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ABSTRACT 
 
The Ross Creek dam is an engineering heritage structure located in Dunedin City and forming part of 
the early municipal water supply system. The reservoir was formed in 1867 by the construction of the 
18m high puddle clay core embankment dam. The embankment has performed its function effectively 
for many years, but the degree of impoundment security provided by the dam falls well below current 
engineering standards and expectations of public safety performance. The hydraulic clay fill 
embankment has experienced downstream shoulder slumping following sustained intense rainfall 
events. Back analysis of the shoulder instability using stress-strain modelling has enabled a 
reasonable degree of confidence to be established in the hydraulic fill material properties, despite 
there being no relevant records from the original the design or construction. Design of the 
refurbishment has focussed upon addressing the seismic resilience of the embankment, with particular 
attention to the potential strain softening behaviour of the hydraulic fill. A filter protected rock fill 
buttress approach has been adopted to suit the topographic constraints of the site, along with 
enhanced crest works to improve flood freeboard and seismic resilience. Retention of as many of the 
original heritage features as possible has been part of the design considerations. The current suite of 
refurbishment works address the previously identified performance deficiencies, but detailed analysis 
undertaken during the design of the buttress and crest works has identified further potential limitations 
in the dynamic performance of the embankment that are now the subject of further detailed testing to 
better understand the hydraulic fill properties and the seismic performance of the dam. 
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1 INTRODUCTION 
 
Ross Creek reservoir situated in Dunedin City is impounded by a hydraulic fill embankment dam 
constructed in 1867. This 18m high embankment dam constructed on a basalt rock foundation 
impounds some 250,000m

3
 gross storage for the original purpose of municipal water supply. Live 

storage of some 150,000m
3
 is provided within the top 4.7m depth of the reservoir. 

 
The dam has experienced past significant leakage incidents that led to substantial repairs in circa 
1880. Design deficiencies and asset deterioration concerns have been recently identified for this aging 
facility, and some instability of the embankment lower downstream face has been experienced in May-
June 2010 with a head scarp of several centimeters crack width evident. The cause of the instability 
has been found to be consistent with the effects of high rainfall events on the relatively steep batter 
rather than any seepage mechanism related to the reservoir. The in situ factor of safety was found to 
be just above 1, dropping below 1 when fully saturated. 
 
As the facility has performed its required functions for over 140 years of service, it is not believed to 
present as a dangerous dam “likely to fail in the normal course of events” or not be capable of 
retaining the impoundment in a 1 in 50 year flood or small seismic event. However, it is clear that the 
level of safety is well below current engineering standards, and a programme of refurbishment was 
undertaken in order for this facility to remain in service in the medium to longer term. 
 
The refurbishment concept adopted for this project involves primarily addressing the identified stability 
deficiency within the steep downstream embankment face. The static stability and the seismic 
resilience of the embankment are enhanced by the placement of compacted downstream buttress 
filling and associated crest widening in a manner similar to that described by Cummins et al. (2004) for 
a not dissimilar embankment dam in Australia. The crest stability and freeboard, including the effects 



of any potential instability on the upstream batter, are also taken into consideration. The concept does 
not currently include provision to change the upstream batter other than to undertake repairs and 
maintenance on the wave protection surfacing. The achievement of particle size grading compatibility 
by the provision of suitable filter zones and drainage paths is further ensured at all accessible 
interfaces with the existing hydraulic fill.  The key geotechnical elements of the refurbishment project 
are shown in Figure 1, including the mechanically stabilised earth (MSE) crest work and the 
geosynthetic clay liner (GCL) extension to the puddle clay core. 

 
Figure 1. Typical Embankment Cross Section 

 

2 TARGET PERFORMANCE CRITERIA 
 
The target performance criteria in terms of embankment static stability, rapid drawdown, seepage, and 
seismic resilience are provided by the Dam Safety Guidelines (NZSOLD 2000) as a means of 
demonstrating compliance with the NZ Building Code for alteration work requiring a Building Consent. 
The HIGH potential impact classification (PIC) of the impoundment sets the appropriate load cases to 
be applied and the associated engineering design standards set the safety margins to be satisfied for 
these load cases.  
 
In this paper we have focussed on the post elastic deformation behaviour of this hydraulic fill 
embankment.  Plastic deformation is not precluded under either service (SLS) or ultimate (ULS) 
loading conditions, but confidence must be established in the predicted degree of such deformation 
being within acceptable limits.  At SLS conditions any asset effects must be minor, and at ULS 
conditions impoundment security must be maintained.  ULS conditions include probable maximum 
flood (PMF) water levels and (separately) maximum seismic ground action not exceeding a 1 in 
10,000 year average recurrence interval event. 
 
3 GEOTECHNICAL MATERIALS 
 
No original design or construction records for the dam have survived. Cone penetration test (CPT) 
investigations have been carried out on the crest of the embankment, through the core and down to 
the bedrock as a nearly non intrusive means of obtaining material properties and conditions with an 
operating reservoir. Auger holes have been drilled on the downstream face to obtain samples for 
assessing the material properties of the shoulder. 
 
The geotechnical materials identified are as follows: 
 

 Crest cover: It is constructed from gravel, sand and sandy clayey silts – silty clays. It is 
identified in the CPT investigation as sand to silty sand, sandy silt to clayey silt and silty clay. 

 Core: It is constructed from “puddle clay” identified as soft to firm, high plasticity SILT – CLAY. 
It is identified in the CPT investigation as organic material – clay to silty clay due to its low 
strength. 

 Shoulders: They are constructed from siltier materials identified as firm – loose, high plasticity 
SILT – CLAY. 

 Foundations: The embankment is founded directly on the in situ native rock formations. These 
belong to the various undifferentiated lava flows of the Dunedin shield volcano. They comprise 
mainly basalt and basaltic tuff. The basalt in the surrounding area is a very blocky, interlocked, 
partially disturbed mass with multi-faceted angular blocks formed by 4 or more discontinuity 



sets. The discontinuities have highly weathered surfaces with compact fillings and angular 
fragments. 

 
The groundwater on the downstream face is recorded in the existing monitoring standpipe 
piezometers, and it is correlated with pore water pressure distribution recorded in the CPT logs. The 
phreatic surface  fluctuates in the downstream shoulder and in respect of the rainfall conditions as 
follows: 
 

 During the dry periods it is at a depth of 4.8m below the sloping batter. 

 During the wet periods it rises to a depth of 3.2m below the sloping batter or higher, subject to 
the duration and intensity of the preceeding rainfall (becomes saturated leading to failure). 

 
Both the undrained and effective shear strength and stiffness properties of the embankment materials 
have been estimated as conservative parameter values from the analysis of the CPT records, 
laboratory testing, and empirical relationships. 
 
Table 1:  Soil Mass Properties 

Zone 
Dry Density γd 

(t/m
3
) 

Water Content 
W(%) 

Undrained Shear 
Strength Su (kPa) 

Undrained Modulus of 
Elasticity Eu (kPa) 

Puddle Core 1.4 35 35 21000 

Shoulder 1.4 44 40 24000 

Zone 
Effective 

Cohesion c’ 
(kPa) 

Effective Friction 
Angle φ’ 

Residual Friction 
Angle φres 

Fissured Strength 
Friction Angle

a
 φres 

Puddle Core 5 23 12 18 

Shoulder 3 26 13 19 
a 
The fissured strength friction angle is taken as the mean of peak and residual strength (Skempton 1977). 

 
Table 2:  Deformability of the Soil Matrix 

Zone 
General Design 

65% Strain Lower 
Bound Es (kPa) 

Sensitivity Analysis 
80% Strain Lower Bound 

Es (kPa) 

Analysis of Shear Zones 
Large Strain at Failure Es 

(kPa) 

Puddle Core 2000 1600 800 

Shoulder 2400 1800 1100 

 
A partial reduction factor γM=1.25 (Eurocode 7) has been applied to the effective shear strength 
material parameters (cohesion, angle of internal friction and Young’s modulus) to account for the 
refurbished embankment behaviour under aging and degraded materials. 
 
This factoring is applied for the purpose of facilitating the stress-strain analysis with the finite elements 
software PLAXIS. The resulting values of the angle of internal friction and of the Young’s modulus 
relate to the Fissured Strength φres and to the 80% Strain Es respectively. The degraded material 
parameter values are summarised in the following table. 
 
Table 3:  Degraded Material Parameters 

Zone   
Degraded Effective 
Cohesion c’ (kPa) 

Degraded Effective 
Friction Angle φ’ 

Degraded General Design 
65% Strain Low Bound Es 

(kPa) 

Puddle Core 4 18 1600 

Shoulder 2 21 1920 

 
The various material parameter values presented above have been verified through stress / strain 
back analysis of the 2010 lower slope failure within the downstream shoulder. A good match with the 
observed slope failure mechanism was achieved. 
 
4 SEISMIC LOADING 
 
The Peak Ground Accelerations (PGAs) for various construction/loading conditions have been derived 
from NZS 1170.5:2004 in conjunction with Swaisgood (2003) and McVerry (2006). According to 
Stirling et al (2012), “the hazard for Dunedin is dominated by earthquakes produced by the distributed 



seismicity model”. The main fault sources contributing to the model are the Akatore fault (Mw 7.4 at 
13 km; contribution 14%), Taieri River fault (Mw 7.1 at 47 km; contribution 6%), and Waipiata fault (Mw 
7.4 at 60 km; contribution 3%). However, all these sources lie outside of the distribution of events for 
the 475 years return period presented in the same paper. 
 
In the absence of a site specific seismicity analysis, the application of the unweighted PGAs that 
correspond specifically to the Dunedin area for the maximum design earthquake (MDE) case, 
calculated from the combination of the Mw=7.4 event, the small contribution of the Akatore fault to the 
Dunedin area, and coupled with the minimum hazard risk factor of Z=0.13, define a more or less 
conservative approach for assessing the seismic response of Ross Creek. 
 
The PGAs estimated for the assessment of the behaviour of the Ross Creek embankment under 
seismic loading are summarised in Table 4.  The operating basis earthquake (OBE) relates to a 150 
year average recurrence interval event. 
 
Table 4:  Estimated Peak Ground Accelerations 

Design Case 
Weighted PGA Unweighted PGA 

Site Response Crest Response Site Response Crest Response

National Distributed 
OBE  

0.08g 0.11g 0.11g 0.15g 

Dunedin Specific OBE  0.07g 0.09g 0.09g 0.13g 

National Distributed 
MDE 

0.34g 0.46g 0.47g 0.63g 

Dunedin Specific MDE  0.38g 0.50g 0.52g 0.69g 

 
The limiting ground acceleration (GA) characteristics of the existing embankment materials are 
anticipated to govern the refurbished embankment’s behaviour under seismic loading. The limiting 
ground accelerations have been calculated using both stress-strain finite element analysis (FEA), and 
using the empirical relationships by Pecker (2005) and Elghazouli (2009).  
 
The resulting limiting ground accelerations are estimated for the existing embankment and for the 
refurbished condition (buttress in place) for both the average and the degraded material properties. 
For the empirical estimation of the limiting ground accelerations, the refurbished conditions are 
calculated by increasing the Su values by a factor of ~1.4 that represents the upgrade from the original 
Factor of Safety to the new conditions. The empirically estimated limiting (yield) ground accelerations 
are presented in the following Table 5: 
 

Table 5:  Empirically Estimated Limiting Ground Accelerations 

Design Case 
Original Material Properties Refurbished Material Properties 

Limiting GA ky Limiting GA ky 

Average parameters 0.10g 0.14g 

Degraded parameters 0.08g 0.10g 

 
The earthquake induced deviatoric displacements are estimated for the refurbished Ross Creek 
embankment under full supply level (FSL) conditions for both the average and the degraded material 
parameters using: 
 

 The simplified procedure for estimating earthquake induced deviatoric displacements by J.D. 
Bray and T. Travasarou (2007). 

 Newmark's method & simplified decoupled analysis to model slope performance during 
earthquakes by R.W Jibson and M.W Jibson (2003). The Jibson and Jibson method allows 
selection from among more than 2100 strong-motion records from 29 earthquakes. 

 
4.1 Basis for the analyses 
 

 Average material parameters. The estimated downstream limiting acceleration (ky) is 0.18g, 
whereras the upstream limiting acceleration (ky) is 0.11g (derived from the FEA FSL analysis). 

 Degraded material parameters. The estimated downstream and unpstream limiting 
acceleration (ky) is 0.07g (derived from the FEA FSL analysis). 

 Moment magnitude is Mw 7.4. 



 The embankment height is ~20m. 

 The embankment’s average shear wave velocity is Vs=150m/s. 

 The initial fundamental period is Ts = 0.35s. 

 The design PGA is the Dunedin unweighted MDE for site response k=0.52g. 
 
4.2 Results 
 
The estimated earthquake induced deviatoric displacements are summarised in the following Table 6. 
The corresponding standard deviation (STD) of the Newmark (1965) decoupled displacement 
estimations gives the degree of confidence of the Jibson and Jibson method. The large STD values 
indicate a relatively poor fit of the available earthquake data to the Ross Creek site conditions. 
Consequently, the estimated deviatoric displacements must be regarded as indicative only and must 
be compared to the Bray & Travassarou method results. 
 
Table 6:  Estimated Earthquake Induced Deviatoric Displacements 

Average Material Parameters 

Method J.D. Bray R.W Jibson 

Displacement @ 84%-50%-16% 
Probability of Exceedance for Bray 

33-68-133mm 
29-172mm 

median=116mm, STD=78mm 

Degraded Material Parameters 

Method J.D. Bray R.W Jibson 

Displacement @ 84%-50%-16% 
Probability of Exceedance for Bray 

190-366-705mm 
155-1086mm    

median=173mm, STD=148mm 

 
Awareness of the vulnerability of hydraulic fill embankments to liquefaction behaviour is very high 
given examples such as the upstream shoulder failure of the Lower San Fernando Dam following the 
M 6.5 earthquake in 1971, (Seed, et al. 1975). However, this failure related to the dynamic behaviour 
of sandy silt material with a D50 of 0.075 mm, (Castro, et al 1992), which differs substantially from the 
shoulder material we are concerned with in this instance with a D50 of around 0.003 mm. 
 
The high clay content of the original embankment materials indicates that the materials fall outside of 
the traditionally applied liquefaction susceptibility limits defined by the following threshold values. 
Plasticity Index (PI) results along with particle size gradings show that the fines content exceeds the 
30% threshold, and the PI exceeds the 12% threshold, indicating “clay like behaviour, not susceptible 
to liquefaction.” 
 
However, the recent studies have revised this classification approach (Boulanger, R.W., and Idriss, 
I.M., 2014), and highlighted the potential for significant softening of clay like materials under cyclic 
loading. While softening is not expected to lead to the same degree of strength loss as applies to “flow 
liquefaction” mechanisms, the phenomenon can still be critical to the assessment of seismic resilience 
when determining the expected degree of permanent displacement. The strain softening induced 
settlements under seismic loading have been reassessed with the CLiq software, version 1.7.6.34 for 
the following conditions: 
 

 The design PGA is the Dunedin unweighted MDE for crest response k=0.69g. Plus, 
parametric, step-wise increase of the PGA. 

 Maximum Expected Seismic Magnitude: Mw=7.4 (Akatore Fault). 

 Water table at 4m depth below the dam surface. 
 
Further to the deviatoric displacement analysis described above, maximum dynamically induced 
settlements under seismic loading have also been assessed from the CPT data using CLiq software.  
It has been found that the effects of this mechanism are negligible in comparison to the deviatoric 
displacements that may be experienced. 
 
A sensitivity analysis has been performed by applying increased (step-wise) pseudo-static loads that 
emulate the seismic triggering up to the point of ground failure. These are checked against various 
levels of material degradation and possible strain softening conditions, with some assumptions 
concerning parameters such as permeability and water pressures within the volcanic rock foundation, 
ratio of permeability between the “core” and “shoulder” zones of the original hydraulic fill (i.e. 



influencing the phreatic surface within the downstream shoulder), and the degree of dynamic strain 
softening of hydraulic fill materials. 
 
These assumptions have been subjected to further sensitivity analysis to determine their influence on 
performance expectations for the refurbished embankment. The effect of this refinement has been to 
establish a greater degree of confidence in the sensitivity of the embankment behaviour to the effects 
of seismic loading and seepage, and to ensure that analysis results are suitably conservative in terms 
of determination of the expected levels of resilience to be achieved by the proposed alterations to the 
embankment. The fundamental purpose was to define the probabilistic combination of loads vs 
resistance that can lead to failure. 2-D pseudo static stability modeling of the existing embankment 
has been undertaken utilising PLAXIS finite element (FE) analysis with average shear strength values 
from the investigations. The overall sensitivity to softening effects has been emulated by applying 
worst case degraded shear strength values.  
 
A series of stress – strain analyses based upon the assessed original embankment properties 
together with substantial downstream buttressing utilising imported compacted granular fill were 
performed for the following conditions: 
 

 New buttress in place (2.5H:1V batter) with wider reinforced crest and reservoir at FSL under 
static loading; both upstream and downstream shoulder cases.  

 Pseudo static earthquake loading towards the downstream face.  

 Pseudo static earthquake loading towards the upstream face. The behaviour of the hydraulic 
fill core and shoulder has been analysed with inputs for both average and degraded material 
strength values and around 70%-80% of average strength values to represent the effects of 
strain softening behaviour of the PI=22% material. 
 

Rapid drawdown response of the upstream shoulder has also been checked under the condition with 
the altered (raised and geogrid reinforced) crest, using average material properties. 
 
The design for the buttress and crest alterations has been based upon stress - strain modelling 
predominately using PLAXIS 2-D models and Newmark type displacement assessments. Further 
complementary limiting equilibrium (LE) analyses have been carried out to confirm the consistency of 
the finite element modelling results with the results from the more traditional methods. A series of 
analyses for the various design cases have been completed to show the comparable results for both 
average and degraded strength properties. Load cases include full supply level and full supply level 
with minor spill (FSL and FSL+) and service design flood (SDF) and maximum design flood (MDF) 
water loadings and associated phreatic surfaces, along with the effects of sustained intense rainfall 
events.   
 
Table 7:  FEA and LEA Results – Average material properties 

Condition 
Stress-Strain 

Static FoS 
LE Static 

FoS 
Downstream 

ky 
Downstream 

FoS at ky 
Upstream ky 

FSL 1.55 1.50 0.18g 0.95 0.11g 

FSL & Rainfall 1.29     

FSL+ 1.54 1.50 0.15g 1.02  

FSL+ & Rainfall 1.30     

SDF 1.54 1.49 0.15g 1.02  

SDF & Rainfall 1.29     

MDF 1.53 1.49 0.15g 0.97  

MDF & Rainfall 1.28     

 
Table 8:  FEA and LEA Results – Degraded material properties 

Condition Static FoS 
LE Static 

FoS 
Downstream 

ky 
Downstream 

FoS at ky 
Upstream ky 

FSL 1.31 1.23 0.07g 1.01 0.07g 

FSL & Rainfall 1.06     

FSL+ 1.30 1.22 0.07g 1.00  

FSL+ & Rainfall 1.07     

SDF 1.28 1.21 0.07g 1.00  



SDF & Rainfall 1.06     

MDF 1.29 1.21 0.07g 1.00  

MDF & Rainfall 1.05     

 
The above results relate to the use of common effective stress material properties, and phreatic 
surface inputs to LE analysis that match the phreatic surface output from PLAXIS. The FE analysis 
has been allowed to automatically seek the critical slide geometry whereas the LE analysis has the 
entry and exit points of the rupture surface defined to match the results of the FE models. 
Morgenstern-Price LE analysis has been used, with a non-circular failure option. The following Figure 
2 shows the typical match of rupture surfaces. 

 

 

Figure 2. Comparison of FEA and LEA Models 
 
5 CONCLUSIONS 
 
From the completed analyses it is evident that:  
 

 The new buttressed embankment exhibits the expected substantial improvement in stability 
under static loading. It is also noted that the 2-D analyses using a buttress slope of 2.5H:1V 
are likely to be conservative insofar as stability is likely to be further enhanced by 3-D 
influences associated with the relatively short crest length and favourable abutment geometry. 

 The downstream face exhibits yield under pseudo static earthquake loading at ky 0.18g. The 
expected deformations are of the order of 50mm under a Mw 7.4 event with PGA not 
exceeding 0.5g. Adopting degraded (dynamic / cyclic) material properties around 80% of 
average properties leads to the ky dropping to around 0.07g, and the downstream 
displacement value is of the order of 360mm. Such a value is equivalent to the degraded 
material properties that will not directly apply to the initial response, and substantial strain will 
need to be developed before strain softening of the clay and loss of interlock in the buttress 
rockfill occurs. 

 Freeboard provisions and filter layer thickness dimensions have been able to be confidently 
determined from the sensitivity analyses undertaken. 

 The upstream face exhibits an unchanged yield threshold under a pseudo static loading 
condition at a loading of 0.11g. This is not unexpected as the additional crest loading is 
effectively offset by the introduced reinforcement. The expected deformations are of the order 
of 0.20m when no softening occurs. Sensitivity to cyclic strain softening behaviour has been 
examined using around 80% of average strength values and no remediation measures of the 
upstream clay shoulder. The displacement result increases by some 0.4m to a total of 0.6m.  

 Rapid drawdown response of the upstream shoulder is essentially unchanged, with stability 
compromised under 4.7m maximum operational drawdown scenarios over less than 30 days 



duration. 

 Comparison of LEA and FEA analysis findings has revealed second order differences related 
to the different manner in which strain is modelled, together with allowance for 2-D flow net 
geometry, changes in partially saturated mass distribution and other factors. The partially 
saturated density for the FEA models has been refined slightly in this exercise to better match 
the values used in the more traditional LEA models. We note that the counterfort drains and 
crest geogrid elements are not included in the LE models, and this factor will account for some 
of the differences in the results. 

 Differences in the tabulated static factors of safety between the different analysis methods are 
generally within 3% for typical material properties and within 6% for degraded properties. The 
FEA ky yield thtreshold values and associated LEA factors of safety at the equivalent pseudo 
static horizontal accelerations are generally very consistent between methods, especially 
given the manner in which ky is determined from the degree of strain experienced in the FE 
models compared to the rigid – perfectly plastic assumptions in the LE models. 
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