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1. Introduction

Alcoa of Australia (Alcoa) operates the Wagerup Alumina Refinery, an integrated bauxite

mine and Alumina hydrometallurgical processing operation (Refinery) in the south-west of

Western Australia.  The Refinery is one of three operating alumina refineries in Western

Australia and is located approximately 130 kilometres south of the Perth metropolitan

area on the boundary of the Peel and Southwest regions (see Figure 1-1).

Figure 1-1: Location Map

The Wagerup residue facility currently comprises nine Residue Storage Areas (RSAs)

designated as RSA2 to RSA9.  The site also contains the refinery water storage dams, a

cooling pond, runoff water storage ponds (ROWS), a sand lake and two Run-off

Collection Ponds (ROCPs), refer to Figure 1-2.
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Figure 1-2: Wagerup Refinery Residue Disposal Areas

In August 2024, Alcoa commissioned Hatch Pty Ltd (Hatch) to undertake engineering

design for a feasibility study (FEL3 Level) to develop a new residue storage area (RSA10)

at the Wagerup Alumina Refinery. The preferred site is located north of the existing

ROCP3 and west of RSA7. The proposed RSA10 footprint is approximately 45 ha.

This project report provides the slope stability analysis results for the proposed perimeter

Wagerup RSA10 embankment walls. A total of four geotechnical type sections were

selected as an input to the slope stability assessment. Two-dimensional (2D) limit

equilibrium (LE) stability analysis for both the starter embankment (initial perimeter raise)

and ultimate upstream embankment of RSA 10 facility were carried out under this scope.

For the ultimate configuration it was assumed that solar dried mud would be placed

behind mechanically constructed upstream residue sand embankments to a maximum

crest elevation of RL 80 m.
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2. Background Information

2.1 Geotechnical Design References
The geotechnical interpretation on the foundation soils were presented in the

geotechnical interpretation report (GIR, Hatch Document No. H374430-0000-2A0-230-

0004).  This report includes a screening level static liquefaction and liquefaction potential

assessment for the in-situ foundation soils.

An assessment of the borrow materials used in the construction of the embankments and

clay liner is presented in the Borrow Pit Geotechnical Factual and Interpretive Report

(H374430-0000-2A0-066-0002).

The geotechnical interpretation on the residue tailings were presented in the residue

materials characterisation report (Hatch Document No. H374430-0000-22A-230-0003).

Seepage analysis has been completed to assess the phreatic levels within the residue

mud presented in Technical Memorandum - RSA10 Seepage Assessment (Hatch

Document No. H374430-0000-2A0-249-0003, Rev 1).

2.2 Proposed Embankment Wall Geometry
The proposed RSA10 impoundment will be bounded to the east by the western perimeter

of RSA7 and to the south by the northern embankment of ROCP3.  The proposed haul

roads, heritage boundaries, and drainage channels constrain the footprint to the north

and west. The site layout is shown in Drawing No. WG005469 (H374430-0000-220-270-

0001) and has been reproduced in Figure 2-1.

Figure 2-1: General Arrangement for RSA10 (Drawing No. WG005469)

2
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New perimeter embankments will be constructed and raised along the western and

northern boundaries of the impoundment in a staged approach.  The initial starter

embankments will be constructed using locally sourced clayey fill with future upstream

raises constructed from residue sand produced as a by-product of the refining process.

The final embankment height is estimated to be RL 80 m with a maximum residue beach

elevation of RL 78 m. This equates to a maximum residue fill height of approximately

61 m.

Alcoa requires the construction of a composite liner system within the base of the

impoundment to prevent process liquor from seeping into the natural groundwater

aquifers.  The liner system comprises a 500 mm compacted clay liner (CCL) with a

textured 2mm thick HDPE geomembrane, which will be overlain by a nominal 1 m sand

drainage system to provide sufficient confining stresses to compress the HDPE against

the upper CCL surface.  The composite liner system and underdrainage network will tie

into the top of the starter embankment.  Topsoil will be stripped and stockpiled prior to

construction of the bulk earthworks and will be used as cover materials for the external

batter slopes of the western and northern embankments.

The starter embankment and liner system will be constructed from engineered fill sourced

from the borrow pits to an initial elevation ranging from RL 24.4 m in the northeastern

corner to RL 22.5 m in the southwestern corner.  The design slope profile is 1V:3H for the

internal embankment batter (upstream slope).  The external batter profile (downstream

slope) is 1V:4H including an exterior zone of compacted topsoil.  A typical section of the

started embankment is presented in Drawing No. WG005481 (H374430-0000-220-273-

0101) and has been reproduced in Figure 2-2.

Figure 2-2: Typical Section of New West and North Wall (Drawing No. WG005481)
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Thickened residue mud (nominally placed at an initial solids content of 48% w/w) will be

deposited from the mudline droppers located at 80 m centres along the perimeter western

and northwestern embankments.  The residue will be deposited in approximately 600 mm

to 800 mm thickness wet layers and then farmed using amphirols and solar dried to

achieve an average 68% w/w final solids content layer.  The layers will be progressively

placed until the maximum freeboard elevation (nominally 1.0 m from inside crest

elevation) is reached and then upstream construction will commence.

The mud farming process adopted increases the density and strength of residue through

water drainage, solar and wind drying, and compaction under the upstream raise (Li,

Hinton, & Navarro, 2024).  The conditioned or structural zone, achieved through mud

farming, forms a crucial part of the long-term raising strategy and in integral for safe mud

disposal.

Perimeter raising along the northern and western embankments will utilise the upstream

construction method using mechanical placement of residue sand material, with an

average downstream batter slope of 1V:6H.  Each raise will have an upstream (internal)

batter slope of 1V:4H and be approximately 5 metres in height, with the final raise

approximately 7 m high to meet an RL 80 m elevation.  The crest width for each raise will

be 10 metres.  A section showing the upstream raise geometry to the ultimate facility

elevation is shown in Figure 2-3.

Figure 2-3: Profile of Upstream Raise Construction

2.3 Foundation Geometry
A 3D foundation geotechnical model for the RSA10 site was developed using Leapfrog

software, by Seequent.  Leapfrog uses spheroidal interpolation of stratigraphy points or

polylines to produce 3D surfaces.  Due to the relative complexity of the layering within the

individual subsurface geological units, the model has been developed based on the

general geological units as described in the Geotechnical Interpretive Report (GIR), Hatch

Document No. H374430-0000-2A0-230-0004.  The foundation units are summarised in

Table 2-1.
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2.4.1 Undrained Strength Functions

The undrained shear strength of the fine-grained foundation soils, namely Unit 3, Unit 4,

and Unit 6B, have been assessed from advanced laboratory testing, reported in the FEL3

GIR Hatch Doc No. H374430-0000-2A0-230-0004.  A shear function has been developed

for these units to assign appropriate strength parameters at lower confining stress. The

undrained strength has been capped at the drained effective strength to the minimum

shear strength assigned for the unit.

The undrained shear strength (Su) versus effective stress ( ’v) relationships for Unit 3,

Unit 4A, Unit 4B, and Unit 6B are presented in Figure 2-4. For higher confining stresses,

the Su/ ’v ratio assigned to the units was used to estimate the undrained strength.

Figure 2-4: Shear- Normal Undrained Strength Functions - Unit 3, Unit 4A, Unit 4B, and Unit
6B

Based on the relationships derived from Figure 2-4, Unit 3 (shallow Guildford Clay unit)

governs stability through the natural foundations.

2
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3. Slope Stability Analysis Methodology and Results

Limit Equilibrium (LE) analysis methods were adopted for the slope stability analysis

using Slope/W software, part of the GeoStudio 2023 R2 suite. All analyses were carried

out for circular/ noncircular failure surfaces using the Morgenstern-Price method which

satisfies both force and moment equilibrium.

3.1 Geotechnical Sections
A total of four geotechnical sections were selected for the stability analysis. These are

designated as Section A and Section B (western embankment) and Section C and

Section D (northern embankment).

The type sections are presented in plan on Figure 3-1 and in section view within

Appendix A.
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Figure 3-1: RSA10 Layout with Type Section for Stability Analysis
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3.3 Loading Conditions
The following loading conditions were assessed in order to estimate the geotechnical

stability factor of safety for the RSA10 perimeter embankments:

Long term, Drained - To assess geotechnical stability for the condition where there

is no excess pore water pressure remaining from external loading.  Peak effective

strengths were adopted for all geotechnical units and represent long termed drained

case.

Short term, Undrained - To assess geotechnical stability for the condition where

excess pore water pressure is generated due to the placement of fill or residue mud

or during the construction starter embankment above clayey foundations or upstream

raises above fine-grained residue. Peak undrained strengths were adopted for dilative

foundation soils. A B-Bar of 0.5 was applied to the over consolidated clayey

foundation soils for the starter embankment only. Conservatively, a B-Bar of 1.0 was

applied to clayey construction fill materials and residue mud to account for the excess

pore pressure generated from the weight of residue mud, starter embankment, or

upstream raises.

Post-seismic - To assess geotechnical stability for the condition where dynamic

ground motion induced by earthquake causes either shear strength loss due to cyclic

loading and/or excess pore pressure generation due to contractive loose, saturated

soils under static loading conditions.  Post-peak undrained shear strengths were

adopted for all contractive foundations and residue mud. Reduced effective stress

parameters were adopted for dilative or unsaturated materials zones.

A surcharge crest loading of 10 kN/m3 has been applied to the crest for all cases, to

account for traffic live loading during construction and operations. The load is uniformly

disturbed over the crest width (10 m) at a height of 1 m, approximately equivalent to the

largest vehicle traffic loads from a 740 CAT dump truck.

3.4 Phreatic Surfaces within Foundation and Residue Mud
The phreatic condition within the residue mud and sand deposits will be separated from

the foundation groundwater system by the installation of a composite liner system

comprising a compacted clay liner and HDPE geomembrane, refer Section 2.2.  The

underdrainage system will manage any hydrostatic heads directly above the floor of the

RSA10 facility, which coupled with the composite liner, disconnect the natural

groundwater regime from the impoundment phreatic system.  As the foundation units and

the starter embankment fill materials are disconnected from the residue mud, two phreatic

surfaces have been modelled in the analysis.
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1. Phreatic Surface 1 (Groundwater) - assumed 10 year seasonal high level within the

upper superficial formations (Rockwater, 2023). The surface has been applied to the

foundation geometry and subgrade units below the clay liner.

2. Phreatic Surface 2 (Residue Mud Liquor) - has been adopted from the seepage

analysis and is the phreatic surface within the residue units above the composite

liner.

3.4.1 Groundwater (Phreatic Surface 1)

In the area of the Wagerup refinery and proposed RSA10, the groundwater level is

typically 1 m to 3 m below the ground level depending on the season.  Rockwater

Hydrogeological Consultants (Rockwater) have developed groundwater contours for the

RSA10 site (Rockwater, 2023). The 10-year winter high level represents the worst-case

scenario (based on the available data) and has been adopted in the slope stability

analysis.

The 10-year winter maximum groundwater level contours for RSA10 range from RL 14 m

to RL 16 m AHD.  The 10-year Winter high levels are presented in Figure 3-2.

Figure 3-2: 10yr Winter High Groundwater Levels (Rockwater, 2023)

3.4.2 Residue Mud Liquor (Phreatic Surface 2)

A steady state seepage analysis has been performed to assess the phreatic levels within

the residue mud as presented in Technical Memorandum - RSA10 Seepage Assessment

(Hatch Doc. No. H374430-0000-2A0-249-0003, Rev 2).
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construction approach will reduce the effects of pore pressure increase in the case of

loading. It should be noted that the two-staged plan is based on an undrained shear

strength ratio (Su/p’ = 0.30) for the foundation residue mud. However, in practice residue

which have been solar dried and amphirol treated typically achieves a higher Su/p’ ratio

(greater than 0.3).

It is also good practice to complete a geotechnical inspection or investigation prior to

each lift to assess pore pressures and underlying strength of the residue mud via cone

penetration testing, installation of vibrating wire piezometers, dynamic cone penetration

testing, or shear vanes.

Figure 4-5: Example of Staged Construction Approach

The upstream post-seismic case will be satisfied once residue mud is deposited and

buttresses the inside of the upstream lift, as shown in Figure 4-6.

Figure 4-6: Example of Upstream Stability Post Seismic case, Post Filling

The results of the sensitivity analysis for Section B and Section D are presented in

Appendix D, D5 and D6 respectively.
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Where CS is the vertical crest settlement expressed as a percentage of the total dam

height plus the alluvium thickness. SEF is the seismic energy factor and RF is the

resonance factor. An RF for earthfill dams was considered in this assessment.

These factors are calculated from:

.  for earthfill dams

in which M is the magnitude of the earthquake, PGA is the peak horizontal ground

acceleration at the dam site as a fraction of the acceleration due to gravity, and D is the

distance between the seismic energy source and dam in kilometres.

For Section B, the seismic induced vertical crest deformation (expressed as settlement) is

estimated to be 260 mm (OBE) and 810 mm (SEE).

For Section D, the seismic induced vertical crest deformation (expressed as settlement) is

estimated to be 260 mm (OBE) and 810 mm (SEE).

5.3.2 Newmark Method

Newmark introduced a method to estimate earthquake-induced displacements in

embankment dams based on the concept that slope movements are initiated when inertia

forces on a potentially sliding mass exceed the available yield resistance along the

bounding surface of failure (Newmark, 1965). Newmark treated the sliding mass as a rigid

body.

While Newmark’s method was the first simplified method used in estimating the

deformation considering the earthquake motion, several assumptions were made to

simplify the computation. Some of these limitations are summarised below:

 Cyclic behaviour of earthquake motion is not considered; method assumes that

movement occurs when yield resistance of the block is exceeded by sufficient driving

forces due to acceleration applied at the base. In other words, movement is a

cumulative for acceleration exceeding the yield acceleration (where the pseudo-static

FoS is unity).

 This is a two-step process as yield acceleration needs to be estimated by carrying out

a pseudo-static analysis based on Limit Equilibrium (LE) analysis.

 This method assumes that the deformation takes place on a well-defined failure

surface; with acceleration along the sliding block remaining constant during shaking.

 The method does not consider the geometrical aspects of earth structures. Shear

strength of saturated soils varies (contractive or dilative) during cyclic loading as pore

pressure varies during shaking.
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 This method does not account for strength loss due to liquefaction and lateral

spreading of soils due to deformation exceeding yield strains.

The yield acceleration (Ky) is a term to describe the acceleration of a sliding mass of

height, y. It is estimated by finding the average horizontal acceleration coefficient (Kh)

using the pseudo-static approach of limit states slope stability analysis software, such as

SLOPE/W. The coefficient of horizontal earthquake coefficient (Kh) was iteratively

inputted in the SLOPE/W model until a Kh corresponding to a factor of safety of 1.0 was

determined, which was then defined as the yield acceleration (Ky). An example of

estimating the Newmark-based seismic deformation for Section B is indicated in

Figure 5-1.  The estimated yield acceleration coefficient (Ky) for Section B is 0.21 g.

Figure 5-1: Sensitivity Analysis on Horizontal Acceleration Coefficient for Section B

The CC-CHY SEE (CMS#1) time history is shown in Figure 5-2. The time history has

been multiplied by a factor of 1.5 from its bedrock-based time history. The site

amplification factor is roughly estimated based on the recommendations in relevant

standards (refer to AS 1170.4 and ASCE/SEI 7-6). The site-specific amplification factor

will be validated using a full time-history-based numerical analysis such as FLAC or

Deepsoil in the next phase of the study (FEL4).
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Hatch carried out several time history-based numerical analyses (FLAC simulations) to

estimate the seismic deformation of upstream raised Alumina tailings facilities in

Australia. The seismic deformation for upstream tailings dams is generally less than

10 mm (OBE case) and less than 200 mm (SEE case) if foundation soils and residue

materials are not prone to cyclic liquefaction.

It is estimated that the crest PGA at the ultimate embankment height is approximate

0.25 g for the SEE load case. Seismic waves with this level of PGA generally result in

some deformation at the embankment crest although these deformations are likely to be

within the acceptable tolerance for the structure and unlikely to significantly impact the

residual freeboard (less than 0.2% of dam height, refer to Robin Fell, et al. 2018). The

dam functionality can therefore be maintained without resulting in complete loss of

freeboard and catastrophic overtopping failure.

6. Conclusions

6.1 Critical Residue Failure Mechanism
The stability analysis results for the starter embankment satisfy the ANCOLD minimum

guidelines for tailing dams (ANCOLD, 2019). Based on reasonable design assumptions,

the ultimate facility FoS meets the ANCOLD minimum guidelines.

The stability of the ultimate height embankment is shown to be heavily influenced by the

phreatic surface within the residue mud. Maintaining drained residue mud within the zone

50 m to 100 m upstream of the perimeter is critical to the overall integrity of the facility.

Failure to effectively manage the phreatic surface will likely require remedial stability

solutions (e.g. buttressing) for the facility to achieve ultimate embankment height.

Operations should ensure that the pond location is maintained within the south-eastern

corner of the facility to limit potential for saturation of the exterior mud and provide

appropriate conditions for desiccation and effective mud farming.

VWP’s will be installed in the residue mud directly upstream of the northern and western

perimeter embankments along the four geotechnical type sections to monitor changes

within the phreatic conditions and compare these to design assumptions. These

instruments will also be utilised to provide Trigger Levels as an input to the RSA10 facility

Trigger Action Response Plans (TARPs), which will be developed during the operational

phases of the facility.

6.2 Post Seismic Analysis
A Factor of Safety for the post-seismic case of 1.1 has been assigned based on the level

of confidence in the available data (i.e. pre mud placement). However, with further

residue testing and analysis after commencement of operations, confidence in the

assigned post-peak (large strain strength) of the residue material may increase and

hence any potential remediation can be deferred until full residue characterisation is

completed and in-situ field testing performed after the initial residue mud is placed prior

and to construction of the first upstream raise.  The assigned post-peak (large-strain)

strength for the residue mud (Sr/ ’v) is considered to be conservative based on the

3
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current historical materials database and recent residue characterisation testing (Hatch, 

2025c). A more detailed cyclic assessment will be completed as part of ongoing residue 

mud testing, which will allow for better estimation of the long-term performance of the

facility.

6.3 Foundation Failure Mechanism
The RSA10 FEL3 stability assessment has been performed by modelling the Unit 4B and 

Unit 6B lenses as continuous layers to conservatively model the foundation

stability.  Strength parameters have been developed based on the available geotechnical 

data as presented in the GIR (Hatch, 2025a). Sensitivity cases have been performed on 

Unit 3 and Unit 4B to assess the influence of reduced strength on the stability of the 

facility.  Additional investigation of foundation soils is proposed for the FEL4 study to 

further assess the extent and strength properties of the potentially contractive clay units.

During operations, monitoring should be carried out to confirm the effectiveness of the 

underdrainage systems and to update this analysis based on actual field data. Vibrating 

Wire Piezometers (VWPs) will be installed beneath the underdrainage system in the 

subgrade to monitor pore pressures below the liner system and provide a key input to the 

foundation clay performance. Twin monitoring wells have been constructed around the 

perimeter of RSA10 to monitor the groundwater levels in the foundation soils which will 

also be used as a check on the VWP results. Inclinometers will be installed at each 

geotechnical section to measure potential for horizontal movements in the foundation clay 

units.

6.4 Sensitivity Analysis
Sensitivity cases were carried out to assess potential impacts to the FoS resulting from

uncertainty in the post seismic shear strength ratio of the residue mud, changes to 

phreatic conditions within the residue mud and reduced strength through continuous clay 

lenses in the foundations. To ensure satisfactory factors of safety under lower case 

sensitivity assumptions, particularly for the ultimate embankment post-seismic case, a 

buttress may be required, or the phreatic level may require active management to 

maintain levels below the current design case. A combination of a smaller buttress with a 

smaller reduction to phreatic levels in the zone directly upstream of the future 

embankment raises may also be implemented as an alternate solution if the most 

pessimistic sensitivity assumptions occur during operations.

During operations of RSA10, the pore pressures within the upstream residue mud, 

perimeter residue sand embankment and natural clayey foundations will be monitored to 
confirm predicted performance. If required, remedial works such as buttress construction
would commence to maintain the stability design criteria.

3
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6.5 Seismic Deformation
Seismic deformation of the RSA10 ultimate dam configuration has been analysed using

four different empirical methods. Due to the complex geometry and material properties of

the residue and foundation soils, these simplified methods tend to either over-estimate

(Swaisgood method) or under-estimate the probable earthquake induced deformations

(Newmark method, Makdisi and Seed method, Bray and Macedo method).

The Swaisgood method predicts orders of magnitude larger seismic deformation than the

other three methods for both the OBE and SEE loading cases. The Newmark-based

methods predict negligible deformation (less than 15 mm for all load cases) for the

RSA10 at the ultimate embankment height.

Based on Hatch’s experiences undertaking similar seismic deformation analysis for

Alumina tailings facilities in Western Australia, a reasonable estimate of deformation likely

falls between these two methods. To better define the final residual freeboard

requirements for closure, it is recommended that a full time-history dynamic analysis be

carried out in the next phase of the project. At this stage of the design, a minimum 0.5 m

dry freeboard limit will be maintained from the maximum mud level to the final

embankment crest to accommodate the predicted seismic induced settlements.

This report has been independently reviewed by the Alcoa Engineer of Record for

Wagerup. The completed comments register is included in Appendix E.
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Appendix A
Starter Embankment Stability Analysis -

Prior to Residue Filling
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A.1 Section A - Starter Embankment - Prior to Residue Filling
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A.2 Section B - Starter Embankment - Prior to Residue Filling
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A.3 Section C - Starter Embankment - Prior to Residue Filling
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A.4 Section D - Starter Embankment - Prior to Residue Filling
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Appendix B
Starter Embankment - Residue to Minimum

Freeboard
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B.1 Section A - Starter Embankment - Filled to Minimum Freeboard
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B.2 Section B - Starter Embankment - Filled to Minimum Freeboard
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B.3 Section C - Starter Embankment - Filled to Minimum Freeboard
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B.4 Section D - Starter Embankment - Filled to Minimum Freeboard
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Appendix C
Ultimate Embankment Stability Analysis

Results
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C.1 Section A - Ultimate Embankment
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C.2 Section B - Ultimate Embankment
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C.3 Section C - Ultimate Embankment
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C.4 Section D - Ultimate Embankment
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Appendix D
Sensitivity Analysis
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D.1 Section B Ultimate Embankment - Post-seismic Residue Strength
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D.2 Section D Ultimate Embankment - Post-seismic Residue Strength
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D.3 Section B Ultimate Embankment - Foundation Clay Undrained
Strength
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D.4 Section D Ultimate Embankment - Foundation Clay Undrained
Strength
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D.5 Section B Ultimate Embankment - Phreatic in Residue Mud
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D.6 Section D Ultimate Embankment - Phreatic in Residue Mud
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D.7 Section B Ultimate Embankment - Elevated Phreatic Surface (Case 2)
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D.8 Section D Ultimate Embankment - Elevated Phreatic Surface (Case 2)
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D.9 Section B Ultimate Embankment – Unit 4B Sensitivity













Alcoa of Australia Limited Engineering Report
Alcoa Wagerup RSA10 - FEL3 Geotechnical Engineering
H374430 Wagerup RSA10 FEL3 - Slope Stability Analysis Report

WGP-F-000217-000 H374430-0000-2A0-230-0005, Rev. 3,

Ver: 04.05

© Hatch 2025 All rights reserved, including all rights relating to the use of this document or its contents.

Appendix E
Comments Register






