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ABSTRACT 

Several methods are available in the literature to estimate the extent of liquefaction induced 

lateral spreading at a given site, the most commonly used being that of Zhang et al (2004).  

During the 2010-2011 sequence of earthquakes in Canterbury, lateral spreading occurred 

extensively across the region.   

 

Following recent site specific investigations, site inspections, land owner evidence and the 

significant quantity of data available on Project Orbit, the authors compare estimates of lateral 

movement computed using the Zhang et al method with estimates of actual movement that 

occurred across several sites within Canterbury. 

 

The concept of lateral stretch, being the differential lateral spread over a 20 metre distance 

perpendicular to a free face, is introduced.  It is found that predictions of lateral stretch using the 

Zhang et al method give moderately good agreement with the measured values.  Suggested 5
th
 

and 95
th
 percentile design limits are presented.   

 

1 INTRODUCTION 
 

The 4 September 2010 Darfield earthquake (Mw=7.1) and several of its aftershocks caused 

extensive liquefaction and lateral spreading within Christchurch city and neighbouring districts.  

The 22 February 2011 aftershock (Mw=6.2) caused significantly more liquefaction damage than 

the main shock, primarily because its epicentre was within the Christchurch city limits, and 

hence created high ground accelerations in built-up areas.  The 13 June 2011 (Mw=6.0) and 23 

December 2011 (Mw=5.9) aftershocks, both centred very close to Christchurch, also caused 

considerable liquefaction damage.   

 

Christchurch and Kaiapoi, the two most damaged centres, are predominantly flat and are 

drained by slow moving rivers and streams.  Buildings frequently extend to very near the edges 

of these rivers, placing them at risk of lateral spreading.   

 

Lateral spreading is associated with liquefaction, and occurs on gentle slopes or near free faces 

(such as river banks).  It is caused by liquefied soils temporarily losing much or all of their shear 

strength during and shortly after an earthquake and flowing downslope.  Lateral spreading has 

the potential to cause significant damage to any structures situated within the zone of instability. 

 

Several methods have been proposed to calculate lateral spread displacements; two commonly 

used methods are presented in Youd et al (2002) and Zhang et al (2004).  The Youd et al 

method is entirely empirical, being based on regression analysis of site and earthquake 

characteristics.  Its soil parameters are based on Standard Penetration Test (SPT) results and 
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grain size characteristics obtained from laboratory testing of borehole samples.  The Zhang et al 

method is semi-empirical; being based on an integration of shear strains within liquefied layers, 

with the results calibrated by site observations following real earthquakes.   

 

The authors chose to use the Zhang et al method in this article for three, related, reasons: (1) it is 

a commonly used method in New Zealand engineering practice, (2) the model incorporates CPT 

data which is the main form of geotechnical investigation in the Christchurch area, and (3) the 

model has been incorporated into the liquefaction software tool, CLiq v.1.7.1.6, simplifying its 

use.  

 

The purpose of this article is to assess the reliability of the Zhang et al method for estimating 

lateral spread displacement during the Canterbury earthquakes.  Data were obtained using two 

methods: (1) Sites investigated and inspected “first-hand” as part of the authors’ regular 

consultancy work, and (2) Sites analysed using lateral movement and investigation data 

obtained from Project Orbit, a database of ground investigations, field observations and LiDAR 

data related to the Canterbury earthquakes (Canterbury Geotechnical Database, 2012, 2013a & 

2013b).  These data were then used to compare model predictions from the Zhang et al method 

to the measured ground movements.   

 

2 GEOLOGICAL SETTING 

The sites considered in this paper are located within the greater Christchurch area at the eastern 

margin of the Canterbury Plains.  The plains predominantly comprise alluvial deposits derived 

from braided river systems which flow from the Southern Alps.   

 

Pleistocene alluvial gravel deposits are generally at least 500 m thick across the Plains. In the 

eastern part of Christchurch (most affected by liquefaction), post glacial deposits, such as 

estuarine and marginal marine sediments, overlie the Pleistocene gravels and are typically up to 

40 m thick.  Loose deposits from slow moving rivers, and associated infilled channels, swamps 

and oxbow lake sediments, also overlie parts of the subject area (Forsyth, 2008). 

 

3 EARTHQUAKE GROUND MOTIONS 

The September main shock (Mw=7.1) caused peak ground accelerations (PGA) of typically 

0.15g to 0.35g within areas where liquefaction was recorded in Christchurch and Kaiapoi.  The 

PGAs in the February aftershock (Mw=6.2) were between 0.18g and at least 0.70g within areas 

where liquefaction was recorded, significantly higher than for the main shock, due to the 

aftershock’s proximity to the city.  The accelerations during these earthquakes at the selected 

sites were estimated using digital map layers created by Bradley & Hughes (2012). 

 

4 SITE SELECTION & MEASUREMENT 

4.1 Selection Criteria 

In order to be selected, sites had to meet the following criteria: 

 

 Site soils must be liquefiable.   

 Sites were near a free face – typically a river or stream.  Zhang et al defined three broad 

topographical conditions – (1) gently sloping ground without a free face, (2) level 

ground with a free face, and (3) gently sloping ground with a free face.  Zhang et al 

presented unique relationships for the first two conditions.  As the majority of lateral 

spreads during the Canterbury earthquakes have been on level, or nearly level, ground 

with a free face due to a stream or river, the scope of this study was restricted to 

Condition 2. Sites where lateral spread seemed possible but had not occurred, or had 

occurred to a small extent, were included to attempt to avoid selection bias towards high 

deformation sites. 
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 If lateral movement had occurred, it was clearly caused by liquefaction induced lateral 

spread toward a free face, and not by other mechanisms, such as seismic slope failure of 

non-liquefiable soils or by retaining wall failure. 

 A good estimate of actual lateral displacement was available. 

 Nearby CPT investigation data were available. 

 

It was also preferable to have an understanding of which earthquake caused the majority of the 

lateral movement.  In some cases, however, the distribution of lateral movement between the 

various earthquakes had to be estimated based on ground accelerations, information on Project 

Orbit and/or land owner accounts. 

 

Site data were obtained from two groups of sites as noted below.  Site parameters used for 

analysis, alongside measured and predicted lateral movements, are presented in Table 1. 

 

4.2 Consultancy Sites 

Eight sites fitting the criteria above were inspected by the authors during their regular 

consultancy work.  Either one or two CPTs were pushed at these sites, in conjunction with one 

or two hand augers.  Ground movements were established by the hand measurement of cracks 

and fissures in paving and grass, and separations between structures and/or paving.  Assessment 

of free face height and distance between structures and the free face were measured by hand on 

site.  Measurements were carried out between October 2012 and April 2013, between 1.5 and 

2.5 years after the earthquakes of interest. 

 

4.3 Project Orbit Sites  

Nineteen sites from four areas around Christchurch were selected, with three areas (15 sites) 

near the Avon River (“Avon”, “E. Hagley” and “Lin-Avon” data sets) and one near the Lower 

Styx River (“Brooklands” data set).  Publically available LiDAR data within each of these areas 

indicate that significant lateral movement has occurred toward a free face as a result of a 

specific earthquake event.  

LiDAR data for horizontal movement is available in a 56 metre spaced grid for each specific 

event.  "Local" horizontal deformations were used, as these represent the difference between 

“observed” movement from LiDAR and the tectonic movement inferred from GNS Science 

models.  From the authors’ experience, some of the LiDAR data on Project Orbit appears to be 

of suspect accuracy. Prospective sites with such questionable data were not considered for this 

study.  

The distance from each site to the bottom of the free face was measured on Google Earth, while 

the free face height was inferred from digital elevation models on Project Orbit and site 

observations. Groundwater depth was taken from earthquake specific groundwater elevations on 

Project Orbit.  

 

5 CALCULATION METHODOLOGY 

5.1 Zhang et al Method 

The Zhang et al method requires three sets of inputs: (1) seismic demand- captured by 

earthquake magnitude and the Cyclic Stress Ratio, (2) site geometry- captured by either the 

slope of the ground or the height of, and distance from, a free face, and (3) soil properties- 

captured by the tip and frictional resistance of the CPT.  

The Zhang et al model determines the maximum cyclic shear strain of the soil as a function of 

the liquefaction potential using the CPT-based procedure agreed in a workshop published by 

Youd (2001), the relative density of the soil, and the results of Ishihara and Yoshimine (1992). 
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Since these relationships are based on laboratory tests on clean sands, fines corrections are 

applied to the CPT results in accordance with methods described by Youd (2001). The 

incremental maximum cyclic shear strain is then integrated with depth to produce the Lateral 

Displacement Index (LDI).  In order to account for site geometry effects, the referenced 

investigators examined available earthquake case histories and correlated actual lateral 

displacement with LDI and geometric parameters specific to the site.  

 

Because of the limited case histories used to develop this method, and the likelihood of flow 

failure close to the free face, Zhang et al indicate that the method is not applicable for sites 

where the distance to the free face (L) divided by the free face height (H) is less than 4 or 

greater than 40. They also recommend that the procedure be used for earthquake and ground 

geometry parameters within the limits of the case studies used to develop the procedure, namely 

earthquake magnitudes between 6.4 and 9.2, PGAs between 0.19g and 0.6g, and free face 

heights less than 18 metres. Although the magnitude of the February 2011 earthquake (Mw=6.2, 

ML=6.3) is outside the range of event magnitudes used to develop the Zhang method, the 

authors still consider it to be close enough for the Zhang et al method to be applicable. 

 

Chu et al (2009) have compared predicted values of lateral spread using the Zhang et al model 

with actual measurements of lateral displacement following the 1999 Chi Chi earthquake. They 

found that predicted values better matched observed values when liquefaction calculations in the 

CPT profile were limited to a depth of twice the free face height (2H). The authors chose to 

apply the Chu et al limit for this study. 

 

5.2 Lateral Stretch 

During design of a structure, absolute lateral (or “global”) movement towards a free face during 

an earthquake may be of secondary importance, except for piled buildings.  Of more importance 

for many design problems, including structures supported by shallow foundations, will be the 

difference between lateral ground movement across the building footprint.  This is referred to as 

the “Lateral Stretch”, and forms the focus of our analysis.  The authors have chosen to calculate, 

and measure, lateral stretch across a length of 20 metres, as this is a typical length of a 

Christchurch suburban house, and is hence likely to be a useful standard for design work. 

 

For the LiDAR sites, the measured stretch was over a variable distance (commonly 56 metres). 

In order to normalise stretch over a distance of 20 metres it was assumed that difference in 

movement changes linearly between points.   

 

The Consultancy group of sites often had two CPTs on the site giving a range in predicted 

values, while the LiDAR data sites just had one point. 

 

The concept of lateral stretch is not included in the Zhang et al paper.  However, the authors 

consider that it is valid to assume that calculations of lateral stretch, as defined above, using 

absolute lateral movement estimates from Zhang et al, can be usefully compared to measured 

lateral stretch values.   

 

6 RESULTS AND DISCUSSION 

A comparison of the measured lateral stretch compared with predicted stretch, both normalised 

over a 20 m width, is presented in Figure 1.  The results are discussed below. 
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Figure 1:  Comparison of calculated and measured lateral stretch 

Note: Consultancy sites produced a range of calculated and/or measured values: the red boxes show the extent of 

these ranges for a particular site. 

 

While there is considerable scatter in the data, our results generally indicate that the Zhang et al 

model under predicts lateral stretch at lower values of predicted displacement (typically between 

0 and 50 mm calculated stretch). This under prediction may be a result of a number of factors 

including uncertainty in the input values and measured values of lateral spread, the limitations 

of the Zhang et al model, and geological factors. These are discussed below.  

 

 There is inherent uncertainty in the input parameters such as ground acceleration, 

groundwater depth, and free face height as well as uncertainty in measured values of 

lateral stretch across a site.  

 The general under prediction of lateral stretch at smaller values of predicted stretch 

could be partially accounted for by the inclusion of sites outside the limits of the Zhang 

et al model. Both ends of the 20m length lay outside of the bounds of applicability of 

the Zhang et al method (L/H > 40 or L/H < 4) for three sites, with one end outside the 

bounds for a further eleven sites.  For discussion purposes these sites were included in 

the data set. 

 Limiting the calculation of lateral movement to a depth of 2H below the site is another 

possible cause of under predicting stretch. The analyses of investigation data from a 

group of sites near the portion of the Avon River running along the east boundary of 

Hagley Park (grouped as “E. Hagley”), generally indicate liquefiable layers between 7 

and 17 metres depth. As the determination of lateral movement was only considered for 

the upper 6 metres of the soil profile, predicted values of stretch are zero when 

measured values range from 5 mm to 30 mm.  

 It is assumed that all sites within the data set are characterised by “level ground with a 

free face”. However, in some cases the site may be better characterised by “sloping 

ground with a free face”. It is possible that the combination of sloping ground and free 

face at some of the sites has caused a greater lateral stretch than is predicted for level 

ground and free face. 

 In the Brooklands sites, predicted lateral stretch is consistently lower (by up to 108mm) 

than the measured stretch. These sites sit east of the relatively narrow Styx River, 

oriented north-south. A review of mapped geology in this area indicates that the river 
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constitutes the boundary between an area mapped as being underlain by beach deposited 

dunes (east of the river) and an area mapped as being underlain by river alluvium (west 

of the river) (Forsyth, 2008). Horizontal LiDAR data is only available for the developed 

east side of the river and shows movement west toward the river in the September 2010 

event. It is possible that the measured movement occurred not only due to the presence 

of the free face but also due to the movement of the dune deposits towards the alluvial 

deposits, owing to the difference in liquefaction resistance between the geological units.  

This mechanism is not accounted for in our analyses.   

 The authors used auto transition layer correction, as recommended by Ahmadi and 

Robertson (2005).  This method eliminates transition layers from analyses, and 

therefore produces lower estimates of lateral stretch than if the correction was not 

applied.  This could account for the partial trend towards under-prediction in our data.  

 The Zhang et al model was developed using case histories with only a small number of 

sites with lateral displacements less than 1 metre.  A greater degree of uncertainty could 

be expected for sites with small displacements.  

 

7 SUMMARY AND CONCLUSIONS 

In order to assess the reliability of lateral spread estimates in the Christchurch area the authors 

have compared calculated lateral stretch using the Zhang et al method with lateral stretch 

measured by the authors and by LiDAR data after the recent Canterbury earthquakes. There is 

wide scatter to the data which is expected owing to both the uncertainty inherent in the model 

and, to perhaps a lesser extent, the uncertainty in measured values of lateral movement. 

However, a trend appeared that at relatively low values of predicted stretch, the model 

frequently underestimated actual lateral stretch. This discrepancy could be attributed to the 

applicability of the method outside the bounds set by the developers of the method, the 

application of unsuitable depth limits, and lateral movement caused by factors outside of those 

considered by the model such as laterally variable stratigraphy.  At relatively high levels of 

lateral stretch, (i.e. for predictions greater than around 150mm) the model gives generally better 

prediction, although the data are sparse in this region. 

 

Sites with potential for lateral displacement (near a free face, underlain by potentially 

liquefiable material) at great enough distance from the free face to put them outside the L/H 

bounds should not immediately be considered to have zero lateral spread potential. Within our 

range of data sites outside the L/H bounds, up to approximately 90 mm of lateral stretch was 

measured over 20 metres.  

 

Attention should be given to the application of a limiting depth for which lateral spread is 

calculated. We do not suggest a “blanket” value for limiting depth of analysis (such as 2H), 

instead, each site should be considered individually with the engineer reviewing the depth and 

thickness of potentially liquefiable layers.  

 

Lateral variation in stratigraphy could be a critical component and is not accounted for directly 

within the Zhang et al model. The model assumes laterally consistent stratigraphy between the 

investigation point and the free face. The potential effect of changes in depositional 

environment near the site, such as infilled channels, should be considered when determining the 

potential for lateral movement.  

 

When applied appropriately the Zhang et al method is considered to be a moderately good 

method for estimating lateral stretch on low to medium risk projects.  The design engineer may 

wish to use the 5
th
 and 95

th
 percentile values given on Figure 1 or by the equation below, to 

provide a range of possible lateral stretch in future earthquakes. 

 

Actual Lateral Stretch over 20m = Predicted Lateral Stretch over 20m +/- 130mm (at 90% 

confidence). 
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This is broadly consistent with Zhang’s comment that “it is unrealistic to expect the accuracy of 

calculated lateral displacements to be less than +/- 0.1m”. 

 

It is emphasised that the equation is based on relatively few data and should be considered 

preliminary.  The quantity of available data relating to ground deformations within Canterbury 

during the recent earthquake sequence provides the opportunity to refine models commonly 

used to predict earthquake induced ground deformations. This paper aims to provide an initial 

and brief evaluation of one of these models with only a small number of sites considered. It is 

the hope of the authors that the information produced by the recent earthquakes sparks further 

research at the academic level to refine the existing models used to predict earthquake induced 

deformations.  
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Table 1.  Site and earthquake data, with measured and calculated lateral stretch values 

 

Site ID*** 

Site Address 

(approximate for Project 

Orbit sites) 

Earthquake date 
 

Magnitude 
Mw 

PGA (g) 

Depth 

to 

ground 
water 

table 

(m) 

Free 

face 
height 

(m) 

Distance to free 

face** (m) Measured 

lateral 
movement 

(mm) 

Calculated 

lateral 
movement**** 

(mm) 

Measured 

lateral 

stretch 
over 20m 

length*  

(mm) 

Calculated 
lateral 

stretch over 

20m length* 
(mm) 

Point A Point B 

C1 53A Kotare St 22/02/2011 6.2 0.31 1.5 3 10 30 

Not 

Assessed 

20 – 115 160 – 190 10 – 70 

C2 172 Edgeware Rd 22/02/2011 6.2 0.4 1 1.6 40 60 102 – 270 55 – 90 39 – 75 

C3 8 Redwood Pl 22/02/2011 6.2 0.31 1.7 1.8 6.5 26.5 40 – 200 4 – 17 82 – 136 

C4 30A Strowan Rd 4/09/2010 7.1 0.22 1 1.5 30 50 0 50 – 65 0 

C5 68 Trices Rd 4/09/2010 7.1 0.32 1.8 2.4 21 41 320 – 900 180 – 200 280 – 350 

C6 26A Ensors Rd 22/02/2011 6.2 0.56 1.6 1.1 6 26 0 – 100 60 – 100 0 – 47 

C7 164 Williams St 4/09/2010 7.1 0.34 1.1 3 105 125 21 - 24 0 –  20 3 

C8 36B Glandovey Rd 22/02/2011 6.2 0.32 1.3 1.3 14 34 235 – 480 170 – 290 245 

Avon_1 3 Edna Dr 22/02/2011 6.2 0.38 1 3 90 145 445 – 600 425 – 500 77 75 

Avon_2 23 Edna Dr 22/02/2011 6.2 0.38 2.5 3 204 260 178 – 290 0 40 0 

Avon_3 1120 Avonside Dr 22/02/2011 6.2 0.36 1.5 3 40 96 715 – 1400 705 – 975 245 270 

Avon_4 8 Arnst Pl 22/02/2011 6.2 0.39 2.5 3 54 110 210 – 475 465 – 545 95 80 

Avon_5 211 Locksley Ave 22/02/2011 6.2 0.41 1.5 3 35 91 260 – 660 270 – 390 143 120 

Avon_6 1028 Avonside Dr 22/02/2011 6.2 0.42 1.5 3 35 91 265 – 715 380 – 547 161 167 

E. Hagley_1 137 Victoria St 22/02/2011 6.2 0.45 3 3 170 220 145 – 230 0 30 0 

E. Hagley_2 11 Dublin Street 22/02/2011 6.2 0.43 2.6 3 100 150 185 – 210 0 9 0 

E. Hagley_3 24 Salisbury St 22/02/2011 6.2 0.43 2.9 3 90 140 180 – 245 0 23 0 

E. Hagley_4 120 Park Tce 22/02/2011 6.2 0.43 2.5 3 25 80 260 – 275 0 5 0 

Brooklands_1 941 Lower Styx Rd 4/09/2010 7.1 0.17 1.6 1.5 25 80 740 – 930 18 – 63 68 37 

Brooklands_2 909 Lower Styx Rd 4/09/2010 7.1 0.17 1.1 2 62.2 118 805 – 1125 23 – 29 114 6 

Brooklands_3 
Cnr Harbour Rd & 

Lower Styx Rd 
4/09/2010 7.1 0.17 1.3 2.5 100 155 735 – 980 0 88 0 

Brooklands_4 310 Lower Styx Rd 4/09/2010 7.1 0.17 2.2 2.5 85 190 615 – 810 118 – 140 37 22 

Lin-Avon_1 180 Stanmore Rd 22/02/2011 6.2 0.47 2.5 3 55 110 410 – 715 110 – 130 109 20 

Lin-Avon_2 
Cnr Linwood Ave and 

Avonside Dr 
22/02/2011 6.2 0.48 1.5 3 85 145 585 – 685 110 – 125 36 15 

Lin-Avon_3 17 Trent St 22/02/2011 6.2 0.48 3 3 110 165 355 – 455 0 – 85 36 85 

Lin-Avon_4 19 Glade Ave 22/02/2011 6.2 0.46 2.5 3 85 105 440 – 650 155 – 185 75 30 

Lin-Avon_5 45 Glade Ave 22/02/2011 6.2 0.47 2 3 45 70 400 – 550 95 – 130 54 35 

* Perpendicular to the line of river/stream 

** Point A is the closest point to the free face, Point B the furthest.  These are 20m apart for the Consultancy sites, a variable distance (commonly 56m) for the Project Orbit sites.  For distances other than 20m, the 
calculated lateral stretch value was normalised for 20m. 

*** Sites with C prefix are consultancy sites, the remainder are Project Orbit sites. 

**** Range is over a normalised 20m length. 
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