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Abstract  
 
The challenge of quantifying the effects of future climate change on reactive soil movements is met by 
using predicted changes in the Thornthwaite Moisture Index (TMI). A marked increase in aridity and hence 
a significant increase in reactive soil movements are expected for Adelaide, Sydney, Melbourne and 
Perth. As the effects of trees on buildings on reactive clays becomes more adverse during periods of dry 
weather, climate change predictions are expected to lead to a greater consideration of the design of 
footings for the effects of trees. The effect of climate changes is quantified by an example of a residential 
footing design for the effects of trees on a reactive clay site in Melbourne. 
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1. Introduction  

Trees for their survival require water both to undertake the process of photosynthesis, and to provide 
nourishment to the tree, this water being drawn from the subsoil by means of their fibrous root systems. 
Geotechnical engineers have been aware for several decades that when the soil is reactive, this reduction 
in subsoil moisture results in a shrinkage of the soil, potentially leading to footing settlement resulting in 
building distortion, as shown in Figures 1 and 2. Generally, the problem becomes more significant during 
periods of dry weather, when the tree demands more soil water than is available from rainfal l (e.g. Tasker 
et al. 1950, Cooling & Ward 1953, Baracos & Bozozuk 1957, Perpich et al. 1965, Pryke 1974, Aitchison et 
al. 1977, Holland 1981, Richards et al. 1983, Cameron & Beal 2011). 

 

                                 
 

Figure 1: Diagrammatic representation of tree 
effects on building, showing typical crack 

mechanisms. 

Figure 2: Corner settlement of house due to the 
effects of a nearby tree. 

The predictions for climate change for south-east and south-west Australia, including the cities of Sydney, 
Melbourne, Adelaide and Perth, are that generally over the next 60 years, depending on the future use of 
fossil fuels, temperatures will increase, and spring and winter rainfall will reduce (CSIRO 2007). These 
changes will significantly impact on the soil moisture content, and hence the future availability of soil water 
for trees. Therefore the effect of climate change on soil moisture changes needs to be predicted so that 
provisions are made to effectively respond to the challenges of climate change when dealing with the 
design of footings on reactive soils, especially considering the effects of trees. Notwithstanding that the 
current predictions could prove to be inaccurate, present day engineers are faced with the challenge of 
dealing with climate change in order to cater for the possible event that the current predictions suggest 
may actually eventuate. 
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This paper outlines an approach for dealing with the challenge of future climate change by predicting the 
magnitude of reactive soil movements and their resulting impact on residential footing design for tree 
effects, in the event that the current predictions of climate change prove to be accurate. 

 
2. Climate Change Predictions  

CSIRO (2007) has made predictions of climate change for Australia, and a summary of the predictions for 
changes in temperature and rainfall for Adelaide, Melbourne, Sydney and Perth in 2030 and 2070 is 
shown in Table 1 for the emission scenarios as defined in CSIRO (2007). The predictions given in 
CSIRO (2007) are relative to 1990, however in this paper they are considered to be relative to long term 
average temperatures and rainfall at the present time. It can be seen from Table 1 that generally, the 2030 
and 2070 temperatures are expected to increase by about 1°C and 3°C respectively. Table 1 also 
indicates that the 2030 and 2070 winter and spring rainfall is predicted to decrease significantly. 

Table 1: Climate Change Predictions from CSIRO (2007) 

  Adelaide Melbourne Sydney Perth 

 Season 2030 2070 2030 2070 2030 2070 2030 2070 

Temperature°C Summer +0.9 +3.0 +1.0 +3.1 +1.0 +3.1 +0.9 +2.9 

 Autumn +0.9 +2.8 +0.8 +2.7 +0.9 +3.0 +0.8 +2.7 

 Winter +0.8 +2.4 +0.7 +2.2 +0.8 +2.6 +0.7 +2.3 

 Spring +0.9 +3.0 +0.9 +2.9 +1.0 +3.3 +0.9 +2.9 

Rainfall % Summer -2 -5 -1 -4 +1 +2 -4 -12 

 Autumn -1 -4 -2 -5 -2 -6 -4 -12 

 Winter -6 -19 -4 -12 -5 -16 -7 -22 

 Spring -8 -23 -7 -21 -6 -17 -9 -27 

Notes on Table 1:  2030 predictions are A1B emission scenario, 50 percentile 

        2070 predictions are A1F1 emission scenario, 50 percentile 

The magnitudes of the predicted changes in temperature and rainfall for 2030 and 2070 are expected to 
cause a decrease in soil moisture content from that experienced at present, thus leading to higher soil 
shrinkage on reactive soil sites, and having the potential to increase the damaging effects of trees. In 
order to quantify the effect of climate change predictions on the magnitude of soil moisture changes, it is 
necessary to first establish the relationship between climate and seasonal moisture changes and 
temperature. This is undertaken in this paper using the Thornthwaite Moisture Index.  

 

3. Predicted Changes in the Thornthwaite Moisture Index for a Site 

Thornthwaite (1948) proposed an empirical method for estimating potential evapotranspiration (PE) as a 
function of temperature, which when balanced with monthly rainfall, made it possible to estimate seasonal 
moisture deficiencies and surpluses.  
 
The Thornthwaite Moisture Index (TMI) is calculated from the derived moisture deficiency and surplus by 
Equation (1).  
 

PE

DeficitSurplus
TMI

)(60)(100
             (1) 

 
The TMI is used to categorize the climate of a particular location. A higher positive value of TMI 
corresponds to a wetter climate, while a greater negative number is associated with a more arid climate. 
Therefore climate change predictions of higher temperatures and lower rainfall will result in a smaller TMI 
than at present for a particular locality.  
 
The author (Mitchell 2011) used the seasonal temperature rise and general rainfall decline predictions 
(Table 1) for Adelaide, Melbourne, Sydney and Perth for 2030 and 2070 and applied them to the current 
climate averages to yield new average TMI estimates for each city in 2030 and 2070. 
 

The results of this analysis are shown in Table 2. 
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Table 2: TMI Predictions for 2030 and 2070 (Mitchell 2011) 

 TMI 
City Present 2030 2070 

Adelaide -19 -26 -34 

Melbourne -8 -14 -24 

Perth 16 6 -14 

Sydney 43 27 3 

 
From a geotechnical perspective, predictions of a lower TMI and hence an increase in the severity of 
desiccation of the soil profile could potentially lead to an increase in the severity of cracking of structural 
footings for regions of Adelaide, Melbourne, Sydney and Perth characterised by highly reactive soils, and 
necessitates a continuing revision of footing design standards. This is quantified in the next sections. 
 
4. Design of Footings for the Effects of Trees  

By AS2870-2011, the characteristic surface movement (ys) of a site is determined from the design soil 
suction changes and the soil instability index (Ipt) over the depth of design soil suction change (h = Hs) by 
Equation (2) and Figure 3 (the surface soil suction change is Δus). 
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Figure 3: Design soil suction extremes for a 
“normal” site by AS2870-2011. 

 
Figure 4: Design soil suction extremes for a site 

with a group of trees by AS2870-2011 
 

Equation (2) and Figure 3 are for “normal” sites such as sites that are not affected by trees. When 
considering tree effects, one recommended method of AS2870-2011, based on SA Footings Group (2008) 
and Cameron & Beal (2007, 2011), considers an additional soil suction as shown in Figure 4. This leads to 
an additional soil movement due to trees (yt max) by Equation (3). The value of yt max is corrected for the 
distance of the tree from the footing to give the actual tree effect yt. 
 
 

s

H

h

ptt yhuIy
t

0

max                (3) 

 

The total soil movement including the effect of trees is therefore the addition of yt derived from 
Equation (3) to the soil movement for “normal” moisture changes derived from Equation (2). 
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It is seen from Figure 4 that trees lead to an increase in the depth of soil suction change from Hs to Ht, and 
the increased change in soil suction leads to an increase in the soil movement from Equations (2) and (3). 
Both these effects lead to an increase in footing size, because increasing depth of soil suction change and 
soil movement leads to less soil support to the footing as illustrated in Figure 5. 
 

 
Figure 5: Reactive soil mound shapes by AS2870-2011. 

By AS2870-2011, the parameters Hs, Ht, and Δubase increase with a decreasing Thornthwaite Moisture 
Index for the site as shown in Figure 6 for Hs, and Ht (Ht is shown for a tree group) and in Figure 7 for 
Δubase (shown for a tree group). 
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Figure 6: Relationships between Hs and Ht and TMI 
by AS2870-2011 

Figure 7: Relationship between Δubase and TMI by 
AS2870-2011 

 
For the predicted future decrease in TMI of a location shown in Table 2, the increased depths of soil 
suction changes Hs and Ht and the increased soil suction change Δubase, can be determined from Figures 
6 and 7 respectively, and the predicted increase in soil movement can then be calculated from the soil 
suction changes by Equations (2) and (3).  

The implications of this are examined in the next section. 

 

5. Implications of Decrease in TMI with Climate Change  

The implications of a predicted decrease in TMI for a site can be illustrated by taking an example of the 
required raft sub-beam sizes at present, in 2030 and in 2070, for an articulated masonry veneer residence 
in Melbourne. Consideration is given for the effects of a group of trees located within a distance from the 
house less than half the mature height of the trees (for this case yt max from Equation 3 is equal to yt).  

The geometry and house loads are shown in Figure 8. Three sub-beams 300 mm wide are located in the 
long direction, and five sub-beams 300 mm wide are positioned in the short direction. The floor slab is 
100 mm thick, reinforced with SL82 fabric.  

Deeper soil suction change leads to less soil support to footing  

 

Larger soil movement due to tree 
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16 m

8 m

Wall loads 9 kN/m

6 kN/m

Uniform load 1.5 kPa

9 kN/m

6 kN/m

 
 

Figure 8: Geometry and wall, roof and live loads for Melbourne residence. 

The soil profile is assumed for simplicity to be uniform clay of Ipt = 2.5%. By Table 2, the TMI at present, 
and as predicted in 2030 and 2070, are respectively -8, -14, and -24. By Figure 6, the values of Hs 
corresponding to these TMI values are respectively 2.3 m, 3.0 m and 4.0 m. The latter two TMI values are 
at the boundaries of two climate zones, and the more conservative value of Hs is adopted here in each 
case.  

Also from Figure 6, the values of Ht corresponding to TMI values of -8, -14 and -24 are 3.6 m, 4.1m and 
4.5 m at present, 2030 and 2070 respectively, and from Figure 7 the corresponding values of Δubase are 
respectively 0.43, 0.46 and 0.55. 

By Figure 3 and Equation (2) for Ipt = 2.5% and Δus = 1.2pF for Melbourne, and values of Hs = 2.3 m, 
3.0 m and 4.0 m respectively for the present time, 2030 and 2070, the ys values are determined to be 
35 mm, 45 mm and 60 mm respectively. 

By Figure 4 and Equation (3) for Ipt = 2.5% and Δus = 1.2pF for Melbourne, and values of Ht = 3.6 m, 4.1 m 
and 4.5 m, and Δubase = 0.43, 0.46 and 0.55 respectively for the present time, 2030 and 2070, the yt 
values are determined to be 29 mm, 32 mm and 36 mm respectively. 

Two methods are commonly used to determine the footing sizes by AS2870-2011. The first method uses 
standard designs by Section 3 of AS2870-2011; however these are only applicable to “normal” sites and 
not those with trees. The second method uses computer design procedures using the method of “Design 
by Engineering Principles” by Section 4 of AS2870-2011, and these can be used for footing design 
considering tree effects. The writer has used the commercially available computer program SLOG 
(Mitchell 1988, 2008, Program Slog 2012) to obtain the sub-beam depths shown in Table 3. 

 

Table 3: Predicted Footing Sizes for Melbourne 

 

Hs ys Ht Δubase ys+yt 

Sub-beam 
Depth from 

Program SLOG 
(2012) 

Present 2.3 m 35 mm  3.6 m 0.43 64 mm 580 mm 

2030 3.0 m 45 mm  4.1 m 0.46 77 mm 700 mm 

2070 4.0 m 60 mm  4.5 m 0.55 96 mm 830 mm 

 
It can be seen from Table 3, that the required sub-beam depth on the same soil profile in Melbourne 
needs to be considerably increased in order to cater for the predicted effects of future climate change. 
This implies that ongoing revisions of footing design standards will be required as a result of climate 
change. 
 

6. Conclusions 

Climate change models predict that south-east and south-west Australia will experience an increase in 
average temperatures, accompanied by a significant reduction in winter and spring rainfall and should 
these climate change predictions prove to be accurate, Adelaide, Melbourne, Sydney and Perth will 
experience an overall drying of their climates. These climate changes will lead to an increase in soil 
movements of reactive clay sites, particularly from the effects of trees. 
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In this paper, the Thornthwaite Moisture Index (TMI), used to categorize the climate of a particular location 
based upon its seasonal moisture availability, is used to quantify the effects of climate change on reactive 
soil movements. Predicted changes in TMI for 2030 and 2070 indicate a predicted increase in aridity and 
hence significant increases in reactive soil movements are expected for Adelaide, Sydney, Melbourne and 
Perth. 

The effects of these increased reactive soil movements are quantified by an example of the design of a 
residential footing in Melbourne, considering the effects of trees. It was found that a significant increase in 
the size of the footing will be required, which would be expected to necessitate a continuing revision of 
footing design standards in order to cater for the effects of climate change. 

By establishing the relationship between climate change and reactive soil movements, the challenges 
facing geotechnical engineers when dealing with the probable effects of climate change when designing 
footings for structures on reactive soil, particularly considering the effects of trees, can be met. 
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