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ABSTRACT

The strong demand for houses has been hampered by a shortage of skilled labor in Australia, which
can be potentially alleviated using prefabrication. Significant advancements in the design and
construction of prefabricated houses have been observed; however, most substructure
constructions still use traditional cast-in-place method that is labor intensive and weather-
dependent. Prefabrication of footing systems is an advantageous solution since this require
minimal manual labor and shorter construction period. The design of an innovative prefabricated
footing needs to consider structural integrity and design assembly. One of the important structural
issues for light-weight houses is cyclic differential ground movements affecting footing systems
due to reactive soils. This shrink-swell movements are due to the decrease and increase in soil
moisture, which can cause minor to severe damage depending on the presence of fines. Due to the
issues on shortage of skilled labor and housing, and the costly impact of shrink-swell movements
of reactive soils to footings, this study aims to develop a prefabricated footing based on optimized
waffle raft. The developed system can easily be installed in stable to highly reactive sites,
minimizing site disturbance, on-site assembly requirements and maximizing construction speed,
quality and sustainability.
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INTRODUCTION

The positive Australian economic condition and increase in population have led to a growing
demand for houses. The Australian property market for dwellings has seen consistent increases of
approximately 3% per annum since 1970s (Stapledon 2010). The average total number of
dwelling commencements from 2001 to present is on average 150,000 per year (Australian
Bureau of Statistics, 2017); however, the cumulative housing shortage is still around 220,000
(Cannington, 2017). This strong demand for houses has been hampered by a shortage of skilled
labor (Lewis, 2017). Prefabrication, the method of constructing off-site then transporting and
assembling on-site, is an advantageous solution since this require minimal manual labor and
shorter construction period (Gibb 1999). Moreover, additional benefits such as improved site
safety, controlled quality of materials and workmanship, and improved sustainability can be
achieved (Lichtenberg 2006).
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Significant advancements in the design and construction of prefabricated residential
superstructures have been observed ( Friedman, 1992; Barlow and Ozaki, 2005; Song et al.,
2005); contrarily, the design and construction of substructures still use the traditional cast-in-place
method that is prone to construction delay and reduced quality due to weather dependence and
other in-situ construction factors (Gispert 2016; Nelson 2008). Prefabrication of footing systems
has the potential to give significant improvements to existing construction processes, specifically
residential projects that are necessary to be completed in a short period of time (Monash
University 2017). This will alleviate the growing issues of housing and skilled labor shortage in
Australia and could also be applied globally. The design of an innovative prefabricated footing
system needs to consider the structural integrity and design assembly of a substructure system
(McFarlane and Stehle 2014). One of the significant issues for light-weight houses is the cyclic
differential ground movements affecting the footing systems due to reactive soils (Abdelmalak
2007; Briaud et al. 2012). Reactive soils are clay-type soils that significantly change their volume,
swelling when soil moisture increased, and shrinking when soil moisture decreased. The damage
due to shrink-swell movements of the ground may range from a minor hairline to severe structural
cracks requiring major repairs (Appendix C, AS 2870-2011).

Due to the issues on shortage of skilled labor and housing, and the costly impact of shrink-swell
movements of reactive soils to footings, this study aims to develop an optimized prefabricated
raft footing for single-detached dwellings constructed on stable to highly reactive soils. The
prefabricated footing solution shall be structurally robust and can easily be assembled. In turn,
this will minimize crack damage, site disturbance, in-situ assembly requirements and waste
generation.

METHODS

This study aims to develop an optimized prefabricated raft footing for houses having robust
structural features to minimize the effect of shrink-swell movements of reactive soils. The specific
objectives of this study are: (1) to develop an optimized prefabricated raft footing system based on
waffle raft suitable for low-rise and light-weight residential structures on reactive soils; (2) to
investigate the performance of the developed system using field monitoring and non-destructive
crack testing; (3) to compare existing methods by conducting sensitivity analysis for each design
process and establish a suitable approach to predict the behavior of the developed system; and (4)
to develop a design guideline for the optimized prefabricated waffle footing system through
parametric simulations using validated soil-structure interaction model paired with Concrete
Damaged Plasticity (CDP) model. This paper focuses on the first specific objective and
preliminary comparison between the new optimized shape of waffle rafts against the traditional
shape of waffle rafts. The research framework is presented in Figure 1.
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Figure 1. Research framework.

To achieve the primary aim, preliminary investigations were conducted. The methods involved
are: (1) topology optimization and (2) preliminary numerical simulations. Topology optimization
was used to obtain an optimized conceptual design based on waffle rafts, while preliminary
numerical simulations were performed to compare the potential advantages of the shape of the
optimized conceptual design against the shape of a conventional waffle raft.

Topology Optimization

Topology optimization, a mathematical method that optimizes material layout within a given
optimization design space depending on a given sets of loads, boundary conditions and other
constraints, was used to develop a preliminary conceptual design for a prefabricated footing system
(Otomori et al. 2015; Zuo and Xie 2015). An optimized prefabricated footing system based on
waffle raft is presented, which can be installed on stable to highly reactive sites, minimizing site
disturbance due to shrink-swell movements of reactive soils.

Preliminary Numerical Simulations

The main goal of the preliminary numerical simulations is to compare the deformation between
the optimized raft footing and a conventional waffle raft. The geotechnical and structural features
are modelled as three-dimensional finite element instances using Abaqus/CAE. The geotechnical
model is comprised of a soil block and a footing system, where the soil reactivity is modelled using
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an elastic porous medium with moisture swelling based on Weerasinghe et al. (2015). The
applicability of an elastic model is justified to be acceptable since soils which have undergone wet
and dry cycles are expected to have elastic volume changes. These soils are called environmentally
stabilized soils (Gould et al. 2011). The structural model is comprised of a footing system subjected
to mechanical loads considering structural damage (i.e. Concrete Damaged Plasticity model).

The soil water characteristic curve, given by the plot of negative pore water pressure against degree
of saturation (-Uw Vs Sy), is necessary to define the sorption behavior of the soil porous medium
and an example relationship for ems vs Sr by Tripathy et al. (2002) was used for the preliminary
simulations. This curve will reflect the change in -Uy, driven by the soil moisture content increase
(wetting) and decrease (drying). An example -Uw vs Sy curve by Chan et al. (2015) was used. The
elastic coefficient, k, is assumed to be 0.05 with a Poisson’s Ratio value of 0.4, neglecting tensile
limit. The element type for the soil porous medium is an 8-node brick, with trilinear displacement
and trilinear pore pressure (Pore Fluid/Stress). A preliminary result for a shrink scenario is
presented in Figure 2.

The element type of the footing system is an 8-node linear brick with reduced integration and
hourglass control (3D Stress). The footing is a composite structure, in this case a waffle raft to
enable us to compare with other existing design methods, combining concrete and steel
reinforcements. Since the footing system and the soil porous medium have different mechanical
properties, the interaction between the two are defined as contact interaction.

This interaction is critical since it combines the deflection of the footing system due to mechanical
loadings (uniform load, w, equal to 2.5 kPa and line load, W, equal to 6.5 kN/m) and the ground
movement due to soil moisture changes (change in suction equal to 1.2 pF). The interaction
between the footing and the soil porous medium is comprised of general contact and tangential
contact. The frictional coefficient for the tangential contact is 0.25 with friction penalty
formulation.

RESULTS AND DISCUSSION

Topology Optimization: Conceptual Design

Topology optimization was used to obtain the conceptual design for the optimized prefabricated
footing system based on a waffle raft. The conceptual design is not presented in detail due to a
non-disclosure agreement with the Australian Research Council — Centre for Advanced
Manufacturing of Prefabricated Housing (ARC-CAMP.H) and the collaborating partner company,
the Australian Reinforcing Company.

Preliminary Numerical Simulations

The comparison of the deformation of the optimized raft footing and the conventional waffle raft
had obtained significant differences. The deformation experienced for the center heave scenario
by the optimized raft footing was 6 mm, while that of the conventional waffle raft was 14 mm
(Figure 2). On the other hand, the deformation experienced for the edge heave scenario by the
optimized raft footing was 2 mm, while that of the conventional waffle raft was 10 mm (Figure 3).
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This comparison was only based on shape and the optimized raft footing was considered as cast-
in-place, without considering connections and panel configurations.
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Figure 2. Results of the developed soil-structure interaction model showing the
displacements for the center heave scenario of (a) the optimized raft footing and (b) of the
conventional waffle raft footing.

The deformation of the optimized raft footing was different to the conventional waffle raft. The
optimized raft footing acted as a cantilever for the center heave scenario with an edge penetration
distance of 2 m, this behaviour is due to a stiffer section of this footing causing lesser deformation.
Although the conventional waffle raft had the same edge penetration distance, this had lesser gap
with the soil that reflects a relatively higher magnitude of deflection. Similar findings with the
edge heave scenario, the optimized raft footing carried the applied area load effectively compared
to the conventional waffle raft. These comparisons show that the optimized raft footing have stiffer
section than the conventional waffle raft in both center and edge heave scenario.

Due to the potential of the optimized raft footing, future simulations will be performed to
incorporate (1) panelizing for handling and assembly and (2) connection design.

CONCLUSION

This study had developed an optimized prefabricated raft footing system based on a waffle raft. A
design based on an optimized waffle raft was chosen since this is the most common and most
economical footing system for houses in Australia, which will increase the possibility for market
uptake of the proposed prefabricated footing system.
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Figure 3. Results of the developed soil-structure interaction model showing the
displacements for the edge heave scenario of (a) the optimized raft footing and (b) of the
conventional waffle raft footing.

The objective of this paper is to compare the deformation between the optimized raft footing and
a conventional waffle raft. The results of the preliminary simulations have obtained significant
differences in the magnitude of deformation. The optimized raft footing had significantly lower
deformation than the conventional waffle raft. Thus, the optimized shape and features of the
developed footing is stiffer than a conventional waffle raft.

To achieve the primary aim and remaining specific objectives of this study, the following future
work should be conducted: (1) validation of the performance of the optimized prefabricated footing
and the developed model through laboratory experiments and field monitoring, (2) comparison of
design methods and formulation of a new design process considering prefabrication; (3) parametric
simulations of the validated soil-structure interaction model. One of the important details to be
finalized is the connection to be used for the prefabricated panels of the optimized shape of footing.
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