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Abstract. Although slow-moving landslides represent a substantial hazard, their detailed mechanisms are still poorly 

understood. We have conducted a suite of innovative laboratory experiments using novel equipment to simulate a range of 

pore water pressure and dynamic stress scenarios on samples collected from a slow-moving landslide complex in New Zealand. 10 

We seek to understand how changes in pore water pressure and ground acceleration during earthquakes influence the 

movement patterns of slow-moving landslides. Our experiments show that during periods of elevated pore water pressure, 

displacement rates are influenced by two components: first, an absolute stress state component (normal effective stress state) 

and second, a transient stress state component (the rate of change of normal effective stress). During dynamic shear cycles, 

displacement rates are controlled by the extent to which the forces operating at the shear surface exceed the stress state at the 15 

yield acceleration point. The results indicate that during strong earthquake accelerations, strain will increase rapidly with 

relatively minor increases in the out of balance forces. Similar behaviour is seen for the generation of movement through 

increased pore water pressures.  Our results show how the mechanisms of shear zone deformation control the movement 

patterns of many large, slow-moving translational landslides, and how they may be mobilised by strong earthquakes and 

significant rain events. 20 

1 Introduction 

Landslides are a significant natural hazard, responsible for up to 14,000 fatalities per annum globally (Petley, 2012; Froude 

and Petley, 2018).  Although most fatalities occur during high velocity landslides, slow-moving landslides can cause high 

levels of loss. The movement of most non-seismic landslides is controlled by the effective stress state, but the relationship 

between pore water pressure and ground movement in slow-moving landslides is more complex than is often appreciated 25 

(Petley et al., 2017). In a few instances a simple (albeit non-linear) relationship between pore water pressure and movement 

rate has been observed (e.g. Corominas et al., 1999) allowing reasonable predictions of movement rate for any given pore 

water pressure. Conversely, in many cases much more complex relationships have been observed (e.g. Skempton, 1985; 

Corominas et al., 2005; Gonzalez et al., 2008, Carey et al., 2016), often involving hysteresis, for reasons that are poorly 

understood. 30 
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To account for this complex behaviour it has been proposed that shear-strength parameters, represented as c’ and phi’ 

in the Mohr-Coulomb failure criterion, can be modified by inclusion of a viscous resistance component (Bertini et al., 1984; 

Leroueil et al., 1996; Corominas et al., 2005; van Asch, 2007; Picarelli, 2007; Gonzalez et al., 2008). However, whilst the use 

of viscosity functions may improve our understanding and ability to predict patterns of landslide movement by assuming that 

once motion is triggered, landslide displacement occurs as visco-plastic flow as opposed to frictional slip, such equations do 5 

not account for the pore water pressure and displacement hysteresis observed (e.g. Massey, 2010), requiring that the rate of 

movement reduces only when pore water pressures reduce.  The observed hysteresis may be the result of a number of factors, 

including rate induced changes in shear strength of the materials (e.g. Lupini et al., 1981; Skempton, 1985; Angeli et al., 1996; 

Picarelli, 2007; Petley et al., 2017) or consolidation / strength regain during periods of rest (e.g. Angeli et al., 2004). 

Landslide movement triggered by dynamic stress changes (i.e. during earthquakes) can also be complex. Many 10 

hillslopes fail during large earthquakes, and recent landslide inventories (e.g. Li et al., 2014; Valagussa et al., 2016; Massey et 

al., 2018) illustrate that factors such as shaking intensity and hillslope proximity to fault are key proxy for drivers of landslide 

movement.  Despite this, many hillslopes adjacent to slopes that fail show limited downslope deformation despite high levels 

of local ground shaking and similar material and topographic characteristics (Collins and Jibson, 2015; Petley et al., 2006).  

Similarly, the post-seismic behaviour of these damaged hillslopes is poorly understood (e.g. Keefer, 1994; Hovius et al., 2011).   15 

High quality measurement of earthquake-induced landslide movement is limited by the infrequency of high 

magnitude seismic events and the challenges of collecting real-time landslide monitoring data over appropriate coseismic and 

inter-seismic timescales. Therefore, coseismic landslide displacement is most commonly assessed using numerical modelling 

approaches (e.g. the Newmark Sliding Model - see Jibson, 2011 for example) which treat landslides as rigid blocks capable of 

movement when down-slope earthquake accelerations (based on acceleration time histories) exceed the basal frictional 20 

resistance (Newmark, 1965). These methods have provided reasonable estimates of earthquake induced landside activity (e.g. 

Dreyfus et al., 2013) and are widely applied in regional landslide hazard assessments (e.g. Wilson and Keefer, 1983), but they 

provide little insight into the processes occurring at the shear surface. 

To date few laboratory-based studies have attempted to consider how pore water pressure changes and seismic 

excitation influence slow-moving landslide displacement rates.  To do so requires both high spatial and temporal resolution 25 

field monitoring data and laboratory testing that accurately replicates the complex stress conditions within slopes, a 

combination that is rarely available.   

In New Zealand, slow-moving landslides are abundant in soft sedimentary rocks.  The financial costs associated with 

their on-going movement are significant, particularly in agricultural areas where mitigation measures or slope management 

practices are rarely implemented (Mcoll and McCabe, 2016). These sedimentary rocks mostly comprise Neogene age, fine 30 

grained sandstones and mudstones, which cover approximately 17% of New Zealand’s land surface (Fig 1a) (Massey et al., 

2016). The New Zealand Landslide Database contains approximately 7,000 landslides within these sediments (Fig 1b) (Dellow 

et al., 2005; Rosser et al., 2017), the majority of which are relatively slow-moving, deep-seated, translational slides that 

reactivate frequently (Massey 2010).  
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In this study we present a suite of laboratory experiments that simulate a range of pore water pressure and dynamic 

stress scenarios on samples of smectite-rich clay taken from the slide surface of the Utiku landslide, a very large, slow-moving 

slip. Such smectite-rich clays control many landslides in this area of New Zealand (Thomson, 1982; Massey, 2010).  We 

compare the displacement patterns we observe in the laboratory to both high-resolution monitoring records collected from the 

landslide, along with numerical modelling of potential ground displacement during earthquakes, in order to get insights into 5 

the processes controlling the complex movement patterns observed at this location.  

2 The Utiku Landslide Complex 

The Utiku landslide complex, formed of early to mid-Pliocene Tarare sandstone and Taihape mudstone (Lee et al., 2012; 

Massey et al., 2013), is located in the central part of North Island, New Zealand (location 39.75°S, 175.83°E, Fig. 1a). 

According to the Hungr et al. (2014) scheme it is a reactivated, deep-seated translational landslide, with a volume of about 22 10 

x 106 m³ (Massey et al., 2013).  It has been studied since 1965, with high-resolution monitoring available since 2008. The 

landslide has generally moved slowly (varying between 16 mm/yr and 1.6 m/yr) (Stout, 1977), but it has repeatedly damaged 

the North Island Main Trunk railway (NIMT) and State Highway 1 (SH1), both of which cross the landslide (Fig. 1a and 1b). 

2.2 Landslide displacements induced by pore water pressure increases 

The Utiku landslide has been intensively studied using detailed field mapping, borehole analysis, evaluation of historical 15 

movements and the analysis of data from piezometers, inclinometers and rain gauges (Massey, 2010). The displacement time 

series (Fig. 1c) reveals complex behaviour dominated by periods of comparatively rapid movement, which can accumulate up 

to 120 mm of displacement per event at rates of up to 21 mm/day (Massey et al., 2013). These events coincide with seasonal 

peaks in pore-water pressure, with movement primarily associated with basal sliding (Fig. 1c). While movement initiates with, 

and during periods of acceleration is controlled by, increases in pore water pressure, periods of deceleration are poorly 20 

correlated with pore water pressure value or any other monitored factor (Fig. 1d).  

2.3 Earthquake induced landslide displacement 

No episodes of monitored landslide movement to date can be attributed to earthquake shaking. Earthquake ground 

accelerations were recorded during the observation period, of which the largest (c. 1.0 m/s2) had a >20-year return period 

(Massey et al. 2016).   25 

Massey et al. (2016) simulated the response of the landslide to 14 earthquakes, whose accelerograms span the range 

and type of earthquakes that could affect the site, with Peak Ground Accelerations up to a 10,000 year return period (Stirling 

et al., 2012). The simulations adopted the decoupled method of Makdisi and Seed (1978), which is a modified version of the 

classic Newmark (1965) sliding block method that accounts for the dynamic response of the landslide mass as well as the 

permanent displacements accrued along the slide surface in response to the simulated earthquake. Massey et al. (2016) used 30 
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the relationship between the yield acceleration (KY) and the maximum average acceleration of the landslide mass (kmax), to 

determine the likely range of permanent displacements of the Utiku landslide in response to each of the 14 simulated 

earthquakes. KY effectively represents the increase in shear stress needed to reach the Mohr-Coulomb failure envelope of the 

slide surface-material. kmax, was used to represent the peak average acceleration experienced by a given landslide mass along 

a given slide surface, in response to the simulated earthquake. Thus, where KY / kmax <1.0, the shear stresses along the simulated 5 

slide surface exceed the Mohr - Coulomb failure envelope of the slide surface material and permanent displacement can occur, 

with larger displacements occurring at lower ratios. KY / kmax <1.0 represents a factor of safety of 1.0. The simulated landslide 

mass will not move at KY / kmax ratios >1.0. 

Annual frequencies of the peak ground accelerations (PGA) from each of the 14 simulated accelerograms were 

estimated from the hazard curve for the site assuming Site Class B (Rock) (NZS1170), and adopting the New Zealand National 10 

Seismic Hazard Model (Stirling et al., 2012). Using the method of Moon et al., (2005), Massey et al. (2016) estimated the 

mean annual permeant displacement of the landslide, concluding that the modelled mean landslide displacement rate in 

response to the simulated earthquakes is about 0.005–0.05 m/year, compared with historical and recent movement rates of the 

landslide (1972 to 2015), controlled by pore water pressure, that range from 0.04 to 0.07 m/year.  The historical movement 

rates are similar to pre-historical rates (0.05–0.07 m/year) derived from radiocarbon dating and geomorphic indices.  Thus, the 15 

results suggest that earthquake-induced displacements are not the driver of the long-term movement rate of the Utiku landslide. 

3 Material characteristics and laboratory methods 

3.1 Material sampling and physical properties 

To obtain representative North Island Neogene mudstone samples a 3 m deep trench was excavated into the active shear zone 

in lower section of the Utiku landslide complex (Fig 1a). To minimise sample disturbance and maintain field moisture 20 

conditions block samples were hand-dug from trench walls before being packaged and transported to the GNS laboratories for 

testing.   

Physical properties tests demonstrated that this material has a natural moisture content of 27.5% with a liquid limit 

of 80% and plastic limit of 37% (Table 1). The Atterberg limits indicate the mudstone is close to the boundary between very 

high plasticity silt and very high plasticity clay (defined in accordance with BS5930 (BSI 1990). 25 

3.2 Shear box experiments 

A suite of shear experiments was conducted in a Dynamic Back-Pressured Shear Box (DBPSB). The DBPSB is highly 

modified direct shear device, constructed by GDS Instruments Ltd and described in detail by Brain et al. (2015) and Carey et 

al. (2016; 2017). The apparatus can function as both a conventional direct shear and back-pressured shear machine and provides 

both static and dynamic control of horizontal (shear) and axial (normal) force and displacement; total stress; and effective 30 

stress.  In addition, sample pore water pressure can be monitored throughout each experiment.  
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Samples were fully saturated to simulate the shear zone conditions within the landslide complex during periods of 

movement using the methodology previously described by Carey et al. (2016). Consolidation was undertaken at effective 

stresses of 150 kPa and 400 kPa by maintaining the total normal stress after saturation and reducing the back pressure. The 

normal load was applied through a feedback controlled actuator that permitted the control of stress and sample displacement. 

Following consolidation, three samples (UTA, UTB and UTC) were subject to an initial drained direct shear test 5 

(Table 1) to determine the Mohr Coulomb strength envelope of the soil, and to generate a pre-existing shear surface for further 

testing. A slow displacement rate (0.001 mm/min) was used to prevent the development of excess pore-water pressures, and a 

full shear reversal was completed on each sample to ensure residual strength was achieved. 

A series of tests were then undertaken under representative field stress paths often termed pore pressure reinflation 

(PPR) tests (Petley et al., 2005). To replicate deep shear surface depths an initial confining pressure of 400 kPa was applied to 10 

sample UTB and 150 kPa applied to samples UTC and D. These initial confining pressures were held constant whilst a shear 

stress of 75 % of residual shear strength at each confining pressure (95 kPa and 52 kPa) was applied, ramped at a rate of 1 kPa 

/ hr to avoid the generation of excess pore water pressures (Fig 2a).    

To simulate the development of a first-time failure, sample UTD was subjected to a linear PPR test until failure 

occurred. The back pressure (applied pore water pressure) was raised at a rate of 5 kPa / hr, while the shear and total normal 15 

stresses were held constant (Fig 2a and b) and sample horizontal (shear) displacement and pore water pressure development 

were monitored. After failure, the excess pore water pressure was allowed to dissipate and a conventional drained shear was 

undertaken.  This experiment was then repeated to investigate the behaviour of a fully formed shear surface (Table 2).  

To explore the displacement response of the landslide shear surface to increasing and decreasing pore water pressures, 

samples UTB and UTC were subjected to different patterns pore water pressure change at constant total normal and shear 20 

stresses (Figs 2a and c). To measure the deformation response of the shear zone when pore pressures were increasing and 

decreasing linearly both samples were initially subjected to a linear increase in back pressures (applied pore water pressure) at 

a rate of 5 kPa / hr to a pre-determined displacement limit of 6 mm, whereupon the back pressure was reduced at the same rate 

to the initial back pressure (100 kPa). To simulate more complex changes in the shear surface pore water pressure a stepped 

pattern of back-pressure increases and decrease was applied to sample UTC over a similar time period. Between the linear 25 

PPR and stepped PPR tests for sample UTC, the conventional shear strength was measured during the shear reversal in order 

to determine whether any shear stress reduction occurred during the test stage (Table 1).   

To simulate different amplitudes of earthquake shaking we undertook a suite of dynamic shear experiments using 

samples UTC, E and F (Table 3). Each sample was tested with an initial normal effective stress of 150 kPa, and an initial shear 

stress of 20 kPa, representing a stable slope condition.  Following the initial shear stage, each sample was subjected to a series 30 

of dynamic, shear stress-controlled experiments at constant normal stress and back pressure (Fig. 2d, e and f). During each 

dynamic experiment a different maximum shear stress was applied to the sample and the horizontal (shear) displacement and 

pore water pressure response of the sample were measured.  
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A single dynamic shear experiment was undertaken on sample UTC (Table 3), at a frequency of 1 Hz for a duration 

of 60 s (i.e. 60 cycles in total), to assess the behaviour of a landslide shear surface previously subjected to rainfall-induced 

failure (Table 2). To assess the behaviour of a landslide shear surface during a large earthquake event and subsequent 

aftershocks (Table 3), sample UTE was subjected to a large initial dynamic shear experiment (DYN1) at 1 Hz for a duration 

of 60 s (60 cycles per test).  The shear box was then reversed and the initial stress conditions were re-applied to the sample 5 

before four further dynamic shear stress experiments were carried out at the same frequency (Table 3). A further 14 dynamic 

shear experiments were undertaken on sample UTF at a frequency of 2 Hz (120 cycles per test) to characterise progressive 

landslide behaviour during multiple dynamic events (Table 3).  

To compare the results from the laboratory experiments with the simulated landslide displacements from Massey et 

al. (2016), we converted the permanent displacements from the laboratory measurements and numerical simulations into strain, 10 

and the static and dynamic shear stress acting on the mass of the laboratory sample and simulated slide surface into acceleration. 

For each experiment we: (1) calculated the permanent displacement per cycle during each dynamic shear experiment; (2) 

calculated the mass of the sample under the applied static normal stress, which remained constant for all tests; (3) derived the 

yield acceleration of the sample from the initial stress state, of each experiment, from the force (shear stress) applied to the 

sample to reach the conventional failure envelope; and (4) derived the maximum amplitude of acceleration from the maximum 15 

force (shear stress) applied during each experiment, which we assume to be equivalent to kmax.  

4 Results and discussion 

4.1 Drained shear behaviour 

The drained shear experiments demonstrate a clear reduction in shear stress during each stage, which indicates progressive 

softening of the clay to residual state (Fig. 3a). The final shear stress at the end of each initial shear stage was used to calculate 20 

a residual Mohr-Coulomb strength envelope (ɸ=11.3°, c=30 kPa, Fig. 3b). The residual strength parameters calculated from 

ring shear experiments on shear zone samples in the landslide (Kilsby, 2007) indicate ɸ=8.5° and c=4-10 kPa. Given that ring 

shear experiments typically produce parameters slightly lower than those determined from shear box experiments (Skempton, 

1985), we infer our results to be broadly consistent with these previous measurements, although the difference in cohesion is 

notable.  However, the ring shear experiments used samples that had been completely remoulded, whereas the shearbox 25 

samples were intact.  This probably explains the difference, and we consider that the shearbox results are more likely to 

represent material behaviour at the landslide shear surface. 

4.2 Deformation response to changes in pore water pressure 

Experiments UTD PP1 and UTD PP2 demonstrated different behaviour during first-time failure (UTD PP1) and post-failure 

(UTD PP2) remobilisation of the shear surface (Fig 4). During first time failure the sample showed brittle failure, in common 30 

with previous studies of mudstones (Carey and Petley 2014). Measurable displacement was characterised by initially low 
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displacement rates from initiation at a critical normal effective stress, thereafter increasing exponentially with increasing pore 

water pressure (reducing mean effective stress) (Fig. 4b). This behaviour produces an asymptotic trend in 1/v – t space (Fig. 

4c) and is indicative of plastic deformation during the secondary creep phase (Petley et al., 2005). As pore water pressures 

continued to increase a hyperbolic increase in displacement rate developed (Fig 4b), characterised by a linear trend in 1/v - t 

space to final failure (Fig 4c), indicative of brittle failure processes.   5 

Sample UTD PP2 explored failure on an existing shear surface (created in experiment UTD PP1). Although shear 

displacement initiated at a similar normal effective stress (Fig. 4d), the displacement rate remained comparatively low as pore 

water pressure increased (Fig. 4e).  As the shear strain developed the rate of displacement was moderated by a reduction in the 

rate of pore water pressure increase, probably indicating dilation (Fig. 4e). As a consequence, the displacement rate increased 

in a complex, non-linear manner with increasing pore water pressure, as indicated by an asymptotic trend in 1/v - t space (Fig. 10 

4f.) Similar behaviour has been observed in non-brittle landslide materials (Petley et al., 2017; Carey et al., 2015) and in 

remoulded materials (Ng and Petley, 2009; Carey and Petley, 2014). Thus, behaviour is conventional as a brittle first time 

failure and followed by ductile reactivation. 

In response to linear increases in pore water pressure, displacement for the samples with pre-existing shear surfaces 

(experiments UTB PP1 and UTC PP1) initiated at a critical normal effective stress / pore-water pressure threshold (Figs 5a 15 

and b). In both samples further increases in back pressure generated a rapid increase in displacement rate (Figs 5c and d). 

During this phase of movement, the rate of pore water pressure increase lagged the applied back pressure, indicating that the 

porosity of the shear surface zone increased as the sample dilated. In both experiments we observed similar peak displacement 

rates (0.007 mm min-1), which were reached while pore water pressures were still increasing. Thereafter, the two samples 

demonstrated different displacement patterns. Sample UTB PP1showed a decreasing trend in displacement rate before the 20 

peak pore-water pressure was reached (Fig.  5e), whilst UTC PP1 showed a fluctuating, but near constant, displacement rate 

before peak pore water pressure was reached (Fig. 5 f). In both experiments a reduction in the rate of increase of pore water 

pressure was observed as the shear surface mobilised, indicating that the shear zone dilated as the sample sheared, resulting in 

local dissipation of pore water pressures within the thin shear band.     

A complex relationship between shear surface deformation and pore-water pressure was explored with a stepped PPR 25 

experiment (UTC PP2) (Figs 6a and b). The rapid increase in back pressure during stage 1 (Fig. 6b) resulted in a lag in the 

pore water pressure response, which we infer to be associated with low sample permeability. The change in pore water pressure 

induced an initial rapid increase in displacement rate, followed by a reduction in rate as pore water pressures equilibrated (Fig. 

6b). Thus, the displacement rate shows a transient component associated with a change in the pore water pressure.  As the 

stress state equilibrates the transient displacement rate component declines. 30 

A further stepped increase in pore water pressure (stage 3) induced an associated transient increase in displacement 

rate (Figs 6b and c).  The displacement rate rapidly declined however, even whilst applied pore water pressure (back pressure) 

was held stable (Figs 6b and c, stage 4) and measured pore water pressure continued to rise.  
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In stage 5 pore water pressure was ramped down; at this point the rate of displacement rapidly declined to zero (Figs 

6b and c). In Stage 6 the pore water pressure was held constant at a value greater than that at the initiation of displacement in 

this experiment.  No displacement was recorded in this stress state.  This behaviour of movement initiating at a lower pore 

water pressure than was the case when movement ceased was consistent in both the linear PPR and stepped PPR experiments.  

The resultant hysteretic relationship between pore water pressure and displacement rate (Figs 5e, 5f and 6c) was also observed 5 

within the landslide complex during periods of accelerated displacement (Massey et al., 2013). 

4.2.1 Implications for landslide movement 

Our experiments demonstrate a complex relationship between pore water pressure and displacement rate.  The controlling 

factor appears to be a function of both the instantaneous pore water pressure value (i.e. the mean effective stress at that time) 

at the landslide shear surface and the rate of change of pore water pressure (i.e. the rate of change of normal effective stress). 10 

Given that, by definition, a change in stress must result in strain, two components of shear strain can be defined: first, the stress 

state component (σʹₙ) and second, a transient stress state component defined by the change in normal effective stress state (Δ 

σʹₙ). This relationship can be expressed using Eq. (1): 

v = σʹₙ + Δ σʹₙ             (1) 

 15 

where v is the displacement rate, σʹₙ is the normal effective stress applied to the sample by increasing pore water pressure and 

Δ σʹₙ represents the rate of change in normal effective generated by increasing pore water pressure.   

We present a conceptual model (Fig. 7) to illustrate how this relationship controls landslide displacement during 

periods of elevated pore water pressure. The model shows that as pore water pressure increases the landslide remains stable 

until the mean effective stress is reduced to a critical condition at which displacement can occur (Fig. 7 stage A1). Once this 20 

movement is initiated the landslide displacement rate is a function of both the mean effective stress (background displacement 

rate component), and the rate of change of pore water pressure (transient displacement rate component). During periods when 

pore water pressures are constant, the rate of displacement is defined simply by the effective stress state.  However, in periods 

of transient pore water pressures the displacement rate will be a combination of this stress state plus that generated by the 

changing stress state (Fig. 7 stage A2).  A further increase in pore water pressure (reduction in mean effective stress) generates 25 

both a new stress state and a transient motion resulting in higher landslide displacement rates (Stage B1, C1). When the 

effective stress state stabilises (Fig. 7 Stage B2, C2,) the displacement rate reduces to its non-transient value.  As pore water 

pressures reduce (mean effective stress increases) the negative change in pore water pressure produces a negative transient 

strain rate and consequently landslide displacement rates rapidly decline (Fig. 8 Stage D3). 

The style of deformation described is consistent with ground movement responses measured within the Utiku 30 

landslide during periods of elevated pore water pressure (Massey et al., 2013).  Movement rates clearly increased when the 
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pore water pressure increased.  However, movement rates rapidly declined when pore water pressures plateaued, and reduced 

to zero as soon as pore water pressures started to reduce.  Thus, the behaviour is consistent in the field and the laboratory.  

Experiments on a silt from Lantau Island in Hong Kong showed similar behaviour (Ng and Petley, 2009; Petley et al., 2017). 

Furthermore, we speculate that this behaviour may also be consistent with the movement patterns observed in other slow-

moving landslides, such as ‘stick-slip’ behaviour (e.g. Allison and Brunsden, 1990). 5 

4.3 Deformation during dynamic shear experiments 

To characterise the displacement mechanisms in response to seismic excitation we undertook a series of dynamic shear 

experiments at a constant normal effective stress of 150 kPa (chosen to be representative of the normal stress state in the 

landslide) on samples UTC, UTE and UTF (Fig 8).  

To evaluate how first-time failure may develop during seismic excitation, intact sample UTE was subject to a 10 

dynamic, large amplitude, shear stress designed to significantly exceed the conventional failure envelope (Fig. 8a). A 

maximum shear stress of 120 kPa was reached during the first dynamic cycle (within 0.5 s), resulting in displacement response 

of 8 mm over the same time period, indicating that the shear surface formed rapidly (Fig. 8b). This rapid displacement 

coincided with an initial increase in normal effective stress (Fig. 8c), which suggests that the sample dilated, before subsequent 

cycles generated excess pore water pressure (Fig. 8b), reducing the normal effective stress significantly (Fig. 8c). Permanent 15 

displacement of the sample occurred at an approximately constant net rate per cycle until the experiment terminated within 

four cycles (3.5 s-1), the machine having reached its pre-set displacement limit (14 mm).  

We observed that during experiments in which the applied maximum shear stress exceeded the conventional failure 

envelope, such as UTE DYN5 (Figs. 8d, e and f), and UTF DYN12 (Figs. 8g, h, i) movement initiated and resulted in permanent 

displacement at a near-constant (actually slightly declining) displacement rate per cycle (Figs 8e and h). In each case we 20 

observed that displacement rates increased at higher shear stresses and generated higher excess pore water pressure (lower 

mean effective stresses) (Fig 8b, e, h). Experiments in which shear stresses did not exceed the monotonic failure envelope, 

such as UTE DYN2 (Fig. 8f) and UTF DYN2 (Fig 8i) displayed either no displacement or extremely low displacement rates, 

and there were negligible changes in pore water pressure (Figs 8e and h respectively).  

Using the method proposed by Brain et al. (2015), we use the average normal effective stress and the maximum shear 25 

stress (Fig. 9a) to plot displacement rates against the distance normal to the failure envelope during each experiment (Fig. 9b). 

This shows that dynamic stress changes that do not reach the conventional failure envelope generate negligible amounts of 

displacement.  On the other hand, dynamic stress states that reach or exceed the failure envelope generate displacement rates 

that increase exponentially with distance normal to the conventional failure envelope (Fig. 9b). This relationship remains 

statistically valid for all samples tested, regardless of the initial stress state imposed, their stress history and frequency of 30 

seismic excitation applied. This demonstrates that the shear zone behaviour is controlled by a conventional Mohr-Coulomb 

relationship, indicating that the material strength characteristics remain constant and are not subject to strain hardening, 

weakening or rate effects.  In Fig. 9c we have added the peak displacement rates for the PPR experiments, using the same 
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methodology.  These experiments show that these experiments generate significantly lower displacement rates than the trend 

for the dynamic tests.  The later involve large, rapid changes in stress state (in this case shear stress), whereas the PPR 

experiments involve a much smaller rate of change in stress state.  Thus, we would expect to have a much higher transient 

component to the displacement rate in the dynamic tests. 

4.3.1 Implications for landslide movement 5 

Our results suggest that the materials that form the Utiku landslide are not susceptible to liquefaction. Instead dynamic shear 

stresses that exceed the conventional failure envelope of the sample generate out of balance forces that trigger permanent 

displacement. The magnitude of displacement that occurs is a function of the magnitude and duration of the force imbalance.  

These results are consistent with previous studies, which consider more complex wave forms (Brain et al., 2015). We infer 

from our results that the frictional properties of the materials we tested do not increase (strain harden) or decrease (strain 10 

weaken) but remain constant during seismic excitation, in the dynamic stress ranges examined.  We anticipate, therefore that 

the relationship between displacement rate and normal distance from the failure envelope would also be observed for complex 

seismic wave forms, but this requires further investigation.   

Figure 10 shows the calculated strain for different KY / kmax ratios derived from the dynamic laboratory experiments 

reported here and from the numerical simulations from Massey et al. (2016). Both datasets can be described by power law 15 

functions indicating that strain increases rapidly with decreasing KY / kmax ratios, showing that the tested material and the 

simulated landslide strains are both controlled by the amplitude of earthquake acceleration above the yield acceleration. The 

curves do not coincide perfectly as the lab and field tests started from a different stress state. 

Although very large accelerations cannot be simulated in the laboratory equipment, the power laws fitted to both data 

sets (Fig. 10) indicate that during strong earthquake accelerations strain will increase rapidly with relatively minor reductions 20 

in the KY / kmax ratio. From this we infer that the tested material and simulated landslide would undergo large strains 

(displacements) when accelerated by strong earthquakes.        

These results show that dynamic changes in shear stress, which exceed the monotonic failure envelope of the shear 

surface material, result in permanent landslide displacement and movement rates several orders of magnitude greater than 

would be anticipated by similar magnitudes of normal effective stress reduction during periods of elevated pore water pressure. 25 

However, Massey et al. (2016), show that the frequency of such large earthquake accelerations in the Utiku area is low, such 

that over the lifetime of the landslide most of the movements are associated with changes in pore water pressure.  In an area 

with a higher occurrence of large magnitude earthquakes, landslide behaviour would be more affected by co-seismic 

displacements.  

4.4 Understanding the movement of the Utiku Landslide Complex 30 

Our data suggest that the clay seams controlling the movement of the Utiku landslide behave in a conventional manner, with 

no rate and state dependent friction characteristics.  The landslide itself moves on a quasi-planar shear surface, with 
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comparatively low variation in thickness, rendering its behaviour comparatively simple.  This makes it an ideal mass for which 

to explore response to pore water pressure and earthquake shaking. 

In the experiments in which we explore response to pore water pressure we find that the landslide starts to accumulate 

strain before the conventional residual Mohr Coulomb failure envelope is reached.  We interpret this behaviour to be creep, in 

common with other studies (Petley et al., 2017).  In this phase, the rate of movement is controlled by pore water pressure, and 5 

there is a transient behaviour in response to changes in effective stress.  This transient behaviour leads to a marked hysteresis 

in response to fluctuating pore water pressure, observable because the background strain rates are low.   

Once the stress path reaches the failure envelope, the rate of movement is controlled by the out of balance forces.  

These experiments do not show classical critical state behaviour; instead the stress path can exceed the failure envelope.  In 

common with the results of Brain et al. (2015), we find that the rate of strain is determined by the normal distance from the 10 

shear surface, which is a proxy for the magnitude of the out of balance force. 

The same style of behaviour is seen in the dynamic tests.  In this case, a strong correlation is seen between the 

maximum distance from the failure envelope in each cycle and the accumulated strain.  Thus, the strain behaviour is controlled, 

and can be described, by understanding the stress path of the shear surface.  The key modification is creep behaviour below 

the failure envelope, and the role of transient creep during periods of pore water pressure change. 15 

Our alternative approach to examining the behaviour of the Utiku landslide invoked the kY/kmax analysis of Massey 

et al. (2016).  In essence the yield acceleration can be considered to be the point at which the factor of safety reaches unity, 

whilst kmax is the maximum acceleration – i.e. the maximum shear stress.  Thus, the two approaches are describing the same 

stress state.  Thus, the kY/kmax analysis also suggests that the static and dynamic behaviour of the Utiku landslide can be 

described using a conventional Mohr Coulomb approach so long as the stress path is known. 20 

In the case of Utiku, seismic accelerations can take the landslide into a state in which large strains can accumulate.  

However, in this case the frequency of such strong earthquakes occurring is low, such that little of the large accumulated 

displacement to date is likely to have originated from this mechanism.  Displacements associated with elevated pore water 

pressures are much smaller, but occur frequently.  The laboratory tests corroborate the results of Massey et al. (2016), that the 

cumulative effect of pore water pressure-induced displacements over the life of the landslide is large, such that the total 25 

displacement to date is likely to have been dominated by the effects of elevated pore water pressures. 

5 Conclusion 

In our study we have used a dynamic back pressured shear box to simulate representative stress conditions in a slow-moving 

landslide in Neogene mudstones during phases of pore water pressure fluctuation and seismic excitation. The results provide 

new insight into their movement mechanisms: - 30 
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1. While catastrophic landslides can occur though brittle shear surface development during large earthquakes and rainfall 

events, reactivations of existing landslide shear surface are unlikely to generate catastrophic failure unless 

topographically permitted.  

2. During periods of elevated pore water pressure, displacement rates are influenced by two components: First, an 

absolute stress state component (normal effective stress) and second, a transient stress state component (the rate of 5 

change of normal effective stress). The behaviour observed in the laboratory is consistent with the ground monitoring 

records and explains the differing relationships between displacement rate and pore water pressure during periods of 

acceleration and deceleration in some slow-moving landslides.   

3. During dynamic shear we show that displacement rates are controlled by the extent to which the forces operating at 

the shear surface are out of balance. Once these forces exceed the yield acceleration, displacement rates increase 10 

rapidly with distance normal to the failure envelope in plots of shear stress against normal effective stress.  

4. The combined laboratory and numerical simulation data indicate that during strong earthquake accelerations, strain 

will increase rapidly with relatively minor increases in the out of balance forces (reducing the KY/kmax ratio). 

Therefore, we anticipate that large landslide displacements could occur when accelerated by strong earthquakes, but 

such accelerations in the study area do not occur frequently.  Thus, in this area over long (i.e. multiple seismic cycle) 15 

timescales landslide displacement is predominantly controlled by pore water pressures      

 

By combining the specialised laboratory testing with field monitoring, well-constrained ground models and numerical 

simulations, we have shown how the mechanisms of deformation occurring along a landslide shear surface control the 

movement patterns of many large, slow moving translational landslides. The development of such approaches provides a 20 

framework, which can be used in complex hazard assessment of landslides that could be mobilised by both strong earthquakes 

and significant rain events. 
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Table 1: Summary of monotonic drained shear test experiment parameters 

Sample 

Ref 

Test 

stage 

Test type Normal 

effective 

stress 

(kPa) 

Strain rate 

(mm/min-1) 

UTA 1 Initial shear 400 0.01 

UTA 2 Shear reversal 400 0.01 

UTB 1 Initial shear 400 0.01 

UTB 1 Shear reversal 400 0.01 

UTC 1 Initial shear 150 0.01 

UTC 2 Shear reversal 150 0.01 

UTC 5 Shear reversal 150 0.01 

 

 5 

Table 2: Summary of pore pressure reinflation experiment parameters 

Sample 

Ref 

Pore 

pressure 

experiment 

Test 

stage(s) 

Shear surface 

condition 

Confining 

pressure 

(kPa) 

Initial 

shear 

stress 

Rate of back pressure 

change (kPa /hr) 

 

 Increase Decrease 

UTB PP1 3/4 Pre-existing 400 95 5 5 

UTC  PP1 3/4 Pre-existing 150 52 5 5 

UTC PP2 7-16 Pre-existing 150 52 stepped Stepped 

UTD PP1 1 Intact 150 52 5 - 

UTD PP2 4 Pre-existing 150 52 5 - 

 

 

 

 10 
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Table 3: Summary of dynamic shear experiment parameters 

Sample 

Ref 

Dynamic 

experiment 

(DYN) 

Test 

stage 

Initial stress  Maximum 

shear stress 

per cycle 

(kPa) 

Cycle 

Frequency 

(Hz) 

Cycle 

duration 

(s-1)  Normal 

(kPa) 

Shear 

(kPa) 

UTC DYN1 14 150 52 79 1 60 

UTE DYN1 3 150 20 135 1 60 

UTE DYN2 11 150 20 40 1 60 

UTE DYN3 13 150 20 60 1 60 

UTE DYN4 15 150 20 80 1 60 

UTE DYN5 17 150 20 95 1 60 

UTF DYN1 4 150 20 30 2 60 

UTF DYN2 6 150 20 45 2 60 

UTF DYN3 8 150 20 55 2 60 

UTF DYN4 11 150 20 60 2 60 

UTF DYN5 13 150 20 65 2 60 

UTF DYN6 15 150 20 70 2 60 

UTF DYN7 17 150 20 70 2 60 

UTF DYN8 19 150 20 75 2 60 

UTF DYN9 21 150 20 85 2 60 

UTF DYN10 23 150 20 85 2 60 

UTF DYN11 25 150 20 80 2 60 

UTF DYN12 27 150 20 87 2 60 

UTF DYN13 29 150 20 71 2 60 

UTF DYN14 31 150 20 30 2 60 

 

 5 
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Figure 1: (a) Location of the Utiku landslide in North Island New Zealand, the location of monitoring equipment installed on the 

landslide in September 2008 and the location of the trench from which samples of the slide surface were taken. (b) Cross section A-

A’ through the landslide, refer to (a) for the location of the section. (c) Displacement of the continuous GPS (CGPS) UTK1 receiver, 5 
showing the displacement towards the east, north and the vertical displacement (UP), from 14 November 2008 to 20 April 2015. Note 

all displacements are regionally filtered relative to the displacement of CGPS UTKU, which is located off the landslide. (d) the 

displacement rate estimated along the horizontal vector, derived from the east and north displacement components (CGPS UTK1) 

for the movement period in September 2010, and the corresponding pore-water pressures recorded at piezometer PZA. All figures 

are taken and modified from Massey (2010) and Massey et al. (2013). 10 
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Figure 2: Specialist dynamic shear box experimental approach (a) Constant total normal effective and shear stress applied during 

pore pressure reinflation experiments conducted from an initial mean effective stress of 150 kPa (b) Linear back pressure increase 

applied during UTD PP1 and UTD PP2 (c) Linear and stepped increases and decreases in back pressure applied during experiments 

(d) Constant normal stress and back pressure applied during dynamic shear experiments (e) Dynamic stress controlled shear 5 
experiments conducted at a frequency of 2 Hz (f) Dynamic stress controlled shear experiments conducted at a frequency of 1 Hz. 
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Figure 3: Conventional monotonic drained shear tests (a) stress strain behaviour. (b) monotonic drained failure envelope. 

 

Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2018-73
Manuscript under review for journal Earth Surf. Dynam.
Discussion started: 5 October 2018
c© Author(s) 2018. CC BY 4.0 License.

theo
Highlight

theo
Sticky Note
explain the high cohesion intercept 



22 

 

 

Figure 4: Shear surface displacement behaviour during linearly increase back pressure (applied pore water pressure) on intact 

(UTD PP1) and remobilised (UTD PP2) shear surface (a) Horizontal displacement against time in relation to the applied back 

pressure and measured pore water pressure, experiment UTD PP1 (b) Horizontal displacement rate against time in relation to the 

applied back pressure and measured pore water pressure, experiment UTD PP1 (c) 1/ displacement rate against time, experiment 5 
UTD PP1 (d) Horizontal displacement against time in relation to the applied back pressure and measured pore water pressure, 

experiment UTD PP2 (e) Horizontal displacement rate against time in relation to the applied back pressure and measured pore 

water pressure, experiment UTD PP2 (f) 1/ displacement rate against time, experiment UTD PP2. 
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Figure 5: Relationship between shear surface displacement and porewater pressure during linear pore pressure reinflation 

experiments conducted at mean effective stresses of  400 kPa (UTB PP1) and 150 kPa (UTC PP1) (a) Horizontal displacement against 

time in relation to the applied back pressure and measured pore water pressure ,experiment UTB PP1 (b) Horizontal displacement 

against time in relation to the back pressure applied back pressure and measured pore water pressure, experiment UTC PP1 (c) 5 
Horizontal displacement rate against time in relation to the applied back pressure and measured pore water pressure, experiment 

UTB PP1 (d) Horizontal displacement rate against time in relation to the applied back pressure and measured pore water pressure, 

experiment UTC PP1 (e) Displacement rate against pore water pressure, experiment UTB PP1 (f) Displacement rate against pore 

water pressure, experiment UTC PP1. 

 10 
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Figure 6: Relationship between shear surface displacement and porewater pressure during stepped pore pressure reinflation 

experiment conducted at mean effective stresses of 150 kPa (UTC PP2) (a) Horizontal displacement against time in relation to the 

back pressure applied back pressure and measured pore water pressure, experiment UTC PP2 (b) Horizontal displacement rate 

against time in relation to the back pressure applied back pressure and measured pore water pressure, experiment UTC PP2 (c) 5 
Displacement rate against pore water pressure, experiment UTC PP2. 
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Figure 7: Conceptual model of relationship between displacement rate and mean effective stress in a landslide in response to changes 

in pore water pressure 
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Figure 8: Dynamic shear experiments (a) Dynamic shear stress cycles applied at 1 Hz during experiment UTE DYN1 (b) 

Displacement and pore-water pressure response measured during experiment UTE DYN1 (c) Sample stress paths in relation to the 

conventional failure envelope (CFE) during experiment UTE DYN1 (d) Dynamic shear stress cycles applied at 1 Hz experiment UTE 

DYN2 and UTE DYN5 (e) Displacement and pore-water pressure response measured during experiments UTE DYN2 and UTE 5 
DYN5 (f) Sample stress paths in relation to the conventional failure envelope (CFE) during experiments UTE DYN2 and UTE DYN5 

(g) Dynamic shear stress cycles applied at 2 Hz during experiment UTF DYN2 and UTF DYN12 (e) Displacement and pore-water 

pressure response measured during experiments UTE DYN2 and UTE DYN12 (f) Sample stress paths in relation to the conventional 

failure envelope (CFE) during experiments UTF DYN2 and UTE DYN12. 
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Figure 9: Results of dynamic shear experiments undertaken at 1 Hz and 2Hz (a) Average normal effective stress against maximum 

shear stress in relation to the conventional failure envelope (CFE) (b) Displacement rate against normal distance from the failure 

envelope (c) Displacement rate against normal distance from the failure envelope in log scale including pore pressure experiments. 

 5 

 

Figure 10: Strain versus Ky/ kmax ratios from numerical simulations (hollow circles) and laboratory experiments (solid circles).  a) 

strain at given ratios of the yield acceleration (KY) to the maximum of the average acceleration of the mass (kmax), in response to a 

given dynamic load. 
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