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ABSTRACT 
 
The geology of the Central North Island, New Zealand, is characterised by volcanic soils.  In the field, 
volcanic soils exhibit markedly different behaviour from other soils.  The unique behaviour and 
characteristics of the volcanic soils results from their microstructure developed during the geological 
formation and weathering processes.  Good understanding of the unique aspects of the volcanic soils 
is vital to geotechnical engineering in such materials. The amount of published data on these 
materials, however, is considerably limited, compared to that of non-volcanic soils.    
 
This paper aims to make a small contribution to the understanding of volcanic soils.  Practical aspects 
of working with volcanic soils are presented, including general characteristics, drawing from previous 
work and recent project experience.  The project experience covers site characterisation, material 
testing, the design and construction of earthworks, and foundations in pumice, ash (clay-silt) soils and 
ignimbrite.   
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1 INTRODUCTION 
 
So much of the North Island geology is dominated by eruptions - explosion craters, volcanoes and 
their ejecta. Yet a scan of the New Zealand Geotechnical Society database reveals less than two 
dozen publications devoted to the North Island family of pyroclastic materials.  It is a really tiny number 
of papers to cover their engineering significance and characteristic behaviour. While additional data 
will be hidden in case-study publications, there remains a paucity of readily available reference 
material on the geotechnical behaviour of the soils and rocks in question.  A good resource is  chapter 
9 of Laurence Wesley’s volume on residual soils (Wesley 2010) 
 
In this paper, mainly practical experiences gleaned from a dozen large infrastructure sites are 
presented - a small addition to the data pool.  Classic lavas and their resultant rocks (for example, the 
Auckland volcanic field) are readily understood and are not covered.  Data resources are shown 
indicatively on Figure 1 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 

Figure 1. Zones from where data was resourced 



2 GENERAL GEOLOGY AND CHARACTERISTICS  
 
The tephra materials can be loosely grouped into three clusters – ignimbrites, pumices and ashes.  
When trying to understand the behaviour of these materials, it is particularly relevant to consider their 
origins; they provide a key. 
 
The central North Island materials are mostly silica rich. Rhyolitic lavas predominate. These light 
coloured magmas form first because their minerals crystallise/liquefy at 600-700ºC; half the 
temperature of their mafic cousins (e.g. basalt).  Prior to a discharge, the liquid rock in an underground 
chamber is under immense pressure and the siliceous lavas in particular include significant dissolved 
gases.  When a vent breaks through to atmosphere, the pressure drop and associated gas release is 
violently explosive.  This instantaneous reaction to the pressure drop drives the explosion. Picture a 
sun-drenched bottle of champagne being well shaken and then instantly opened. It provides a 
miniaturised simulation of pent-up energy released. Tiny gas bubbles encapsulated by a thin film of 
wine burst out of the bottle, some to pop and drift downwards as a mist, others coalesce as they settle, 
becoming a frothy scum, not unlike over-aerated milk topping a poorly finished cappuccino.  
 
The material volumes released to the atmosphere in the Taupo Volcanic Zone are extremely 
impressive.  It has been estimated that in the zone stretching north-eastward from Tongariro in the 
south to well beyond Rotorua, more than 16,000 cubic kilometres (16 x 10

12
 m

3
) of liquid material has 

been vented during 30+ eruptions over more than 1.5 million years. This is only one of many eruption 
zones. The volumes of ejecta are immense; they are hard to visualise. 
 
The older eruptions produced much ignimbrite. The younger events produced more ash and pumice. 
The most recent (circa AD230) Taupo explosion was chiefly pumice. These timeline differences 
demand high-level skills to correctly group and date the materials in a borehole-generated 
stratigraphic column in the area. 
 
It should be remembered that weathering susceptibility is inversely proportional to the temperature 
and pressure at mineral crystallisation. Thus the silica minerals are less prone to chemical 
decomposition than the mafic minerals. Welded ignimbrite is more resilient to weathering than basalt, 
for example, at ambient temperature and pressure. 
 

2.1 Ignimbrite 
 

To travel the central North Island is to see and know ignimbrite – its presence is ubiquitous in road 
cuttings. Well behaved, steep, stable slopes.  
 
Ignimbrite is an excellent fusion of Latin terms. A “firestorm” is Thornton’s (Thornton 2003) English 
rendering of the coined Latin word. She has aptly described the release of ignimbrite as bringing milk 
to the boil.  Suddenly it gushes out, spreading in an unbelievable manner to cover everything in sight 
with hot debris. Flows have travelled over 60km from their vents. 
 
The appearance of ignimbrite is varied, but in the central North Island it is generally a fused mass of 
particles (crystals and glass fragments) sized from small gravels to dust with frequent pebble and 
occasional cobble sized pumice clasts. When unwelded, it tends to be a much less stable mass. 
 
Ignimbrite is the best resource for earthworks in volcanic zones, behaving most closely to classical 
soils.  It is also a sound founding material.  It is a transported material, and is as such variable.  The 
chronology of events across the North Island suggests sequenced depositional periods with extended 
calm interludes.  Repeated zones of weathering can present (which is accompanied by variable 
strength) and founding conditions must be verified for consistency to an adequate depth. 
 

2.2 Ash 
 
These are the fine dust-like particles which burst out as towering clouds, capable of being spread out 
over hundreds of kilometres downwind of the explosion.  For example, ash forming part of the 
Kidnappers tephra (1 Ma years), sourced from the Mangakino caldera in the greater Taupo region, 
has been found in Papakura, Auckland some 350km from its source. Thornton suggests that the 
violent eruptions disintegrate the lava into fragile skins of glass around gas bubbles.  These break and 



the extremely fine shards fall as ash.  The heat that would be retained in liquid ignimbrite is dissipated 
in the extremely fine ash material, and fusion/welding is uncommon.  As these extremely fine particles 
coalesce and drift earthwards as airfall, interstitial water is sometimes locked in, which leads to 
peculiar and often troublesome material properties and construction behaviour.   
 
Ash composition is highly variable. Some may be successfully worked with care – once. Secondary re-
working is seldom successful. Others are poor silts and not workable. Depending on topography and 
footprint, it is not uncommon to have to discard 25% to 35% of the fine materials at an ash covered 
site due to unworkability.  
 
In the Hamilton area, the topography facilitated ignimbrite flows and ash to accumulate over the old Te 
Kuiti sediments. The periods between events were sufficient to allow the ash to weather before being 
covered.  Some of these ash materials are clayey and workable (for example the Hamilton Ashes), but 
due to a biotite content, placed fill tends to be platy and prone to separation in 50mm to 150mm layers 
if not protected from adverse drying. 
 
With regard to physical properties, the following may be noted: 

 There is a mineralogical influence – allophane 

 There is a microstructure influence – high sensitivity 

 Clay behaviour is lost if the material is dried; silt characteristics then manifest 

 The compaction behaviour is unusual – a normal parabolic compaction curve is not obtained 

 The consolidation behaviour is unusual – consolidation is rapid and realised settlements are 
less than predicted in most cases. 

 
2.3 Pumice 

 
The final large emissions within the Taupo zone were predominantly pumice. Pumice is a pale cream 
to white and light grey coloured material that often floats on water, having a density of about 0.95 
kg/m

3
. The density is quite variable because of differing amounts of solid material between bubbles. It 

has a porosity of ± 90%.  Pumice is a common product of explosive eruptions – it is created when 
molten rock is violently ejected from a volcano. As the gas bubbles separate from the magma the 
foam-like structure is formed because of rapid depressurisation and rapid cooling.  There is no mineral 
structure, which leads to it being termed a glass.  Particle sizes vary from large blocks though to 
cobble-sized fragments (golf ball) down to fine sands.  Its low density makes it erosion-prone.  It is 
readily crushed.  The low density is limiting in some earthworks applications.  When blended with 
some ash soils, a competent material results.  This blending can be beneficial with regard to planning 
materials usage.   It requires trials to set appropriately proportioned mixes. 
 

2.4 Earthworks 
 

The following approaches have been found beneficial / unfavourable: 

 Ignimbrite slopes at 1V:0.25H (76º) behave well. 

 Pure pumice slopes behave variably, chiefly because of erosion issues. In general, cut slopes 
in pumice soils are effective at 1V:0.5H (63º), but benched to give an overall slope of 1V:1H.  

 Fill should be placed at close to the in situ or target moisture content.  It should be placed, 
compacted and left. No reworking. 

 If there is an apparent non-compliance, the soil should be rested for 24 hours and then 
retested. 

 Erosion in pumice and silty ash materials is a significant issue. Concentrations of water should 
be avoided.  This is seldom practicable and consequently maintenance must be allowed for. 

 Normal surface drains which use rip-rap (for velocity control) on a geotextile base layer 
behave poorly and are more often than not undermined. 

 

 
3 CUTTING SLOPES IN TEPHRA MATERIALS  

 

A shift in design methodology is required to address long term slope performance in tephra soils.  
Erosion becomes the single most important factor ahead of global stability.  For classic soils, flatter 
slopes generally equate to more stable slopes, but in volcanic soils stability against erosion requires 
the complete opposite - a steeper slope angle.  In volcanic soils the major cause of failure is erosion 



rather than typical rotational failure or ‘slumping’.  An exception within the vast group of volcanically 
derived airfall deposits is ash, which requires detailed attention.  The non-cohesive silt ashes are 
erosion-prone and have reduced stability when disturbed.  Such cases require stepped (benched) 
slopes with steep lifts but adequate cut-backs to create an overall geometry of about 1V:1H. Fall 
zones are required. The cohesive ash materials behave the closest to classic soils.  
 
Many cuttings in tephra materials have ‘failed’ due to the application of low angle slopes, exposing a 
large surface area to the weather.  Typically these sequences fail through erosion of the coarser airfall 
pumice units causing overhangs within the overlying ash sequences.  Eventually the slope unravels 
from the bottom up as can be seen occurring in Figure 2 below.  Surveys undertaken of existing 
slopes comprising volcanic air fall deposits indicates that 70

o
 is generally the balance point between 

erosion and stability. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 2. Road cutting failure caused by erosion of pumice unit undermining overlying Ash 

 
Some volcanic airfall units such as welded ignimbrites perform very well in benched cuttings.  Having 
high friction angles, cohesion and hence low erosion potential means that very steep slopes can be 
created with good long term performance.  Figure 3 below shows a benched ignimbrite cutting; note 
the overlying ash layer that has been cut back at a shallower angle given its inherent instability risks.  
The inset photo shows a typical dropout experienced in the ash unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Ignimbrite Cutting  
 

Ash 



Runoff control on volcanic slopes is another important factor in batter design in tephra.  Pumice and 
non-welded ignimbrites are very susceptible to the formation of Tomo (subsurface piping) failures.  
Figure 4 below illustrates how subsurface groundwater flows can carve out natural piping networks.  
This particular example is approximately 600mm across and, flowing full, is capable of passing water 
at hundreds of litres per second.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Tomo in non-welded ignimbrite  
 
Tomos start very small; generally where water ponds or concentrates.  At times, vertical pipes form, 
drain for a brief period and clog, followed by reformation perhaps a metre distant.  Some form of 
throat, perhaps a dormant fumarole, is likely present some meters below ground and provides a 
pathway for the transported fines. Frequently pipes of 100mm to 600mm diameter are seen in cut 
slopes. These are often initiated by seepage reaching a hardened paleosol (ancient surface soil) 
which acts as an aquitard deflecting the flow from the vertical. Figure 5 below illustrates an erosional 
slumping failure at the discharge point of a tomo formed due to ponded water on the cut bench above.  
 
Shaping benches to remove water at either end of the cut is generally preferable to controlling and 
piping surface water midway along the bench provided that the grade can be kept gentle.  Any form of 
piped stormwater control generally leads to severe erosion around the structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Tomo causing slumping of pumice cut 



 
4 FOUNDATIONS – CASE STUDY  

 
Volcanic soils are generally competent foundation materials and often provide opportunities for cost-
efficient foundation solutions so long as the design engineer understands and takes full advantage of 
the unique characteristics of these types of soils.  It is best illustrated by means of a site-specific 
approach. The following case study illustrates some of the key geotechnical considerations in 
foundation design in volcanic soils.  
 

4.1 Ground and Groundwater Conditions 
 

The 166 MW Te Mihi Geothermal Power Plant is located some 12 km north of Taupo within the Taupo 
Volcanic Zone (TVZ).  The site stratigraphy comprises two geological units; the recent Taupo Tephra 
and the Oruanui Sequence ignimbrite.  The Taupo Tephra comprises two different soil types; gravelly 
to silty pumice sands and gravelly to silty ash soils.  Piezometers indicate regional groundwater is over 
20 m below existing ground level; however some minor perched water may be present at higher 
levels.  Figure 6 shows the typical variability observed in the Turbine Hall excavation.   

 

 
 

 Figure 6. Turbine Hall Exposed Ground Conditions 
 
 

4.2 Site Investigations 
 

Staged investigations comprised a series of machine boreholes and CPT with a series of laboratory 
testing.  The CPT proved to be an effective investigation technique which provided large area and 
depth coverage rapidly and economically.  Previous studies (Wesley 1999) discuss the use of CPT in 
pumice, which could underestimate an increase in cone resistance with confining pressure.  The CPT, 
however, provides highly valuable information in terms of soil strata boundaries and the high variable 
depths of the denser ignimbrite which cannot be penetrated by driven piles.   
 

4.3 Deep Foundations 
 

The Turbine Hall and Main Powerhouse were piled due to large structural load demand (in 
compression and uplift) and stringent settlement performance requirements (in service and post-
earthquake).  The piled foundations comprised a combination of cast-in-situ bored piles and precast 
driven piles.  Both driven and bored piles were used to achieve a value for money foundation design 
because: 
 

 Driven piles are economical and can be constructed fast in the upper pumice and ash soils. 

 Bored piles were used in the Turbine Hall basement structure which is founded on ignimbrite.   

 Dense ignimbrite, which underlies the upper pumice and ash soils, occurs at variable depths.  
Driven piles are not feasible where the ignimbrite is too shallow and premature refusal occurs. 

 



Driven pile design parameters were interpreted from the laboratory testing and CPT correlation based 
on the Canadian Foundation Engineering Manual and verified with first principle calculations.  Typical 
pile design parameters are shown in Table 1.  
 
Table 1: Typical Driven Pile Design Parameters 

Unit Typical Cone 
Resistance 

(MPa) 

Bulk
Density 
(t/m

3
) 

Skin Friction (kPa) End Bearing (MPa)

Design CAPWAP
a

Design CAPWAP

Pumice Sands 2-6 1.5 n/a
b
 n/a n/a n/a 

Brown Ash 0.5-2 1.65 35 30-95 n/a n/a 

Ignimbrite >10 1.65 100-120 100-215 5.5-8 5.5-9 
a
 Average skin friction over pile shaft length. 

b
 Skin friction is ignored in pumice sands because of pre-boring for driven pile installation. 

 
For driven piles, design pile capacity was verified by CAPWAP dynamic pile tests on a series of test 
piles.  The CPT correlation provides a lower bound estimate on skin friction because of a limiting value 
specified in the CPT correlation, but agrees with end bearing pressure for ignimbrite derived from 
CAPWAP pile dynamic tests.  Variable reduction in pile sets were observed between initial drive and 
re-drive, indicating “set up” effects in the volcanic soils.  For bored piles, static load tests verified 
design pile load capacity.  The static load test also verified working load settlement which at  1 – 2 mm 
was well within acceptable limits.   
 
All production precast driven piles were driven to target set within design pile lengths (18 - 21 m) 
determined from interpreted strata and a 2 m overdrive allowance.  Re-drive was required in some 
cases.  All bored piles were constructed to target depths without any unforeseen issues arising.   
 

4.4 Shallow Foundations 
 
Lighter structures were founded on shallow foundations where post seismic settlements were not 
critical.  The Cooling Tower Structures required site-specific ground improvement because settlement 
estimates exceeded the low settlement tolerance of the structures.  At Cooling Tower 1 the subgrade 
comprises ignimbrite at each end with a valley of Taupo Tephra of up to 8 m depth in the middle 
(Figure 7).  The Taupo Tephra was sub-excavated and replaced with engineered ignimbrite backfill.  
Cooling Tower 2 straddles a much deeper and wider valley filled with Taupo Tephra (Figure 8).  Sub-
excavation of the entire ash deposit was considered impractical, therefore partial excavation (4.5 m 
depth) with surcharging was adopted.  Preloading can be an effective settlement mitigation solution as 
volcanic ash consolidates faster than alluvial silts by up to several orders of magnitude (Wesley 1999).  
Palmer and Wick (2003) report virtually instant consolidation in a volcanic ash trial loading site.  For 
this case study, a conservative coefficient of consolidation cv = 20 m

3
/yr was inferred from oedometer 

tests.  Monitoring data indicated 95% consolidation occurring between 18-30 days after the 
commencement of surcharging.  The ground improvement reduced expected settlement at both sites 
sufficiently to achieve differential settlement of less than 1/1000.   
 
 

 
           

Figure 7. Cooling Tower 1 Ground Improvement          Figure 8. Cooling Tower 2 Ground Improvement 
 



5 CONCLUSIONS 
 
The volcanic materials that cover much of the North Island had extremely violent origins.  They are 
unusual materials that do not follow conventional soil mechanics theories well.  Best practices are at 
times counter-logic in terms of standard approaches. 
 
Site investigations must be planned with extra diligence to achieve both a reliable overview and to 
achieve the requisite density at the locations of important structures.  The variability can be extreme 
as seen in Figure 6 (Te Mihi Turbine Hall) where pile lengths can double over a distance of 10-15m. 
However, volcanic soils provide opportunities for economic foundation design.  Practical examples of 
foundations design have been presented for the Te Mihi Geothermal Power station site. 
 
Conventional testing is not able to allow for fusion between grains, which is a factor in particular in 
some of the ignimbrite materials.  Sampling and testing must be planned with care and conducted 
diligently to avoid unduly conservative values being generated and used in design. 
 
If the material vagaries are accounted for and cognizance is taken of examples from existing 
infrastructure, it will be found that earthworks can be carried out with good success and without undue 
cost penalty.  Well-designed cut slopes in volcanic soil environments are as a rule stable but erosion 
and surface water control are critical.  For linear structures like road corridors, a higher level of 
maintenance must be expected and allowed for.  Some erosion issues post-construction are almost 
inevitable. 
 
Not all ashes are created equal. Variability in circumstances at origin leads to a large variability in 
properties and behaviour. Achieving good deployment of materials, allowing for spoil quantities of poor 
materials and achieving overall materials balance (cut-fill balance) is not a trivial exercise in such 
materials.   
 
There is a need for more research to be conducted on these materials. 
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