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ABSTRACT 
 
A simplified “screen analysis” method for estimating the seismic stability of soil slopes is discussed. 
The analysis method incorporates a risk-based probabilistic assessment philosophy that allows for the 
reduction of the NZS 1170 peak ground acceleration by feq and allowing limited slope deformations to 
occur as a the design seismic event. The magnitudes of the allowable slope deformations can be in 
accordance with the tolerance level of the proposed development. This assessment approach can find 
useful application hillside developments within New Zealand where the subsoils are not considered 
susceptible to weakening instabilities (e.g. flow liquefaction and cyclic mobility) and where brittle rock 
slope failures are not anticipated. 
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1 INTRODUCTION 
 
The modelling and analysis of the response of natural and man-made earthfill slopes to seismic 
loading, together with subsequent design, is important because the catastrophic failure of such slopes 
can result in significant loss of human life, financial repercussions and environmental impacts. This is 
especially important in New Zealand, which is located within one of the most seismically active regions 
of the world and where many new developments are being constructed on soil slopes. 
 
Many engineering practitioners within New Zealand assess seismic slope stability performance 
utilising pseudo-static methods to approximate seismic loading in conventional limit-equilibrium 
numerical analyses. Often for these assessments, New Zealand practitioners assume an equivalent 
seismic horizontal load (keq) equal to the peak soil horizontal acceleration (PGAS) at the ground 
surface. A minimum acceptable factor of safety (FS) equal to 1.0 or 1.1 is often adopted by New 
Zealand practitioners for these assessments. When the assessed FS is less than the specified 
minimum acceptable FS, the slope is considered unstable and must be re-designed or mitigated. 
 
Whilst acceptable for some low-risk projects, such black-and-white stable/unstable assessments 
utilising a keq equal to the PGA fail either to capture the complex and non-linear nature of the dynamic 
response of soil slopes or to consider probabilistic seismic displacement. Utilising simplified methods 
developed recently by pre-eminent researches in the field of seismic slope stability, it is possible to 
incorporate both these considerations into seismic slope stability assessments and to develop a risk-
based design for slopes within New Zealand. This paper presents such a simplified method and looks 
at its application in a case study of a recent development within Hawke’s Bay, New Zealand. 
 
 
2 RISK-BASED PROBABILISTIC SLOPE STABILITY ASSESSMENT METHOD 
 
2.1 Site Seismicity Factor and Equivalent Seismic Load 
 
For soil slopes (i.e. not “brittle” slopes like rock slopes) not subject to significant strength loss due (e.g. 
flow liquefaction or cyclic softening) to seismic shaking, inertial seismic slope stability analyses 
utilising the pseudo-static method (refer to the likes of Seed and Martin, 1966; Seed, 1979; Makdisi 
and Seed, 1979; Hynes-Griffin and Franklin, 1984) are considered appropriate. The pseudo-static 
method can be further utilised to estimate the Newmark-type sliding block displacements (Newmark, 
1965) resulting from the design seismic event. However, Newmark-type analyses can be time-
consuming and can require the input of earthquake time-histories. 
 



As an alternative to conducting a Newmark-type displacement analysis of slopes, a simplified screen 
analysis procedure can be adopted. When utilised appropriately, simplified screen analysis 
procedures can allow geotechnical practitioners to incorporate risk-based seismic slope assessments 
by designing for probable design seismic loads whilst allowing slopes to undergo some deformation 
during the Ultimate Limit State (ULS) event, with the allowable deformation thresholds established in 
conformance with the project’s risk tolerance. 
 
In the absence of specific guidance on the use of the simplified screen analysis procedure within New 
Zealand, the “screen analysis procedure” presented in SP117A (California Geological Survey, 2008) 
was utilised as a best practice basis for which to develop appropriate a site seismicity factor (feq), by 
which the input horizontal acceleration can be multiplied to develop a keq whose magnitude 
incorporates risk-based design principles. This method was originally formulated to identify geographic 
areas that are potentially susceptible to earthquake-induced landslides (Blake, Hollingsworth and 
Stewart, 2002; Stewart, Blake and Hollingsworth, 2003). The Stewart, Blake and Hollingsworth (2003) 
equation, which was developed utilising regression models of full Newmark-type displacement slope 
analyses, for feq is  
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where MHAr/g = maximum horizontal acceleration of base rock; NRF = nonlinear response factor to 
correlate MHAr/g to the spatially averaged peak amplitude of shaking within the soil slide mass (since 
earthquake shaking is often amplified or de-amplified by the soil overlying the bedrock); u = 5 or 15 
cm; and D

5-95,m
 = median duration from Abrahamson and Silva (1996) relationship.  

 
Refer to Stewart, Blake and Hollingsworth (2003) for the equations for NRF and D5-95,m. These 
equations require values for expected magnitude (M) and distance to the source (r). 
 
For New Zealand, it is reasonable to assume that a site-specific peak ground acceleration (PGA) 
calculated utilising NZS 1170:2002 for a development’s specific application (e.g. residential dwellings 
with a 50-year design life would be an Importance Level II site) and a Site Subsoil Class of Class A 
or B (depending on the specific underlying rock type at the site) can be utilised in lieu of MHAr for 
Equation 1. 
 
2.2 Risk-Based Probabilistic Slope Displacement Considerations 
 
As mentioned in Section 1, it is common practice in some areas of New Zealand for geotechnical 
practitioners to undertake seismic slope stability assessments utilising a keq equal to the PGA 
established for the site. In such assessments, the slope is typically considered to be “stable” in the 
Serviceability Limit State (SLS) and ULS design events only if the computed FS is ≥ the target FS (of 

say 1.0 or 1.1). If we put aside the question of the applicability of utilising a keq equal to the site PGA, 
the author notes that this assessment approach, in effect, says that the considered slope is only 
“stable” if no deformation of the slope is allowed to occur during a design seismic event. 
 
It is widely understood, however, that slopes in ductile materials (such as soil) are capable of 
accommodating a limited amount of displacement (up to about 1 to 3 m) before complete mobilisation 
of the basal rupture surface and catastrophic failure occurs (Murphy and Mankelow, 2004). A true risk-
based approach to seismic slope stability assessments would, therefore, assume that some slope 
displacement can be allowed to occur as a result of a ULS design event. In other words, since slopes 
are capable of accommodating some deformation without catastrophic collapse, it is permissible for 
the geotechnical practitioner to reduce the keq in accordance with the acceptable risk tolerance level of 
the project. 
 
Bray, et al. (1998) discuss seismic slope displacements as being either “small” (< 25 to 50 mm), 
“moderate” (< 150 to 300 mm) or “large” (> 300 mm to 1000 mm). Correspondingly, Stewart, Blake 
and Hollingsworth (2003) define index “threshold” slope displacement (u) values of 50 mm and 150 
mm. A u of 50 mm distinguishes conditions in which “very little displacement” slope displacement is 
likely to occur from conditions in which “moderate” slope displacement is likely to occur. Similarly, a u 



of 150 mm distinguishes conditions in which ““moderate” slope displacement is likely to occur from 
those in which considerable or “large” slope displacement is likely to occur.  
 
Thus, for a specific design application, geotechnical practitioners can set a project’s allowable u in 
accordance with the acceptable risk tolerance level of the project. For projects with a higher 
acceptable risk tolerance level, u can be set at 150 mm. In contrast, for projects with a lower 
acceptable risk tolerance level, u can be set at 50 mm. Subsequent utilisation Equation 1 to determine 
feq thus enables the practitioner to establish risk-based probabilistic values of keq for utilisation in the 
project seismic slope stability assessments. 
 
Stewart, Blake and Hollingsworth (2003) note that if the results of the seismic slope stability “screen 
analysis” indicate that a slope’s stability does not meet the specified minimum acceptable FS, then a 
Newmark-type analysis can be conducted utilising the maximum design seismic load (kmax) to estimate 
the likely slope displacements resulting from the design seismic event. 
 
2.3 Undrained Loading and Dynamic Degradation of Soil Strength 
 
As earthquake loadings are generally applied so rapidly that all but the most permeable of soils (e.g. 
coarse gravels and/or cobbles) are loaded in an undrained manner (Seed, 1979; Kramer, 1996; 
Duncan and Wright, 2002), it can be assumed that a slope’s sub-surface soils will not drain 
appreciably during earthquake loading. Thus, undrained shear strengths should be used when 
assessing a slope’s seismic stability. Numerical modelling (Gerbrandt, 2014) indicates that modern 
slope stability software packages are capable of using drained soil strength parameters to accurately 
simulate the undrained loading of slopes whilst not allowing the additional dynamic force to increase 
the slice base shear strength. 
 
It is also widely accepted that degradation of soil strength occurs during the dynamic (e.g. earthquake) 
loading of a slope (Makdisi and Seed, 1977; Makdisi and Seed, 1979; Seed, 1979; Kramer, 1996; 
Duncan and Wright, 2002; Murphy and Mankelow, 2004) and that a “dynamic yield strength” may be 
utilised to represent such strength degradation when complete mobilisation of the basal rupture 
surface does not occur (Makdisi and Seed, 1977; Seed, 1979). However, modelling a slope utilising 
soil “dynamic yield strengths” would require lengthy iterative computations. Gerbrandt (2014) showed 
that increasing the minimum acceptable FS to about 1.1 to 1.3 is an effective method for 
approximating soil dynamic strength degradation within a slope stability assessment. 
 
Utilising Equation 1 together with NZS 1170 to estimate MHAr, therefore, a keq can be determined to 
enable a risk-based and probabilistic pseudo-static modelling of a slope. Depending on the u index 
value employed during the computation of feq, the assessment results can be compared the minimum 
acceptable FS to estimate whether the slope is likely to experience seismic slope displacements that 
are in excess of the specified site-specific “threshold” value. 
 
 
3 CASE STUDY 
 
To illustrate the suggested simplified slope stability assessment, a recently slope stability assessment 
and design is referenced as an example. The particular project was the subject of a recent paper by 
the author (Gerbrandt, 2014). 
 
3.1 Introduction: Tauroa Subdivision 
 
The Tauroa subdivision is located at the southern end of the Havelock North township in the Hawke’s 
Bay region of New Zealand. Stage 7 of the subdivision comprises approximately 10 ha of generally 
hilly terrain between Tauroa Road and the Mangarau Stream. The hills at the site are moderately 
steep, with slope angles generally of the order of 12 to 20 degrees to the horizontal, and are dissected 
by the ephemeral gullies.  
 
Several incised ephemeral gullies and two significant landslides are located within the area. A larger 
landslide (“Landslide 1”) is approximately 7 ha in size and abuts the site to the northwest. A smaller 
landslide (“Landslide 2”, hereafter referred to as LS2) is located in the northern half of the site and is 
approximately 0.2 ha in size. LS2 is moderately deep (i.e. < 10 m to the failure surface) and is 



characterised by classic translational movement within a locally weak layer of estuarine mudstone. 
The triggering mechanism of LS2 is likely attributed to a combination of rainfall infiltration and of 
downcutting and lateral erosion of the toe by the Mangarau Stream (Bell, 1991; Gray and Jowett, 
1998). Seismic movement may also be a contributing factor. Refer to Figure 1 for the locations of 
these landslides and for a presentation of the site topography in relation to the development proposal. 
 

 
Figure 1. 1950 aerial photograph and LiDAR topography showing key features within the site vicinity. 

 
Figure 2. Tauroa residential subdivision, Stage 7 development proposal. 

 

The development proposal for Stage 7 of the Tauroa subdivision includes subdividing the property in 
order to construct 12 new residential building platforms and associated infrastructure. Due to the hilly 
nature of the existing site topography, some moderately significant earthworks are to be carried out to 
form the roads and building platforms. This includes removing LS2 and replacing it with an engineered 
fill slope. Refer to Figure 2 for the current development proposal. 
 
3.2 Site Seismicity 
 
The Hawke’s Bay region is one of the most earthquake prone in New Zealand. Oblique subduction of 
the Pacific plate beneath the Australian plate dominates the tectonic activity of the region, which hosts 
a minimum of 22 known active faults and folds that are capable of producing very strong earthquake 
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shaking. As strong earthquake shaking (i.e. maximum felt intensities of ≥ 7 on the Modified Mercalli 
Intensity scale) has been felt in Hawke’s Bay on at least 19 occasions during the last approximately 
150 years (Begg, Hull and Downes, 1994), earthquake shaking must be considered when assessing 
the slope stability hazard of developments. 
 
A 7.5 M event on either the Poukawa Fault Zone or the Mohaka Fault is considered the likely design 
event for the site (Berryman, McVerry and Villamor, 1997; Hengesh et al., 1998; Hawke’s Bay 
Engineering Lifelines Project, 2001). Gerbrandt (2014) considered the Mohaka Fault, which is located 
about 48 km from the site, to be the worst-case origin of a design earthquake for the site. 
 
3.3 Seismic Slope Stability Assessment 
 
Gerbrandt (2014) relates that geotechnical data that was available for the site from previous and 
current site investigations was utilised to prepare an interpretive sub-surface ground model for the 
proposed engineered fill. Figure 3 presents the interpretive ground model, which formed the basis of 
the seismic slope stability assessment. The assessment was conducted utilising numerical analysis 
using the computer programme SLOPE/W (GEO-SLOPE, 2012). 
   
For the analysis, the ULS PGA was calculated utilising NZS 1170:2002 for residential dwellings with a 
50-year design life and a Site Subsoil Class of Class B (“Rock”) and was determined to be equal to 
0.39 g. The ULS condition corresponds to a 500-year return period.  
 
The engineered fill slope is to support a residential building platform on one side, while the other side 
is to support an access road for the development. Therefore, several cross-sections of the slope 
design were assessed, and different threshold u values were utilised based on the relative 
consequence of a slope failure. For the portions of the slope supporting the residential building 
platform, a u of 50 mm was utilised, while a u of 150 mm was utilised for the portions of the slope 
supporting the access road. These values were adopted due to the following considerations: slope 
deformations in excess of about 50 mm would likely result in catastrophic human life-safety 
consequences for building structures, while “moderate” slope deformations would likely not result in 
catastrophic human life-safety consequences for the access road. 
 

 
Figure 3. LS2 ground model for SLOPE/W (refer to Fig. 2 for location) 

 
Using an MHAr equivalent to the calculated PGA, an M of 7.5, an r of 48 km and an NRF computed 
using equation (11.3) of Stewart, Blake and Hollingsworth (2003), Equation 1 was used to calculate feq 
values of 0.60 and 0.47 for a u of 50 mm and a u of 150 mm, respectively. Multiplying the PGA by the 
feq values produced keq values of 0.23 g and 0.18 g for use in the analyses for allowable threshold 
deformations of 50 and 150 mm, respectively. A minimum acceptable FS of 1.2 was adopted for the 
assessment. 
 
Save for the failure surfaces initiating from the north-western half of the residential building platform 
and extending north across the engineered fill slope, the FS values returned from the slope stability 
analyses all met or exceeded the target FS value. In order to mitigate the potential for a slope failure 
resulting in moderate displacements to occur, the driveway for Lot 12 was shifted slightly north and the 
toe elevation at this location was raised by 2 m. When re-assessed, these changes resulted in a slope 
stability FS value that exceeded 1.2.  
 



Therefore, it was considered that the engineered fill slope at the site would result in a suitable and 
stable development that would meet the serviceability and human life-safety design criteria. The risk-
based probabilistic approach met the design requirements whilst saving potentially costly construction 
works in the area of the engineered fill slope that is to support the access road. 
 
3.4 Comparison of Assessment Results with Previous Studies 
 
As discussed by Gerbrandt (2014), previous work by Bell (1991) included extensive assessment of 
numerous landslides in the vicinity of LS2. Together with subsequent investigations, Bell’s work 
included extensive subsurface site investigations within landslide features, laboratory testing to obtain 
shear strength parameters for undisturbed and sheared-colluvium soil samples, and back-analysis of 
landside failure planes.  
 
Review of the LS2 slope stability assessment results confirms that large slope displacements (such as 
those observed at LS2) could occur at the site when Bell’s undisturbed soil strength parameters are 
utilised in the analyses. These analyses took into account risk-based keq values together with removal 
of landslide toe support due to down-cutting of adjacent stream/gully features.  
 
In contrast, when the analyses were assessed utilising more competent soil strength parameters (as 
observed through testing of adjacent slope features) and excluded removal of toe support, the slopes 
were stable when assessed utilising the same risk-based keq values. 
 
 
4 SUMMARY AND CONCLUSIONS 
 
The simplified seismic slope stability assessment approach described in this paper can find useful 
application hillside developments within New Zealand where the subsoils are not considered 
susceptible to weakening instabilities (e.g. flow liquefaction and cyclic mobility) and where brittle rock 
slope failures are not anticipated. Allowable slope displacement thresholds can be adopted in such 
assessments to reflect that landslides are capable of accommodating a limited amount of 
displacement before complete mobilisation of the basal rupture surface and catastrophic ground 
failure occurs (Murphy and Mankelow, 2004). Displacement thresholds consistent with the Stewart, 
Blake and Hollingsworth (2003) method and appropriate for the importance level of the development 
are recommended. This can result in a risk-based probabilistic design, where the risk level is 
considered appropriate for the importance level of the proposed development. 
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