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ABSTRACT 
 
A landslide occurred on a section of the Gwydir Highway (NSW, Australia) during a significant rainfall 
event in late January 2013. A number of remediation solutions were considered for the top road and 
two options, i.e. piled wall and rock nail shotcrete wall, were shortlisted and developed to concept 
design phase for further value engineering assessment. A constructability, risk and environmental 
assessment workshop was then held and attended by various stakeholders to discuss and select a 
preferred landslide remediation option. Following this workshop, a rock nail shotcrete wall was 
selected as the preferred landslide remediation option and was designed for construction. This paper 
presents the design development and assessment details for the selection of the preferred landslide 
remediation option and the detailed design of the rock nail shotcrete wall. 
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1 INTRODUCTION 
 
A landslide occurred on a section of the Gwydir Highway HW12 (NSW, Australia) between Grafton 
and Glen Innes during a significant rainfall event in late January 2013. The landslide occurred directly 
below the toe of a highway fill embankment and formed a debris flow comprising colluvial materials 
and vegetation more than 30 m wide and 100 m long. Figures 1 and 2 show the approximate location 
of the landslide and a bird’s eye view of the landslide. 
 

Figure 1. Approximate location of the landslide on Gwydir 
Highway, NSW, Australia in Feb 2013. 

Figure 2. Photo of the landslide (Kilham, M., 
2013) 

 
Coffey Geotechnics Pty Ltd (Coffey) was commissioned by Roads and Maritime Services (RMS), New 
South Wales, Australia to provide civil (structural, road, and drainage) and geotechnical design 
services for landslide remediation for the top road section. 
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During the feasibility study phase, a number of landslide remediation solutions were nominated by 
RMS for the top road. These included: a piled wall, an anchored or rock nail wall, a piled bridge, and 
an anchored slope. Two options: the piled wall and the rock nail shotcrete wall, were shortlisted and 
developed to the concept design phase for further value engineering assessment.  
 
A constructability, risk, and environmental assessment workshop was then held to discuss and select 
a preferred landslide remediation option. The workshop was attended by various stakeholders 
including RMS, Road and Fleet Services (RFS), RMS’s independent design review geotechnical 
consultant. Following this workshop, a rock nail shotcrete wall was selected as the preferred landslide 
remediation option and developed to detailed design for construction.  
 
This paper presents the assessment details for the selection of the preferred landslide remediation 
option. It describes the assessment considerations such as construction equipment, sequences and 
duration, construction impacts on the existing environment and public traffic, risks associated with the 
design, constructability, and flexibility during the remediation construction and operation. The paper 
also presents the detailed design of the rock nail shotcrete wall. 
 
 
2 THE LANDSLIDE GEOTECHNICAL CONDITION 
 
Figures 3 and 4 show the plan view and a typical section of the landslide together with the 
encountered ground condition. A geotechnical investigation was carried out by RMS immediately after 
the landslide (Kilham, M., 2013). 
 

 
Figure 3. Plan view of the landslide (Kilham, M., 2013) 

 

 
Figure 4. Typical section through the landslide 

 Pavement: 70 to 100 mm thick asphalt. 

 Fill: Road base course materials (gravelly sand, 
clayey sandy gravel, gravelly sandy clay). 
Thickness = 0.8 m to 1 m. Standard Penetration 
Test (SPT) N = 2 to 7.   

 Colluvium: Gravel and cobbles in a stiff Silty CLAY/Clayey SILT 
matrix.  
o Colluvium comprised predominantly Sandy Silty CLAY or 

Sandy Clayey SILT: SPT N = 1 to 7 & Pocket Penetrometer 
(PP) = 35 kPa to 130 kPa. (in Boreholes GT1, GT2, and GT7). 

o Colluvium comprised predominantly Sandy Silty GRAVEL with 
Clay: SPT N = 7 to 35 & PP = 300 kPa to >450 kPa (in 
Boreholes GT3, GT4, and GT6).

 Bedrock: Moderately to highly 
fractured, extremely weathered 
to fresh, extremely low to very 
high strength Meta Siltstones, 
Meta Sandstones, Meta Silty 
Sandstones and Quartzites. 
Bedding at 50

o
 to 70° in some 

sections of core. There were a 
number of suspected 
cavities/voids with water loss 
during coring up to 100%. 



 

3 DESIGN DEVELOPMENT 
 
The feasibility landslide remediation options (reported in Kilham, M., 2013) included an anchored piled 
wall, a piled bridge, an anchored shotcrete wall, an anchored rock toe buttress, a trimmed and 
anchored slope. Two remediation options, the anchored pile wall and the rock nail shotcrete wall, 
were shortlisted by RMS. We developed concept designs for the two shortlisted remediation options. 
Figures 5 and 6 show schematic concept design sketches for the two options. The concept designs 
were sent to contractors, who had local experience, for comments and advice on the constructability 
and indicative construction time and cost.  
 

 

Figure 5. Anchored contiguous pile wall Figure 6. Rock nail shotcrete wall 
 
The merits of the above two options were discussed with focus on constructability, safety in design, 
and risks in a constructability workshop, which was held on 16 April 2013. The workshop was 
attended by various stakeholders (RMS, RFS, RMS’s independent design review geotechnical 
consultant, and Coffey). The constructability considerations include construction equipment, 
sequences and duration, construction impacts on the existing environment and public traffic, risks 
associated with the design, flexibility during the remediation construction and during operation. These 
considerations and associated assessments are summarised in Table 1. Following the completion of 
the workshop, the rock nail shotcrete wall was selected as the preferred option for the top road 
landslide remediation. 
 
Table 1:  Summary of constructability assessments of the shortlisted landslide remediation 
options 

Item Contiguous piled wall with rock anchors Passive rock nail wall with shotcrete face 

Positives  Rigid wall. 

 No requirement for excavation in front 
of wall, hence less impact on the 
existing bio-condition and habitat and 
generates less waste. 

 Safety barrier can be incorporated in 
capping beam. 

 Less impermeable wall 
 
 

 Required comparatively smaller and 
lighter plant, i.e. 5 tonne to 30 tonne 
excavators and cause less visual 
impact and less noise/vibration. 

 Imposed relatively less surcharge on 
the existing slope. 

 Required less volume of grout/concrete 
to be hauled and disposal of excess 
grout/concrete materials. Required less 
volume of water consumption. 

 Construction duration is shorter.  

 Required closure of one lane only. May 
require closure of both lanes over a 
short period of time, hence cause less 
social economic impact. 

Negatives  Required relatively large equipment 
with large footprint (drill rig, crane, 

 Required excavation of existing slope 
and cut down existing trees with 

Excavated 
slope 



 

Item Contiguous piled wall with rock anchors Passive rock nail wall with shotcrete face 

concrete pump trucks) and large 
storage area for reinforcement cages 
and cause more visual impact and 
noise/vibration. 

 Required closure of both lanes over 
prolonged period during construction 
due to the size of drill rig and support 
crane, hence cause more social 
economic impact. 

 Imposed relative large surcharge. 
Likely requires temporary platform of 
steel plates to distribute equipment 
loads. 

 Required adequate pile socket to be 
drilled. 

 Difficult to drill in high strength rock 
may delay construction. 

 Requirement for large concrete volume 
to be hauled from long distance (80km) 
from Grafton can delay pile concreting. 

 Required considerable amount of water 
for drilling and cleaning. 

 Take longer and likely to cost more 
during construction. 

relatively large impact on the existing 
bio-condition and habitat and 
generates more waste. 

 Flexible wall 

 Impermeable wall 
 

Flexibility  Cannot change the design readily in 
response to changes in ground 
conditions such as have to drill to the 
required pile depth even rock is very 
hard. 

 Can change the design (by reducing or 
increase anchor spacing) in responses 
to ground changes. 

 

 
Risks associated with the proposed remediation works were identified in the workshop, which were 
subsequently considered in the design. The identified risks included requirement to construct a safety 
barrier along the bottom of the landslide slope to protect the middle road section during the 
remediation construction for the top road. Other identified risks associated with geotechnical design 
were the continuous shotcrete face and the possibility that large grout loss from the rock nail/anchor 
installation would form an impermeable barrier and change the groundwater flow regime behind wall. 
This could progressively de-stabilise the existing slope at the two ends of the new wall. Inclined 
horizontal drains extended beyond the rock nail bond length were included in the remediation design 
to relieve water pressure in the colluvium and bedrock behind wall during operation. 
 
 
4 LANDSLIDE BACK ANALYSIS AND GEOTECHNICAL MODEL 
 
4.1 Landslide back analysis 
 

Back analysis of the landslide mass using limit equilibrium methods (commercially available 
SLOPE/W software package by Geo-Slope International Ltd) was carried out to obtain the in-situ soil 
strength parameters and to calibrate with the soil index values. In the back analysis of the landslide 
mass failure, no traffic surcharge on the highway was included. If traffic loading is applied in the back 
analysis, back analysed soil strength parameters could be too high and this may not be safe for the 
remediation design. 
 
This back analysis considered situations during the landslide mass failure with an assumed 
groundwater level in the bedrock as shown in Figure 4. The adopted groundwater level in the bedrock 
was at approximately RL 189m AHD to represent the observed groundwater level soon after the 
failure. The assumed groundwater level within the colluvium was varied from near the bedrock level to 
the initial slope surface prior to the landslide to model scenarios where the slope conditions varied 
from partially wet to fully wet as shown in Figure 7. The drained shear strengths of the colluvium were 



 

adjusted so that the factor of safety (FoS) is slightly less than unity to represent the failure condition of 
the landslide mass. For the purpose of this back analysis, the upper limit of the back analysis was set 
at immediately above the landslide scarp. Failure surfaces through the colluvium above and behind 
the existing landslide scarp and fill were not considered in this back analysis. 

 

  
Figure 7. Typical Slope/W back analysis output. 

 
The shear strengths of colluvium obtained from this back analysis are for the colluvium within the 
landslide mass. It was assumed that the existing scarp had a stability FoS greater than unity during 
and after the landslide failure. The back analysed FoS results are summarised in Table 2. The 
landslide mass back analysis results indicate that higher groundwater level gives higher back 
analysed shear strengths of colluvium. We anticipated that this landslide failure was mainly due to 
raising of groundwater level from the bedrock. As groundwater rose quickly from bedrock seepage 
failure would have initiated at the interface between the colluvium and the bedrock. 
 
Table 2:  Summary of the back analysis results of the landslide failure 

Description Back analysed colluvium
(1)

 shear strength  

GWT level close to the interface bedrock/ 
colluvium (ground water line 1 in Figure 7) 

c’ = 8 kPa and ’ = 26
o
 

or c’ = 0 kPa and ’ = 35
o
 

GWT on the initial slope surface prior to landslide 
(ground water line 2 in Figure 7) 

c’ = 15 kPa and ’ = 26
o 
or  

c’ = 11 kPa and ’ = 35
o
 

Notes: 
(1)

 Colluvium within the landslide mass. 

 
4.2 Geotechnical model 
 
Geotechnical investigation by RMS (Kilham, M., 2013) indicated the ground condition of the top road 
site as summarised in Figure 4. Moisture content, Atterberg limits, and particle size distribution (PSD) 
test results for the colluvium are plotted in Figure 8. 

 

 

Colluvium 
Particle Size Distribution % 

Gravel Sand Silt Clay 

Gravelly Sandy Silty 
CLAY or  Gravelly 

Sandy Clayey SILT 
23 – 29 14 - 19 22 - 47 19 - 33 

Sandy Silty GRAVEL 
with Clay 

43 – 63 12 - 16 13 - 29 9 – 18 

 

Figure 8. Moisture content, Atterberg limits, and PSD of Colluvium (Kilham, M., 2013) 
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The soil moisture contents were approximately between 10% and 35% with one moisture content 
result up to 43%. Plasticity Index (PI) for the colluvium varied between 20% and 30%. Most of the 
Liquidity Index (LI) test results for the colluvium were less than 0.2, except one test (colluvium at 2.5m 
depth) gave LI of 0.8. According to Muir Wood, D. (1990), and Terzaghi, Peck, and Mesri (1996), the 
colluvium would have undrained shear strength  (su) greater than 35 kPa and drained friction angle 

(’) from 25 to 35 degrees. The back analysed friction angle of 26 to 35 degrees for the colluvium is 

within this range. For the rock nail wall, design shear strength parameters towards the lower range of 
the assessed values for colluvium were adopted, i.e. su = 35 kPa to 60 kPa and c’ = 2 kPa to 3 kPa 

and ’ = 26
o
. 

 
The representative geotechnical model and soil parameters adopted for the rock nail wall 
geotechnical design are summarised in Table 3. The design groundwater level at a depth of 
approximately 10m below the existing ground surface was adopted. The maximum retained height of 
the rock nail wall was approximately 8 m to 9 m below the top road surface.  
 
Table 3:  Representative soil parameters for geotechnical analyses and design 

Soil/Rock Unit 
Depth 
(m)

(2)
 

 
kN/m

3
Eu  

MPa 

E' 

MPa 
Ko 

su 
(kPa) 

'  
deg.

c'  
kPa 

fs 
kPa 

Fill 0 to 1 19 24 20 0.5 50 31 5 - 

Colluvium (upper) 1 to 4 19 24 20 0.5 60 26 3 60 

Colluvium (lower) 4 to >6 18 18 14 0.5 35 26 2 35 

Meta Siltstone  -  
Medium strength 

- 24 - 200 1
(1)

 - 35 50 500 

Notes: Bulk unit weight; Eu, E': Undrained and drained deformation modulus; Ko: lateral earth pressure at rest; 

u: undrained friction angle; ': drained friction angle; su: undrained cohesion; c': drained cohesion. fs: shear 
friction for rock nail design with hole diameter less than 150mm. 

(1)
Ko value does not impact on the analysis 

results; 
(2) 

Depth is approximate. 

 
 
5 GEOTECHNICAL DESIGNS 
 
5.1 Design of rock nail wall 
 

Figure 9 shows details of a typical design cross section of the rock nail wall. Figure 10 shows the 
constructed rock nail wall at completion in August 2014. 
 

 

Figure 9. Typical section of the rock nail wall. Figure 10. Completed rock nail wall (Aug-14) 
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The rock nail wall was designed to provide adequate capacity against deep seated failure (FoS ≥ 1.3 
and 1.5 for short term and long term under static conditions respectively). Finite element analysis 
modelling staged construction was carried out, using the commercially available software PLAXIS 2D 
V2012, to calculate forces in the structural elements (shotcrete face and rock nails) for structural 
design purposes. The short term soil parameters (undrained shear strength and stiffness) were used 
for analyses of the wall under temporary conditions. The long term soil parameters (drained shear 
strength and stiffness) were adopted for analyses of the wall under long term conditions.  
 
The maximum computed rock nail load was 135 kN per nail at 1.5 m spacing. This load is considered 
as a design working load of the rock nails. A thickened shotcrete face for the top 3.25 m wall face was 
provided to support car crash loads against the safety barrier. Inclined horizontal drainage pipes were 
included in the design to relieve water pressure behind the wall. Surface drainage and erosion control 
was also incorporated in the rock nail wall design.  
 

5.2 Design of rock nails 
 
The geotechnical capacity of the rock nails including the grout/steel bond and the rock/ground bond 
were assessed. The rock nails were designed to have a minimum 3 m embedment in the medium 
strength or better metasiltstone with ultimate rock/grout bond strength of approximately 500 kPa. In 
this design, a rock nail bar diameter of 25 mm was used. 
 
 
6 FIELD AND LABORATOTY TESTING 
 
Prior to construction, load testing was carried out on a number of test rock nails by RMS. The purpose 
of rock nail testing was to understand the ground/grout bond strength and to study the constructability 
aspects of rock nail installation such as drillability in metasiltstone and degree of grout loss. The test 
rock nails were installed vertically from the top road to various depths in the colluvium and rock and 
were pulled to failure.  
 
The tested ultimate bond strengths of the colluvium/grout and medium strength rock/grout interfaces 
were approximately 120 kPa and 600 kPa respectively. The tested ultimate rock/grout bond strength 
of approximately 600 kPa is in close agreement with the design ultimate rock/grout bond strength of 
500 kPa. The ultimate bond strength of 120 kPa for colluvium/grout interface indicated that the 
colluvium would be of stiff to very stiff consistency.  
 
Also prior to construction (September 2013), colluvium samples from the nearby site (the middle road 
site) were obtained for direct shear strength testing. The consolidated drained direct shear test results 

showed that the colluvium material had drained cohesion c’ = 7 kPa to 12 kPa, friction angle ’ = 33 to 
36 degrees in saturated condition. An additional direct shear test on a sample of colluvium from the 
top road site, which was collected near the end of the rock nail wall construction (Aug 2014), provided 

similar drained shear strength of colluvium in saturated condition, i.e. c’ = 7 kPa and ’ = 37 degrees. 
The direct shear strength test results of the colluvium samples (from both the top road and the middle 
road sites) generally confirmed the back analysis shear strength results. 
 
 
7 GROUND MOVEMENT MONITORING 
 
After the landslide, an inclinometer was installed from the top road in February 2013. The location of 
the inclinometer was at approximately 1.5 m offset distance from the crest of the rock nail wall. 
Inclinometer movement readings between 14 February 2013 and 28 November 2013 showed an 
approximately 2 mm horizontal ground movement.  
 
Excavation of the rock nail wall commenced in February 2014. Figure 11 shows the monitored lateral 
moment of the inclinometer after approximately 4.8m height excavation (relative movement between 
28 November 2013 and 19 May 2014. Comparison of the monitored lateral inclinometer movement 
with the PLAXIS analysis result is included in Figure 11. Within 5 m depth from the top road surface, 
the predicted lateral ground movement was reasonably similar to the monitored lateral movement. 
From 5 m to 7 m depth, the monitored lateral ground movement was less than 1 mm. It could be that 



 

the actual stiffness of colluvium within 5 m to 7 m depth was higher than that was assumed in the 
design. 
 

 
Figure 11. Monitoring of ground lateral movement during wall excavation 

 
Unfortunately, installation of rock nails after 19 May 2014 damaged the inclinometer. Subsequently re-
installation of a new inclinometer damaged an installed rock nail. Therefore, no further ground 
moment monitoring using inclinometer was available after this excavation stage. The excavation was 
continued to the design base level of the rock nail wall. At some locations along the wall alignment, 
bedrock was found at higher or deeper depth than that assumed in the design. Additional assessment 
and analysis of the wall stability with the observed bedrock level was carried out. The variation in rock 
level was taken into account by reducing or increasing the number or rock nails. 
 
 
8 CONCLUSION 
 
The preferred landslide remediation, the rock nail shotcrete wall, was selected from two shortlisted 
remediation options by considering and comparing a number of factors and aspects such as 
construction cost and time, constructability, risks, and safety. Impacts of the proposed remediation on 
the existing environment, i.e. impacts on biodiversity and habitat, social economic, noise/vibration and 
visual impact, waste generation and water consumption etc., were considered in the selection process 
for the preferred remediation solution. 
 
The preferred landslide remediation option was successfully designed with the adopted geotechnical 
parameters, which were generally in agreement with the subsequent additional laboratory testing and 
rock nail load testing results. A number of geotechnical risks associated with the proposed 
remediation, which were identified in the constructability workshop, were considered and incorporated 
in the remediation design. The implementation of the rock nail solution has also proven to be flexible 
in accommodating variations in rock levels encountered during construction. The monitored lateral 
ground movement compared reasonably well with the predicted movement in the design. 
Construction of the remediation for the top road site was completed in August 2014. 
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