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ABSTRACT: Lateral movement of reclamations and ground adjoining rivers and 

foreshores can occur as a result of earthquake shaking.  The mechanism of this lateral 

movement is discussed and methods of analysis used are presented.  Both empirical and 

mechanics based methods of analysis are used.  Case studies of analysis and of 

construction works to mitigate the effects of lateral movement are presented.  The 

mechanics based and empirical methods of analysis include simplifications and 

assumptions.  It is concluded that any assessment of lateral movement potential should 

include as many methods of analysis as practical and include sensitivity checks on the 

assumed parameters.  Ultimately, these methods provide support to engineering 

judgement to assess the likely performance of a site.. 

1 INTRODUCTION 

San Francisco (1906), Alaska (1964), Niigata (1964), Edgecombe (1988), Northridge (1994), Kobe 

(1995), and other earthquakes have caused extensive damage due to lateral spreading.  The 

development of many New Zealand cities has included reclamation of the foreshore creating a 

potential for lateral spreading.  This paper discusses analytical and empirical methods of assessing the 

potential for lateral spreading.  Case studies of assessments and ground improvement works are 

presented. 

2 MECHANISMS OF LATERAL SPREADING 

Earthquake-induced lateral movement of reclamations, and other ground adjoining rivers and 

foreshores can occur by a number of mechanisms. 

If liquefaction of a soil layer occurs and the residual strength of that liquefied layer is not sufficient for 

stability, flow failures and associated large displacements can occur. 

If the strength of the liquefied soil and ground profile is sufficient to satisfy static stability large 

displacements can still occur as a result of inertia forces.  If liquefaction does not occur, earthquake 

inertia forces can still cause large lateral displacements if steep slopes or weak soils are present. 

This paper considers lateral movement of flat or gently sloping ground adjoining a free edge 

(foreshore or riverbank), as a result of inertia forces.   The situations with and without liquefaction are 

considered. 

These lateral movements have been observed to occur as a series of scallops with reducing total 

displacement with distance from the free edge. 

3 METHODS OF ANALYSIS 

Both empirical and mechanics based methods of analysis are used to predict the potential for, and 

magnitude of, lateral spreading. 

The empirical methods are based on correlations of information from case histories of lateral 
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spreading.  Magnitudes of displacement are correlated with features of the soil/slope profile and of 

features of the earthquake shaking. 

The mechanics based methods used in practice are normally total stress analyses using either the 

simplifications of Newmark sliding block models, or dynamic analysis employing finite element 

computer programs.  In the sliding block models, inertia forces are modelled through use of seismic 

coefficients, while the finite element dynamic analyses directly include inertia effects. 

3.1 Empirical methods 

A series of empirically based methods were developed during the late 1980s and early 1990s. 

Bartlett & Youd (1995) developed empirical correlations of lateral spreading with the parameters of: 

� Ground surface profile; 

� Magnitude and acceleration of the earthquake; 

� Thickness of liquefiable sediments; 

� Fines content and particle size of the liquefiable sediments; 

� Depth to the top of the liquefiable layer. 

Limits over which the values of each parameter are valid for the correlation are provided. 

The base data for the correlation includes more than 450 measurements of lateral spreading 

(displacement vectors) from eight earthquakes. 

This empirical correlation provides a useful estimate of lateral spreading potential for earthquake and 

ground conditions which fit within the limits of the correlation.  These limits include: 

� A liqueficable layer must be present; 

� Earthquake magnitude Mw greater than 6 and less than 8; 

� Both free face (e.g., riverbank) and sloping ground profiles are considered.  

3.2 Newmark sliding block analysis 

Figures 1 a) to d) describe the Newmark (1965) sliding block analysis.  The method was originally 

developed to assess lateral movements of earth dams during earthquakes but has since been applied to 

assessing a variety of slopes including lateral spreading.  Lateral spreading is modelled as a block 

sliding on an inclined plane, subject to earthquake shaking.  The yield acceleration ay is calculated as 

that acceleration which just starts the block moving; i.e., the acceleration for which the factor of safety 

is 1.  When ground acceleration (a) in the down slope direction exceeds the yield acceleration ay, 

movement occurs.  When the ground acceleration (a) is less than the yield acceleration ay, there is no 

movement.  Double integration of a – ay with time gives displacement.  Refer Figures 1 c) and d). 
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Figure 1.  Newmark sliding block analysis 

Newmark (1965), and others after him, considered a number of earthquake accelerograms and 

developed relationships between yield acceleration ay /peak ground acceleration am and displacement.  

Ambraseys and Menu (1988) considered 50 accelerograms from 11 earthquakes with magnitudes Ms 

between 5.7 and 7.5 and peak ground accelerations am between 0.1g and 1.1g, and proposed the 

displacement relationship shown in Figure 2.  They considered symmetric sliding (sliding can occur in 

either direction) and asymmetric sliding (sliding occurs down slope only), and various probabilities of 

displacement exceedence.  The example in Figure 2 is for asymmetric sliding and a 5% probability of 

displacement exceedence. 

 

Figure 2.  Displacement prediction 

3.3 Dynamic finite element analysis 

Computer programs such as FLAC and PLAXIS can be used to assess lateral spreading.  An 

accelerogram of an earthquake can be entered and the stress stain behaviour of the soil changed after a 

specified cyclic loading, to model the effects of liquefaction.  Such analyses have shown good 

agreement with measured examples of lateral spreading (Byrne and Beaty, 1997). 
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3.4 Analysis case studies 

a) Wildlife site.  A site in California, referred to as the Wildlife Site, was subject to earthquake 

shaking and liquefaction in 1981.  Recognising the potential for a repeat occurrence at the site, 

researchers installed accelerometers, inclinometers and other monitoring devices.  In 1987, 

another event occurred.  Ground accelerations of up to 0.18g, liquefaction and 180mm of 

lateral spreading were recorded.  (Bazair, Dobry and Alemi, 1992). 

Bazair et al, applied Newmark sliding block analyses and the accelerogram recorded at the 

site, to successfully predict the measured displacements.  The measured and Bazair et al’s 

calculated displacements are summarised in Table 1 below.  In Bazair et al’s Newmark sliding 

block analysis, a residual shear strength of the liquefied sand of Su/�v’ = 0.145 was assumed on 

the basis of laboratory tests on normally consolidated sands.  Where: Su = the residual 

undrained shear strength of the liquefied sand, and �v’ = the initial vertical effective stress.  

Other researchers have proposed methods of assessing the residual strength of liquefied soils 

which give similar values. 

The author has applied the Bartlett and Youd empirical equation to assess the lateral spreading 

of the Wildlife Site.  The results are presented on Table 1.  He has also applied a Newmark 

sliding block analysis and the Ambraseys and Menu’s charts to assess the lateral spreading, 

also summarised on Table 1.  Both the empirical and mechanics based methods provided good 

agreement with the measured lateral spreading. 

Table 1.  Case study: Wildlife Site, California 

 Measured Calculated 

  Bazair, et al Ambraseys & 

Menu 

Bartlett 

& Youd 

Distance from free edge  18m 18m 18m 18m 

Depth to top of liquefiable layer 2.5m 2.5m 2.5m 2.5m 

Thickness of liquefiable layer 4.3m 4.3m 4,3m 4.3m 

Earthquake magnitude (M) 6 6 6.6 – 7.2 6 

Peak ground acceleration. 0.18g 0.18g 0.18g 0.18g 

Calculated yield acceleration N/A 0.3g 0.08g 0.3g 0.08g N/A 

Displacement N/A 320mm 20mm 400mm 40mm 90mm 

Measured:   The ground was monitored before, during and after the 1987 earthquake allowing these parameters to 

be measured. 

Bazair et al (1992):  Displacements calculated by Newmark block analysis and integration of the accelerogram 

recorded at the site during the earthquake. 

Ambraseys & Menu (1988):  Displacements calculated by Newmark block analysis and application of Ambraseys and 

Menu’s charts.  The displacements reported are those with a 50% probability of exceedence.  The 5% 

exceedence values are three times larger. The Ambraseys and Menu’s charts are based on data from 

earthquakes of magnitude 6.6 to 7.2.  The method does not allow a magnitude to be specified. 

Bartlett & Youd (1995):  Calculated by application of Bartlett and Youd’s empirical equations. 

b) Wellington waterfront sites.  The author has assessed lateral spreading potential of six 

reclaimed sites around the Wellington waterfront.  Both empirical and mechanics based 

methods have been applied in these assessments.  The results of one of these assessments is 

summarised on Table 2.  The empirical and mechanics based methods provided good 

agreement. 
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Table 2.  Case study: Wellington Waterfront 

 Calculated 

 Ambraseys & 

Menu 

Bartlett & 

Youd 

Distance from free edge. 75m 75m 

Depth to top of liquefiable layer 4m 4m 

Thickness of liquefiable layer 5m 5m 

Earthquake magnitude (M) 6.6 – 7.2 6 

Peak ground acceleration 0.3g 0.45g 0.3g 0.45g 

Calculated yield acceleration 0.05g 0.05g N/A N/A 

Displacement 400mm 600mm 500mm 2.8m 

Footnotes to Table 1 also apply here. 

The large displacement calculated for 0.45g peak ground acceleration by the Bartlett and 

Youd’s empirical equations may be because the base data for the empirical relationship at this 

intense shaking, included large displacements from flow failures, i.e., flow failures due to 

static instability of liquefied soils, rather than displacement as a result of low static stability 

and inertia forces. 

Both the mechanics based and empirical methods include simplifications and assumptions.  It 

is therefore important in the assessments to apply as many methods as practical and undertake 

sensitivity analyses on the assumed parameters and failure surface geometry.  Ultimately these 

methods provide support to engineering judgement to assess the likely performance of a site. 

The mechanics based methods have the advantage that ground improvement works can be 

added to the model, to allow the benefits of such works to be assessed and to assist in the 

design of the works. 

4 DESIGN EARTHQUAKE 

The loadings code, “AS/NZS 1170.0:2002 Structural design actions Part 0: General principles”, 

specifies that an earthquake of 1/500 annual probability of exceedence be considered for the ultimate 

limit state case and 1/20 for the serviceability limit state, for most structures.  Under the ultimate limit 

state, design is to avoid collapse of the structure, but extensive damage to the structure may occur.  

Under the serviceability limit state, design is to avoid damage. 

Damage due to liquefaction and lateral spreading of reclamations on Wellington Waterfront, and other 

New Zealand reclamations, would not be expected for the earthquakes with a 1/20 annual probability 

of exceedence, however, damage could be extensive for earthquakes with a 1/100 annual probability 

of exceedence or more intense events. 

It is therefore considered appropriate that in addition to considering the Code requirements of the 1/20 

and 1/500 earthquakes, design/assessment of lateral spreading should consider 1/100 or 1/200 events.  

The actual event selected for assessment would depend on the level of risk of earthquake damage that 

the client is willing to accept. 
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5 LATERAL SPREADING MITIGATION TECHNIQUES 

5.1 Techniques used 

Commonly used techniques to mitigate lateral spreading potential include: 

� Dynamic compaction 

� Vibro-compaction and vibro-replacement 

� Palisades of reinforced concrete piles 

� Construction of seawalls including buttressing strips of engineered reclamation 

� Set back distances for building development from free edges 

� Design building foundations and structures to allow them to move with the spreading ground 

without collapse of the structure. 

The ground improvement techniques need not extend across the full site.  They may be constructed as 

a buttress on the seaward/down slope side of the site. 

5.2 Case studies 

Figure 3 summarises the ground conditions and mitigation works used for five sites around 

Wellington’s waterfront.  These sites are discussed below. 

a) Westpac Stadium.  Loose sand and soft silt hydraulic fill underlies the site and extends the 

100m between the site and the reclamation edge.  Ground improvement by vibro-replacement 

was undertaken beneath the structure to improve the strength and liquefaction resistance of the 

ground to mitigate the effects of lateral spreading. 

b) Petrochemical Tank.  A petrochemical tank was proposed on the hydraulic fill reclamation 

adjoining the seawall.  A potential for lateral spreading was identified.  Options including 

vibro-replacement and seawall strengthening were considered to mitigate the lateral spreading 

potential.  The cost of these works made the economics of the project unviable and the project 

did not proceed. 

c) Statistics NZ Building.  The soil profile is similar to the stadium site but the new building set 

back distance is greater.  Lateral spreading potential of the building site is reduced by the 

passive restraint provided by the foundation piles.  This was assessed by mechanics based 

analysis.  In an extreme event, the building and its foundations were designed to flex and 

move with the ground, without collapse. 

d) Commercial Development.  This site is underlain by loose gravel fill and soft silt harbour 

deposit.  Liquefaction of these materials is not considered likely, however, lateral movement 

could still occur in severe earthquake shaking as a result of shearing along the weak harbour 

deposits and/or through the loose gravel.  Mechanics based analyses were undertaken to assess 

the potential lateral extent of significant earthquake induced movement.  A set back distance 

from the reclamation edge was provided to protect the building development. 

e) Te Papa Museum of NZ.  Up to 13m of loose gravel fill overlies soft harbour deposits.  The 

building is located approximately 25m back from the reclamation edge.  Heavy dynamic 

compaction (25 tonne weight dropped from up to 25m) was undertaken to mitigate lateral 

spreading and settlement potential. 
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Figure 3. Case Studies 
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6 CONCLUSION 

A variety of methods are available to assess lateral spreading potential.  These include empirical and 

mechanics based methods.  Reasonable agreement between these methods has been demonstrated. 

These methods include simplifications and assumptions.  It is therefore important that assessments 

apply as many methods as practical and sensitivity analyses be undertaken on the input parameters. 

Ultimately these methods provide support to engineering judgement to assess the likely performance 

of a site. 
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