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ABSTRACT 
 
A 1 km section of state highway on the important Wellington-Wairarapa link was realigned to improve 
safety, travel time and route security.  The realignment of this section known as the Muldoon’s Corner 
is located in the mountainous Rimutaka Hills, and involved the construction of up to 55 m high 
cuttings, up to 45 m high reinforced soil embankments and retaining walls.   
 
The rock cuttings were formed in highly fractured Wellington Greywacke rocks comprising sandstone 
and argillite. Early in the investigation phase, the engineering geology reconnaissance and mapping 
identified fault zones and a potential evacuated landslide which may have been triggered by past 
earthquakes.  Cut slopes were designed considering the orientation and dip of dominant defects, 
precedent behaviour of rock slopes in the area and stability analyses.  One of the main cuttings was 
further investigated during construction using boreholes and acoustic televiewer surveys to confirm the 
distribution and extent of key unfavourable defects.  A section of the rock cutting was strengthened 
with high capacity rock anchors to avoid instability along weak shear zones.  A small rock slide which 
occurred during construction was also stabilised with rock anchors.  A benched cut slope profile was 
adopted, which provided rock fall protection, and this was supplemented by targeted measures 
comprising rock fall fences, draped netting and bolted mesh.   
 
This paper presents the rock engineering aspects of the project and also illustrates the importance of 
developing and updating the engineering geological model throughout the life of an earthworks 
project.  A companion paper presents the design of reinforced soil embankments and retaining walls. 
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1 INTRODUCTION   
 
The New Zealand Transport Agency (formerly Transit New Zealand) commissioned Opus International 
Consultants to carry out design and construction management for the realignment of a section of State 
Highway 2 in the vicinity of Muldoon’s Corner on the Rimutaka Hill Road. 
  
The project involved significant earthworks with up to 55 m high cuts and 45 m high reinforced fill 
embankments (see Figure 1), some of the largest cut and fill slopes formed in the Wellington Region 
in recent decades (see Figure 2). A parallel paper addresses the reinforced soil embankments and 
retaining walls components of the realignment (Duxfield and Brabhaharan, 2015).     

 
 
 
 
 
 
 
 
 

Figure 1. Completed earthworks  
 
Site investigations were undertaken in stages in 2004 and 2007 to define the site geology as well as 
ground and groundwater conditions for development of the road alignment, and design of the 



associated earthworks. The site investigations included engineering geology mapping, boreholes, trial 
pits and seismic refraction survey lines. The results provided information for design of the new 
cuttings. 

  
 

Figure 2. Layout of proposed Cuts (blue) and Fills (brown), showing the previous road line (grey)  
 
2 GEOLOGICAL SETTING 

 
The geology of the site is Wellington Greywacke, which comprises interbedded sandstones / siltstones 
and argillite (mudstone).  The sandstones and siltstones are generally strong to very strong, while the 
argillite rocks generally vary from weak to very strong, with commonly found bands of sheared rock 
(generally about 200 mm thick). The bedrock generally has closely to extremely closely spaced joints, 
and ranges from fresh to completely weathered rock. 
 
Generally the rock is overlain by a 1 m to 3 m thick layer of colluvium (gravel in a silt /clay matrix).  
 
3 SEISMICITY  
 
The site is situated in an uplifted block between the two active faults, the Wellington Fault and the 
Wairarapa Fault, located about 5 km west and east of the site respectively. The central segment of the 
active Wellington Fault is capable of a magnitude 7.5 earthquakes at a return period of about 900 
years. The active Wairarapa Fault can give magnitude 8.1 earthquakes at a return period of 1500 
years. 
 
Design peak ground accelerations of 0.6g were derived for a 1500 year return period, based on the 
Bridge Manual (Transit New Zealand, 2003) and subsequent provisional amendments (Duxfield and 
Brabhaharan, 2015). 

 
4 ENGINEERING GEOLOGICAL CHARACTERISATION  
 
4.1 Mapping 
 
The engineering geological model was developed progressively with consecutive investigation stages, 
in 2004, 2007 and during construction in 2010. 
 
A continuous face log over a 1 km distance was mapped along the pre-existing SH2 cutting in 2004.  
This provided information on the rock quality and depth of colluvium and paleo gullies, as well as the 
nature of the rock defects (type, orientation, continuity etc).  Existing cuts were generally less than 8 m 
high, limiting the defect continuity data.  
   



Further mapping took place in 2007 to determine the extent of landslide features identified between 
Cut 2, see Figure 2 for location. Mapping of the key persistent defects was continued during 
construction.  
 
Stereonets of the rock defect data were produced to understand the defects in each area, and a 
typical stereonet for Cut 2 is presented in Figure 3. 

 
Figure 3.Stereonet of defect data collected for Cut 2, prior to excavation 

 
4.2 Site Investigations 
 
Site investigations for the cuttings involved drilling cored boreholes up to 40 m depth on the slopes 
above the highway, and standpipe piezometers installed to measure groundwater levels.  A number of 
seismic refraction lines were run up the slopes in 2004 to measure seismic velocities of the subsurface 
layers, and characterise the thickness of colluvium.  Additional drilling was carried out in 2007 to 
provide additional information, particularly where the proposed highway alignment had changed since 
2004.   
    
4.3 Rock Slope Instability  
 
4.3.1 Existing Cuts 

Only relatively small failures were observed from the original road cuttings, however available records 
are limited.  Some of the gullies in the cutting may be the location of old slope failures e.g. wedge 
failures.  Cuttings are typically up to 8 m high in this section, although there was an up to 18 m high 
cutting near the new Cut 3 (Figure 4). 
 
4.3.2 Natural slopes 

Geomorphic assessment at an early stage of the project in 2004 suggested a possible large old 
landslide (probably a rockslide) formed the current planar slope immediately on the summit side of the 
large rock bluff / cutting above the pre-existing SH2. The likely maximum extent of the landslide 
estimated considering the geomorphology and vegetation is shown on Figure 4.  The western extent is 
considered more pronounced as it is bounded by a number of resistant bluffs, and the eastern extent 
(summit end) is less pronounced.  Detailed mapping in 2007 located a slope parallel persistent defect, 
which ‘undermined’ the bluff above, see Figure 5.      
 
4.3.3 Kinematically Feasible Failure Mechanisms 

Kinematic analysis of rock defect data collected was carried out with the aid of Stereonets similar to 
that shown in Figure 3, to determine the likely rock failure modes.  
 
Large rock wedge failures occur from combinations of adversely oriented, persistent defects.  
Assessment indicated that such combinations were not indicated at this site, and that wedge failures 
were likely to be relatively small. 



 

Planar failures require a persistent defect, with a dip essentially parallel to the proposed slope face 
and at a lower (or the same) angle. The possibility of such adversely oriented outward dipping 
persistent defects at Cut 2 was identified, strengthening the potential for planar failures based on the 
geomorphic evidence illustrated in Figure 4. 

 

 
 
5 DESIGN PHILOSOPHY 

 
5.1 Resilience 
 
A key objective of the project was to improve resilience, in addition to improving safety and reducing 
travel time.  To improve resilience and achieve a cost effective solution, the alignment was optimised 
to reduce sidling fills on the steep slopes below, and instead incorporate cuttings through the rock.  
Sidling fills were minimised because they would be vulnerable to failure and would take a long time to 
restore after a storm or earthquake event.  Bridges were also replaced with engineered fill 
embankments and reinforced soil embankments (Duxfield and Brabhaharan, 2015).  
  
The design approach for the rock cuttings was to reduce the potential for large rock slides that can 
close the highway for a long time in large earthquake events, but accept small wedge failures, as 
these can be quickly removed to restore access.  This is a pragmatic approach as small wedge 
failures would be very costly to avoid in a heavily fractured rock such as that present at the site. 
 
5.2 Design in the face of Uncertainties 
 
There was significant uncertainty as to the rock conditions and the distribution and persistence of 
defects given the rugged terrain and the difficulty in gaining access to critical areas with proposed rock 
cuttings.  The site investigations were therefore targeted to characterise the rock conditions along the 
route, and allowance was made in the construction contract to carry out geotechnical investigations to 
verify the rock conditions, as access became possible in the rugged areas.  
The rock engineering comprised development of cut slope angles based on precedent performance of 
greywacke slopes in the Wellington Region (including the Rimutaka Hill area), the presence, 

Figure 5. Slope parallel defect in 
area of past evacuated slide  

Figure 4.Upper - Location of inferred prehistoric landslides outlined in 
red, Lower - same view in 2010 during construction, with location of 
Figure 5. 



orientation and dip of dominant defects (such as shear, crush zones and fault zones) and the rock 
mass conditions.   
The landform and geomorphology of the hillsides provided evidence for historic landslides, which were 
assessed to be associated with the presence of dominant and persistent adverse defects dipping at 
between 38° and 45°.  It was inferred that similar dominant and adverse defects such as shear zones 
were likely to be present and could affect the proposed rock cuttings.  Where the potential for such 
large planar failures could not be mitigated by avoiding cut slopes or by adopting flatter slope angles, 
allowance was made for rock slope stabilisation measures.  Given the uncertainty regarding the 
distribution of such adverse defects, flexibility was built into the construction programme, to enable 
stabilisation measures to be refined based on additional construction stage investigations. 
 
5.3 Safety 
 
From a rock engineering perspective, the potential for rock fall from the very high cut slopes posed a 
significant safety hazard for road users.  Intermediate benches were incorporated as a common first 
line of defence against rock fall, and a variety of rock fall protection measures were developed, to 
allow the adoption of the most appropriate measures for the rock conditions encountered during 
construction. 
 
6 ROCK CUT SLOPE DESIGN AND CONSTRUCTION 
 
6.1 Cut slope angles 
 
The rock cut slope design was based on the rock conditions and engineering geology model 
developed during design.  Slopes angles for the main large cuttings are summarised in Table 1. 
 
A precedent study of cut slopes in closely fractured greywacke rock conditions, such as those 
encountered at this site, indicated that a 45° degree angle would be appropriate for cut slopes of 40 m 
to 55 m height, and 50° to 55° degree angles for cut slopes of 30 m to 40 m height.  
 
The stability of cut slopes were dependent on three failure mechanisms: 

 Defect controlled failures along dominant, persistent rock defects - shear, crush zones and faults 

 Rock mass failures in heavily jointed weak rock masses such as that associated with a fault zone 
or highly /completely weathered rock, and  

 Combined failures along dominant defects and break out through jointed rock mass, mainly near 
toe. 

Table 1:  Slope Design for the Various Cuttings (Refer Figure 2) 

Cut South Face North Face Identified Slope 

Stabilization 
Measures 

Max 
Cut 
Height 

Cut Slope Configuration  Max 
Cut 
Height 

Cut Slope 

Configuration 

Cut 1 35 m  Lower 20 m - 56°, Upper section -51° 

3 m wide benches at 12 m height 
intervals  (overall slope angle 47°) 

10 m Slope 51°  

3 m wide bench  
(overall slope 45°) 

(South Face): 
installation of rock 
anchors and sub-
horizontal drains 
due to adverse 
joint sets and the 
risk of planar 
failure on slope. 

Cut 2 20 m Slope angle 51°   

3 m wide benches at 12 m height 
intervals (overall slope at 45°) 

None No cut slope 

Cut 3 30 m Slope angle 56°   

3 m wide benches at 12 m height 
intervals (overall slope at 49°)** 

< 10 m Slope angle 45°  

Cut 4 
& 
Cut 5 

45 m Slope angle 51°    

3 m wide benches at 12 m height 
intervals (overall slope at 45°) 

20 m Slope angle 51°  

3 m wide bench 
(overall slope 45°) 

Protection of fault 
zone with 
geomembrane. 

Cut 6 None No cut slope 10 m Slope angle 63°  

 



Cut slope angles were chosen to avoid failure along dominant defects such as shear zones and fault 
zones or combination failures with break out through the jointed rock mass particularly in earthquakes.    
 
At Cut 2 (Figure 2) this was not possible because of the land form (that is flatter cut slopes would 
extend the cuttings much higher up the hillside), rock stabilisation using high capacity rock anchors 
was adopted (Figure 6).  Initially the design specified 82 rock anchors, with the allowance for 
construction stage investigations and refinement of the slope design. During construction, the rock 
defects and rock mass were better defined using additional cored boreholes drilled from cut benches 
at slope mid-height level with Acoustic Televiewer surveys and mapping of the rock defects exposed 
during construction, and confirmed that the rock defects were largely consistent with the pre-
construction model, but the 38° to 45° dipping adverse shear zones extended further towards the 
summit. This resulted in an overall number of 130 rock anchors being installed to stabilise a longer 
section of the rock cutting. 
 

          
Figure 7. Shotcrete treatment of fault 
feature at Cut 600 m, and ditch and 
draped mesh on high rock fall prone 
cut slope 

6.2 Rock Anchors 
 
The rock anchors were designed using specially selected anchor bars that exhibit a ductile behaviour 
in the event of the anchor loads being exceeded (say due to the wedge being larger than designed 
for).  This ensures that the rock anchor can yield and deform and incorporate some small movement 
of the rock, rather than result in a sudden brittle failure.  The rock anchor bars adopted were 50 mm 
Freyssinet bars with a fy of 1030 MPa.  The rock-grout bond capacity was verified by carrying out rock 
anchor pull out tests on trial anchors, and the rock anchor design was refined as appropriate. 
 
The rock anchors were double corrosion protected by pre-grouting the bars into an HDPE sheath, with 
the rock anchor head components being galvanised and epoxy coated.  The anchor heads were 
protected by grout filled caps to ensure long durability given that these will be difficult to access for 
maintenance after construction because of the steep slopes and heights involved. 
 
6.3 Drainage 
 
Sub-horizontal drainage holes were incorporated in the design to reduce the ground water pressures 
and reduce the potential for rock slope instability. The actual locations were confirmed during 
construction.  The drainage holes were drilled to between 15 m and 25 m length, and most holes 
intercepted and drained the water in the rock slopes, with significant and ongoing water flow from 
some holes particularly in the Cut 1 and Cut 2 areas. 
 
6.4 Rock Fall Protection 

 
Providing for safety from rock fall was one of the fundamental objectives of the rock slope 
design.  Rock fall analyses with the aid of the program RockFall from RocScience was used to assess 
potential rock fall hazards, and develop rock fall management measures, using a four level approach, 
as follows: 
 

Figure 6. Cut nearing completion showing rock anchors 
and drain holes. 



1. Adopting slope angles that not only provide for rock slope stability, but also minimise rock bounce 
and encourage rocks to roll or slide. 

2. Incorporating a slope geometry that is able to arrest rocks as close to the rock fall source as 
possible, before the rocks gain momentum.  This involved provision of benched cut slopes with 3 
m wide benches at 12 m height intervals, as outlined in Table 1 and illustrated in Figure 8 and 
Figure 9. 

3. A rock fall berm or ditch at the base of the slope (Figure 8), to catch rocks rolling down the slope, 
particularly from the lowest section of the cutting.  

4. Supplementing the slope form with rock fall protection systems that are best suited to actual 
conditions, using systems such as draped netting (Figure 7), rock fall mesh pinned to the rock 
surface (Figure 9), and rock fall barrier fences either on the bench (Figure 9) or at the base of the 
slope.   

The highest rock cutting which was in more weathered rock (Cut 5 location as shown in Figure 2) 
incidentally performed well using the adopted slope angle and benched slope profile and rock fall ditch 
at the base with minimal intervention necessary.  Weathered rock with the joints partially healed are 
less prone to rock fall, provided they are formed at an appropriate stable slope angle. 
 
Where a bench could not incorporated into the slope profile, such as locally in Cut 4, draped rock fall 
netting was adopted (Figure 7).  
 

  
 
Figure 8. Left – Rock fall ditch at base (Cut 1); Right - benched slope in weathered rock (Cut 5) 
 
Rock fall protection was incorporated depending on the particular rock conditions and mechanisms of 
generation of rock fall.  Where there was potential for rocks to become loose and pose a hazard, mesh 
protection pinned using rock bolts was used, see Figure 9.  The mesh minimised the risk of the rocks 
being mobilised, and hence avoided unravelling of the rock on the slope.  The mesh was galvanised 
and epoxy coated to enhance durability. 
 
A rock fall fence was adopted where there was widespread potential for loose rocks to dislodge from 
the slope, see Figure 9.   The rock fall fence design developed had a modular construction, so that 
individual panels damaged by an unlikely rock wedge event, can be removed and a replacement panel 
easily slotted in. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 9. Various rockfall measures at Cut 1 and Cut 2, with mesh, bench catch fences and anchors 
 



7 ADDITIONAL ISSUES DURING CONSTRUCTION  
 
Some narrow fault zones exposed during construction were protected with mesh and shotcrete to 
avoid erosion and undermining of the slope above, see Figure 7.     
 
The only significant slope instability event was a minor rock fall in late July 2010 (Figure 9), followed 
by a moderate size rock slide on 31 August 2010 (Figure 11) at the same location at the Cut 1 site.   
 

 

Figure 10.  Left – Cut 1 in August 2010 showing location of small rock fall in upper face. Right - rock 
slide (300 m

3
) of late August in same location.  People for scale on slip scarp 

The failures occurred on an unfavourable shear surface / defect, and confirmed the potential for 
failures on 38° to 45° degree unfavourably dipping and persistent defects. The area of failure was 
stabilised using smaller rock anchors and mesh installed by abseiling. 
 
9 CONCLUSIONS 
 
The realignment of the Muldoon’s Corner section of SH2 was carried out in rugged terrain in 
greywacke sandstones and mudstones which have been highly disturbed by the active tectonic 
environment in the region.  The rock cut slopes are the highest formed in the region for transportation 
projects in the past 50 years.  The project forms part of a progressive improvement of the resilience of 
highway access into the Wellington region in the event of major earthquakes or storm events. 
 
This paper shows the importance of understanding the engineering geology and geomorphology of the 
terrain of the project corridor and developing an engineering geological model that can be refined as 
the project develops. Maintaining flexible solutions and a proactive geotechnical engineering approach 
enabled the uncertainties in the geological conditions to be better understood and addressed, both 
during design and construction, resulting in the development of a cost effective scheme.   
 
A variety of measures were adopted for managing rock fall risk, from the adoption of benched cuttings, 
use of targeted draped netting, rock protection mesh and rock fall fences. These measures have 
enabled the rock fall risk to be effectively managed during construction and operation of the highway, 
despite the variable rock conditions and the high rock slopes. 
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