To compliment the HBS system, TTW and Hickory developed a volumetric modular precast core system
for the project. In part this was made feasible by the change in the floor system which necessitated
additional concrete load-bearing walls. The additional walls contributed to the lateral system thereby
reducing the demands on the central structural core around the lifts and fire stairs. Additionally, the size of
the core and building and configuration of lifts (two shafts accommodating two lift cars) was conducive to a
prefabricated approach. Larger cores as typically seen in commercial buildings, or taller buildings would
typically have structural cores much larger which might not be as readily broken up into transportable
modules without excessive use of wet joints.

The key features of the modular core system is generally summarised as follows.

e Two distinct lift shaft boxes; south and north (magenta and blue in Figure 6). Each shaft is
approximately 5.5m x 2.5m internal plan dimension, accommodating two lift cars.

e These are coupled on one side with a full height shear wall (green) with single-sided wet joints
(red). Separating the lift lobby from the adjacent scissor stair.

The other side of the lift lobby is coupled with a full insitu header beam (yellow)
Each of the two shafts has a full continuous ‘donut’ panel above the lift door openings, which
allows full development of the lift door header beams.

e Careful coordination of all openings and cast-in items was required to ensure grout tubes were
vertically continuous for the full height of the core and that all dowel bars assumed in the design
would be readily installed on site. A pre-determined number of grout tubes was developed for
each module, and the size of dowel bars varied by floor to manage tension and shear forces in
each wall element.



A project specific grouting procedure was developed at each horizontal joint to ensure adequate

bearing. Structural compression and bearing checks accounted reduced bearing areas due to
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Figure 6. Typical floor cen
arrangement of modules

Detailed assembly drawings
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tral core general arrangement plan and overall core isometric and

were produced for every module (Figure 7). Whilst there was high repetition

in typical floors, assembly drawings were produced for almost 50 unique modules — increased

documentation and upfront ¢
construction.
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Figure 7. Typical assembly drawing



6 Conclusion

This paper has provided a brief case study into the modular precast concrete structural system deployed
for the HIEX MLC project in Melbourne. The authors believe this demonstrates Medium to High-rise
buildings can be successfully delivered using prefabricated concrete modular systems, in the Australian
construction market.

7 Recommendations

The HIEX MLC project highlights how ‘prefab’ modular construction continues to offer construction
efficiencies, providing the opportunity to realize cost and sustainability benefits. Emerging innovations such
as 3D printing are anticipated to be well suited to offsite manufacturing, and have the potential to further
enhance the

Government and industry grants for more research and development of modular systems, and development
of codes to provide better guidance for designers, and collaboration between industry bodies will help
remove barriers for adoption of MMC and drive further innovation in this space. The authors note the recent
developments by the Pre-Fab Aus and the Modular Codes Construction Board (MCCB), in producing the
draft Model Code for the Design of Modular Structures

Additional considerations could include mandatory requirements of prefabricated construction technology
embedded into contracts, initiatives by universities and other institutions with respect to education and
training, government support in terms of financial constraints and regulatory barriers will be the key to
encouraging the broader construction industry to embrace MMC across a more diverse range of building
typologies.
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