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Rapid development in Perth, where historically low land prices have resulted in extensive 
suburban sprawl, has led to a recent focus on  urban development of relatively low lying areas 
that are affected by shallow groundwater. Development of land for urban uses alters the local 
water balance, reducing evapotranspiration and changing the volume of rainfall which is 
infiltrated. These impacts alter seasonal variations in shallow groundwater systems creating 
additional management considerations and potential impacts to downstream systems.  
Common approaches to management of shallow groundwater have been import of fill to raise the 
finished surface level of a development away from natural groundwater and/or installation of 
subsurface drainage systems to control any rise that may result from reduced evapotranspiration. 
Design criteria applied in different scenarios have been largely based on experience of local 
authorities, and a theoretical steady state response of shallow groundwater systems to large 
rainfall events. This approach simplifies a relatively complex issue and overlooks key issues 
which need to be understood in order to provide a complete assessment of a local water balance 
in an urban development.  
Essential Environmental have taken an innovative approach to assess options for management of 
shallow groundwater through assessment of local responses to actual rainfall patterns and 
altered water balances. Through development of purpose built software to apply a numerical 
modelling approach, we are able to examine the effect of various management approaches on 
seasonal groundwater levels.  
This paper will examine; key influences on shallow groundwater systems, current capabilities of 
our purpose built software, and through inspection of selected case studies; how application of a 
unique software solution can facilitate a deeper understanding of processes involved and the 
theoretical performance of management systems.  

1. INTRODUCTION 

Rapid development in Perth, where historically low land prices have resulted in extensive suburban 
sprawl, has led to a recent focus on  urban development of relatively low lying areas that are affected 
by shallow groundwater.  
 
The presence of sandy soils with high infiltration capacity across large parts of the Swan Coastal Plain 
has created a natural environment where rainfall infiltrates directly to groundwater with very little 
surface water runoff. Low lying areas of the plain and areas where the surficial layers of sandy soils 
are thinner are influenced by shallow groundwater which has resulted in a system of disconnected 
wetlands. 
 
The soils and hydrology of the Swan Coastal Plain have allowed efficient urban development of the 
coastal fringe and areas of relatively high elevation. These developments exhibit low runoff potential 
from pervious surfaces and incorporate efficient management of urban storm water through infiltration 
in purpose built sumps or areas of public open space. By the end of the 20th Century the suburban 
nature of residential development in Perth over the majority of its history had resulted in inefficient use 
of land and an urban sprawl occupying the majority of land at these higher elevations. Low lying parts 
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of the Swan Coastal Plain remained largely undeveloped for urban uses, accommodating agricultural 
uses or remaining largely in a natural condition.  Figure 1 illustrates this as a section through the 
coastal plain. 
 

 
Figure 1: Swan Coastal Plain, 20th Century Development 

 
In recent years population growth and urban sprawl has increased pressure to develop those low lying 
areas which were previously avoided. The preferred approach to developing this land has been to 
import large amounts of fill to increase separation from groundwater although in recent years, the 
increasing cost and declining availability of sand has modified this approach adding subsurface 
drainage systems to lower and control groundwater. Addressing the desire to protect remaining 
wetland systems and facilitate affordable land development requires a robust understanding of local 
water systems and behaviour of groundwater systems.    

2. WATER BALANCE FOR SITES WITH SHALLOW GROUNDWATER 

Development of land for urban uses alters the local water balance, reducing evapotranspiration and 
changing the volume and dispersion of rainfall which is infiltrated. These changes affect seasonal 
variations in shallow groundwater systems creating additional management considerations and 
potential impacts to adjacent wetlands or downstream systems. 
 
For the purpose of illustrating changes in the water balance three scenarios are considered; 
(1) predevelopment, (2) traditional drainage, (3) water sensitive development. All scenarios consider a 
site which has a thin layer of naturally sandy surficial soils overlying a shallow impervious layer.  
 
Predevelopment; natural / rural landscape 
 
Prior to development the site water balance is dominated by evapotranspiration. The presence of 
shallow groundwater allows plants with relatively shallow root systems to access water year-round.  
Many areas have very little (if any) drainage of groundwater to surface water drains or waterways due 
to the nature of local topography.  
 
Rural land has higher runoff rates than natural landscape but agricultural drains are relatively shallow 
and the rate of evapotranspiration from agricultural grasslands and bare soils is high. The shallow 
groundwater is similar to natural conditions with some increased groundwater level in cleared areas 
due to the removal of deep rooted vegetation.  
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Traditional development 
 
Development with a traditional approach for management of water in low lying areas; increases the 
volume of water exported via surface drainage, lowers groundwater levels where practical through 
subsurface drainage systems and/or imports fill from adjacent sites to increase separation from 
groundwater.  
 
These approaches facilitate efficient urban development of the land but have several unintended 
environmental consequences.  

• Invariably there is significant loss in environmental value of any adjacent wetland systems 
through changes to the hydrologic regime. Either groundwater supporting the wetland will be 
lowered or reduced evapotranspiration and/or direct drainage into the wetland will increase the 
duration of inundation, often creating permanent open water bodies.  

• Downstream waterways are subjected to increased storm water flow rates and annual loading 
of nutrients that would otherwise be held within the landscape. Increased nutrient loading to 
the Swan Canning and Peel Harvey estuary systems has resulted in changes to water quality 
and changes to associated ecosystems.  

 
Water sensitive development 
 
Water sensitive development attempts to achieve similarly efficient urban development whilst 
maintaining the natural hydrology of the land to improve environmental outcomes. The desire to 
achieve these ‘multiple objectives’ has seen an increase in the application of alternative approaches 
and development controls to protect water dependent ecosystems.  
 
In doing so, the approach to water management moves away from draining of land adjacent to water 
dependent ecosystems and attempts to retain water within the landscape through recharge to shallow 
groundwater. There are two main challenges in achieving these objectives: 

• In order to maintain near natural groundwater hydrology there is heavily reliance on import of 
fill to raise the finished surface level of a development away from natural groundwater. 
Effective design needs to carefully balance the cost of additional fill against installation of 
subsurface drainage systems to control any rise that may result from reduced 
evapotranspiration.  

• There is a need to better understand the viability and impacts of retaining water within the 
landscape. Reduction in export of water from the site can reduce impacts to downstream 
systems but can have significant impacts on the local environment (both natural and urban). 

 
In regards to point two; retention of water in the landscape (by infiltration) and reduced 
evapotranspiration presents the potential for accumulation of water within the system resulting in 
groundwater rise, impacts on natural ecosystems and possible damage to infrastructure. In order to 
achieve Water Sensitive Design a more complex understanding of the site water balance is required. 
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3. DESIGN APPROACH FOR SUBSURFACE DRAINAGE 

Both the traditional and water sensitive development scenarios require an assessment of groundwater 
behaviour to establish a basis for subsurface drainage design. Design criteria applied in different 
scenarios in the past have been largely based on the experience of local authorities. Criteria 
commonly take the form of a specified minimum separation of urban infrastructure from maximum 
groundwater levels. To adequately apply such criteria to the design of subsoil drainage systems, 
engineers must understand the extent of mounding that will occur between drainage pipes.  
 
This problem is commonly addressed by developing an understanding of the theoretical response of 
shallow groundwater systems to a large rainfall event. Mounding of groundwater between subsoil 
drainage pipes is commonly assessed using a simplified steady state solution to Darcy’s Law (for flow 
of fluid through porous media) assuming that infiltration is constant and evenly distributed and the 
shallow aquifer has a constant thickness and hydraulic conductivity. For example, Hillman and Cocks 
(2007) describe one such approach, solving the problem with an implicit solution that assumes steady 
state discharge of a long duration rainfall event. In their case they apply the average intensity of a 10-
year average recurrence interval 72 hour storm. Whilst the steady state solution can provide a 
conservative assessment of mounding in some scenarios and therefore an appropriate basis of 
design, this approach simplifies a relatively complex issue and does not facilitate an understanding of 
overall site water balances.  
 
Alternative design approaches are available through detailed 2-dimensional and 3-dimensional 
modelling of groundwater behaviour using a variety of commercially available modelling packages. 
Application of such models to individual land developments is usually cost prohibitive due to the time 
and specialist skills required to build and interpret models. Further, available models are packaged to 
service a wide range of uses in the field of hydrogeology and as such will often require assumptions to 
be made which undermine the usefulness in addressing the specific problem at hand. 
   
After experiencing the numerous problems of trying to adequately demonstrate the viability of 
solutions to this issue, Essential Environmental has invested significant resources to develop an 
alternative model designed to address the specific problem. The resulting model, SammEE (Shallow 
aquifer management model), allows assessment of groundwater response to; observed rainfall, 
changes to surface water balances and user defined variability in physical parameters by way of 
providing a 1-dimensional finite-difference solution to groundwater flux using Darcy’s Law. The result 
is an efficient way to model the dynamic groundwater response to actual rainfall and site specific 
conditions.  
 
The remainder of this paper briefly examines the model assumptions and user interface before 
providing some case studies to demonstrate capability and examine findings from recent work   

4. MODEL DEVELOPMENT 

The benefit of a purpose built model is that it can be built to incorporate a focus on those aspects 
which provide most value to assessment of options. The most important functionality to be 
incorporated into this model was determined to be: 

• Simplicity of use. 
• An ability to assess local responses to actual rainfall data. 
• Allowing representation of changes to surface water runoff. 
• Representing the impact of limiting infiltration capacity in hybrid soakage/drainage systems. 
• Representing spatial variability in aquifer hydraulic conductivity and thickness 
• Estimating peak flow rates discharging to subsoil systems. 
• Quantifying drainage of groundwater through surface flow paths, and 
• Providing flexibility in pre-processing of inputs and interrogation of results. 

 
In order to maintain simplicity and efficiency of use, the problem was addressed using a 1-dimensional 
solution. This means that the model is limited to representing a cross-section through a development 
site where groundwater flux perpendicular to the section is balanced. It is important to note that 
because the model is 1-dimensional there are significant limitations in its application. Users will need 
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to have an overall understanding of groundwater processes and take extra caution in selecting 
representative cross-sections and interpreting results.  The model was developed in Java SE v1.7 to 
allow efficient calculation and produce a flexible cross platform application.  

4.1. Conceptual model 

Key functionality in the model was representation of spatial variability of aquifer properties and 
effective infiltration. A finite difference method was applied to the problem in order to provide an 
appropriate solution. This means that the section to be represented in the model is divided into a 
series of “cells” for each of which the input physical parameters can be different and the solution is 
calculated. The most common calculation engine applied in groundwater modelling is MODFLOW 
(USGS 2005) which provides a 3-dimensional finite difference solution. SammEE has been developed 
with an equivalent 1-dimensional calculation engine (coded from scratch). Embedding the calculation 
engine within the code made it relatively easy to incorporate desired surface runoff mechanisms and 
to extract model outputs which are specific to the problem. The approach will also facilitate efficient 
ongoing development of additional functionality.   
 
The modelled section is divided into a series of cells of varying width to best represent the variability in 
physical parameters. The simulation calculates processes occurring over a defined period of time 
broken into a sufficiently small time period (time step) in order to capture the detail required. To define 
the spatial and temporal extent of the model the user inputs: locations to define division of cells (m), 
the model time step (min) and the total number of time steps.  
 
From this basic definition of the model extent the conceptual model employed in calculating the 
solution can be described follows: 

 
Hydrological (rainfall, runoff + infiltration model) 

• There is a depth of rainfall applied to the model at each time step. This is calculated assuming 
constant (average) rate of rain during each period of rainfall data. The user inputs: rainfall data 
and time step for rainfall. 

• Each cell has a catchment area resulting from direction of surface water from different parts of 
the cross section. The user inputs: catchment for each cell. 

• An amount of rainfall falling to each cell (catchment) in any given day is lost to surface wetting 
and evaporation. The user inputs: daily initial loss for each cell (mm/day). 

• For excess rainfall to each cell (catchment), there is a percentage which runs off as surface 
water flow with the remainder available as potential infiltration. The user inputs: continuing 
loss for each cell (mm/mm). 

• There is a limit to the total depth of infiltration occurring during a day in each cell. Excess 
infiltration generates additional surface flow and the remainder becomes infiltration. This can 
be used to simulate local storage capacity (eg: overflow from soakwells). The user inputs: 
infiltration limit for each cell (mm/day).  

 
Groundwater flux 

• The movement of water between each cell is calculated using Darcy’s Law based on the 
difference in water levels recorded at the previous model time step, the average depth of 
water in the aquifer, and width-weighted average hydraulic conductivity between the two cells. 
The user inputs: the level of the impervious layer (m Above Datum (AD)), hydraulic 
conductivity (m/day), and initial water level (m AD) for each cell. 

• A new water level is calculated for each cell based on the net calculated groundwater flux 
between cells (point above), infiltration at that time step (as calculated by the hydrological 
model) and the specific yield of the aquifer at that location. The user inputs: an estimate of 
specific yield for each cell (m3/m3).  

• If the new water level is above the surface level, then an appropriate volume of water is 
drained from the system and recorded as surface drainage. The user inputs: surface levels for 
each cell (m AHD). 

• The water levels at each boundary of the modelled section are constant and represent the 
invert of groundwater control structures (drainage pipes). The groundwater flow out of each 
side of the model is recorded as a key model output. The user inputs: constant groundwater 
levels at each boundary, representing subsoil inverts (m AD).   
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4.2. User interface 

The user interface developed for the model was required to provide flexible input of data, easy 
configuration of multiple scenarios and quick visual confirmation of inputs and overview and 
interpretation of results.  
 
Input files 
 
Inputs to the model are separated into three comma separated variable (CSV) files prepared by the 
user. The main “setup” input file defines the physical parameters for each cell (runoff parameters, 
dimensions and levels), a separate “rainfall” input file provides the rainfall data, and a “parameter” file 
defines boundary parameters, assigns default values and provides reference to the other input files. 
This setup allows efficient definition of scenarios through creation of a different “parameter” file for 
each scenario and avoids duplication of inputs. 
 
The use of CSV files allows flexibility for pre-processing of site data in spreadsheet programs and 
easy manipulation into the required format. Definition of all input parameters into the set of input files 
provides transparency for audit purposes because once the scenario is built the result can be 
reproduced without specialist knowledge or manipulation by the end user. 
 
Graphical interface 
 
The software provides a user interface that provides feedback on critical user inputs, visual 
representation of the model setup and presentation of the result. Key features of the interface are 
illustrated in Figure 2. 
 

 
Figure 2: Graphical user interface 
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4.3. Verification and Ongoing development 

Preliminary verification of the model has been undertaken through comparison of model outputs 
against implicit solutions to the problem described in Section 3. That testing confirmed that the model 
can reproduce the result derived from a steady state assumption. It is intended that additional 
verification will be undertaken to compare model results against equivalent 1-dimensional MODFLOW 
analysis for a transient scenario. 
 
There are a number of additional functions which are intended for inclusion in future versions of 
SammEE which are worthy of note and will add significant additional capability. In no particular order, 
they are:  

• Estimation of evapotranspiration from shallow groundwater based on depth to groundwater 
and vegetation type. 

• Allowance for selective surface ponding in cells to allow two-way groundwater / surface water 
interactions to be simulated.  

 
It would also be possible to develop an equivalent 2d model; although it is considered that this would 
add a level of complexity which may detract from the current efficiency in use.  

5. OBSERVATIONS FROM CASE STUDIES 

Through the development of purpose built software that applies a numerical modelling approach, we 
are able to examine the effect of various management approaches on seasonal groundwater levels. 
Since completing the model there are a number of scenarios that have been assessed which provide 
notable results; demonstrating the capabilities of the model and impacts of site variability on 
management outcomes. Some of the results from those analyses are presented below. 
 
Seasonal peak duration and subsoil storm response 
 
It is intuitive that peak mounding will not occur in response to a single rainfall event, rather to the net 
effect of infiltration over the entire winter season. Inspection of a basic scenario (assuming evenly 
distributed infiltration) throughout a full year of rainfall (using 1921 rainfall data) illustrates that the 
water level is expected to reach its peak in June but remains within 200 mm of that peak for 
approximately 3 months from the middle of May (Figure 3). While subsoil discharge follows a similar 
pattern, the model predicts somewhat more sensitivity to rainfall events.  
 

 
Figure 3: Seasonal water levels and discharge 

 
 
Placement of infiltration devices 
 
Modelling using SammEE demonstrates that the location of impervious structures (roads and 
buildings) and the location and capacity of infiltration devices has a significant impact on the estimated 
peak water levels and discharge rates to the subsoil drainage systems. Modelling of a development 
site where soakwells were confined to the front of lots (Figure 4) demonstrated an additional 180 mm 
clearance from groundwater compared with the same scenario assuming distributed infiltration. This 



Model for predicting seasonal mounding of groundwater NORRIS 

IPWEA 2014 NORRIS, BROOKES.   8 of 8 

presents potential for significant savings in the volume of fill that will be required to provide clearance 
to groundwater at the site. It is worth noting that in this scenario the location of infiltration devices was 
not symmetrical between the two subsoil drainage lines which skewed the discharge to the left, 
resulting in 15% more flow in the left hand subsoil drain. 
 

 
Figure 4: Impact of detailed modelling approach on groundwater clearances  

 
Impact of obstructions in the subsurface 
 
Through quick scenario modelling we are also able to assess the impacts of variability in substrata 
conditions. In Figure 5 we can see the impact that an obstruction within the aquifer has on the 
“detailed model” result presented above. Distribution of flows is reversed, with more water now flowing 
to the right hand side of the model, and the peak water level is 190mm higher than predicted in the 
previous scenario. 
 

 
Figure 5: Impact of obstruction within aquifer 

 
Fill adjacent to wetlands 
 
Without a detailed understanding of site characteristics, the placement of fill adjacent to wetlands can 
have a significant impact on the volume of water received by the environment. A demonstration 
scenario was constructed to illustrate these potential impacts.  
 
Figure 6 illustrates the model run and key outputs for the predevelopment condition. Here, a drain runs 
around the site at 200mm depth, simulating existing drainage of the surrounding area, potentially for 
agricultural or rural living purposes but without the extensive fill typically present for more urban land 
uses. A large proportion of rain falling on the site contributes to surface water within the wetland area; 
in total 37kL is attributed to “surface drainage” representing 0.46 kL per square metre of wetland. 
 

 
Figure 6: Wetland predevelopment 
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To assess the potential impacts of urban development, let us assume that 40m of the 80m site is 
developed for urban uses by filling the site with 1m of fill and providing subsurface drainage at the 
same location and level as the previous drain invert. Simulation results for this scenario (as illustrated 
in Figure 7) estimates that there will be 29 kL total surface drainage, representing 0.73 kL per square 
metre. This represents a 63% increase in loading of water to the remaining wetland which would likely 
be considered a significant change from the existing hydrological condition. 
 

 
Figure 7: Wetland post-development 

6. CONCLUSION 

Essential Environmental has developed a 1-dimensional finite difference model which is being used to 
simulate subsurface flows in shallow groundwater systems. The purpose built model solution allows 
assessment of key issues which need to be understood in order to provide a complete assessment of 
a local water balance when connected to shallow groundwater systems.  
 
Limiting the model to 1 dimension has produced an interface which will allow fast application of 
scenarios and efficient analysis of sites with a simple data and user interface. The model will be best 
suited for use by professionals with a good understanding of hydrogeology, who are time limited 
and/or who may not be efficient in the use of more complex 2-dimensional or 3-dimensional models.  
 
The use of this simple and robust model can facilitate a better understanding of the local water 
balance and thereby provide a greater level of confidence for those making decisions to identify and 
design to appropriate groundwater separations. 
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