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ABSTRACT
Risk based criteria have been used to define the scope of remedial works for cut batter slopes where
landslides and rock falls occurred during significant rainfall events in 2011 and 2013. Criteria were
based on a risk assessment system developed for slopes by Roads and Maritime Services, NSW
which allows both likelihood and consequence to be considered in relation to design options for
remedial works. Initially devised to enable prioritisation of sites for risk reduction works over a
transport network, the system was used in Queensland to identify sites with intolerable risks that
resulted from the 2011 and 2013 natural disaster events for remediation. For a number of sites on the
Warrego Highway - Toowoomba Range crossing where the need for restoration works was identified,
the use of the risk assessment system was extended to define the scope of work to reduce landslide
and rock fall risk to tolerable levels. On that project, the use of a risk based criteria for design has
provided a practical and effective means of defining the scope of remedial works, allowing for existing
site conditions and project constraints to be accommodated. An example of the use of the approach
from that project is provided to demonstrate the design process adopted and the outcomes of ongoing
review of the works during construction to provide confidence that the intended risk criteria were
achieved.
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INTRODUCTION

Following significant rainfall events in 2011 and 2013 in Queensland, Natural Disasters were declared
and a programme of works was implemented to repair damaged road infrastructure with funding
provided by both State and Federal Governments. The works were delivered under the National
Disaster Relief and Recovery Arrangements (NDRRA), administered at a local level by Queensland’s
Department of Transport and Main Roads (TMR). The intent of the works was to reinstate the
functionality of the road and, if possible, enhance resilience of the infrastructure at no additional cost.
After a programme of emergency works to enable roads to be re-opened to traffic, TMR undertook
risk assessments for slopes within its road network using a risk assessment system developed by
Roads and Maritime Services, NSW (RMS) for slopes and described in Stewart et al (2002). The
system is semi-quantitative and was developed to provide a structured process for assessment of
slope instability risks for road infrastructure. Slopes assessed as having intolerable risks were
earmarked for restoration under the NDRRA programme.
For most sites, restoration works to meet design criteria typically adopted for new engineering works
would have exceeded the available funding and the intent of the overall programme. In many cases,
other physical constraints such as the road corridor extents provide limits for the scale of restoration
works that can be accommodated. By considering the consequences of each hazard rather than
focussing on likelihood as is typical using a traditional factor of safety approach, a risk based criteria
provided the opportunity for to achieve better value for money outcomes for remedial works under the
funding scheme.
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RMS SLOPE RISK ASSESSMENT METHODOLOGY

The RMS Guide to Slope Risk Analysis (Stewart et al 2002) was developed to provide a framework
for experienced geotechnical practitioners to assess the risk to road users by a process of hazard

identification, likelihood and consequence assessment using both judgement and historical slope
performance information. The RMS slope risk assessment system (RMS System) is applied to slopes
with identifiable physical boundaries and/or unique characteristics. For each hazard, judgements are
made about the likelihood of occurrence and consequence. The likelihood and consequence are
considered independently and combined using matrices to give an Assessed Risk Level (ARL). Risk
levels are defined from ARL1 (highest risk) to ARL5 (lowest risk). The likelihood assessment for each
hazard must consider triggers for initiation, detachment probability and travel distance, together with
the inferred failure dynamics, including size and velocity of failure. The consequence assessment
considers temporal probabilities and vulnerabilities of road users to each identified hazard. The
system process is presented as a flowchart presented as Figure 1, together with TMR’s interpretation
acceptance criteria for roads within its network.

Figure 1. Process of risk assessment for an identified hazard, reproduced from Stewart et al (2002)
and TMR acceptability criteria for slopes
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NDRRA SCHEME IMPLEMENTATION IN QUEENSLAND

Queensland’s Disaster Management Act allows the declaration of disaster events once set triggers
are initiated, which in turn initiates State disaster management processes and Australian Government
financial assistance. The NDRRA is a joint funding initiative of the Commonwealth and State
Governments to provide disaster relief, recovery payments and restore infrastructure affected by
natural disasters. Relief measures under NDRRA are funded 75% and 25% by the Commonwealth
and Queensland Governments respectively. Natural disaster declarations were made after the events
January 2011 and January 2013. As a response to the 2011 flood events TMR established the

Transport Network Reconstruction Program (TNRP) to deliver the massive reconstruction programme.
TNRP works were delivered by regions with expanded resources from the private sector. TMR
established a Statewide Programme Office (SPO) to centrally overview the task and Regional
Programme Offices (RPOs) to manage and coordinate the damage assessments, investigations,
design, documentation, procurement, contract management and finalisation for the works associated
with the multiple flood events.
To be eligible for NDRRA funding the asset must have been damaged directly by the eligible event
and be restored to their pre-disaster standard. This restoration may be in accordance with current
engineering standards or requirements and building codes or guidelines if required by legislation. This
includes activities undertaken to restore essential assets where legislation requires current building
and engineering standards, codes and guidelines be followed, while maintaining the same asset
class. Assets should be restored to pre-disaster standard unless it is essential due to legislation or
exceptional issues where reconstruction cannot occur without adhering to current standards.
The Design Guidelines for TNRP, (Figure 11.1) outline TMR's intent in identifying and managing the
cut batter, fill embankment and natural slopes >1.5m high. The Guide notes that "Slopes classified as
ARL1 or 2 should be remediated by appropriate stabilisation works to reduce the level of risk to ARL3
or lower. Slopes classified as ARL3 require further evaluation to determine the cost-benefit of
treatment or risk management and as a minimum should undergo regular re-inspection".
4

APPROACH TO DESIGN

Typically, design criteria for new slopes comprise minimum factors of safety (FoS) against instability
for defined circumstances. For example, in Queensland, a minimum FoS of 1.5 is required for slopes
designed for long term groundwater conditions. A FoS is adopted to allow for uncertainties in the
analytical model, (e.g. material parameters, groundwater conditions geometry and external loads) and
variability in the actual site conditions. The safety margin provided is intended to allow for both the
variability in the model inputs and differences between the model and the site actual conditions. In
most cases, the actual safety margin against instability for the slope will remain unknown. FoS
relates to the likelihood side of the risk equation, which for most new infrastructure may be a desirable
approach. Managing issues such as cost, time, traffic disruption, public perception and asset design
life in the event of a failure are difficult, and most often the best approach is to limit the potential for a
failure to occur in the first instance.
Assess ARL
(As Figure 1)

Y

Is ARL
OK?
N
Consider:
 Available road reserve
 Constructibility

Review/adjust slope geometry

Assess the dynamics of Instability

Is likelihood
reduced?

N

Y

 Judgement
 Stability analysis
 Rock fall modelling

Are
consequences
reduced?

N

Y

Reassess ARL

Is ARL OK?

N

Y
Design Complete

Figure 2. Process flow for design of slopes using a risk based approach
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For restoration or repair of existing assets, particularly those that do not conform to current
specifications, the cost of meeting criteria such as FoS is likely to be high and potentially prohibitive.
Given the limitations on funding due to the number of sites requiring repair under the NDRRA
scheme, the alternative risk based approach was developed for the Toowoomba Range for the
evaluation and definition of the scope of remedial works. A simple flowchart indicating the adopted
approach is presented as Figure 2. The process is iterative, with review of the impacts of each risk
mitigation measure on the ARL made before the need for additional risk mitigation measures is
considered.
The defined approach follows the principles of the RMS System, by requiring that each potential
hazard is considered in principle based on known and/or inferred information about the slope, likely
triggers for hazards and evaluation of the consequences to road users. The designer is required to
make judgements about the condition of the slope after earthworks and how the conditions will affect
the ARL. To manage the risk of unanticipated conditions, an observational approach during
construction should be considered. A risk assessment of the final arrangement is necessary for both
confirmation of design outcomes and documentation of the site conditions for future assessments.
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CASE STUDY – SLOPE 4320
Toowoomba Range Crossing

Located immediately east of the city of Toowoomba, the Toowoomba Range forms the upper slopes
of the Great Dividing Range, which extends from north to south over the entire Australian east-coast.
Locally, the range crossing itself rises about 400m over 5km, 330m of which occurs over the upper
3.3km. The original range crossing was formed in the 1850’s, portions of which still form the current
alignment. The crossing has been widened and upgraded several times since the 1930’s, with grade
separated carriageways provided in the 1960’s. The current road includes sections with grades up to
10%. The Warrego Highway forms the primary transport link between Brisbane and the agricultural
and mining regions of the Darling Downs and Surat Basin respectively. It carries an average annual
average daily traffic (2010 data) of 11,000 vehicles in each direction, including 15% heavy vehicles.
The upper range slopes and plateau on which the city of Toowoomba is sited comprises Tertiary aged
basalt from the Main Range Volcanics. Typically, the basalt derived materials forming the upper
slopes are variably weathered and are formed from a number of successive lava flows.
Cuttings within the weathered basalt for the range crossing comprised steep slopes standing at up to
65° and 24m in height. The natural ground slope between the cutting crest and the top of the range is
also steep, at between 15° and 35°. The combination of steep slopes and variable strength and
weathering of basalt has resulted in the cut slopes degrading over the life of the road due to
landslides and rock falls generally associated with extreme weather events. The most recent event
causing severe damage to cut slopes and embankments occurred in January 2011; the event which
triggered both an emergency works phase to enable the re-opening of critical infrastructure and
ultimately the NDRRA programme.
5.2

Need for Improvement and Design Criteria

The Darling Downs Regional Programme Office (RPO7) led programme of restoration works for the
Toowoomba Range Crossing was instigated following risk assessment of cut slopes undertaken on
behalf of TMR. The need for slope improvement works was highlighted by eight of the 13 identified
cut slopes of the range crossing having a risk rating that was in the very high (ARL1) or high risk
(ARL2) category, a further two slopes rated in the medium risk category (ARL3) and only three rated
as low (ARL4) or very low risk (ARL5).
Design criteria were proposed and adopted for the existing slopes forming the range crossing such
that the final arrangement will have an Assessed Risk Level of ARL3 or better and a minimum 20 year
design life. As a guide for design, simple earthworks solutions were preferred over retention systems
and design solutions that retain or support slopes were preferred to those that catch debris (i.e. a
preference to reduce likelihood over reducing consequences).

5.3

Slope 4320 Conditions

Slope 4320 is located on the westbound (uphill) lanes of the Warrego Highway, within the upper
portion of the range crossing. The site extends over a length of about 220m and comprises three
relatively distinct sections of slope. Figure 3 shows one section of Slope 4320 prior to remediation.
An irregular slope surface and what is remaining of a draped mesh installation are evidence of active
slope stability mechanisms.
Materials exposed in the slope face comprised extremely weathered (XW) material / residual soil in
the upper 3m, overlying XW / highly weathered (HW) basalt down to about two thirds slope height.
The declared event caused landslides involving the upper section of the slope, resulting in regression
of the crest and over-steepening of the slope immediately below. The XW/HW zone was
characterised by frequent corestones typically about 0.5m in size, but some up to 1m, within a
weathered material matrix. Highly to moderately weathered (MW) basalt was exposed in the lower
portion of the cutting, with a greater proportion of the exposure containing high strength rock and
larger corestones.
Hazards identified by the initial risk assessment comprised landslides primarily associated with the
upper section of the slope and more weathered zones in the face, and rock falls as a result of
landslides or erosion of the matrix material. Triggering mechanisms primarily comprised extreme
weather events and, to a lesser extent, root jacking of boulders. Specifically, from the initial risk
assessment, identified hazards for Slope 4320 were:





5.4

Small rock fall: boulders with a minimum dimension of 0.2m.
Medium rock fall: boulders with a minimum dimension of between 0.2.m and 0.5m.
Large rock fall: boulders with a minimum dimension of greater than 0.5m.
Translational slides typically originate near the crest of the cuts and involve small volumes of
composite material of less than 25m3.
Design Process Implementation

Several design options were considered for Slope 4320 including:




Minor slope regrades to remove steepened sections near the crest and either pinned high
tensile mesh or draped mesh over the remainder of the slope.
A high energy catch wall to arrest the landslide/rockfill debris before it can enter traffic lanes
and pose a hazard with no slope modification.
Major slope regrades, the impacts of which would likely extend beyond the road corridor.

Each of the above options could be designed to meet the ARL criteria, however not all were
consistent with the design guidance philosophies. During concept assessment, high tensile mesh
was rejected on the basis of cost and construction practicality and draped mesh was not preferred
due to the ongoing costs of maintenance and repair. A catch wall option offered confidence that the
design landslide or rock fall would not reach the road, but the high impact energy and required wall
height for the design event (1800kJ and 3m respectively) presented aesthetic and long term
maintenance issues (including the need to rebuild or repair if damaged), and construction risk for
workers. In addition to being inconsistent with the design philosophies, the catch wall option also
carried the uncertainty associated with the potential for changes to the design impact energy resulting
from continued degradation of the slope, potentially rendering the wall capacity insufficient over time.
A slope regrade solution met both the design criteria and philosophy, but was constrained by the
available corridor space. Standard TMR criteria was used as starting point for the regrade design,
which for the materials evident, comprised 2H:1V batter slopes within the XW and residual soil, with
steeper slopes possible within the better quality basalt in the lower section. TMR standards nominate
maximum 10m vertical intervals between 4m wide benches for drainage and to reduce the risk of
individual bench instability and rock fall extending beyond one bench level. Application of these
criteria to the slope resulted in the crest extending significantly beyond the site boundary
necessitating property acquisition, a cost which was beyond the funding criteria for the NDRRA work.
To fit within the corridor, slope angles of 2H:1V within the soil strength section, then 1H:1V over the
remainder were required, with only one intermediate bench possible within the available space.

Figure 3. Section of Slope 4320 prior to remediation.
In principle, it was judged that, whilst the slope had continued to regress over time with near surface
sloughing, erosion and rock fall, those events involved multiple smaller scale landslides occurring as a
result of groundwater rise due to extreme weather events. No large scale instability of the slope had
been observed over the operational life of the road, indicating that gross instability was of low
likelihood at the current slope angles and heights. With this as a basis, it was judged that achieving a
slope angle that was flatter than the initial geometry would reduce the likelihood of instability in both
long and short term / higher groundwater scenarios.
Figure 4 shows the geometry of the regrade for Slope 4320. Table 1 shows the risk assessment
outcomes for the slope regrade option, without any additional risk mitigation measures.

Figure 4. Schematic of Slope 4320 regrade geometry

Table 1:
Case

Summary of Risk Outcomes from Slope - Regrade Only
Hazard
Small Rock Fall
Medium Rock Fall Large Rock Fall
ARL2
ARL2
ARL1
Original Slope
ARL3
ARL3
ARL1
Regraded Slope

Translational Slide
ARL2
ARL2

The slope regrade alone reduced the risk associated with small and medium rock fall, but the risk
associated with large rock falls and translational landslides was unchanged. The driver for the
unchanged risk for a translational landslide is the relatively steep (1H:1V) batter slope within low
strength basalt materials, whilst for the large rock fall hazard, the mechanism was erosion leading to
release of corestones that could reach a high velocity at road level. These hazards became the focus
of the second design iteration.
Pinned high mesh tensile was adopted to reduce the risk of shallow translational landslides from the
upper portion of the slope where lower strength basalt is evident and the potential for detachment of
boulders from the upper slope. Given the higher cost and slow rate of construction for mesh
installation as the excavation proceeded, the extent of the pinned mesh was to be limited as far as
possible. Therefore, the design nominated the pinned mesh extend down the slope for a sufficient
distance, beyond which the risk posed by boulders detaching below that height could be managed by
catch fences or walls.
To manage cost and enhance construction practicality, catch structures comprised off-the-shelf and/or
simple to construct systems. Catch structures were adopted on both the bench and at the toe of the
slope to reduce the potential for small landslides and rock fall reaching the traffic lanes. Through a
process of iteration, a balance was achieved between the extent of the pinned mesh and the capacity
of a proprietary post and wire 35kJ energy catch fence for the bench. The outcome was the mesh
extending to within 10m vertically above the bench level. By a similar process, a reinforced concrete
wall was nominated at the toe of the slope, with a clear distance of 4m between the toe of the slope
and the inner edge of the wall. As a further risk management measure, a series of horizontal
borehole drains were installed at both bench and toe levels to reduce the risk of high groundwater
levels close to the face of the slope that may trigger instability.
Figure 5 shows the slope regrade arrangement of the slope, including the additional risk mitigation
measures. Table 2 shows the incremental impact on the assessed risk level of the regrade resulting
from the additional risk management measures.

Figure 5. Schematic of Slope 4320 regrade plus additional risk management measures

Table 2:
Measures
Case

Summary of Risk Outcomes from Slope - Regrade and Additional Risk Mitigation

Original Slope
Regraded Slope
plus Additional
Measures
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Small Rock Fall
ARL2
ARL5

Hazard
Medium Rock Fall Large Rock Fall
ARL2
ARL1
ARL4
ARL3

Translational Slide
ARL2
ARL3

CONSTRUCTION OBSERVATIONS AND MONITORING

Construction sequencing was developed in parallel with the design and influenced the design
outcomes. Bulk excavation for the regrade was undertaken top-down, followed by trimming to the
design lines. Construction monitoring involved geological mapping of the exposed rock faces as the
excavation proceeded to assess the exposed materials for consistency with the design assumptions.
The size of corestone that could form rock falls were as anticipated in the design, as was the general
nature of the weathered basalt mass. A relatively thin intermediate airfall deposit between basalt
flows within the upper third of the slope and some overbreak areas were identified by the mapping,
both of which required attention in the form of shotcrete and dowels to reduce the risk of erosion and
potential undercutting of the basalt materials above. An erosion matting product was fixed to the
excavated face and sprayed with a vegetation mix in an effort to reduce the erosion risk. Quality
control processes were applied to the installation of the pinned high tensile mesh, catch fence and
wall, and drainage elements to enable confirmation that the design requirements had been met.
Figure 6 shows the final regraded slope.

Figure 6. Final regraded Slope 4320
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CONCLUSION

The adoption of a risk based design approach that considers both likelihood and consequences of
identified slope risk hazards has been successfully implemented for slope restoration works at a high
risk site near Toowoomba, Queensland. The method has allowed an atypical slope geometry to be
adopted that fits within the available road corridor and meets the nominated design criteria, and
achieves a tolerable risk level as defined by TMR. An increased focus on consequences compared
with the typical design approach of providing defined safety margins on the likelihood of instability has
resulted in a cost effective design solution for this site. The example provided demonstrates the
effectiveness of the method in relation to restoration works for existing slopes.
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