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A B S T R A C T   

Housing in Australia’s Northern Territory (NT) remote areas has remained a challenge despite 
many years of attempts by policy makers and engineers. Community engagement has been found 
a major factor in success of remote projects and one way to attract local engagement and reduce 
construction cost in remote areas is using locally available materials in construction. In this paper 
technical feasibility of using mudbrick made from local soil is studied through standard 
compressive and erosion resistance tests. Results show that both compressive strength and erosion 
resistance of the mudbricks made in the study meet the requirements recommended by HB 195 – 
Australia earth building handbook. Findings suggest that mudbrick could be considered as an 
alternative construction material to the current common practice of using block work in NT 
remote areas. Inclusion of a low amount of high lime content Portland cement was found 
significantly effective in improving mudbrick erosion resistance properties.   

1. Introduction 

Building houses in remote communities in Australia’s Northern Territory (NT) has been suffering from high cost, poor quality of 
work, low quality of ongoing maintenance and relatively short lifespan [1–4]. Community engagement in remote projects is considered 
a key aspect in design and construction in remote [5–7] which could be improved by use of local materials. Community engagement in 
remote projects creates sustainable jobs for local people [8–10], improves adults literacy and numeracy [10] and encourages physical 
activities in communities [11–13]. 

One way to promote community engagement in NT remote areas is use of local materials in construction which also makes the 
opportunity to enjoy Indigenous people knowledge of materials in a two way learning process [14,15] and reduce environmental 
impacts [16]. Indigenous people of Australia traditionally use fibrous materials [17] such as spinifex [18] and termite mound [19] for 
making tools or in buildings. Further, since shipment of materials and deployment of skilled workers to remote areas largely account 
for high cost of construction in remote areas, use of local materials made by local people could significantly reduce construction cost in 
remote areas. 

Mudbrick housing has been a feature in the construction industry of most developing countries due to its cost-effectiveness. 
Recently, the "Eco-friendly" reputation of mudbricks has led to highlight and use in the housing construction industry in developed 
countries like Germany [20], Australia and New Zealand [21,22] and to be advocated by the government [23] and technical societies 
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[24,25]. Sun-dried mudbricks and burnt mudbricks are among the oldest earthen housing construction methods [21] with potential to 
provide cost-effective houses for NT remote areas, improve local engagement in the projects and promote local economy. An example 
is "Bawinanga" aboriginal corporation, a company with distinctive mudbrick production facilities to produce mudbricks for the 
construction of local houses and provide local jobs in the community of Maningrida, West Arnhem Region in Norther Territory [26]. 

Durability of earth structures has been a major concern and a large body of research on mudbrick has been formed around 
environmental effects on mudbricks. While public concern on durability of earth structures seemed valid in some studies [27], ob-
servations on real structures exposed to rain and other environmental effects for more than 20 years suggest functionality of earth 
structures a reliable building material [28–30]. In arid regions mud slurry flows under gravity. Sediment coatings and infillings, 
abrasion due to wind flow, puddling, and bioturbation are deemed as the main damage mechanisms in earth walls [31]. In regions with 
high frequency and intensity of rain fall which are of the interest of current study, erosion is deemed to be the main cause of damage in 
earth structures. Two mechanisms have been proposed for erosion of earth structures under rainfall, damage due to the kinematic 
energy of raindrops impact and turbulent flow along micro water streams on the surfaces [32]. As such, two general approach have 
been developed to reduce effects of erosion, surface protection [33–35] and strengthening the material. Latter could be done by 
addition of stabilisers such as hydraulic lime, cement, fly ash, etc. and/or by inclusion of (mostly natural) fibres in the mix [36–41]. 

Common approaches for direct testing of earth bricks erosion resistance include drip tests including Geelong method [42] and 
Swinburne Accelerated Erosion Test (SAET), Accelerated Erosion Test [43] and brush wire test [44,45]. Drip tests are not deemed to be 
reliable in areas with rain fall greater than 500 mm per annum [27] which could be due to effect of turbulent erosion [32] in such areas. 
Since annual rainfall in many NT communities exceeds 1500 mm with sever intensity, herein spray method according to the rec-
ommended set up in [46] was employed for erosion tests. Soil selection, preparation and details of tests conducted in the study are 
discussed in the next sections. 

In here technical feasibility of using mudbrick made from local NT soil is studied with focusing on two aspects of compressive 
strength and erosion resistance. Erosion resistance is a critical material property in NT remote areas due to heavy rain and wind in 
these areas [47,48]. Adding Portland cement as a stabiliser to the mudbrick mix design can improve bricks resistance to the rainfall 
erosion. The aim of current study was to analyse the susceptibility of mudbricks made from local materials to rainfall erosion in 
Australia’s Northern Territory (NT) remote areas. Mix designs and production were tried to be simple to make the process applicable in 
remote areas and also facilitate community engagement and knowledge exchange. In this regard, three different mix designs that 
include Portland cement were considered with an emphasis on simplicity of mix and production for remote application. 

2. Experimental programme 

2.1. Soil properties and soil preparation 

Soil was collected from an excavation face at the new building site of Charles Darwin university in Darwin city. As per recom-
mended by [49] subsoil was not used and rather the material was collected from the excavated face in depth of 1500–2000 mm. 
Kandosols and laterite soils are recommended for brick production in [38,46,50,51]. Laterite soil has been found to have relatively 
lower silica-sesquioxide ratio which results in more pulverise and being reactive towards cement hydration [52]. Therefore, laterite 
soiled used in this study is deemed to have a propensity to react effectively with cement and thus have more hydration products along 
with more C-S-H (Calcium Silicate Hydrate) bonds which could result in enhancement of the erosion resistance of the tested bricks. 

By inspection, the soil layer, right below the subsoil at the depth of 300 mm from the surface, could be categorised as laterite. This 
soil is a common type of soil in Australia Norther Territory [53]. The extracted soil had the texture of red and dark yellowish and by 

Fig. 1. Appearance of the soil used in this study taken from CDU new campus building site on Cavenagh st, Darwin.  
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inspection 30% material seemed to be Kandosols and rest laterite. Laterites soil is also a common type of soil in Northern territory, with 
a colour texture of red to brown [54,55]. Fig. 1 shows the appearance of the extracted soil. 

Sieve analysis test [56,57] and hydrometer test [56] are suggested to evaluate suitability of soil for mudbrick production. Sediment 
Jar Test, Sieve analysis test, and Proctor compaction test were used to determine the suitability of extracted soil for mudbrick pro-
duction according to [46]. It is worth mentioning that sediment Jar test was used as an initial test to evaluate the suitability of the 
extracted soil samples as per suggested by [57,58]. Sieve analysis test as per [59] was used to identify the clay and silt percentages of 
extracted soil samples to determine the suitable cement type for the mix. Finally, proctor compaction test issued to identify the op-
timum moisture content in each soil mix design as per recommended by [56]. Australian earth building handbook HB - 195 was used as 
the reference document to analyse the results and adjust mix design. 

2.2. Composition and property enhancement 

Sediment jar test and sieve analysis suggested a clay and silt content of about 47% in the extracted soil. While clay and silt content 
in the soil was slightly greater than the recommended amount of 45% by [46] it was less than the maximum amount of 50% rec-
ommended by [60] for making mudbricks. Sieve analysis was carried out according to ASTM C136/C136M [59]. Three sieve analysis 
test trials were conducted on extracted soil samples. The detailed results are summarised in Table 1. 

Lime is deemed to reduce potential negative effects of clay through developing pozzolanic reaction with clay and silt and inclusion 
of lime has been recommended for soil with high silt and clay content [56,60–62] but is limited to a range of 6 – 10% of cement [63]. 
To keep the brick production simple and applicable in remote areas no hydraulic lime was added to the mix and instead General 
Purpose Cement (GP) cement with 7.5% limestone which is commercially available in Australian market was used. Composition of the 
cement used for stabilising is shown in Table 2. Three mix designs with 0%, 5% and 10% of cement to the weight of soil considered for 
producing mudbricks. 

2.3. Optimum water content-proctor compaction test 

A linear relation between Maximum Dry Density (MDD) and compressive strength of bricks was found for different mix designs 
compacted at their MDD [64]. To estimate MDD, proctor compaction test has been suggested to determine the optimum moisture 
content for mudbrick mix designs [56]. The proctor compaction test has standardised as two separate tests namely standard and 
modified proctor compaction test. In this regard standard proctor compaction test has been found more suitable than modified proctor 
compaction test since manual processes are commonly involved in mudbrick production and thus standard procedure was deemed 
more representative of the normal practice [65]. As such, standard proctor compaction test was conducted for three mix designs with 
0%, 5% and 10% of cement to the solid weigh. Three trails were carried out for each mix design from which average results are shown 
in Fig. 2. 

Results of the proctor compaction tests are tabulated in Table 3 and show that both MDD (Maximum dry density) and optimum 
moisture content have elevated with the incremental increase of cement percentage in the mix which is aligned with findings in [66]. 

Water content in each mix design was calculated according to the optimum moisture content shown in Table 3 and a 5% extra for 
evaporation. 

To improve the durability of the moulds they could be built from waterproof commercial timber and application of oil is rec-
ommended to reduce adhesion of soil to the moulds [67]. In this study and according to HB 195 - Australia earth building handbook 
[46], bricks of size 76 mm × 230 mm × 110 mm were produced using slope moulding technique. Three sample from each mix and 
totally 18 samples were tested. Bricks kept in moulds for 48 h for setting followed by curing for three weeks after which samples were 
checked for any significant crack before compressive and erosion tests. Fig. 3 shows some samples after taking out from mould. 

3. Results 

Standard compressive strength test according to ASTM C1314-18 [68] and accelerated erosion test according to [46] were con-
ducted in this study. Following details of the tests and results are presented followed by a discussion on the findings of this study. 

3.1. Compression test 

The Compression test performed as per ASTM C1314-18 [68] to determine the maximum compressive strength of brick samples. 
Three samples were tested in each design mix. The purpose of this test was to assess whether the bricks meet the recommended 
compressive strength values recommended by the Australian earth building handbook [46]. Before placing the bricks in the 

Table 1 
Composition of the extracted soil samples.  

Description Percentages Sieve passing sizes 

Coarse aggregate 30% (30.0% – Avg) > 4.75 mm 
Sand 23% (23.3% – Avg) 4.75–0.075 mm 
Clay & Silt 47% (46.7% – Avg) > 0.075 mm  
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Table 2 
Composition of the selected Cement for stabilisation.  

Ingredients of Cement Percentages (%) 

Limestone 7.5 
Gypsum 0.5 
Portland cement clinker 92  

Fig. 2. Proctor compaction results for three brick soil mixes.  

Table 3 
Summary of standard proctor compaction test results.  

Mix description MDD (g/cm3) Optimum moisture content (Average) 

No Cement  1.94  11.1 
5% Cement  2.11  12.5 
10% Cement  2.31  14.7  

Fig. 3. Mudbricks after removing the moulds.  
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compression testing machine, surfaces of bricks were cleaned and levelled to impose the load evenly onto the surface. Dimensions of 
the bricks measured to the nearest 1 mm. A constant rate of compression load applied from the top plate to the surface of the brick until 
it fails as per in ASTM C1314-18. Fig. 4 shows samples during and after loading. 

The maximum load applied at failure was recorded, and the compressive strength was measured. Fig. 5 shows the average 
compressive strength of the specimens for three tested mix designs. All design mixes satisfied the minimum compressive strength 
requirement of 2 MPa recommended by the Australian earth building handbook [46] as per shown in Fig. 5. 

3.2. Spray test 

Accelerated spray/erosion test was conducted as per for HB 195 - Australia earth building handbook [46] to determine the erosion 
rate of each brick specimen. The water pressure was set to 50 kPa and the suitability of Mudbricks were assessed based on the 
maximum erosion depth of 1 mm/1 min criterion as per in HB 195 –Australian earth building handbook. Fig. 6 illustrates the test set 
up used for the erosion test. All bricks were exposed to a water pressure of 50 kPa throughout an hour of testing period. Depth of pit 
(see Fig. 6) made due to water spray was measured as well as rate of erosion respectively in mm and mm/h. 

Results of the erosion test are shown in Table 4 and Fig. 7 and suggest that all three design-mix tested in this study met the minimum 
requirement of average 0.25 mm pit depth per minute of spray recommended by HB 195 for cyclonic regions. This is worth to mention 
that this value is 1 mm /min for non-cyclonic regions. 

Fig. 7 also shows that resistance of the bricks to erosion improved by the inclusion of the cement into the mix. Table 5 summaries 
the accelerated erosion test results for the three mix designs. All brick mix designs recorded an erosion rate less than 1 mm/min which 
is the maximum rate recommended by HB – 195. 

4. Discussion 

Possibility of using mudbricks made from local soil in remote areas of Australia’s Northern Territory (NT) for construction purposes 
was explored in this study. Laterite soil is available in abundance in NT remote areas and therefore was selected as the based material 
for making mudbricks in this study. Compressive and erosion tests were conducted on three mix designs and results clearly show that 
the erosion resistance and compressive strength of the brick samples improve by inclusion of cement to the mix. The 10% cement brick 
samples have shown the lowest average erosion rate of 0.11 mm/min while no cement and 5% cement brick samples have shown 
average erosion rates of 0.19 mm/min and 0.16 mm/min, respectively. This could lead to creation of cement gel/hydrated cement 
which helps in filling the pores of mudbricks and thus enhances the bond between the inter-clusters and increase the strength of bricks. 
This is aligned with obtained test results which shows 10% cement brick samples had superior performance in accelerated erosion test 
in comparison to other mix designs. Furthermore, applying more cement in the mix makes more lime available to react with clay while 
lime has been found to reduce adverse effects of clay in soil [62]. Therefore, a higher cement content is expected to improve the 
compressive strength results. Obviously, inclusion of higher cement content results in increasing amount of hydrate products which 

Fig. 4. Mudbricks during and after loading.  
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enhances erosion resistance and compressive strength of the bricks. 
Aligned with the results obtained by [69,70], results in here showed that inclusion of cement contributes to more consistency in the 

results in accelerated erosion test. As shown in Table 5, 10% cement bricks have shown the lowest standard deviation values while no 
cement samples have shown the highest standard deviation values. It is evidenced that inclusion of a consistent manufactured material 
like cement to a relatively less consistent and natural material like soil is likely to reduce the variation in material properties and 
performance [71]. Inclusion of 5% cement was not found significantly effective in improving erosion resistance which suggests that 
there could be a lower limit for cement to be effective in mudbrick mix. It is also plausible to consider an upper limit for inclusion of 
cement due to chance of shrinkage cracks and also economic, shipment and storage challenges in remote areas [3,72]. While almost all 
the buildings in remote areas are one story, the maximum compressive strength on a load bearing wall is unlikely to exceed 0.4 MPa 

Fig. 5. Average values of compressive strength.  

Fig. 6. Left: test setup for accelerated erosion test set up. Right: measuring the pitted depth by using Vernier Calliper.  

Table 4 
Erosion test results.  

Brick type Erosion depth (mm) Mean SD CV (%) 

No cement 11.8      
No cement 11.6      
No cement 12.6 12.0  0.43  3.6 
5% Cement 9.9      
5% Cement 9.3      
5% Cement 9.4 9.5  0.26  2.7 
10% Cement 6.3      
10% Cement 6.6      
10% Cement 6.4 6.4  0.13  2.0  
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which is way below the minimum compressive strength of samples reported in here and therefore adding more cement to the brick mix 
will not be structurally needed while it might improve durability of the building. It is also worth to mention that HB – 195 Australian 
earth building handbook recommended a limit of 12% on the cement content in mudbricks. 

Applicability of the findings to NT remote areas was highly intended in this study thus a very simple mix of natural soil with widely 
available General Purpose Portland cement was studied. Satisfactory properties of the mudbrick made in this study and the fact that 
laterite soil mix used in here is the common soil type in almost all 72 NT remote communities, suggest that mudbrick has the potential 
to be widely used in NT remote construction. Similarity of soil type in different communities and simplicity of mudbrick production 
also make the opportunity for seamless knowledge exchange between communities and external people which promote two-way 
learning, community engagement and sense of ownership to the built environment. 

Table 6 and Fig. 8 show compressive strength of earth block samples in a few studies including the current study. The intention to 
present such a comparison is firstly showing the range of compressive strength of earth blocks made from different soils and secondly 
highlighting that soil used in this study (and is abundant in NT remote areas) has the right properties for earth brick production in NT 
remote areas. Results in Table 6 suggest that earth block made from soil with very low silt and clay (see mix F) shall not offer fair 
compressive strength while a well selected soil like J offers high compressive strength even without stabiliser or fibre. Soil mix J used in 
[73] was sourced from a commercial earth block manufacturer of earth blocks and thus is expected to be well examined and selected by 
industry. Soil used in the current study offers relevantly acceptable compressive strength as shown in Fig. 8 which suggests the po-
tential of earth block as a construction material in NT remote areas given abundance of this type of earth in these areas and satisfactory 
erosion resistance of the tested blocks. 

5. Conclusion 

Sustainability and use of local materials is well integrated in Australia’s Indigenous design. Mudbrick made from local material is 
deeded a sustainable solution which improves local engagement in remote NT projects. Typical laterite soil widely available in 
Australia’s Northern Territory (NT) remote areas was used for making mudbricks for potential application in remote housing. The sieve 
analysis test results showed presence of 47% of silt and clay in the soil sample. Standard Proctor compaction test, compression test and 
erosion resistance tests were conducted on three mix designs including, 0%, 5% and 10% cement to soil weight. Following conclusions 
could be drawn from the obtained results:  

• Since the soil used in this study is the common soil in NT remote areas, satisfactory compressive strength and erosion resistance of 
the mudbricks made from this soil suggest that mudbrick has the potential to be used in NT remote housing.  

• Results showed that there is a positive correlation between the percentages of cement inclusion and maximum dry density, 
compressive strength, and resistance to erosion in tested mudbrick samples while cement content is suggested to be capped at 12%.  

• Standard deviation of samples in compression and erosion resistance tests decreased by introducing more cement in the mix 
suggesting that design safety factors could be moderated for mudbricks with higher cement content.  

• Comparison of compressive strength results with that in other studies show that common soil in NT naturally has a right 
composition for making local mudbrick. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Fig. 7. Average and standard deviation of pit depth in erosion test.  
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Table 5 
Summary of the erosion test results.  

Brick type Average pit depth in millimetre after 60 min of water spray as per HB 195 Australian earth building handbook (mm) Average rate of pitting (mm/min) Coefficient of variation (%) 

No cement 12  0.20  3.6 
5% Cement 9.5  0.16  2.7 
10% Cement 6.4  0.11  2.0  
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