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Executive summary
BCI Minerals (BCI) are looking to develop the Mardie Salt and Potash Project (The Project), located
along the Onslow coast of north west Western Australia. The Project site is located between the Robe
and Fortescue Rivers and is subject to inundation from fluvial flooding as well as storm surge during
extreme rainfall events often associated with cyclonic activity (typically between November and April).

BCI commissioned Advisian (part of the Worley Group) to undertake a hydrologic assessment to aid in
determination of flood risk for The Project through three separate phases.  Phase 1 includes derivation
of hydrologic estimates for the Fortescue and Robe Rivers, whilst Phase 2 includes hydraulic
assessment of flood behaviour as well as assessment of local catchment response to rainfall.  Phase 3
(future works) includes the assessment of a proposed design to be supplied by BCI.

The regional hydrologic assessment (Phase 1) has identified that significant flow rates and volumes are
expected from the Fortescue and Robe Rivers.  The Monte Carlo peak flow quantile estimates from the
RORB rainfall-runoff models were shown to strongly correlate to the Flood Frequency Analysis flow
quantile predictions, providing confidence that the RORB model is producing design hydrographs and
peak flows that correlate well to approximately 50 years of observed rainfall-runoff relationship trends
in the respective catchments.

The assessment of hydraulic behaviours of the Fortescue and Robe River design event hydrographs
(including quantifying flow breakouts) has shown that in larger magnitude events such as the 5% to
1% AEP events, Fortescue River flow breakouts are predicted to dominate peak flood level estimates
over approximately the northern half of The Project when compared to that of the local contributing
catchments.  The dominance of regional floodwaters reduces as flood magnitude decreases, with
impact of regional floodwaters all but eliminated by the 20% AEP event.

The Robe River is predicted to surcharge to both the left (SW and away from the Project) and right (NE
and toward the Project) overbank areas. The southern breakouts help alleviate the impact of regional
runoff from this catchment on the southern extent of The Project.  Only the southernmost pond
location is predicted to be impacted by regional floodwaters from the Robe for events greater than the
10% AEP event. No impacts are predicted on conceptual project layout for events up to the 10% AEP.

Local catchment runoff dominates the middle of The Project area for the larger magnitude events, with
the region of local catchment dominance increasing as flood magnitude decreases.

The time to peak for regional floodwater breakouts from the Fortescue River at The Project site are
predicted to be between approximately 42 and 55 hours for the 1% AEP and 5% AEP events
respectively.  This event range represents the range of AEPs in which it is predicted that regional
floodwater breakouts dominate peak flood predictions in the northern half of The Project.  Conversely,
local catchment runoff peaks earlier due to the quicker catchment response to rainfall and shorter
critical storm durations.  For the main flow path to be conveyed through the centre of the site, peak
flood behaviour is predicted to occur at approximately 13 hours for the critical design storm 1% AEP
event.

An assessment of the sensitivity of peak flood estimates to the predicted impacts of climate change
(and general hydrologic uncertainty) and hydraulic model parameterisation have also been assessed.
The climate change assessment used the 2090 design horizon RCP4.5 and RCP8.5 scenarios and it was
predicted that the future climate scenario may result in runoff increases entering the project site of
between 12% to 23% in the RCP4.5 scenario, up to 21% to 45% in the RCP8.5 scenario for local
catchments, dependant on comparison location and interaction of watercourses. However, due to the
regional catchment response to the predicted increase in rainfall intensity, flow increases of between
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26% to 73% (RCP4.5 and RCP 8.5 scenario) are predicted from Fortescue River flow breakouts entering
the northern project area.  This poses as significant flood risk to the project in the future climate
scenario if left unmitigated.

A high-level flood assessment of the Optimised Bankable Feasibility Study (OBFS) design was also
undertaken.   Major design features were included in the hydraulic model through both the inclusion
of 3D design models and enforced break lines where appropriate and included:

 Road centreline elevations (Mardie Road, North-South Road, Port Access Road);

 Evaporation Pond embankments;

 Crystalliser Pond embankments; and

 Stockpile area.

The study results showed that besides the Stockpile area, which is only subject to localised catchment
(stormwater) runoff, typically none of the major infrastructure items were predicted to achieve the
required design standard as outlined in the Basis of Design (Roads & Earthworks BOD - GF –
20210504).

Mardie Road (5% AEP design standard) was shown to be significantly inundated in this event due to
regional catchment breakout flows from the Fortescue River.  The Port Access Road (5% AEP design
standard) was shown to be inundated in the 20% AEP event in the regions adjacent to the Crystallisers.
No prescriptive assessment of the causeway performance in flood conditions was undertaken due to
the design maturity at the time of the assessment. The North-South Road (2% AEP design standard)
was shown to overtop in the 20% AEP at some locations where flowpaths were intersected without
relief drainage.  It is noted that some flowpaths intersected by the North South Road have significant
flow rates, runoff volumes and velocities to be managed in rarer events (including the nominated BoD
event).  Given the significant flow rates at some waterway crossing locations, engineered floodway
crossings will be required. Road embankment overtopping at major waterway crossings will likely lead
to road/embankment washouts which will be difficult and costly to repair. Geotechnical assessments
will be needed to inform design of all these structures.

Although the Evaporation Pond embankment flood immunity does not meet the BoD in some
locations, the general design philosophy appears to be appropriate.  That is, with additional
supporting works to manage the major flowpath entering Pond 5, ensuring high flow weirs are
appropriately sized and minor revisions to the vertical alignments of the ponds embankments which
form the drainage channel of Ponds 3 and 4, the BoD should be achievable.

The Crystallisers (2% AEP design standard) are predicted to be subject to floodwater ingress in the 10%
AEP.  Adjustment of the vertical alignment of the Port Access Road toward the southern half of the
Crystallisers will be required to manage floodwater ingress until the Crystalliser embankments are
sufficiently proud of the natural terrain and peak flood levels toward the northern extent of the
Crystallisers.

Based on the assessment outcomes, the following recommendations are proposed in order to
minimise flood risks to the project and ensure an appropriate level of engineering rigour has been
applied to flood risk management across the site to support the environmental approvals process.

 A number of creek diversions, floodways and flood levees and other hydraulic structures will be
required across the project site.  It is therefore recommended that a whole-of-site Flood
Management Plan be developed using the models and assessment tools developed in this study in
order to:
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 reduces the project’s exposure to the predicted flood risk;
 ensures the designs achieve hydraulic and environmental performance objectives that are

commensurate with regulator expectations to expedite the approvals process;
 ensure longevity and long-term Geotechnical stability of proposed infrastructure through

appropriate floodplain management designs and testing.
 Given the long design life of the project and the predicted increase in flood risk associated with

climate change, consideration should be given to incorporating climate change estimates into
flood management designs by way of freeboard or other risk reduction design alternatives.
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Acronyms and abbreviations

Acronym/abbreviation Definition

1D One-dimensional

2D Two-dimensional

AEP Annual Exceedance Probability

AHD Australian Height Datum

ARI Average Recurrence Interval

ARF Areal Reduction Factor

ARR87 Australian Rainfall and Runoff (1987)

ARR2019 Australian Rainfall and Runoff (2019)

BoM Australian Bureau of Meteorology

DEM Digital Elevation Model

DWER Western Australia Department of Water and Environmental Regulation

IFD Intensity Frequency Duration

LiDAR Light Detection and Ranging

MSL Mean Sea Level

OBFS Optimised Bankable Feasibility Study

Terminology
This report uses the terminology Annual Exceedance Probability (AEP) to define the likelihood of
design flood events.  Average Recurrence Interval (ARI) was previously used to define the probability of
design flood events (ARR1987).  In the 2016 revision of Australian Rainfall and Runoff (ARR2016), the
terminology to define rainfall intensity probabilities was changed to AEP.  This new terminology meets
the requirements of Engineers Australia's National Committee on Water Engineering and provides
clarity of meaning, technical correctness and practicality and acceptability.1

To aid in non-technical reader comprehension and understanding, the following nomenclature has
been adopted for this report.

Average Recurrence Interval Annual Exceedance Probability Adopted Nomenclature
in this Report

1 in 4.48 year 20% 20% AEP

1 in 5 year 18.13% Not assessed

1 in 10 year ~10% 10% AEP

1 in 20 year 5% 5% AEP

1 Australian Rainfall and Runoff Revision Project http://book.arr.org.au.s3-website-ap-southeast-2.amazonaws.com/
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Average Recurrence Interval Annual Exceedance Probability Adopted Nomenclature
in this Report

1 in 50 year 2% 2% AEP

1 in 100 year 1% 1% AEP

1 in 2,000 year 0.05% 1 in 2000 AEP
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1 Introduction
BCI Minerals (BCI) are looking to develop the Mardie Salt and Potash Project (The Project), located
along the Onslow coast of north west Western Australia.

The Project site is located between the Robe and Fortescue Rivers and is subject to inundation from
fluvial flooding as well as storm surge during extreme rainfall events often associated with cyclonic
activity (typically between November and April).  BCI have subsequently commissioned Advisian (part
of the Worley Group) to undertake a hydrologic assessment to aid in determination of flood risk for
The Project.

This assessment represents a detailed analysis of the hydrologic and hydraulic conditions contributing
to flood risk for The Project using the latest in industry assessment methods and data.  Assessment of
both the existing case and proposed design are to be undertaken.

The results will be used by BCI to develop engineering designs of surface water management
infrastructure needed to protect operations from flooding.  The assessment of these designs and of
infrastructure geometries forms part of the Phase 3 assessment works.

Figure 1-1 presents the general study area.

Scope of works

A summary of the key technical scope items for this study are presented below:

Phase 1

 Review and collation of all required data;

 Undertake a Flood Frequency Analysis of relevant streamflow data;

 Develop a RORB rainfall-runoff model for the Fortescue and Robe Rivers;

 Validate model parameters and inputs to FFA results;

 Run a series of design events using the validated hydrologic model;

 Undertake sensitivity testing on inputs and parameters (hydrology);

 Interim reporting of Phase 1 assessment works and results.

Phase 2

 Develop a TUFLOW hydraulic model using LiDAR data for the site and surrounds;

 Assess series of design rainfall events using regional inflows from RORB and utilize rain-on-
grid for local catchment areas;

 Undertake climate change and hydraulic model parameter sensitivity testing;

 Provide a study report detailing the assessment approach, inputs, parameters and results
including detailed A3 GIS flood mapping;

 Interim reporting of Phase 1 and 2 assessment works and results.
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Phase 3

 Inclusion of OBFS design into hydraulic model and assess general performance;

 Phase 3 works study report update (this report).
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GENERAL STUDY AREA
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and the GIS User Community
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2 Data
Topographic data

2.1.1 Light Detection and Ranging data

BCI Minerals supplied a number of Light Detection and Ranging (LiDAR) based datasets for use in the
assessment.  These covered the entire project site and immediate surrounds as well as coastal areas to
the mouth of the Fortescue River as well as a significant portion of the local catchment area to just east
of the North West Coastal Highway.

The point dataset was converted to a Digital Elevation Model (DEM) with a resolution of one meter.
The dataset is based upon a horizontal datum of Geocentric Datum of Australia (1994) and uses the
Map Grid of Australia 1994 (MGA94) Zone 50 projection.  The dataset uses a vertical datum of
Australian Height Datum (AHD) in meters.

2.1.2 Landgate Digital Elevation Model

Additional data was sourced for areas outside the LiDAR capture area to inform the local catchment
assessment and assess the flood risk associated with regional flow breakout from the Robe River.

XYZ point cloud gridded elevation data derived from photogrammetric 20 cm and 50 cm high
resolution digital imagery were purchased from Landgate for the immediate area of interest in order to
determine the local catchment contributing catchment extents and accurately detail flood routing as
well as breakouts from the Robe River.  These data and their respective accuracy are presented in
Table 2-1.

Table 2-1:  Landgate DEM data details

Dataset Name Collection
Date

Horizontal
Accuracy

(95%
confidence

interval)

Vertical
Accuracy

(95%
confidence

interval)

Fortescue (2155) May 2018 +/- 1 m +/- 0.8 m

Mardie (2055) July 2014 +/- 5 m +/- 2 m

Pannawonica (2154) July 2014 +/- 5 m +/- 2 m

Yarraloola (2054) Sep 2015 +/- 5 m +/- 2 m

Some manipulation of the Landgate terrain surfaces was required in the vertical plane to align dataset
elevations at the data extent edges.  Vertical manipulation was undertaken prioritising more accurate
datasets as the basis of the manipulation sequence [I.e. LiDAR data as basis, followed by Fortescue
(2155) etc.] for adjustment of subsequent datasets.

2.1.3 Shuttle Radar Topography Mission data

The freely available hydrologically enforced Shuttle Radar Topography Mission (SRTM) 1-arc second
resolution (~ 30 m) DEM-H was used for areas not covered by the other topographic data.  This
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included the delineation of the regional watercourse catchment boundaries (Fortescue and Robe
Rivers).

DEM-H is a hydrologically enforced version of the smoothed SRTM DEM (DEM-S). The DEM-H
captures flow paths based on SRTM elevations and mapped streamlines and supports delineation of
catchments and related hydrological attributes. The dataset was derived from the 1 second smoothed
Digital Elevation Model (DEM-S) by enforcing hydrological connectivity with the ANUDEM software,
using selected AusHydro V1.6 (February 2010) 1:250,000 scale watercourse lines and lines derived from
DEM-S to define the watercourses. The drainage enforcement has produced a consistent
representation of hydrological connectivity with some elevation artefacts resulting from the drainage
enforcement.2

Aerial imagery

BCI Minerals provided a range of high resolution (120 mm) resolution aerial imagery of the study area.
This was captured at the same time as the respective LiDAR data collection.

Areas not covered by the supplied dataset were supplemented by either Google Web Mapping
Service™ or ArcGIS Web Mapping Service™ aerial imagery.

North West Coastal Highway structure data

Data for the culverts and bridges for the North West Coastal Highway that intersect the upslope local
catchment areas have been obtained from the Western Australia Department of Main Roads (MRWA).
Culvert and bridge data are detailed further in Section 5.4.3.

Remote Sensing and Recorded Data

A range of data was obtained from several sources for a select number of historic evens to support the
hydrologic assessment.

This data included:

 Streamflow data from the Bureau of Meteorology (BoM) and Western Australian Department of
Environment and Water (DWER);

 Daily rainfall data from the Bureau of Meteorology;
 Historic gridded daily national rainfall data from the Bureau of Meteorology;
 Sentinal-2 Satellite Imagery from the European Space Agency;
 Historic gridded hourly and daily rainfall estimates from the PERSIANN (Precipitation Estimation

from Remotely Sensed Information using Artificial Neural Networks) system developed by the
Centre for Hydrometeorology and Remote Sensing (CHRS) at the University of California, Irvine
(UCI).

2 https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/72759
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3 Flood Frequency Analysis
Background

To quantify the flood risk to the project associated with breakout flows from the Fortescue and Robe
River systems, quantification of peak flows is required for these major watercourses using methods
consistent with the recommendations outlined in Australian Rainfall and Runoff (ARR) (ARR2019).  ARR
recommends the use of Flood Frequency Analysis (FFA) using streamflow gauge sites in the region to
determine peak flow quantiles.

FFA refers to procedures that use recorded and related flood data to identify an underlying probability
model of flood peaks, at a particular location in the catchment. Flood peaks are the product of a
complex joint probability process involving the interaction of many random variables associated with
the rainfall event, antecedent conditions and the rainfall-runoff transformation. Peak flood records
represent the integrated response of the storm event with the catchment. They provide a direct
measure of flood exceedance probabilities. As a result, Flood Frequency Analysis is not subject to the
potential for bias, possibly large, that can affect alternative methods based on design rainfall.  The
outcomes of the FFA can then be used to perform risk-based design and flood risk assessment, while
providing input to regional flood estimation methods (ARR2019).

A number of gauging stations shown in Figure 3-1, are located conveniently on the Fortescue and
Robe River, at the points of interest for this study and have sufficient streamflow record (approximately
50 years) to complete a FFA and confidently inform flood quantile estimates for the design events
assessed in this study.



Yarraloola
Gregory Gorge

Jimbegnyinoo
PoolBilanoo
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Source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN,
and the GIS User Community
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Software

The FFA was undertaken for the gauged data using the FLIKE FFA software using the procedures as
outlined in ARR2019.

FLIKE is an extreme value analysis package that calculates the probability of flood events based on
historical records. It has been created for FFA but can be applied to any extreme value analysis.3

Available streamflow data

Available streamflow gauge data is presented in Table 3-1 and has been reviewed for suitability to
inform flood quantile estimates for events up to the 1% AEP event.  Given the period of record
available at all gauges (approximately 50 years), it was considered that the length of record was
suitable for determination of flow quantile estimates up to and including the 1% AEP event.

Table 3-1:  Stream gauge rating details

Catchment Gauge Name
(number)

Period of Record

(Number of water
years*)

Largest Manually
Gauged Flow

(Year)

Maximum recorded
flow (year)

Fortescue River

Bilanoo
(708015)

01/04/1987 – current

(32 years)

2,797 m3/s
(1975)

10,544 m3/s
(2004)

Jimbegbyinoo
(708003)

28/11/1968 –
27/10/1998

(28 years)

2,832 m3/s
(1971)

3,857 m3/s
(1995)

Gregory Gorge
(708002)

20/11/1968 – current

(51 years)

2,957 m3/s
(1975)

12,203 m3/s
(2009)

Robe River Yarraloola
(707002)

18/01/1972 – current

(48 years)
2,784 m3/s

(1995)
12,203 m3/s

(2009)

* Number of complete years of data

Given the intent of the assessment in quantifying flood risks associated with typically intermediate and
rare floods, Annual Maximum (AM) data for respective water years (October to September) were used
to inform the FFA assessment rather than Peak Over Threshold (POT) data.

For the events of interest in this study (events including and typically greater than the 10% AEP), the
use of AM series is preferred as it yields virtually identical answers to POT series in most cases,
provides a more robust estimate of low AEP (larger magnitude) floods and is easier to extract and
define. (ARR2019)

Rating curve review

The Fortescue and Robe Rivers both have mobile beds as evidenced by the riffles and bars which make
up the typically gravel bed of the main channels.  These mobile beds make assigning a flow to a given

3 http://flike.tuflow.com/about/
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gauge height challenging due to the unknown nature of the bed during the flood peak (the flow of
interest for FFA).

Whilst the increased flow and associated velocities/bed shear that occur during the flood peak
typically scour the bed, the exact effective bed level during the flood peak remains somewhat
unknown, with short term scour and filling associated with individual flow events and long term
sediment supply, aggradation and degradation all influencing the bed height at any given time.
Conversely, some systems can show little variance in bed elevation and hence the likelihood of a rating
shift at these locations is diminished.

Furthermore, given the remote locations of all gauges in the study area and extreme behaviour of
flooding in the Pilbara, the ability for field hydrologists to undertake manual gauging of high flow
events is limited due to access and safety constraints.  Therefore, typically the largest manually rated
flow is quite small compared to the flood magnitudes of interest for studies of this nature.  Ratings for
these larger flood stages are typically derived from simple one dimensional (1D) models and hence
where there are complex flow interactions between in-bank and overbank flows near the gauge site
(such as at the Robe River gauging site), rating accuracy may be diminished.

To this end, it is important to review all aspects of the rating curves at the respective gauge location to
ascertain consistency of ratings (assuming no other influences other than natural geomorphic
variability) and conversely identify where high variation of historic ratings occurs and understanding
that the confidence in flow estimates may be reduced at these locations.

Review of current and previous rating curves for all gauge locations on the Fortescue River showed
generally consistent ratings throughout the observed flow record.  Minor variance in ratings at Bilanoo
was considered to be typical given the period of record and the seemingly consistent nature of the
bed at the gauge location (shown in Plate 3-1 and Plate 3-2).  Gregory Gorge (Plate 3-3) has a stable
bed due to presence of bedrock, and hence has only a minor variance in historic ratings as a result of
manual gauging variances.

A high level comparison of the latest Bilanoo rating curve (curve 9) to preliminary hydraulic model
results was also undertaken.  As no gauge zero data was available it was estimated based on the
available data and curve shape when compared to the model results.  Additionally, it is noted that the
behaviour of floodwaters through a bridge opening with abutments protruding into the floodplain is
complex, with highly spatially variable hydraulic behaviours.  Detailed replication of the bridge
hydraulics was outside the scope of this assessment (due to not only the model resolution in this area
but the bridge not impacting flood behaviour in the area of interest) and hence the simplistic
representation within the model will affect the rating accuracy given the gauge is located on the
upstream side of the bridge (the exact location of the gauge sensor is also unknown).  This means the
comparison has been limited to identifying any large variances between the rating curve and model
results that could not be reasonably explained by representation of the bridge within the hydraulic
model.

Given the above limitations, the analysis showed that the rating curve and model results showed good
agreement with slowly increasing variance at the extreme upper end of the curve (above
approximately the 2% AEP).  This is likely a result of the effect of the bridge soffit being engaged
resulting in pressure flow through the bridge opening and associated backwater in these events which
are typically better assessed in more detail within a HEC RAS model (as was used to develop the rating
curve by DWER).

Given the typically good agreement between rating curves for most events, as well as the limited
number of events affected by the uncertainty in the very upper end of the rating curve (2004 event
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marginally affected only), the impact of this extreme event rating uncertainty on FFA results for the
Fortescue River is expected to be low.

Plate 3-1:  Bilanoo gauge location - Fortescue River (Source: DWER)

Plate 3-2:  Looking upstream – Bilanoo Gauge (Source: Google Street View)
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Plate 3-3:  Gregory Gorge gauge site – upper Fortescue River (source: DWER)

The Yarraloola gauge site on the Robe River however (Plate 3-4 and Plate 3-5) showed larger variance
in rating curve definition throughout the observed flow range.  This suggests that sediment
aggradation and degradation as well as scour and fill processes produce a larger inter-event variance
to the gauge rating.

Plate 3-4:  Yarraloola gauge site – Robe River (Source: DWER)
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Plate 3-5:  Looking downstream Yarraloola gauge site (Source: Google Street View)

The number of rating curve changes for the site would seemingly support this assumption.  Changes
to the bridge approach/floodway elevations and bridge itself were also undertaken after the 2004
flood event, which produced significant scour of the left (southern) floodway.  The Department of
Water and Environment (DWER) were contacted to discuss the rating at this location and suggested
that ratings developed for both the 2004 and 2009 events (largest on record) were “+/- 20%” with
more confidence in the accuracy of the 2009 event.4  It is noted that the 2004 and 2009 events were
gauged to approximately the same flood elevation, but the mobile nature of the bed and changes to
the southern approach vertical alignment after the 2004 event meant the ratings were some 2,680
m3/s different.  The variance of historic ratings at the Yarraloola gauge site is presented in Figure 3-2,
noting the variance in the upper (right hand) end of the curves.

Figure 3-2:  Yarraloola gauge site historic rating curves (Source: BoM)

Accordingly, whilst the FFA flow quantiles for the Robe River are still beneficial in informing design
discharges, it is expected that the confidence in the FFA quantiles developed for this site are reduced
when compared to those developed for the Fortescue River sites.

4 Email correspondence S.Rogers (DWER) 12/01/2021



Mardie Salt Flood Study - Phases 1-3Mardie Salt Flood Study - Phases 1-3 Advisian 26
2: 311012-00734-MardieSaltFS-BCI-REP-HYD

Fortescue River combined flow record

In order to increase the length of gauge record for the Fortescue River to better inform the FFA
process, the Bilanoo and Jimbegyinoo Pool gauge records were combined.   These gauges are in close
proximity to one another and given the contributing catchment area, are considered representative of
peak flows at the same location.

Comparison of Annual Maxima for overlapping record years was undertaken to ensure consistency
between flow estimates at the two locations.  The relationship was very strong (R2 = 0.997), reducing
potential error and enabling the two-gauge records to be combined for approximately 52 years of
record.  The relationship between gauge sites for observed AM flows the period of overlapping record
is presented in Figure 3-3.

Figure 3-3:  Plot of AM flows for period of overlapping record – Bilanoo and Jimbegbyinoo Pool

Flow censoring

3.6.1 Potentially Influential Low Flows

The non-perennial nature of the Fortescue and Robe Rivers means that there are often years in which
there are no floods.  The annual maximum from these years are therefore not representative of the
population of floods and can unduly influence the fit of a Flood Frequency Analysis distribution.  These
flows are often call Potentially Influential Low Flows (PILF).

Initial censoring of PILFs was undertaken for each of the gauge records using the multiple Grubbs-
Beck test as described in Book 3 Chapter 2 ARR2019.  Further assessment of a select number of
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additional low flow events was undertaken for the Bilanoo and Yarraloola sites in addition to the
calculated PILFs to better fit the right hand (intermediate and rare magnitude event) side of the
distribution and importantly, improve confidence limits for the flood magnitudes of interest for this
study.  Typically this was in the order of one or two additional events only.

3.6.2 Extreme event outliers

The 2009 event was the largest flood event on record for the Robe River at the Yarraloola gauge site
and second largest on record at Bilanoo.  Review of rainfall records and satellite imagery-based
precipitation estimates, sourced from the Centre for Hydrometeorology and Remote Sensing (CHRS,
2021), were undertaken to ensure the flood event was not unusually rare when considered in
conjunction with the length of the gauge record (and hence unduly influence the FFA quantile
estimates).

BoM daily (9am) rainfall totals at Yalleen (ID: 005029) of 300 mm were recorded on the 17th February,
with nearby gauges also recording over 200 mm.  Yalleen is located near the border of the Robe River
and lower Fortescue River catchments.

Using hourly time-step precipitation estimates from satellite data, an attempt was made to determine
catchment wide rainfall intensity and temporally assess peak storm burst estimates.  The data
suggested that the rainfall event was spatially expansive, with peak 24 hour catchment averaged
rainfall in the order of 273 mm.  This represents an AEP estimate of 0.27% (1 in 370 AEP) for the rainfall
event when compared to areal reduced design rainfall values for a 24 hour design rainfall event (IFD).
The spatial distribution of the 24 hour rainfall to 9am 17 February 2009 from the CHRSS’s PERSIANN-
Cloud Classification System (PERSIANN-CCS) is presented in Figure 3-4.
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Figure 3-4:  24 hour gridded rainfall estimates over lower Fortescue and Robe Rivers to 9am 17 February 2009

However, whilst the satellite data was useful in estimating spatial distribution across the Robe River
catchment for this event, daily totals extracted from the gridded datasets at other relevant BoM daily
rain gauge sites within the catchments besides Yalleen did not produce a strong enough correlation
with the recorded rainfall values to enable confident use of the data in assigning an AEP estimate for
the rainfall event.  As a result of the low confidence in the gridded data and given the flow estimate
was not exceptional in terms of being an outlier in the gauge record, based on the available data it was
considered that there was not sufficient cause for filtering of the 2009 event from the FFA for the
Yarraloola site.

Distribution family and calibration approach

Based on initial assessments at each of the gauge sites, the Log Pearson III (LP III) distribution family
using a Bayesian calibration approach was adopted for the FFA.  This produced a better fit to the
gauged data than the Generalised Extreme Value (GEV) distribution and other fit methods.

The LP III distribution is widely accepted in practice as it consistently fits flood data as well, if not better
than other probability families. It has performed best of those that have been tested on data for
Australian catchments (ARR2019).
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Flood Frequency Analysis results

The tabulated FFA results for Fortescue River at Bilanoo and Gregory Gorge are presented in Table 3-2,
Table 3-3 and Figure 3-5, Figure 3-6 respectively, whilst Robe River at Yarraloola is presented in Table
3-4 and Figure 3-7.

The results suggest a good fit has been achieved to the historic data for the events of interest (10%
AEP and greater), with quantile uncertainty consistent for all locations at a relatively low average of
~62% and ~209% for the 1% AEP event.

Table 3-2:  FFA results – Fortescue River at Bilanoo

Probability/Event Expected Quantile
(m3/s)

Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

18% AEP 2,400 1,570 3,740

10% AEP 4,530 2,990 7,290

5% AEP 7,200 4,630 12,610

2% AEP 11,330 6,930 24,150

1% AEP 14,790 8,500 39,250

Table 3-3:  FFA results – Fortescue River at Gregory Gorge

Probability/Event Expected Quantile
(m3/s)

Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

18% AEP 1,030 710 1,500

10% AEP 1,820 1,260 2,750

5% AEP 2,750 1,860 4,770

2% AEP 4,160 2,580 9,210

1% AEP 5,300 3,020 14,280

Table 3-4:  FFA results – Robe River at Yarraloola

Probability/Event Expected Quantile
(m3/s)

Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

18% AEP 1,660 800 3,440

10% AEP 4,510 2,450 8,350

5% AEP 8,110 4,730 14,520

2% AEP 12,750 8,040 24,580

1% AEP 15,650 9,950 32,490
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Figure 3-5:  FFA result plot – Fortescue River at Bilanoo
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Figure 3-6:  FFA result plot – Fortescue River at Gregory Gorge
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Figure 3-7:  FFA result plot – Robe River at Yarraloola
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Peak flow relationship between upper and lower Fortescue River

The Fortescue River has two distinct regions for this study.  For this assessment these are herein
referred to as the upper and lower Fortescue catchments.  These are presented in Figure 3-1.  It is
noted that this study excludes the Fortescue River catchment areas upstream of Great Northern
Highway which forms the approximate division of the upper and lower Fortescue Marsh.  This
catchment area was excluded due to the large storage available within the upper Fortescue Marsh
system.  Given the large floodplain storage in the upper marsh area and restricted outflow
(evaporation and infiltration form the dominant outflow pathways), it was considered this catchment
would have no influence on determination of peak flows in the study area.

The upper catchment (from approximately the Great Northern Highway crossing of the lower
Fortescue Marsh to Gregory Gorge gauging station) is approximately 14,630 km2 in size (DWER). This
represents approximately 80% of the total catchment area contributing to the Bilanoo gauge site.  The
catchment area is typified by steeper headwater areas with well-defined waterways (such as those
associated with Karijini National Park) discharging into an expansive mainstream with extremely flat
longitudinal grade (approximate equal area slope of 0.8 m/km) and a number of linear infrastructure
hydraulic controls (FMG Solomon Rail Line and Roy Hill Rail embankments).  The flat nature of the
mainstream means storage and routing effects on peak flows is significant, with FFA analysis showing
1% AEP estimates of only 5,300 m3/s at Gregory Gorge (the outlet of the upper system).

Conversely, the 1% AEP estimate from the FFA for Bilanoo of 14,792 m3/s is significantly larger given
there is only an additional 3,760 km2 of lower coastal catchment.  This suggests that the lower coastal
catchment with more incised channels and steeper gradients is the dominant source of peak flows
recorded at Bilanoo rather than the larger upper Fortescue catchment area.  Furthermore, review of
historic events (Figure 3-5 and Figure 3-6) shows only a limited number of coincident historic events at
both gauges on the right hand side of the plot (such as the 2009 event).

Where coincident larger magnitude AM flows at Gregory Gorge and Bilanoo have occurred, gauge
records show that the significant routing time from peaks occurring from the upper catchment area
means that the peak from the upper catchment arrives at Bilanoo well after that from the lower coastal
catchment peak.  This is presented in Figure 3-8 and Figure 3-9 for the 2009 and 2004 events
respectively.  Records show that routing time of the peak from the upper catchment from the Gregory
Gorge site to Bilanoo is consistent at around 12 to 13 hours (assessed over three historic events with
differing spatial distributions of rainfall).

An analysis of recorded AMs for both gauge sites was also undertaken (presented in Figure 3-10)
showing that the lower coastal catchments are the dominant source of recorded peaks at this location
for the events of interest, rather than routed flows from the upper catchment areas.

Consideration of these effects was required for the hydrologic modelling analysis.  For example, based
on this relationship it was not considered appropriate to adopt an Areal Reduction Factor (discussed in
Section 4.4.2) for the overall Fortescue River catchment, but rather for the coastal catchment only
when determine peak flows at Bilanoo, as given the routing and hence timing of the upper catchment
peak discharge, this would not result in tangible discrepancies in the main hydrograph peak at Bilanoo.
Additionally, plots of the 2009 and 2004 events shows that there is likely some runoff from the lower
regions of the upper Fortescue contributing to peaks at Bilanoo, however the peak runoff from the
upper catchment area occurs at Bilanoo anywhere from 20 hours (2009 event) to 50 hours (2004 event)
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after the peak from the coastal catchment area, depending on temporal and spatial distribution of
rainfall.

Figure 3-8:  Plot of 2009 event gauge records
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Figure 3-9:  Plot of 2004 event gauge records

Figure 3-10:  Lower and Upper Fortescue AM flow relationship

This understanding of the catchment response was used to better inform the design event analysis and
rainfall runoff modelling parameterisation (Section 4).
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4 Regional catchment design event analysis
Background

In order to assess the temporal variability of flood risks across the project site from the regional
catchment discharges, the development of hydrodynamic inflow boundary conditions (hydrographs) is
required.

For regional catchments of this nature, this requires the development of a nodal-network rainfall
runoff model.  The development of these models for each major waterway and their respective
parameterisation is discusses in the following sections.

Catchment delineation

Catchment and sub-catchment delineation have been undertaken using freely available SRTM-H
topographic dataset (refer Section 2).  Given the size of the contributing catchments at approximately
18,400 km2 and 7,100 km2 (DWER) for the Fortescue and Robe Rivers respectively, the accuracy of the
SRTM-H dataset was considered suitable for use.

Modelling approach

The assessment of catchment response to rainfall for the regional catchments has used a ‘Monte Carlo’
assessment approach for flood quantile estimation.

The Monte Carlo approach provides a framework for simulating the natural variability in the key
processes that influence flood runoff: all important flood producing factors are treated as stochastic
variables, and the less important ones are fixed. The primary advantage of the method is that it allows
the exceedance probability of the flood characteristic to be determined without bias (subject to the
representativeness of the selected inputs) (ARR2019). For this assessment, temporal patterns and initial
loss have been stochastically sampled.

The different types of available assessment approaches are presented in Figure 4-1.



Mardie Salt Flood Study - Phases 1-3Mardie Salt Flood Study - Phases 1-3 Advisian 37
2: 311012-00734-MardieSaltFS-BCI-REP-HYD

Figure 4-1:  Different Catchment Simulation Approaches (Source: ARR2019)

4.3.1 Modelling software

The RORB runoff and streamflow routing program has been used to determine the regional catchment
response to rainfall.  RORB is widely used and accepted throughout Australia for studies of this nature.
Version 6.45 has been used in this assessment.

Design rainfall data

4.4.1 Intensity Frequency Duration data

The latest design rainfall data [Intensity Frequency Duration (IFD)] were obtained from the Bureau of
Meteorology (BoM) for use in the assessment5.  This included both point rainfall estimates as well as
downloading regionalised gridded data to assess spatial variability of the design rainfall estimates.
Point rainfall data were obtained for the upper and lower Fortescue River catchment centroids as well
as the Robe River catchment.

It was shown that point rainfall estimates for the centroid of the Robe River catchment were within 1%
of the catchment mean sampled off the IFD grids and hence were left unchanged.

Larger variances from catchment centroid point rainfall estimates were observed in the upper and
lower Fortescue River catchment.  As a result, the catchment mean was adopted from the sampled IFD
gridded data sourced from BoM.  Mean and median analysis was noted as producing similar values
(typically within 1%).

5 http://www.bom.gov.au/water/designRainfalls/revised-ifd/
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After initial simulations for the lower Fortescue catchment produced low flow estimates even with
conservative loss and storage parameterisation adopted, further regional analysis of the IFD grids was
undertaken.  The analysis showed an area of lower design depth estimates in the upper half of the
lower Fortescue catchment and other anomalies such as localised depth spikes over the Bilanoo and
Yalleen rain gauge sites, suggesting a combination of sparsity of rain gauge information in the region
and the gridding and smoothing procedures used to develop the IFD grids using ANUSPLIN may have
resulted in under-estimated rainfall depths in the upper extents of the lower Fortescue catchment.
This is presented in Figure 4-2.

Figure 4-2:  BoM IFD data variance - lower Fortescue River catchment (1% AEP 24 hour event – critical duration)

Testing was undertaken using the catchment averaged IFD from the upper Fortescue catchment in the
RORB model, and this in conjunction with regionally consistent loss parameterisation produced a
strong correlation to the FFA quantiles.  Given the strong correlation to the FFA quantiles using
regionally consistent loss parameterisation, it was considered appropriate to adopt the IFD for the
upper Fortescue River for use in the Lower Fortescue model to inform flow estimates for the analysis of
flood risk at the project site.

It is noted that the increase in design storm depth for the critical 24 hour storm duration when
adopting the upper Fortescue IFD for the lower model was not significant, and varied from
approximately 2.3% in the 20% AEP event to 3.1% in the 1% AEP event.

A summary of the adopted IFD data for the key storm durations of this study is presented in Figure
4-1.

Bilanoo rain gauge
site

Yalleen rain gauge
site

Lower Fortescue catchment
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Table 4-1:  Adopted IFD – upper and lower Fortescue River catchments

Design
Storm

Duration

Event Depth (mm)

20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.05% AEP

12 91 115 141 177 207 370

24 118 152 189 242 285 507

36 134 175 219 279 329 591

48 145 189 237 301 354 627

Table 4-2:  Adopted IFD – Robe River catchment

Design
Storm

Duration

Event Depth (mm)

20% AEP 10% AEP 5% AEP 2% AEP 1% AEP 0.05% AEP

12 91 115 140 175 204 356

24 112 143 176 223 262 456

36 124 159 196 249 293 516

48 132 169 209 265 311 545

4.4.2 Areal Reduction Factors

Given the large size of the subject catchments, it is unlikely that the spatial coverage of a high intensity
storm burst will be consistent across the entire catchment area.  In order to undertake hydrologic
modelling of the catchments, it is necessary to apply an Areal Reduction Factor (ARF) to the IFD
estimates to ensure the preservation of a probability neutral transition between the design rainfall and
the design flood characteristics (ARR2019). The procedures outlined in ARR2019 Book 2 were adopted
to determine ARFs for the individual catchment areas.

It is noted that given the relationship between the upper and lower Fortescue River basin and the
resultant dominance of the coastal lower Fortescue Basin identified in Section 3.9, that ARFs based on
inter-station catchment area only were applied when undertaking appropriate model parameterisation.

Temporal patterns

Temporal patterns for the regional catchments were obtained from the Australian Rainfall and Runoff
Data Hub6.  The study area is in the temporal pattern zone ‘Rangelands West’.  Given the size of the
catchments (>75 km2), areal temporal patterns were used in the assessment.

6 https://data.arr-software.org/
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Losses

Hydrologic assessments within the Pilbara typically adopt empirical loss models such as Initial
Loss/Continuing Loss (IL/CL) or a Proportional Loss (PL) models.  It is important to note that empirical
models do not try to represent the physical loss processes themselves (such as infiltration/depression
storage etc), but simply their effect on the catchment rainfall-runoff relationship.

In the Pilbara, a PL model is often favoured where lower magnitude event flow estimates are required.
This is due to the typically high initial and continuing loss values required when adopting an IL/CL loss
model, which often results in AEP non-neutrality for low magnitude events (i.e. no runoff for a given
rainfall depth) or other spurious results such as artificially long critical storm durations for smaller
catchments.

Given the intent of this assessment is to determine intermediate to rare event flow estimates in
combination of the Monte Carlo assessment approach, an Initial/Continuing Loss model has been
adopted to better assess the impact of natural variability of antecedent catchment conditions on peak
flow estimates.  An IL/CL loss model approach is generally recommended by ARR2019.

After minor adjustments to standard parameters for typical Pilbara coastal catchments to provide
better alignment between the Monte Carlo flow quantiles and FFA results, the loss parameters
presented in Table 4-3 were adopted for the design event assessment.

Table 4-3:  Adopted loss parameters

Model Storm Initial Loss
(ILs)

Continuing Loss
(CL)

Upper Fortescue
(to Gregory Gorge)

30 mm 4 mm/hr

Lower Fortescue
(below Gregory Gorge to Bilanoo)

60 mm 1.5 mm/hr

Robe River 70 mm 1.5 mm/hr

It is noted that the large upper Fortescue catchment area is non-homogenous in nature compared to
the lower Fortescue and Robe River catchments.  There are significant storage and routing effects
evident within the system (such as the lower Fortescue Marsh, FMG Solomon rail embankment and
Roy Hill rail embankment crossings) as well as the general catchment landforms and associated effects
on catchment response to rainfall.

This is evident in the contrast between the headwater catchment landforms associated with Karijini
National Park and those of the expansive lower basin areas which conveys and routes the headwater
runoff to the coast.  The effects of all these complex relationships are difficult to replicate in a lumped
nodal-network rainfall-runoff model and hence the use of both empirical loss parameterisation and
the parameters described in Section 4.8 were used to best replicate the FFA quantiles at Gregory
Gorge.
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Pre-burst rainfall

As part of the determination of the critical initial loss associated with the main storm burst, application
of pre-burst rainfall is required.  Pre-burst rainfall represents the rainfall in a storm event that precedes
the key storm burst.

Median pre-burst rainfall values were obtained from the ARR data hub for use in the assessment.
Median pre-burst rainfall estimates have been applied within the RORB model.  As no readily available
pre-burst temporal pattern information is available for the Pilbara region, the pre-burst rainfall was
applied using Generalised South East Australia Method (GSAM) pre-burst temporal patterns for the
Coastal Zone.  However, as the ILS parameter is greater than the median pre-burst depths, no runoff is
generated from the pre-burst rainfall.  The pre-burst rainfall therefore serves as an adjustment of the
ILS to provide a storm burst IL (ILB). This is graphically presented in Figure 4-3.

Figure 4-3:  Distinction between storm initial loss and burst initial loss (source: ARR2019)

Storage coefficient and Non-Linearity exponent parameters

Initial estimates for the empirical coefficient kc were undertaken based on the work of Pearcey (2014).
As the Robe River catchment was one of the catchments used in the aforementioned study, the
recommended formula to determine kc for this catchment was adopted (kc = 0.55*Dav).  This is a
characteristic of the catchment and therefore remains somewhat constant (depending on model
schematization) and thus independent of differences in loss parameterization that may have been
adopted by Pearcey.

Given the similar shape and general topographic variation of the lower Fortescue River catchment
when compared to the Robe River, this same approach was initially adopted for this catchment.  The kc
was reduced slightly for the lower Fortescue from this initial value to better fit the FFA distribution in
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conjunction with the IL and CL parameterisation.  Both the Robe River and lower Fortescue River areas
adopted a non-linearity exponent (m) of 0.8 which is the default value.

For the upper Fortescue River catchment, it was considered that the complexities associated with the
large catchment size and significant routing effects of the mainstream in conveying upslope lateral
inflows meant that the regionalised values recommended by Pearcey would not be appropriate.  Initial
assessments using the standard regional relationship of Pearcey (kc = 0.59*Dav) did not produce
Monte Carlo quantiles that matched well with the FFA results.  As a revised initial starting point, the
default RORB kc recommended value was adopted (2.2A0.5 (Qp/2)0.8 – m).  This showed reasonable
correlation to intermediate FFA quantiles for some events, however lower magnitude event estimates
were still low compared to the FFA quantile estimates.

Considering the extremely flat longitudinal nature of the mainstream and hence routing dominant
nature of the upper Fortescue catchment, the non-linearity exponent (m) was adjusted.  Initially, m was
increased to 1 which is typical of that adopted for flood routing studies, (with an accompanying
reduction in Kc using the default adjustment relationship [(Qp/2)m-m'] producing an improved
replication of FFA quantiles by the Monte Carlo analysis.

Final adopted parameters when used in conjunction with the loss parameters in Section 4.6 produced
a strong match to FFA quantiles and when reviewed in the context of historic events, produced good
representation of the timing of catchment peaks when compared to spatially expansive historic rainfall
events such as the 2004 event.  The final adopted parameters for all models are presented in Table 4-4.

Table 4-4:  Adopted RORB parameters

Model Area kc m

Upper Fortescue River 45 1.05

Lower Fortescue River 36 0.8

Robe River 57 0.8

Monte Carlo Peak Flow Quantile Results

The results of the Monte Carlo simulations are presented in Table 4-5 to Table 4-7 and graphically
presented in Figure 4-4 to Figure 4-6.  These represent the calculated flow quantiles resulting from
10,000 individual simulations using stochastically sampled initial loss (using default RORB sampling
factors) and temporal pattern inputs.  Temporal patterns were sampled from appropriate AEP bins as
defined in ARR2019.

Table 4-5:  RORB model Monte Carlo Flow Quantiles and FFA results – Fortescue River at Bilanoo

Probability/Event RORB Monte
Carlo Flow
Quantiles

(m3/s)

Critical Storm
Duration
(hours)

FFA Expected
Quantile
(m3/s)

FFA Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

20% AEP 2,690 48 2,400* 1,570 3,740

10% AEP 4,610 24 4,530 2,990 7,290



Mardie Salt Flood Study - Phases 1-3Mardie Salt Flood Study - Phases 1-3 Advisian 43
2: 311012-00734-MardieSaltFS-BCI-REP-HYD

Probability/Event RORB Monte
Carlo Flow
Quantiles

(m3/s)

Critical Storm
Duration
(hours)

FFA Expected
Quantile
(m3/s)

FFA Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

5% AEP 7,560 24 7,200 4,630 12,610

2% AEP 11,080 24 11,330 6,930 24,150

1% AEP 14,290 24 14,790 8,500 39,250

Table 4-6:  RORB model Monte Carlo Flow Quantiles and FFA results – Fortescue River at Gregory Gorge

Probability/Event RORB Monte
Carlo Flow
Quantiles

(m3/s)

Critical Storm
Duration
(hours)

FFA Expected
Quantile
(m3/s)

FFA Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

20% AEP 930 36 1,030* 710 1,500

10% AEP 1,720 24 1,820 1,260 2,750

5% AEP 2,650 36 2,750 1,860 4,770

2% AEP 4,090 36 4,160 2,580 9,210

1% AEP 5,300 36 5,300 3,020 14,280

Table 4-7:  RORB model Monte Carlo Flow Quantiles and FFA results – Robe River at Yarraloola

Probability/Event RORB Monte
Carlo Flow
Quantiles

(m3/s)

Critical Storm
Duration
(hours)

FFA Expected
Quantile
(m3/s)

Monte Carlo 90% Quantile
Proabability Limits

(m3/s)

20% AEP 2,060 36 1,660* 800 3,440

10% AEP 4,420 36 4,510 2,450 8,350

5% AEP 7,210 36 8,110 4,730 14,520

2% AEP 11,410 36 12,750 8,040 24,580

1% AEP 15,400 36 15,650 9,950 32,490

* denotes this FFA quantile represents the 18% AEP (5 year ARI) not the 20% AEP (4.48 year ARI) as per the RORB quantile results

It can be seen that the adopted parameters in the RORB models using the latest design inputs and
assessment approaches has produced strong correlation to the FFA quantile estimates.
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Figure 4-4:  FFA results and RORB Monte Carlo flow quantile comparison – Fortescue River, Bilanoo gauge site
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Figure 4-5:  FFA results and RORB Monte Carlo flow quantile comparison – Fortescue River, Gregory Gorge gauge site
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Figure 4-6:  FFA results and RORB Monte Carlo flow quantile comparison – Robe River, Yarraloola gauge site
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Extreme event analysis

Assessment of the 1 in 2,000 AEP event is required for Ultimate Limit State design requirements during
future design phases once a higher level of design maturity is reached.  Given the rarity of this event,
validation of peak flows to FFA quantiles is not appropriate, as the confidence limits on the quantile
estimates for an event of this magnitude would render the quantile estimate unreliable.

The assessment of the 1 in 2,000 AEP event was therefore undertaken using the same RORB models as
derived for the intermediate and rare flood analysis with the following changes as per ARR2019
guidance:

 IFD for the 1 in 2,000 AEP event as obtained from BoM (refer Section 4.4);
 The Generalised Tropical Storm Method (GTSMR)(BoM, 2003) design temporal pattern was

adopted for each storm duration;
 Storm Initial Loss was determined based on a log-normal interpolation between the values

adopted for the intermediate and rare design event analysis (1% AEP) and the standard no initial
storm loss adopted for Probable Maximum Flood assessments (0 mm).  The AEP of the PMP for
the logarithmic interpolation was based on the catchment size as presented in Figure 4-7.  Final
storm initial loss parameters adopted using this approach are presented in Table 4-8.  Continuing
losses were adopted as per the intermediate and rare event assessments.

Figure 4-7:  Recommended regional estimates for the AEP of the PMP (Source: ARR2019)
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Table 4-8:  Derived storm initial loss estimates for the 1 in 2,000 AEP events

Model Storm Initial Loss
(ILs)

Upper Fortescue
(to Gregory Gorge)

17 mm

Lower Fortescue
(below Gregory Gorge to Bilanoo)

45 mm

Robe River 50 mm

4.10.1 Extreme event peak flow results

The peak flow estimates from the extreme event analysis are presented in Table 4-9.  FFA quantiles for
this event have also been included for reference, but it is noted that confidence limits for events of this
magnitude are large (in the order of 720% for Bilanoo) making the FFA quantile estimates a non-
reliable basis for assessment of model outputs.

Table 4-9:  Peak flow estimates for the 1 in 2000 AEP event

Model Peak Flow
(m3/s)

FFA Expected
Quantile
(m3/s)

Critical Storm
Duration
(hours)

Upper Fortescue
(to Gregory Gorge)

10,370 10,500 24

Lower Fortescue
(below Gregory Gorge to Bilanoo)

23,610 30,800 24

Robe River 28,470 21,920 36

Design Event Hydrographs

In order to develop hydrographs for the design event analysis, the RORB models were simulated using
the ensemble approach for the respective catchment critical durations identified in the Monte Carlo
analysis.  Results from individual temporal pattern simulations were identified which closest matched
the Monte Carlo flow quantiles.  These were noted as typically being the upper median temporal
patterns (rank 6) which shows good correlation between results of the different simulation approaches.
The difference between the selected temporal pattern hydrograph peaks and the Monte Carlo
quantiles have been rectified by minor factoring of the selected hydrograph for use in the hydraulic
modelling (typically factoring was only required up to a maximum of approximately 4%).

For the Fortescue River catchment at Bilanoo, some manual incorporation and adjustment of results
was required to derive representative design inflow hydrographs.  This was typically centred around
accurate definition of the separate peaks of the upper and lower catchments and associated
catchment specific ARF factors (Section 4.4.2).

Whilst the main peak from the lower coastal catchment is the main source of interest for this flood risk
study, it was considered important to accurately replicate the routed upper catchment flows to ensure
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that any assessments associated with time of closure or inundation were including accurate
representations of the delayed flood peak (but higher volume) runoff hydrograph from the upper
Fortescue catchment.  The adopted approach was as follows:

 Select ensemble temporal pattern result hydrographs using the approach described above for
Bilanoo from the lower Fortescue model using ARF;

 Select the same temporal pattern result hydrograph for the Gregory Gorge location using the
results from the model using the upper catchment ARF;

 Using the recorded average routing time of 13 hours (3 historic events assessed ranged between
12 and 13 hours) between hydrograph peaks occurring at the Gregory Gorge gauge and the same
peak arriving at Bilanoo, shift the upper Fortescue hydrograph 13 hours to simulate this routing
effect.  This aligned the peaks with the routed (but larger) flood peak from the upper catchment
associated with the Coastal parameter-based model (i.e. using ARFs for the coastal catchment
only).

 Adopt the main coastal peak for the front end of the hydrograph, and the delayed peak from the
upper Fortescue hydrograph for the tail end;

 Minor manual interpolation for a select number of timesteps to smooth the transition between
results.

An example of the approach and resultant hydrograph are presented in Figure 4-8.  All adopted
regional design hydrographs are presented in Appendix A.

Figure 4-8:  Example of design hydrograph
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Sensitivity analysis

4.12.1 Climate change and hydrologic uncertainty

In order to assess the sensitivity of the regional flow estimates to the changes to rainfall intensities as a
result of the predicted effects of climate change, a sensitivity analysis has been undertaken.

Wasko et al. (2019) studied the effects of predicted climate change on both rainfall intensity and soil
moisture and resultant flood magnitudes across a range of locations in Australia (N.B excluding any
sites in the Pilbara region). The study noted that consistently across most sites flood magnitudes are
more likely to increase only for the rarest events (greater than 10% AEP), with increases in rainfall
offset by decreases in soil moisture for more frequent events.  This is presented graphically in Figure
4-9.

Figure 4-9:  Average trend across all sites for peak rainfall, peak flow and soil moisture (source: Wasko et al. 2020)

As no regionally specific literature is currently available to quantify the predicted decrease in soil
moisture it was considered that additional sensitivity analysis associated with varying the storm initial
loss parameter would less beneficial.

The assessment of sensitivity to climate change impacted design rainfall has therefore been
undertaken utilising the predicted changes to rainfall intensity in accordance with ARR2019 guidance
for the 2090 climate horizon (the furthest available prediction) using the Representative Concentration
Pathways (RCP) 4.5 and 8.5 predictions.

“Representative Concentration Pathways were developed to be ‘representative’ of possible future
emissions and concentration scenarios published in the existing literature. They focus on the
‘concentrations’ of greenhouse gases that lead directly to a changed climate and include a ‘pathway’ –
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the trajectory of greenhouse gas concentrations over time to reach a particular radiative forcing at
2100.

There are four pathways: RCP8.5, RCP6, RCP4.5 and RCP2.6. The numbers in each RCP refer to the
amount of radiative forcing produced by greenhouse gases in 2100. For example, in RCP8.5 the
radiative forcing is 8.5 Watts per metre squared (W/m²) in 2100. Radiative forcing is a measure of the
energy absorbed and retained in the lower atmosphere – effectively a measure of the amount that the
Earth’s energy budget is out of balance. It can be positive (heating) or negative (cooling) and is
affected by greenhouse gas concentration, aerosol concentration, changes in land cover and natural
drivers such as total solar irradiance.”7

For the RCPs specifically considered in this assessment:

 RCP4.5 is described by the IPCC as an intermediate scenario. Emissions in RCP 4.5 peak around
2040, then slowly decline; and

 For RCP8.5, emissions continue to rise throughout the 21st century. RCP8.5 is generally taken as
the basis for worst-case climate change scenario.

The predicted changes to rainfall intensities are +10.6% and +23.5% for the RCP4.5 and RCP8.5
scenarios respectively.

As per the design event analysis, the RORB models were simulated in a Monte Carlo framework using
the updated climate change IFD data to obtain the predicted flood peaks for the climate change
scenario.  The results are presented in Table 4-10 and Table 4-11.

Table 4-10:  RORB model Monte Carlo Flow Quantiles and FFA results – Fortescue River at Bilanoo

Probability/
Event

RORB Monte Carlo
Flow Quantiles
Climate Change

Sensitivity RCP4.5
(m3/s)

RORB Monte Carlo
Flow Quantiles
Climate Change

Sensitivity RCP8.5
(m3/s)

RORB Monte
Carlo Flow
Quantiles

(m3/s)

FFA Expected
Quantile
(m3/s)

20% AEP 2,920 3,860 2,690 2,400*

10% AEP 5,520 6,720 4,610 4,530

5% AEP 8,300 9,680 7,560 7,200

2% AEP 12,330 14,400 11,080 11,330

1% AEP 15,870 18,270 14,290 14,790

7 https://www.environment.gov.au/s13595ystem/files/resources/492978e6-d26b-4202-ae51-5eba10c0b51a/files/wa-rcp-fact-
sheet.pdf
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Table 4-11:  RORB model Monte Carlo Flow Quantiles and FFA results – Robe River at Yarraloola

Probability/
Event

RORB Monte Carlo
Flow Quantiles
Climate Change

Sensitivity RCP4.5
(m3/s)

RORB Monte Carlo Flow
Quantiles

Climate Change
Sensitivity RCP8.5

(m3/s)

RORB Monte
Carlo Flow
Quantiles

(m3/s)

FFA Expected
Quantile
(m3/s)

20% AEP 2,640 3,940 2,060 1,660*

10% AEP 5,520 7,680 4,420 4,510

5% AEP 8,680 11,700 7,210 8,110

2% AEP 13,600 17,520 11,410 12,750

1% AEP 17,920 22,350 15,400 15,650

* denotes this FFA quantile represents the 18% AEP (5 year ARI) not the 20% AEP (4.48 year ARI) as per the RORB quantile results

The results indicate that flow quantiles increase more significantly in the Robe River catchment
compared to the Fortescue River catchment when compared to the current design flow quantile
estimates.  The predicted climate change peak flows are still well within the confidence limits of the
design event quantiles.

It is considered that the assessment of the 2090 future climate scenario using the recommend RCP
scenarios is also an adequate means of assessing the sensitivity of the modelling results to
uncertainties associated with the design event hydrologic estimates.

The 1% AEP results of this hydrologic sensitivity analysis have been used to inform the hydraulic
sensitivity analysis presented in Section 5.6.1.
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5 Hydraulic behaviour and local catchment analysis
Background

Analysis of the hydraulic behaviour of floodwaters is required to quantify the flood risk to the project
site in both the existing and developed scenarios.  This flood risk may be associated with breakout
flows from the regional watercourses (Fortescue and Robe Rivers), local catchment discharges
associated with the coastal catchments between the Fortescue and Robe Rives, inundation associated
with cyclone-related sea levels (e.g. storm tide), or a combination of all of the above.

To accurately quantify flood risk for the project, a detailed hydraulic model has been developed to
determine the effects of all of the aforementioned inundation sources and enable derivation of AEP
specific flood levels across the project site.

The following sections detail the modelling approach, set up details and parameterisation.

Modelling approach

Due to the flat expansive nature of the coastal plain and project site, a TUFLOW rain-on-grid modelling
approach was adopted to assess the local catchments response to rainfall and high level of cross
catchment interaction.

This approach facilitates a more accurate determination of complex flow routing situations (such as
shallow, expansive waterway interactions) when compared to a traditional nodal-network style rainfall-
runoff modelling approach, where enforced routing pathways are required which can unduly influence
flow estimates at specific locations.

Given the number of simulations required, the use of a Monte Carlo assessment was not practical for
the local catchment areas adopting the ‘Direct Rainfall’ assessment approach.  For these areas, the
ensemble approach was adopted (refer Figure 4-1).  Flood magnitudes are generally very sensitive to
temporal patterns and thus the ensemble approach provides a straightforward means of avoiding the
introduction of bias due to this source of variability (ARR2019).

5.2.1 Software

The assessment of hydraulic behaviour of the regional catchment runoff and the hydrologic and
hydraulic behaviour of local catchment runoff has been undertaken using TUFLOW.

TUFLOW is a linked 1D/2D hydrodynamic computational engine for simulating free-surface long wave
propagation processes (tides, floods, tsunamis, dam breaks) by solving the full one and two-
dimensional versions of the Navier-Stokes equations incorporating all physical terms including inertia
(1D and 2D) and sub-grid turbulence (2D).  A 2nd order spatial and 4th order time 2D finite volume,
shock capturing numerical scheme is used that produces consistent results independent of time
stepping and exhibits no numerical diffusion. (BMT WBM)

The latest version of TUFLOW was used (2020-10-AA) utilizing the Heavily Parallelised Compute (HPC),
Quadtree (facilitating different model resolutions over different areas) and Sub Grid Sampling (SGS)
capabilities to maximize hydrologic routing accuracy.
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Hydrology – local catchments

5.3.1 Intensity Frequency Duration data

The latest design rainfall data [Intensity Frequency Duration (IFD)] were obtained from the Bureau of
Meteorology (BoM) for the coastal catchment and project area as described in Section 4.4.1.

Despite the previously observed spiking over the Bilanoo gauge site (Section 4.4.1), catchment
centroid IFD estimates were considered mostly consistent with the local catchment extents.

Areal reduction factors

In order to determine appropriate ARFs for the coastal catchments, the point of interest at respective
catchment outlets needs to be considered (i.e. the project site inflow locations).  This is due to the level
of local waterway interaction as floodwaters travel down the various waterways which can change from
no interaction in the steeper headwater areas above the NW Coastal Highway, to high levels of
interaction in the low-lying coastal fringes.  This by association affects the total contributing catchment
area (or ‘catchment of influence’) to each point of interest and hence the required ARF to obtain
appropriate design flows.  A review of initial flood model simulation results was required to determine
the level of interaction between local watercourses (and catchments) at the project site.

5.3.2 Temporal patterns

The same areal temporal patterns as adopted for the regional catchment assessment (refer Section 4.5)
were adopted for the local catchments as all contributing catchment areas were greater than 75 km2.

5.3.3 Loss model and parameters

The results of the regional catchment assessment and derivation of loss parameters (Section 4.6) was
used to inform the loss parameterisation for the local coastal catchments and are presented in
Table 5-1.

Table 5-1:  Adopted loss parameters for local catchments

Model Storm Initial Loss
(ILs)

Continuing Loss
(CL)

TUFLOW
(local catchments)

60 mm 1.5 mm/hr

5.3.4 Pre-storm rainfall

Careful consideration must be given to the effects of depression storage in the DEM when undertaking
direct rainfall assessments.  To this end, a nominal pre-storm rainfall (refer Figure 4-3) of 30 mm was
simulated to fill depression storage in the DEM in preparation for the design storms.  This pre-storm
rainfall was allowed to fully drain from the model (i.e. reach equilibrium) with the resultant water
surface used as an initial water level for the design storm simulations.

Given the longer, larger volume storm durations that were critical for the local catchments, it is
considered the possible influence of minor depression storage on flow estimates is likely to be low,
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however the pre-storm rainfall was used to ensure the impact of minor depression storage was
minimised as much as practicable.

5.3.5 Pre-burst rainfall

Median pre-burst rainfall values were obtained from the ARR data hub for use in the assessment. As
per the regional assessment, the adopted storm initial loss (ILS) parameter (refer Section 5.3.3) is
greater than the median pre-burst depths and hence the pre-burst rainfall has been removed from the
ILS to give a storm burst initial loss (ILB).

The ILB and CL are then removed from the raw rainfall hyetographs to give a runoff hyetograph which
is applied to every cell within the model domain.

Hydraulic details

5.4.1 Topographic data

A combination of LiDAR-based 1 m resolution DEM data and Landgate 5 m resolution DEM data were
used as the basis for the assessment.

The relative accuracies of both datasets are described in Section 2.1.

5.4.2 Floodplain roughness

Floodplain roughness values were selected based on photographic record and other freely available
imagery such as Google Street View™, whilst the extent of distinct regions of specified roughness were
undertaken using the provided aerial imagery and other freely available aerial photography (Arc and
Google WMS).

The adopted values presented in Table 5-2 are consistent with those recommended in ARR2019, other
relevant industry literature [e.g. Chow (1959)] and previous direct rainfall modelling experience of
Pilbara coastal catchments and associated ground conditions.

Table 5-2:  Adopted Floodplain Roughness Values

Description Manning’s ‘n’ Value
(Depth Layer 1 (m), Manning’s ‘n’ Layer 1,
Depth Layer 2 (m), Manning’s ‘n’ Layer 2)

Road/access track/estuarine waterways 0.025

Bare soil/salt flats/river sands & gravels 0.03

General open space w/ sporadic grasses 0.1, 0.1, 0.2, 0.04

General open space with sporadic shrubs and grasses 0.1, 0.1, 0.2, 0.045

Light shrubs and grasses 0.1, 0.1, 0.2, 0.05

Moderate vegetation 0.1, 0.1, 0.2, 0.06

Moderate-thick vegetation 0.1, 0.1, 0.2, 0.07
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Description Manning’s ‘n’ Value
(Depth Layer 1 (m), Manning’s ‘n’ Layer 1,
Depth Layer 2 (m), Manning’s ‘n’ Layer 2)

Riparian vegetation 0.08

Mangroves 0.12

5.4.3 North West Coastal Highway hydraulic structures

Bridges

Three bridges are located in the study area being the Fortescue River, Robe River and Peter Creek
bridges.

Bridge details were obtained from MRWA in the form of design drawings and included in the model as
layered flow constrictions.  The bridges were included utilising parameterisation as detailed in
Hydraulics of Bridge Waterways (FHWA, 1978), Technical Guidance – Hydrology and Hydraulics
(Queensland Department of Main Roads (DTMR), 2019) as well considering recent jointly funded
testing of bridge representation in 2D between BMT (developers of TUFLOW) and the Queensland
Department of Main Roads.  This testing program has used Computational Fluid Dynamics (CFD)
assessments to inform relevant loss parameterization and approaches when modelling bridge
crossings.  All bridges were modelled using the PORTION loss approach.

Exact replication and subsequent validation of loss parameterisation across the bridges was not
considered necessary, as the location of the bridges with respect the project site meant that the
influence of minor variations in bridge hydraulic performance would have negligible effect on model
outcomes at the area if interest.

Culverts

Culverts have been included in the linked 1D/2D model at appropriate locations along the NW Coastal
Highway.  Culvert details have been obtained from MRWA.  Entrance and exit loss parameterization
were based on the structure details included in the MRWA database and are presented in Table 5-1.

Table 5-3:  Adopted entrance loss parameters

Culvert/Headwall Type Mannings ‘n’ Adopted Inlet
Loss (Ke)

Adopted Outlet
Loss (Ko)

RCP / Concrete headwall with wingwalls
0.013

0.5
1

RCBC / Concrete headwall with wingwalls 0.4

All culverts were assumed 100% clear and in good operational condition.  Given the very low flood
immunity of the North West Coastal Highway with many almost at-grade floodways, there was no
perceived benefit in undertaking sensitivity of flow estimates at the project site by way of culvert
blockage sensitivity scenarios.
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Boundary Conditions

5.5.1 Inflow boundaries

Regional inflow hydrographs from the Fortescue and Robe Rivers were applied at respective locations
a small distance upstream of the bridge crossings.

Local catchment runoff hyetographs were applied using the direct rainfall approach (on every model
cell).  Individual rainfall application polygons were detailed in the model representing the different
local catchment extents and associated ARFs for application.

5.5.2 Tailwater boundary

A tailwater boundary condition was applied along the coastal perimeter of the model domain.
Representative tailwater conditions for each AEP event were obtained from Return Period Analysis for
water flow and waves at Pond Walls, Navigation Route and Pipeline Easement, RPS (October 2020).

Due to the large hydraulic model domain, there was some minor variance in predicted peak total water
levels across the area of interest in the RPS study.  In order to improve model stability (by elimination
of eddies/turbulence along the model boundary location) and to reasonably reflect tailwater at the key
locations of interest, a review of the predictions for the various point locations was undertaken as
presented in RPS (2020).  Total water level predictions for reporting locations P01 to P06 [refer RPS,
2020)] were reviewed with a mean value for each AEP adopted.  The calculated mean value of all
reporting point estimates was shown to be similar to the median value for all AEP events.

As the RPS report only included estimates for the 10% to 1% AEP events, a logarithmic extrapolation
was undertaken to inform the 20% AEP total peak water level.  The final adopted tailwater elevations
are presented in Table 5-4.

Table 5-4:  Adopted total peak water levels

AEP Event Mean Total
Peak Water Level

(mAHD)

1% AEP 3.16

2% AEP 2.99

5% AEP 2.85

10% AEP 2.69

20% AEP  2.56*

Mean Sea Level# 0.02

* denotes extrapolated value

# denotes value obtained from The University of Western Australia Coastal Oceanography Group / Bushfire and Natural Hazard
CRC
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Sensitivity analysis

5.6.1 Climate change and hydrologic uncertainty

The sensitivity of the flow estimates and hydraulic predictions to the effects of climate change has
been undertaken as per the regional catchment analysis (as previously detailed in Section 4.12).

This includes increased rainfall intensity assessment for the 1% AEP event using the RCP4.5 and RCP8.5
2090 design horizon climate scenarios.

5.6.2 Floodplain roughness

The sensitivity of model results to floodplain roughness parameterization across the model domain has
also been assessed within the hydraulic model.

As the model utilizes depth-varying Manning’s parameterisation for the direct-rainfall modelling
approach and the flow estimates have been validated (refer Section 6.2.1.1), only the upper layer
roughness parameter (above 200 mm flow depth) has been adjusted.

All values were increased by a factor of 30%, resulting in Manning’s ‘n’ values for the sensitivity
assessment as presented in Table 5-5.

Table 5-5: Adopted Floodplain Roughness Values

Description Manning’s ‘n’ Value
(Depth Layer 1 (m), Manning’s ‘n’ Layer 1,
Depth Layer 2 (m), Manning’s ‘n’ Layer 2)

Road/access track/estuarine waterways 0.0325

Bare soil/salt flats/river sands & gravels 0.039

General open space w/ sporadic grasses 0.1,0.1,0.2,0.052

General open space with sporadic shrubs
and grasses

0.1,0.1,0.2,0.0585

Light shrubs and grasses 0.1,0.1,0.2,0.065

Moderate vegetation 0.1,0.1,0.2,0.078

Moderate-thick vegetation 0.1,0.1,0.2,0.091

Riparian vegetation 0.104

Mangroves 0.156
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6 Existing case assessment results
Accuracy limitations

The assessment outcomes and associated data in this report is based on information sourced from BCI
Minerals, external sources, as well as that available in the public domain at the time or times outlined
in this report.

The results of the hydraulic assessment are therefore inherently reliant on the accuracy of the available
input data.  For example, the spatially-varying vertical accuracy of the LiDAR derived and Landgate
sourced DEMs across the model domain may have an impact on flow distribution in the model results
in the expansive flat regions of the study area.

Additionally, changes to topographic variation within the study area due to works undertaken by BCI
Minerals or others that have occurred since the collection of the LiDAR data will therefore not be
represented in the model and hence their impact on flood behaviour will not be represented.

Local catchment hydrology results

6.2.1 Peak flow estimates

Peak flow estimates for the local catchments as well as regional flow breakouts from the Fortescue and
Robe Rivers have been estimated in the TUFLOW hydraulic model and are presented in Table 6-1 with
the reporting locations presented in .  An Asterix denotes that the peak flow recorded is a result of
regional catchment flows.

Table 6-1:  Peak flow estimates at locations of interest

Location
Peak Flow (m3/s)

1% AEP 2% AEP 5% AEP 10% AEP 20% AEP

8 1513 1151 696 467 239

12 2588* 1488* 477* 99* 31

23 8627* 7600* 5989* 4069* 2573*

24 789* 479* 173* 61* 16

25 2483* 1402* 557* 170* 24*

26 1386* 951* 299* 61 27

27 141 102 57 31 12

28 790 639 423 279 142

29 731 543 337 211 106

30 557 416 253 144 59

31 566 384 181 71 27
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Location
Peak Flow (m3/s)

1% AEP 2% AEP 5% AEP 10% AEP 20% AEP

32 1186* 788* 529 363 167

33 3237* 2571* 1669* 577* 71*

42 971* 583* 203* 7 3

43 4042* 2496* 1080* 360* 73*
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Peak flow validation

Given the predicted flow interaction between waterways on the coastal plain in larger magnitude
events, validation of peak flows at the project site is difficult.

In order to confirm the TUFLOW rain-on-grid model was producing flow estimates that were
comparable with other flow estimation approaches such as RORB rainfall-runoff modelling, assessment
of the 1% AEP event was undertaken for the upper Peter Creek catchment to the NW Coastal Highway.
This was considered an appropriate validation location given the size of the catchment and
constrained flow behaviour (no cross-catchment interaction) of the catchment to this location.

A RORB model was developed of the catchment with IFD and loss parameterisation as per the details
in Section 5.3, with a Kc based on the work of Pearcey (2014) and an non-linearity (m) exponent of 0.8.
ARF values were derived for the catchment area using the processes described in ARR2019.

The same hydrologic input data was then simulated in the TUFLOW model (excluding the storage
parameterisation which is explicitly assessed in the hydraulic model).  Peak flows were extracted from
the RORB model for the critical storm duration and upper median temporal pattern 1% AEP and 10%
AEP events.  The 1% AEP and 10% AEP events were considered reasonable comparative events for
major and minor flood events.  The results from the same design storms were then extracted from the
TUFLOW model to enable a like for like comparison.

The comparative results are presented in Table 6-2 and show good agreement between the RORB and
TUFLOW models, as well as a FFA transposition of the Yarraloola Gauge at Robe River using the
procedure defined by Greyson (1996).  Given the FFA transposition is based on catchment area, the
use of the Fortescue River FFA results was considered less appropriate, given the unknown influence of
the lower regions of the upper Fortescue catchment on peak flows at Bilanoo (I.e. the catchment of
influence for peak flows at Bilanoo lies somewhat undefined somewhere between the lower and upper
Fortescue boundary).

Table 6-2:  Peak flow comparison for Peter Creek at NW Coastal Highway – RORB/TUFLOW/Transposed FFA

Event RORB Peak Flow
(m3/s)

TUFLOW Peak Flow
(m3/s)

FFA Robe River
Yarraloola Gauge

Transposition

1% AEP 1079 1010 1170

10% AEP 360 395 337

Hydraulic behaviour results

6.3.1 GIS mapping

GIS mapping presenting the existing case peak flood behavior for the design rainfall events is
presented in Appendix B.  The mapping includes peak flood depths, elevations, velocities as well as
mapping highlighting the source of the peak flood behavior (regional or local catchment runoff).
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6.3.2 Joint probability analysis

As the existing case assessment was predominately used to determine inflow estimates to aid in
design and identify cross catchment and regional flooding interactions and influences on the project
area, no joint probably analysis has been undertaken to determine the influence of adopted tailwater
condition on design peak flood levels across the project in the existing case.

The presented results therefore reflect a complete dependence scenario (i.e. combined X% AEP
flooding and X% AEP tailwater).

6.3.3 Regional flooding influence

Model results predict that there is a variable influence of regional catchment floodwaters across the
project site, depending on the magnitude of the design flood event.  The model outputs suggest that
typically the larger the magnitude of the design flood event, the larger the area of influence of
regional floodwaters in dominating peak flood levels at the project site.

In the 1% AEP event, this is typically limited to the southernmost extent of the project site for the
breakout flows from the Robe River, however model results suggest breakout flows from the Fortescue
River forms much of the dominant flood risk in the northern half of the project (including the access
road) in the 1% AEP.  This regional and local flooding relationship remains relatively consistent down
to the 5% AEP event.

Conversely with a reduction in flood magnitude to a 20% AEP, regional flooding influence in the
project area is limited to a small section of the access road only, with the majority of project site
dominated by local catchment flooding.

This is also presented in the peak flow estimates presented in Section 6.2.1.

6.3.4 Timing of flood peaks

Given the size of the regional catchments, the time to peak of the regional catchments is longer than
those for the local catchments which dominate the centre of The Project area.

The time to peak for regional floodwater breakouts from the Fortescue River at The Project site are
predicted to be between approximately 42 and 55 hours for the 1% AEP and 5% AEP events
respectively.  This event range represents the range of AEPs in which it is predicted that regional
floodwater breakouts dominate peak flood predictions in the northern half of The Project.

Conversely, local catchment runoff peaks earlier due to the quicker catchment response to rainfall and
shorter critical storm durations.  For the main flow path through the centre of the site, peak flood
behaviour is predicted to occur at approximately 13 hours (18 hour design storm duration event).

6.3.5 Hydraulic model performance validation

Validation of the hydraulic model parameters and performance was undertaken for regional flooding
behaviour in the Fortescue River by way of simulation of the recorded February 2020 event.

This event represents approximately an 11% AEP event (slightly lower magnitude than a 10% AEP)
according to an interpolation of FFA quantiles (Section 3.8).  The simulation was undertaken in
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conjunction with extraction of any available Sentinel-2 satellite imagery8 of the study area during the
course of the event.  The available imagery dates and collection times allowed for assessment of:

- Accuracy of the propagation of the flood wave through the main channel and main breakout
flow path during the rising limb of the event (10:32am 9th February); and

- Comparison of hydraulic model velocities (and resultant shear stresses) and the sediment
removal extent observed in the imagery approximately 3 days after the event (10:32am 14th

February).

The recorded flow hydrograph at Bilanoo was simulated in the TUFLOW hydraulic model with the
results presented in Figure 6-2 to Figure 6-5.  The only adjustment to the TUFLOW model used in the
assessment was moving the inflow boundary to the gauge site to eliminate the routing/lag time
associated with the original boundary location slightly upstream of the gauge location.

8 https://scihub.copernicus.eu/dhus/#/home
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Figure 6-2:  Sentinal-2 satellite imagery (10:32AM 9th February) - February 2020 event flood wave propagation

Wetting front/extent of flood
wave at 10:32 AM 9th February
2020
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Figure 6-3:  Sentinal-2 imagery with TUFLOW result overlay (model result output at 10:35am)

The results presented in Figure 6-2 and Figure 6-3 show that the hydraulic model is accurately
replicating the observed flood wave propagation and extent at the time of imagery collection during
the February 2020 event.  The strong match of flood wave propagation extent and timing suggests the

Wetting front/extent of flood wave
at 10:32 AM 9th February (imagery)
TUFLOW result output represents
10:35am (3 minutes after imagery)
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adopted floodplain roughness parameterization is accurately replicating the in-bank capacities in the
main Fortescue River channel and hence also accurately detailing the flow breakout interaction with
the coastal plain.  The use of a historically gauged event eliminates the possibility of errors associated
with a joint validation approach using derived hydrologic inputs.

Figure 6-4:  Sentinal-2 satellite imagery - February 2020 event post flood fine sediment removal extent (10:32AM
14th February)

Observed fine sediment removal/
scour extent in main flow breakout
area - post event imagery
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Figure 6-5:  Sentinal-2 satellite imagery with TUFLOW results overlay – Peak Bed Shear Stress <1 N/m2 shown

The comparison of sediment scour extent of the 2020 event is more difficult to quantify as no Particle
Size Distribution (PSD) data is available for the sediments overlying the coastal plain.  As a result, a
reasonableness of fit/qualitative assessment has been adopted, with a Bed Shear Stress threshold of
1 N/m2 adopted based on the limiting shear stress for uniform non-cohesive sediments presented in
Fischenich (2001).  This threshold is based on a particle class of very fine sands.  The 1 N/m2 threshold
extent is shown to align well with the observed extent of surface sediment mobilization in the satellite
imagery and suggests the predicted hydraulic intensities of the flood have been replicated well in the
model.

Based on the results presented in Figure 6-2 to Figure 6-5, it is considered that the hydraulic model
parameterisation is accurately replicating observed flood behaviour and is therefore suitable for use in
determining design flood behaviour estimation.

Sediment removal extent in
main flow breakout area with
TUFLOW peak Bed Shear Stress
result overlay showing >1 N/m2
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7 Sensitivity analysis results
7.1.1 GIS mapping

GIS mapping presenting the sensitivity analysis results are presented in Appendix C.  The mapping
includes peak flood afflux (elevations and velocities) as well as mapping highlighting the source of the
sensitivity case peak flood behavior (regional or local catchment runoff).

7.1.2 Climate change and hydrologic uncertainty

The assessment of the 2090 future climate RCP4.5 and RCP 8.5 scenarios for the 1% AEP event has
predicted that increases in catchment runoff varies depending on the catchment characteristics and
the resultant response to rainfall.

Regional catchment flow estimates for the future climate scenarios (discussed in Section 4.12.1) are
predicted in increase, with a resultant increase in flood levels, velocities and regional flood dominance
of peak flood levels across The Project area, specifically in the northern sections associated with
Fortescue River breakouts.  Due to the regional catchment response to the predicted increase in
rainfall intensity, flow increases of between 26% and 73% (RCP4.5 and RCP8.5 scenarios respectively)
are predicted from Fortescue River flow breakouts entering the northern project area.

Local catchment dominated waterway peak flow estimates increase anywhere from 12% to 23% in the
RCP4.5 scenario, up to 21% to 45% in the RCP8.5 scenario, dependant on comparison location and
interaction of watercourses.  These increases typically exceed the corresponding predicted changes to
rainfall intensities of +10.6% and +23.5% for the RCP4.5 and RCP8.5 scenarios respectively.

Peak flow predictions for the current climate 1% AEP as well as the 2090 future climate scenarios at key
locations across the study area (refer Figure 6-1) are presented in Table 7-1.  An Asterix denotes that
the peak flow recorded is a result of regional catchment flows.

Table 7-1:  Peak flow comparison – current and future climate predictions

Location

Peak Flow (m3/s)

1% AEP
Current
Climate

1% AEP
2090 Future

Climate
RCP4.5

1% AEP
2090 Future

Climate
RCP8.5

8 1,513 1739 1991

12 2,588* 3,269* 4,477*

23 8,627* 9,059* 10,331*

24 789* 963* 1313*

25 2,483* 3128* 4,233*

26 1,386* 1,619* 2,010*

27 141 173 204
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Location

Peak Flow (m3/s)

1% AEP
Current
Climate

1% AEP
2090 Future

Climate
RCP4.5

1% AEP
2090 Future

Climate
RCP8.5

28 790 905 1038

29 731 820 884

30 557 648 800

31 566 686 804

32 1,186* 1,466* 1,980*

33 3,237* 3,642* 4,337*

42 971* 1,190* 1,535*

43 4,042* 4,896* 6,210*

7.1.3 Floodplain roughness

The factored increase in floodplain roughness values (30%) across the model domain as expected
results in increases in predicted flood levels and reductions in peak velocities.

Consistent increases in peak flood levels for local catchment dominated flow paths were predicted to
be in the order of 50 mm to 150 mm at the project site at concentrated flow locations.  Shallower flow
areas where velocities are lower showed insignificant changes in flood level peaks.

The largest increases in peak flood levels were predicted in regions dominated by higher intensity
floodwaters resulting from the regional Fortescue and Robe River catchments.  Given the increases in
peak flood levels, by association there is a corresponding decrease in peak velocities.

The results show that as would be expected, there is an increase in peak flood elevation and a
corresponding decrease in peak flood velocity resulting from the increase in Manning’s ‘n’
parameterisation.  However, given the strong performance of the model in replicating a historic flood
event in timing and hydraulic intensity (refer Section 6.3.5), it is considered that the adopted Manning’s
‘n’ parameters are representative of typical on-ground conditions and have been adopted for the
design assessment.
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8 Phase 3 – OBFS Design Assessment
Background

The nature of the hydraulic models developed for this study to assess flooding in a regional context in
conjunction with the design maturity at the time of this assessment means that detailed assessment of
all design features associated with the project is not computationally feasible.  This is due to both the
large model area (approximately 2400 km2) and hence coarse resolution of the hydraulic model, as well
as the conceptual nature and hence limited detail in the OBFS design pertaining to drainage features
and general flood management.

Therefore, a high-level flood assessment of the Optimised Bankable Feasibility Study (OBFS) design
has been undertaken in this study to broadly assess the general design philosophy across the project
area and identify major flood risks for further assessment.

Major design features have been included in the hydraulic model through both the inclusion of 3D
design models and enforced break lines where appropriate and include:

 Road centreline elevations (Mardie Road, North-South Road, Port Access Road);

 Evaporation Pond embankments;

 Crystalliser Pond embankments; and

 Stockpile area.

Assessed OBFS design

BCI Minerals provided the following OBFS DXF design strings for inclusion in the assessment:

 “OBFS Crystalliser Strings” (dated 12/05/2021);

 “OBFS Evaporation Pond Strings” (dated 12/05/2021);

 “OBFS Road Strings” (dated 12/05/2021); and

 “OBFS Stockpile Strings” (dated 12/05/2021).

These design string models represent earthworks features only, and hence whilst conceptual culvert
locations are presented in some OBFS design drawings, no physical attributes were available.  As a
result, cross drainage features associated with Mardie Road, North-South Road and the Port Access
Road are not represented.

The assessment therefore represents a high-level assessment approach to detail the general impacts
on existing case flood behaviour as a result of the proposed OBFS design earthworks.

8.2.1 Hydraulic model updates

The design models were included in the TUFLOW hydraulic model as provided, with break lines
enforced in the hydraulic model to ensure controlling elevations were accurately represented.
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As the Port Access Road causeway crossing culvert details were not confirmed at the time of the
assessment, a nominal opening in the road embankment was adopted to represent conveyance
through the road embankment.

Cross drainage details for all roads as well as weir details for evaporation ponds will be further
developed as the design process matures.

Sensitivity assessments and joint probability

Given the design maturity at the time of this assessment (OBFS) as well as changes to the design
occurring concurrently to this assessment, it was agreed with BCI that little benefit would be gained
from undertaking sensitivity analysis and joint probability analysis on the OBFS design.

Therefore as per the existing case, the design case results reflect a complete dependence scenario (i.e.
combined X% AEP flooding and X% AEP tailwater).  Joint probability analysis will be undertaken once
the design reaches a more mature stage to confirm design flood levels at locations that may be
located in the joint probability zone.  Based on the model results this would appear to be limited to
the two main drainage channels, the causeway crossing of the Port Access Road, and the southern
perimeter of Pond 1.

Sensitivity assessments relating to Climate Change as per the existing case will also be undertaken in
later studies.

Assessment results

8.4.1 GIS mapping

GIS mapping presenting the existing case peak flood behavior for the design rainfall events is
presented in Appendix D.  The mapping includes peak flood depths, elevations, velocities as well as
mapping highlighting the source of the peak flood behavior (regional or local catchment runoff).

8.4.2 Results discussion – key infrastructure

Mardie Road

Basis of Design Standard: 5% AEP flood immunity.

Modelled Standard: Road is predicted to overtop at some locations in the 20% AEP event.

Mardie Road is significantly overtopped by Fortescue River breakout flows in the 5% AEP (design)
event, and therefore does not satisfy the basis of design. The road is overtopped at several locations.
For larger magnitude regional flood events >5% AEP significant overtopping occurs at multiple
locations along the road alignment and for significant periods.

Flow breakouts from the Fortescue River for events equal to or less than the 20% AEP are typically
limited and Mardie Road is not overtopped by these breakouts.  Overtopping in the 20% AEP event is
a result of local catchment runoff.
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Flood impacts (re-direction of flows as a result of the road embankment causing increases or
decreases in flood levels) are currently predicted to be limited to discrete regions adjacent to the road
alignment for events equal to or below the 10% AEP event.

For events equal to or greater than the 5% AEP (where Fortescue River flow breakouts begin to
dominate the peak flood behaviour), larger impacts are predicted, with more floodwater directed to
the north east (parallel to the road embankment) and toward the Crystallisers.  A reduction in peak
flow is also predicted to impact Mardie Pool.  This is presented in Figure 8-1.

Figure 8-1: Basis of Design event (5% AEP) peak flood afflux showing more flow directed to Crystalliser region

Project Risks:

 Sections of road are expected to be washed out at locations where the road is overtopped by
floodwater. It is recommended that engineered floodways are designed and installed at these

More flow directed
to Crystalliser area
due to Mardie Road

Less flow directed
to Mardie Pool area
due to Mardie Road
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locations and sized to accommodate the 5% AEP (design) event so the road access is not
impacted;

 Loss of site access is likely for extended periods due to extended regional inundation in rarer
events in excess of the design AEP;

 The use of large embankment heights to achieve the current identified basis of design flood
immunity standard (5% AEP) will result in reduction in flow entering Mardie Pool area. This will also
increase the flood management requirements at the Crystallisers due to the increase in flow
directed to this area as a result of the increased embankment heights; and

 Local regions of sheet flow that are intersected by the road alignment without adequate drainage
treatments may cause embankment integrity issues (softening) as a result of long-term ponding
against the embankment.  This risk may be realised even for local convective thunderstorm activity.
Softening of the road formation will lead to deterioration of the road pavement and increases
maintenance requirements/costs.

Opportunities:

 Adjusting the basis of design of Mardie Road to achieve a flood immunity based on an Average
annual Time of Closure that is commensurate with that of the North West Coastal Highway may
result in capital savings; and

 Formalised floodways at key locations may help reduce flood impacts along the alignment
through key flood relief locations in all events (i.e. for critical areas such as Mardie Pool).  This may
also reduce OPEX through reduced maintenance works after a flood event whilst also reducing
protection requirements adjacent to the crystallisers due to reduced diversion of floodwaters in
this direction.

Port Access Road

Basis of Design Standard: 5% AEP flood immunity.

Modelled Standard: Road is predicted to overtop at some locations in the 20% AEP event.

The Port Access Road (from the Mardie Road intersection) around the Crystallisers is predicted to be
inundated by expansive sheet style flows from both the main Fortescue River breakout flowpath as
well as local catchment runoff, even in the 20% AEP event.

Flood protection for the Crystallisers currently varies between the Mardie Road embankment at the
southern end, to the Crystalliser Pond wall towards the north where the Crystalliser design becomes
proud of the natural terrain.  The OBFS design performance in this regard is discussed in Section
8.4.2.5.

Due to the limited design data at the time of the assessment, no detailed assessment of the
performance of the causeway has been undertaken.  It is noted the cross-drainage structure(s)
associated with the causeway will be required to convey significant regional catchment discharge,
depending on the final adopted basis of design and general design approach.  For the current
nominated 5% AEP in the Basis of Design, this equates to approximately 310 m3/s across the proposed
causeway location (for a complete dependence scenario – refer Section 8.3).

Inundation depths and extents for the Basis of Design event (5% AEP) are presented in Figure 8-2.
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Project Risks:

 For the 5% (design) AEP event, the current OBFS design provides inadequate flood protection with
floodwaters predicted to enter the southern Crystalliser Ponds.  This resulting in a significant
production risk to the operation due to freshwater ingress;

 Inadequate cross drainage capacity or alternatively poor drainage design may lead to failure of the
causeway embankment integrity.  The time and cost implications of reinstating the causeway
following design exceedance events would be significant due to the difficult site conditions; and

 In the current design, there is likely to be a loss of port access for extended periods due to
extended regional inundation in rarer events.

Opportunities:

 Depending on the adopted flood management strategy and design constraints associated with the
Crystallisers, the embankment height of the Port Access Road could be raised in the southern
region closer to the Mardie Road intersection in conjunction with consideration to the Crystalliser
embankments to the north to achieve the required flood immunity.

Figure 8-2: Basis of Design event (5% AEP) peak flood depth – Port Access Road

Port access Road
inundated
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North-South Road

Basis of Design Standard: 2% AEP flood immunity.

Modelled Standard: Road is predicted to overtop at some locations in the 20% AEP event.

As per the basis of design, the North-South Road is required to “provide a protective bund to prevent
floodwater from flowing over the North South Road in a 1:50 ARI, with floodways set at an ARI of 100
years” (Roads & Earthworks BOD - GF – 20210504).

Although no culverts were included in this assessment, given the OBFS design, discharge rates and
volumes associated with the waterways intersected by the road alignment, the North-South Road is
predicted to overtop at a number of locations – even in the 20% AEP event.  Without significant
supporting civil works, such as creek diversions, adequately sized culverts, floodways and other
hydraulic structures to convey or divert floodwaters away from the road embankment, significant
ponding will occur at these locations.   Long term ponding is known to lead to embankment stability
failures, wetting of the road formation and pavement failure.

The two proposed main drainage channels experience significant inflows of 1390 m3/s (Pond 5/6) and
1510 m3/s (Pond 3/4) in the 1% AEP event (existing case).  Therefore, the crossings by the North-South
Road directly upstream will be subject to significant flow rates and hydraulic energies and require
appropriate design philosophies to manage long term stability of the road crossings.  Diversion of
water from adjacent creek systems may increase these flows and hence road embankment integrity
risk.

Project Risks:

 The North-South road is overtopped in the 20% AEP event.  The current OBFS design therefore
provides inadequate flood protection when compared to the required Basis of Design standard;

 The North-South road is unlikely to meet the basis of design without implementation of significant
supporting civil works, such as creek diversions, culverts, floodways and other hydraulic structures;

 Inadequate cross drainage capacity or alternatively creek diversion design in future design updates
may lead to road embankment integrity failure (washouts), causing acute ingress of floodwater
into the downstream evaporation pond;

 Loss of access to the Primary Seawater Intake station for extended periods due to degree of likely
washout given flood behaviours at main flowpath crossings; and

 Blockage of culvert structures due to sedimentation, resulting in reduced flood immunity and road
serviceability.

Opportunities:

 Depending on the adopted flood management strategy and allowable freshwater ingress into the
evaporation ponds, the vertical alignment of the North-South Road could be adjusted by use of
creek diversions to manage high-flow events.

Evaporation Ponds

Basis of Design Standard: 2% AEP flood immunity.

Modelled Standard: Selected locations are predicted to overtop in the 20% AEP event.
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Detail relating to the spillway design and locations for the evaporation ponds were not included in the
design models and hence have not been assessed in detail in this study.  Therefore, overtopping is
presented as general uncontrolled weir flow over the embankment crests.

The focus of this assessment was to gain an understanding of the performance of the general site
arrangement and flooding interaction between the North-South Road and the ponds as well as the
two main drainage channels.

The embankments of Pond 3 & 4 which form the main drainage channel through the site were
predicted to be overtopped at the eastern end (which is flared to capture incoming floodwater) in the
5% AEP event, causing ingress into the ponds.  This location does not meet the basis of design
requirement.  It is expected that augmentation of pond elevations at the eastern end of these
embankments would likely readily achieve the Basis of Design.

At the other main drainage easement between Pond 5 and 6, the current waterway (downstream of
Mardie Pool) flows directly into the embankment of Pond 5 with no proposed drainage relief works,
overtopping it in all events assessed.  This location will require significant diversion works to facilitate
safe conveyance of the predicted approximately 950 m3/s in the 2% AEP event.

The higher embankment elevations along the Gas Pipeline Corridor to manage overtopping in this
location is successful in preventing overtopping into the gas pipeline corridor in all events assessed.
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Figure 8-3: Basis of Design event (2% AEP) peak flood depth – Main drainage channels showing ingress into ponds

Project Risks:

 The current Evaporation Pond embankment design does not meet the BoD requirement of 2% AEP
flood immunity with overtopping in the 20% AEP at Pond 5 and in the 5% AEP at Ponds 3 and 4.

 Inadequate embankment heights (Ponds 3 and 4) and lack of diversion works (Pond 5) in the OBFS
design will lead to embankment overtopping and possible failure (washouts) leading to possible
loss of production;

 Depending on severity of washout and pond concentrations, hyper-saline discharge into the
receiving environment may occur after flood waters recede (Ponds 3 and 4);

 Tenure restrictions around Mardie Pool and significant flow rates may prove challenging for long
term stability of diversion works at Pond 5.

Velocity results for
2% AEP showing
overtopping and
ingress into ponds
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Opportunities:

 Minor changes to Pond 3 and 4 embankment heights at the eastern end will likely resolve
overtopping to enable the BoD to be achieved.

Crystallisers

Basis of Design Standard: 2% AEP

Modelled Standard: Flood ingress is predicted into the southern Crystallisers (approximately ponds C1-
A to C1-E) in the 10% AEP event.

Based on the provided OBFS design, it appears the basis of flood protection for the Crystallisers
currently varies between the Pond Access Road embankment at the southern end (approximately
ponds C1-A to C1-E) near the Mardie Road intersection, to the Crystalliser pond embankment towards
the north where the walls are proud of the natural terrain.

However, the design intent of the OBFS design is shown to be inadequate in managing floodwater
through this region, with ingress predicted into the Crystallisers in events equal to or greater than the
10% AEP.  This typically occurs toward the southern end of the Crystallisers where the embankment is
almost at grade, and hence the Port Access Road would be required to manage flood ingress in this
area.  The current OBFS design for the Port Access Road is also only slightly above natural surface in
this area and hence its flood management capacity its minimal.

Project Risks:

 Freshwater ingress into the Crystallisers will have significant production impacts for events greater
than or equal to the 10% AEP event;

 OBFS design provides inadequate flood protection when compared to the Basis of Design
standard;

 Flood velocities along the pond embankments towards the north in rarer events may require scour
protection.

Opportunities:

 Given the current Crystalliser design concept, localised raising of the Port Access Road and
supporting works could be implemented until the Crystalliser pond wall is sufficiently clear of the
predicted peak flood surface for the required Basis of Design event.

Stockpile

The stockpile area was shown to be free from major flooding risks for all events assessed.  Localised
catchment runoff (stormwater) drainage requirements are not assessed as part of this study.
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9 Conclusions
This assessment represents a detailed analysis of the hydrologic and hydraulic conditions contributing
to flood risk for The Project using the latest in industry assessment methods and data.

The assessment has utilised a combination of Flood Frequency Analysis of historic gauge data for the
regional catchments of the Fortescue and Robe Rivers, with the flood quantiles used to validate the
developed RORB rainfall-runoff models which were used to detail regional catchment response to
rainfall (Phase 1).  Assessment of hydraulic behaviours and local catchment rainfall response was
undertaken using a TUFLOW rain-on-grid hydraulic model utilising Quadtree and Sub Grid Sampling
capabilities (Phase 2).

Existing Case

The regional hydrologic assessment (Phase 1) has identified that significant runoff flow rates and
volumes can be expected from the Robe and Fortescue Rivers.   The Monte Carlo peak flow quantile
estimates from the RORB rainfall-runoff models were shown to strongly correlate to the Flood
Frequency Analysis flow quantile predictions, providing confidence that the RORB model is producing
design hydrographs and peak flows that correlate well to approximately 50 years of observed rainfall-
runoff relationship trends in the respective catchment’s.

The assessment of hydraulic behaviours of the predicted regional watercourse design event
hydrographs (and importantly flow breakout extents) has shown that the in rare events such as the 5%
to 1% AEP events, Fortescue River flow breakouts are predicted to dominate predicted peak flood
levels estimates over approximately the northern half of The Project.  The dominance of regional
floodwaters reduces as flood magnitude decreases, with impact of regional floodwaters eliminated
mostly by the 20% AEP event.

The Robe River is predicted to surcharge to both the left (SW) and right (NE) overbank areas, which
helps alleviate the impact of regional runoff from this catchment on the southern extent of The Project.
Only the southernmost pond location is predicted to be impacted by regional floodwaters from the
Robe for events greater than the 10% AEP event. No impacts are predicted on conceptual project
layout for events up to the 10% AEP.

Local catchment runoff dominates the middle of The Project area for all intermediate to rare events,
with the main flow path through the middle of The Project predicted to have a critical design storm
duration of 18 hours.

The time to peak for regional floodwater breakouts from the Fortescue River at The Project site are
predicted to be between approximately 42 and 55 hours for the 1% AEP and 5% AEP events
respectively.  This event range represents the range of AEPs in which it is predicted that regional
floodwater breakouts dominate peak flood predictions in the northern half of The Project.

Conversely, local catchment runoff peaks earlier due to the quicker catchment response to rainfall and
shorter critical storm durations.  For the main flow path through the centre of the site, peak flood
behaviour is predicted to occur at approximately 13 hours for the critical design storm 1% AEP event.

Assessment of peak flood prediction sensitivities to climate change (and general hydrologic
uncertainty) and model parameterisation have also been assessed.  The climate change assessment
used the 2090 design horizon RCP4.5 and RCP8.5 scenarios and it was predicted that the future
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climate scenario may result if runoff increases entering the project site of between 12% to 23% in the
RCP4.5 scenario, up to 21% to 45% in the RCP8.5 scenario for local catchments, dependant on
comparison location and interaction of watercourses. However, due to the regional catchment
response to the predicted increase in rainfall intensity, flow increases of between 26% to 73% (RCP4.5
and RCP 8.5 scenario) are predicted from Fortescue River flow breakouts entering the northern project
area.  This poses as significant flood risk to the project in the future climate scenario if left unmitigated.

OBFS Design Case

The hydraulic models developed for this study were to assess flooding in a regional context.
Additionally, the design maturity at the time of this assessment meant that detailed assessment of all
design features associated with the project is not computationally feasible.  Therefore, a high-level
flood assessment of the Optimised Bankable Feasibility Study (OBFS) design was undertaken.

Major design features were included in the hydraulic model through both the inclusion of 3D design
models and enforced break lines where appropriate and include:

 Road centreline elevations (Mardie Road, North-South Road, Port Access Road);

 Evaporation Pond embankments;

 Crystalliser Pond embankments; and

 Stockpile area.

The study results showed that besides the Stockpile area, which is only subject to localised catchment
(stormwater) runoff, typically none of the major infrastructure items were predicted to achieve the
required design standard as outlined in the Basis of Design (Roads & Earthworks BOD - GF –
20210504).

Mardie Road (5% AEP design standard) was shown to be significantly inundated in this event due to
regional catchment breakout flows from the Fortescue River.  However, raising embankment heights to
achieve the required flood immunity would result in significant increases in flood waters directed
toward the Crystallisers and reduce flows entering Mardie Pool.

The Port Access Road (5% AEP design standard) was shown to be inundated in the 20% AEP event in
the regions adjacent to the Crystallisers.  This also acts as the main flood defence barrier to the
southern half of the Crystalliser layout which requires a higher flood immunity standard and hence the
Port Access Road embankment in this region will need to be raised in order to manage floodwaters in
this region.  No prescriptive assessment of the causeway performance in flood conditions was
undertaken due to the design maturity at the time of the assessment.

The North-South Road (2% AEP design standard) was shown to overtop in the 20% AEP at some
locations where flowpaths were intersected without relief drainage and hence overtopped.  It is noted
that some flowpaths intersected by the North South Road have significant flow rates, runoff volumes
and velocities to be managed in rarer events (including the nominated BoD event).

It is noted that a number of waterway alignments are intersected by the North South Road and Mardie
Road.  This presents a risk to the road embankment integrity if floodwaters are not adequately
managed.  Long-term ponding adjacent any bunds, embankments, roads can lead to embankment
stability failures, wetting of the road formation and pavement failure.  The drainage design should
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ensure that all areas adjacent to road and pond embankments are free draining to ensure long term
stability. Additionally, given the significant flow rates at some waterway crossing locations, engineered
floodway crossings will be required. Road embankment overtopping at major waterway crossings will
likely lead to road/embankment washouts which will be difficult and costly to repair. Geotechnical
assessments will be needed to inform design of all these structures.

Although the Evaporation Pond embankments flood immunity (overtopped in the 20% AEP) does not
meet the BoD (2% AEP), the general design philosophy appears to be appropriate.  That is, with
additional works pertaining the major flowpath entering Pond 5, and revisions to the vertical
alignments of the ponds embankments which form the drainage channel of Ponds 3 and 4, the BoD
should be able to be achieved.

The Crystallisers (2% AEP design standard) are predicted to be subject to floodwater ingress in the 10%
AEP (at approximately ponds C1-A to C1-E).  Adjustment of the vertical alignment of the Port Access
Road toward the southern half of the Crystallisers will be required to manage floodwater ingress into
the Crystallisers until the Crystalliser embankments are sufficiently proud of the natural terrain and
peak flood levels toward the north for the nominated BoD event (2% AEP).
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10 Recommendations
Based on the assessment outcomes, the following recommendations are proposed in order to
minimise flood risks to the project and ensure an appropriate level of engineering rigour has been
applied to flood risk management across the site to support the environmental approvals process.

 A number of creek diversions, floodways and flood levees and other hydraulic structures will be
required across the project site in addition to design alterations to the OBFS design.  It is therefore
recommended that a whole-of-site Flood Management Plan be developed using the models and
assessment tools developed in this study in order to:
 reduces the project’s exposure to predicted current and future climate flood risk;
 ensures the designs achieve hydraulic and environmental performance objectives that are

commensurate with regulator expectations to expedite the approvals process;
 ensure longevity and long-term Geotechnical stability of proposed infrastructure through

appropriate floodplain management designs and testing
 Given the long design life of the project and the predicted increase in flood risk associated with

climate change, consideration should be given to incorporating climate change estimates into
flood management designs.
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damage) and costs which might be incurred as a result of the data
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FIGURE B-2:
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FIGURE B-3:
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FIGURE B-4:
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FIGURE B-5:
EXISTING CASE
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FIGURE B-6:
EXISTING CASE
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FIGURE B-7:
EXISTING CASE
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