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ABSTRACT 
 
The Waikato Expressway traverses soft alluvial volcanic-derived deposits as it crosses the Waikato 
River floodplain adjacent to the township of Rangiriri on an embankment up to 6m high.  The paper 
describes the design and construction monitoring of this embankment, showing how improved 
knowledge of ground conditions from later more detailed investigations provided cost benefits to 
construction. Shear strength of the soft organic silts obtained from CPT, Geonor insitu vane tests and 
quick undrained triaxial tests (UU) on push tube samples from boreholes are presented and 
compared, providing a site specific shear strength correlation (Nkt) for these volcanic derived organic 
alluvial soils. Embankment settlement predictions are presented and compared with observed 
settlements from the monitoring of the full scale constructed embankment.  Settlement parameters 
from oedometer tests and published correlations are presented, and refined values are derived by 
matching settlement predictions and observations 
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1 INTRODUCTION 
 
The Rangiriri Bypass Scheme forms part of the planned Waikato Expressway. The Rangiriri Bypass 
Scheme corridor is approximately 4.7km long, running between the Waikato River and the rural 
townships of Te Kauwhata and Rangiriri, and the historic Rangiriri Pa.  
 
The northern part of the site comprises elevated, moderately steep to steep ground broken by west 
facing gullies. The Southern part of the project site is situated on lower lying flat ground within about 
100m of the Waikato River, with reduced levels around RL 6m to 7m.   
 
This paper addresses the geotechnics of the embankment on the ‘ML08’ section of the project, which 
crosses the flat ground near to the Waikato River in the Southern part of the site.  The ML08 
embankment is approximately 260m in length, 72m wide at its widest point, and has fill heights of up 
to 6m. 
 
The ML08 embankments are shown under construction on Figure 1, in which the proximity of the site 
to the Waikato River is apparent.   
 
2 GEOLOGY 

 
Published geology for the Rangiriri area indicates that the elevated areas are overlain predominantly 
by Tauranga Group Formation, with recent Holocene deposits within the gullies. The low lying areas 
around the river are overlain by further Recent Holocene deposits and Tauranga Group. Weak to 
extremely weak sedimentary rock of the Whangamarino Formation is present at various depths across 
the site. 
 
The active Wairoa South and Kerepehi Faults lie 25km and 38km north and northeast of the site 
respectively.  The project site has a seismic hazard factor of 0.15, and the embankments are located 
in a Class D subsoil area (categorised as ‘deep or soft soil’) following AS/NZS 1170.5 (2004).  The 
embankments have been designed to a PGA of 0.17g, which represents a return period of 500 years. 
 
 



 
 

Figure 1.  Aerial view of the earthworks in progress for the embankment on soft ground adjacent to the 
Waikato River 

 
3 GROUND CONDITIONS AND EMBANKMENT STABILITY 
 
The embankment foundation ground profile contains a surface layer of pumice sand to approximately 
5m depth overlying a relatively deep deposit of very soft to firm organic silt.  The ground profile is 
highly variable with the base of the soft organic silt varying from 14m to 17m depth across this section 
of the site.  A secondary, much thinner, layer of very soft silt exists near to the northern edge of the 
embankment area within the sand layer, between about 1.3m and 2.6m below ground level.  The silts 
have an organic content of around 10%, which is the same as that reported by Larkin et al (2003) for 
three sites along the Mercer to Longswamp Four Laning project, located within a few kilometres of the 
site..  
 
3.1 Initial investigations and their implications for design 
 

Early investigations of the ground conditions for the ML08 embankment suggested that the undrained 
shear strength of the two layers of organic silt was very low, typically below 10kPa, and CPTs 
indicated minimal increase in strength with depth.  Design su values of 12kPa and 9kPa were selected 
for the upper and lower layers respectively based on four quick undrained triaxial tests from two 
boreholes, and 4 CPTs.  Although the undrained triaxial tests hinted at an increase in strength with 
depth, the number of test results available was insufficient to validate this and a constant shear 
strength vs depth profile was assumed for design. 
 
Undrained shear strength of cohesive soils, su, was evaluated as 
 	

 Lunne, Robertson and Powell (1996)    (1) 

 
where qt is the cone resistance corrected for unequal pore pressure effects on the CPT cone and 

sleeve, vo is the total in situ stress and Nkt is the cone factor, an empirical factor which relates the end 
resistance to undrained shear strength.    
 



Various studies to establish the Cone Factor, Nkt, typically suggest this lies between 10 and 20 for 
normally consolidated soils, and up to 30 for overconsolidated soils, when referenced against triaxial 
compression tests.  Studies by Pender et al established Nk values of 10.8, 13.8 and 10.2 for three 
pumiceous soil sites at Tauranga, Ramarama and Hamilton, referenced against insitu vane testing.  
These are Nk factors rather than Nkt, which are established using the same formula as above except 
that qc is used directly rather than the corrected qt value. These Nk factors are of a similar magnitude 
to Nkt factors for the conditions of interest in this study, being less than 10% smaller.  It is notable that 
the Nk values identified by Pender et al all lie between 10 and 14, and these would be expected to be 
equivalent to Nkt values of around 11 to 15.   
 
An Nkt value of 14 was selected for use with the pre-construction test results at Rangiriri, based on the 
best match between the triaxials and the CPTs, as shown on Figure 2.  The Nkt value was reviewed 
during construction, when further testing was done, and is described below. 
 

 
 

Figure 2.  Undrained shear strength profiles from CPTs and Triaxial tests for the early investigations, 
assuming NKT = 14 

The use of the very low undrained shear strength of 9kPa in stability analysis had significantly adverse 
effects on design, particularly on the outcome of the stability analysis of the embankments under 
seismic loading.  This resulted in the need to rely on the benefit of strength gain from consolidation 
due to the proposed embankments.  However, the ability of these soils to gain strength from 
consolidation was questioned, due to local experience in similar soils, and it became necessary to 
prove the validity of the strength gain phenomenon for this site if it was to be relied upon for design.  A 
further programme of testing was therefore drawn up for implementation during construction, requiring 
insitu Geonor vane tests to be carried out in boreholes before and after embankment construction, to 
verify the strength gain phenomenon in these soils.  Contingency measures were put in place to cater 
for the possibility of insufficient strength gain, these included construction of berms or flattened slopes 
to the sides of the embankments, lightweight fill and the use of polystyrene in place of earthfill. 
 
3.2 Construction stage testing 
 
The insitu vane testing referred to above, aimed at proving consolidation strength gain in these 
deposits, was preceeded by a series of CPTs designed to determine the areas of weakest ground, 
and to delineate the upper and lower boundaries of these deposits.  The initial tests were carried out 
on a regular grid pattern across the area and subsequent infill tests were located between these 
where deeper and softer soils had been identified.  20 No CPTs were carried out at construction stage 
in this area and a total of 26 No CPTs, including all the earlier tests, were eventually completed within 
this 260m section of the route. 
 



We planned to sink two boreholes with Geonor vane tests, following completion of the programme of 
CPTs, in the areas identified to have the weakest and deepest soft soil conditions.  Testing would then 
be repeated in the same areas following embankment construction and substantial pore pressure 
dissipation.  Insitu vane testing was selected for this exercise, rather than CPTs, due to the higher 
level of reliability of vane testing, particularly in these types of soils, and the uncertainty of the 
relationship between shear strength and qc (the Nkt factor) which was considered unacceptable for this 
purpose.  Although further triaxial testing was an alternative, sample disturbance in the very soft soils 
could be a significant issue, and this method was therefore not preferred. 
 
The soft organic silts were identified to depths of 16m in the two boreholes (BH 1-S1 and 2-S1).  
Sixteen vane shear tests were carried out in the organic silt in these two holes. The undrained shear 
strengths from these vane tests were substantially higher than those achieved previously from the 
triaxial tests and CPT interpretation, and most significantly, showed a clear increasing trend with depth 
in all locations except for one.  This effect was substantial enough to warrant re-evaluation of the 
embankment stability using the new data, and it was found that reliance on strength gain in design 
would not be needed if these new shear strengths were accepted as representative.  In order to 
confirm this further boreholes with insitu vane testing were then planned.  Unfortunately test 
equipment problems then set in, with the vane test gauge appearing to stick and release intermittently 
during tests, causing anomalous test results.  This effect has since been reported by others (Roberts, 
2013) and is the result of the vane equipment utilising the skin friction around the casing to provide the 
torque resistance needed for the test.  When sufficient skin friction is not available the casing turns 
during the test, preventing it reaching its peak.  Vane testing was then abandoned in favour of taking 
push tube samples for triaxial testing.  Further complications ensued when timber was struck in some 
of the boreholes, resulting in disturbed ground and poor quality samples, and it was not clear whether 
this was fully responsible for the lower strengths (below 5kPa) which occurred in this localised area. 
 
All the undrained triaxial and vane shear tests are shown on Figure 3.  This figure illustrates the much 

greater spread of results for the triaxial tests than for the vane tests.  This phenomenon was not 
unexpected, and was the reason that triaxial testing was not the preferred test method. 
 
The vane test results were corrected for plasticity following Bjerrum’s correction factors (Bjerrum, 
1973).  Plasticity indices were within the range 20% to 65%, giving correction factors between 0.7 and 
0.97.   
 
The undrained shear strengths from the triaxial tests and the vane shear tests were compared with the 
nearby CPTs, and suitable Nkt values evaluated.  Some of these results are given in Figure 4 and 
Figure 5.   
 

 

Figure 3.  Undrained Shear 
Strengths from Insitu Vane 
and UU Triaxial Tests 

 
Figure 4.  CPT20 with 
nearby insitu vane and UU 
triaxial test results; Nkt=10 

 
Figure 5.  CPTs 13, 16 and 
18 with nearby insitu vane 
and UU triaxials; Nkt=11 
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Figure 4 shows a very close match with an Nkt of 10.  Figure 5 shows a somewhat ambivalent 
outcome, with a close match for Nkt 11 between the borehole and a CPT located 6m away, but two 
other nearby CPTs suggesting an Nkt of 7.  It is thought likely that local variation in geology is 
responsible for this anomaly, and the Nkt of 11 is a more likely outcome.  Correlations were less 
successful in other boreholes due to the equipment and sampling difficulties mentioned above. 
 
These correlations provided sufficient confidence to enable reliance on an Nkt value of 11 for the 
interpretation of undrained shear strength from CPTs in this soil, effectively increasing previous CPT 
interpreted shear strengths by 27%.  
 
 

3.3 Instrumentation 
 
Instrumentation was installed on three cross sections of the embankment, at chainages 17000m, 
17090m and 17150m, to enable verification of predicted deformation and pore pressures.  A 
profilometer was installed at each of these cross sections, together with an inclinometer, vibrating wire 
piezometers and a surface settlement station.  In total two inclinometers, nine electrical piezometers, 
six settlement plates and twelve surface markers are planned for this section of the works.  The 
piezometers are located in the soft organic silt, and arranged with one instrument at the mid-point of 
the main silt layer, and others at intermediate points depending on the thickness of the silt at the 
instrument location.  One piezometer has been located in the relatively thin upper organic silt layer. 
 
The inclinometers have all been installed near to the base of the embankment slopes in order to avoid 
construction traffic.  The bases of the inclinometers have been taken to 20m below ground level, 
keying the instruments at least 5m into the stiff material below the soft organics.  
 
4 SETTLEMENT ANALYSIS 
 
4.1 Deformation Parameters 
 

Deformation parameters for calculating settlement were evaluated from oedometer tests, and cross 
correlations made with undrained shear strength and plasticity. 
 
Five oedometer test results were available from samples of the main organic silt layer, and one test 
from the upper silt layer.  Pre-construction total insitu stress levels in the main organic silt layer, below 
5m depth, were between approximately 75kPa and 250kPa, and the embankment loading was 
expected to apply a maximum loading stress of 100kPa to 120kPa.  Average coefficients of 
compressibility, mv, for the oedometer stress increments 100kPa to 200kPa and 200kPa to 400kPa 
were 0.90 m

2
/MN (range 0.65 to 1.10 m

2
/MN) and 0.49 m

2
/MN (range 0.38 to 0.60 m

2
/MN) 

respectively, and average coefficients of consolidation, cv, 5.56 m
2
/year  (range 0.55 to 12 m

2
/year) 

and 6.12 m
2
/year (range 0.69 to 14 m

2
/year).  An mv value of 0.49 m

2
/MN and cv of 6.2 m

2
/year were 

chosen for the initial analysis.  Analyses were later carried out with upper and lower bound ranges of 1 
and 0.4 m

2
/MN for mv, and 3 and 8m

2
/year for cv in order to provide an envelope for monitoring 

purposes.  Secondary compression indices from the oedometer tests were within the range 0.011 and 
0.020, and a value of 0.018 was selected for analysis. 
  
Undrained modulus ratios, Eu/su, evaluated from the corrected vane test undrained shear strengths 
(using appropriate PIs, and taking OCR to be 1.0) can be expected to range from 200 to 450, 
excluding outliers (CIRIA SP27, 1983).  The resulting undrained modulus, Eu, values lie within a well-
defined range increasing with depth from around 4.5 MPa at 6m depth to 10MPa at 12m depth.  Below 
12m depth, near to the base of the layer, both PI and Eu data show a much wider spread than within 
the main body of the organic silt.  This is perhaps not surprising near to a lithological boundary from a 
geological perspective.   
 
The ratio of the averaged drained to undrained modulae, taking E’ to be equivalent to 1/mv, is around 
0.25 which suggests that immediate (undrained) settlement, on average, can be expected to be only 
approximately 20% of the total settlement.  This is in line with what might be expected for soft or firm 
soils (Burland et al 1977).  Unfortunately, unlike the undrained data, there is insufficient drained 
modulus data to allow estimation of its variation with depth, and therefore this method of apportioning 
settlement between immediate and consolidation remains very approximate.  



 
4.2 Analysis Techniques 
 

Settlement analysis was carried out using version 2 of the Rocscience software SETTLE3D, which 
carries out a ‘pseudo three dimensional’ analysis.  Although modelling is done in three dimensions in 
this software, the analysis techniques employ conventional 1D methods, with stress distribution 
options such as the conventional Boussinesq and linear ‘vertical ratio 2:1’ methods.  We used the 
‘multiple layer’ stress distribution method for the Rangiriri analysis, as this assumes a conventional 
Boussinesq distribution for homogeneous soils but allows for variation in stress across soil boundaries 
if the relative stiffnesses of the two layers is significant.  A Boussinesq based stress distribution was 
preferred to Westergaard because the latter tends to spread load somewhat more and therefore 
produces lower stresses and is less conservative for settlement analysis. This version of SETTLE 3D 
had the severe restriction of only being able to model horizontal surfaces.  This has been overcome in 
a later version of the programme, allowing all surfaces to be modelled as non-horizontal in both lateral 
directions.  This later version of the programme was used in the later settlement modelling.  
 
Settlement was evaluated allowing for the filling rates incorporated in the initial construction 
programme.  This assumed a lift rate of 0.5m per week, and allowed for staged construction with a 
standing period of 4 months at a fill height of 4.5m.  Following the identification of the higher shear 
strengths at the start of construction, as mentioned previously, the staging was no longer required.  
This was eliminated from later re-analyses and back analyses, and these later analyses also included 
the as-built filling rate.  
 
4.3 Settlement Analysis Results 
 

Settlements and pore pressures were evaluated specifically for the piezometer locations on the three 
monitored cross sections to enable verification of design assumptions.  Pore pressure predictions for 
the 11.3m deep piezometer at Chainage 17150 are shown in Figure 6, and settlement predictions on 
Figure 7.  These charts show upper and lower bound values based on the variation in mv and cv 

parameters given above, providing an envelope for monitoring purposes.  The range in predicted 
values of pore pressure and settlement appears substantial, almost excessive, but this is purely a 
result of the range in the mv and cv parameters, which were selected as ‘reasonable’ extremes based 
on the testing carried out. 
 

   
Figure 6.  Excess Pore Pressure predictions at 11.3m depth in piezometer VP 3-2 at Chainage 17150.  
Upper and lower bound pre-construction analyses, before back analysis 

 
Figure 7.  Settlement predictions from the profilometer at Chainage 17150m, at the location of 
piezometer VP 3.  Upper and lower bound pre-construction analyses before back analysis 



 

5 SETTLEMENT MONITORING AND BACK ANALYSIS 
 
Settlements recorded in the profilometer at chainage 17150 m are presented on Figure 8.  Pore 
pressures recorded in a piezometer 11.3m below ground level at ‘offset 30m’, at chainage 17150m, 
are given on Figure 9 and Figure 10. 
 

 
Figure 8.  Profilometer Readings at Chainage 17150 

 
Figure 9. Excess pore pressure observations with back analysis for the 11.3m deep piezometer       
VP 3-2 at Chainage 17150. 

 
Figure 10. Settlement observations with back analysis at piezometer VP3 at Chainage 17150m 

Back analysis of the pore pressures and settlements has been carried out in order to improve the 
predictive capabilities of the model, thereby enabling settlements to be more accurately predicted at 
future critical times in the programme.  
 
Back analysis has been carried out by matching predicted settlement and pore pressure readings to 
the observed values while varying the cv and mv parameters until a best fit has been achieved.  This 
was done by first varying cv in the analyses and comparing the resulting pore pressure output with the 
observed values until a best fit cv was obtained.  Using this best fit cv , analyses were then carried out 
with a range of mv values to obtain the best fit settlement with the observed readings. 
 
Coefficients of compressibility, mv, and consolidation, cv, which provide the ‘best estimate’ and ‘upper 
bound’ fits to the data observed to date are, mv 0.6 and 0.8 m

2
/MN, and cv 9 and 6 m

2
/year 

respectively.  Considering the wide range obtained in these parameters in the laboratory tests, these 
adjustments to the initial ‘best estimate’ values required to match the analysis output to observed 



values are considered to be minimal.  The back analysed pore pressures and settlements for the VP 
3-2 piezometer, based on these mv and cv parameters, are shown in Figure 9 and Figure 10 together 
with the readings observed to date.  These plots are based on the as built fill heights at the instrument 
location, rather than the programmed fill heights, and are therefore not directly comparable with the 
original predictions given in Figure 6 and Figure 7, which are based onplanned fill rates. 
 

The output shown in these two figures, for chainage 17150, follows very similar patterns to those at 
the other two monitored locations.  The observed settlement and pore pressures are tending to follow 
the predicted plots (adjusted for as-built fill rates) quite closely to date, with the pore pressure tending 
to move readily between best estimate and upper bound predictions. 
 

6 CONCLUSIONS 
 
Investigations during early design of the ML08 embankment indicated variable shear strengths in deep 
organic silt soils, with no increase in strength with depth.  The very low shear strengths caused 
significant issues with predicted stability of the embankments.  More detailed investigations at 
commencement of construction using insitu shear vane testing proved higher strengths than the initial 
testing had indicated. 
 
Correlations between CPTs, undrained triaxial tests and insitu vane shear strength tests indicate that 
a site specific Nkt value of 11 is appropriate for the very soft to firm organic silts on this site.  Local 
variation in geology, equipment failures and difficulty in sampling prevented correlations being made 
successfully in other boreholes and CPTs. 
 
Settlement and pore pressures have been successfully predicted to date employing settlement 
parameters based on oedometer test results.  These parameters have been refined by back analysis 
employing on as-built rates of fill. 
 
The increase in design shear strength afforded by the more detailed construction stage testing, 
employing insitu vane testing and triaxial testing, enabled abandonment of potentially expensive 
contingency plans to improve the stability of the embankments.  This shows that a staged investigation 
approach with very specifically targeted testing can provide significant economic benefits to a project. 
 
The results presented in this paper are interim only, as construction is not yet complete and monitoring 
is continuing.   
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