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ABSTRACT 
Advanced constitutive models can replicate several aspects of soil behaviour, but, due to their complexity and number of 
parameters, they need more sophisticated and realistic validation under general loading conditions. When modelling 
liquefaction phenomena, the lack of field monitoring data means that model testing, such as centrifuge experiments, is 
often used as benchmark for the numerical analyses. The 2010-2011 Canterbury earthquake sequence in New Zealand 
was recorded by a number of strong motion stations at various distances from the earthquake epicentre. Additionally, an 
extensive field and laboratory programme has since become available, adequately describing the geological, geotechnical 
and hydrogeological conditions in the area. As such, the performance of a two-surface bounding surface plasticity 
constitutive model for sands, calibrated based on site-specific laboratory data, is assessed using field evidence of a strong 
motion station in fully-coupled effective stress-based finite element analyses. As the real stratigraphy is complex, with 
layers of silts and clays between the sandy strata, a simpler cyclic non-linear elastic model, which can adequately 
incorporate the basic aspects of dynamic soil behaviour, is also used to model the non-liquefiable strata. To specify the 
input ground motion at the base of the deposit, the recorded ground surface motion at a site with no evidence of liquefaction 
is deconvolved and compared with the outcrop predictions of a New Zealand-specific ground motion prediction equation. 
The numerical results are compared with the recorded horizontal ground surface acceleration time-history of the 22nd 
February 2011 seismic event, exhibiting very good agreement. 
 
 
 
1 INTRODUCTION 
 
The development of advanced constitutive laws to model 
sand liquefaction, such as bounding surface plasticity 
models (Manzari and Dafalias, 1997), offers the means of 
studying systematically the complex mechanisms 
governing the phenomenon. Their validation, however, is 
often performed by reproducing model testing (e.g. 
Andrianopoulos et al., 2010; Taborda, 2011), as 
comprehensive field information rarely exists. Additionally, 
given their complexity and number of model parameters, 
their calibration requires extensive laboratory testing on the 
field soils under consideration, which is often not available. 

The 2010-2011 Canterbury earthquake sequence 
(CES) was recorded by a dense network of strong motion 
stations (SMS) around central Christchurch and the 
suburbs, providing valuable information on the ground 
motion characteristics, source-path and site conditions 
effects. Amongst the various seismic events, the 22nd 
February 2011 Christchurch earthquake with a moment 
magnitude of Mw 6.2 was the second and most damaging 
seismic event that shook Christchurch between September 
2010 and June 2011. High acceleration amplitudes and 
extensive liquefaction resulted in 185 fatalities and 
unparalleled damage to buildings, bridges, infrastructure 
and lifelines (Cubrinovski et al., 2011; Tasiopoulou et al., 
2011). Given the additional extensive field and laboratory 
testing that has recently become available (NZGD, 2016; 
Arefi, 2014; Taylor, 2015), the CES offers a unique 
opportunity for validation of advanced constitutive models 
under more realistic field conditions, while enhancing 
understanding of soil response with particular focus on 
liquefaction characteristics.  

 

The majority of earlier site response analyses on 
Christchurch focused on soil non-linearity without 
accounting for excess pore pressure generation (Elder et 
al., 1991; Berrill et al., 1993; Garini et al., 2013; Arefi, 2014; 
Markham et al., 2016). Studies that modelled liquefaction 
phenomena used either simplified constitutive models 
coupled with empirical excess pore water pressure 
generation expressions (Smyrou et al., 2011; Markham et 
al., 2016) or advanced constitutive models which, however, 
were not calibrated based on site-specific laboratory data 
as these were not available at the time (Garini et al., 2013). 
Markham et al. (2016) also carried out site response 
analyses with the use of an advanced bounding surface 
plasticity model, however, no information on its calibration 
was given.  

As such, an advanced two-surface bounding surface 
plasticity model (BSPM) for sand, which can numerically 
reproduce most of the significant features of sand 
behaviour under cyclic loading and realistically model 
liquefaction, is calibrated in the present study based on 
available site-specific laboratory data on Christchurch 
sands, while a simpler cyclic non-linear model is also 
utilised to model non-liquefiable strata. Subsequent fully 
coupled finite element (FE) analyses aim at capturing the 
ground response and liquefaction manifestation at a SMS 
in central Christchurch during the 22nd February event. 
Despite the uncertainties, the predictions exhibit good 
agreement with the field data. The findings presented 
herein concern only the implications related to the 
horizontal component of the earthquake, while vertical and 
bi-directional ground motion analyses form another part of 
this study. The latter were carried out in order to extend the 
findings presented in Tsaparli et al. (2016) and further 
validate their conclusions against field data. 



 

2 SELECTION OF SITE & INPUT GROUND MOTION 
FOR SITE RESPONSE ANALYSES 

 
The geology of central Christchurch is very variable with 
alluvial gravel, marine sands (Christchurch Formation), as 
well as alluvial sands and silts (Springston Formation) 
interbedded with layers of clays and pockets of peat 
(Brown et al., 1995). These surficial deposits reach depths 
of 20 to 30 m below ground level (bgl) and are underlain by 
the Riccarton Gravel horizon. The latter, together with older 
layers of gravel, can reach depths greater than 500 m, 
where the basaltic bedrock is met (Brown et al., 1995).  

Christchurch sands can consist of various contents of 
non-plastic fines. Depending on the latter, their Critical 
State Line, small-strain stiffness and cyclic strength can 
vary significantly (Rees, 2010; Arefi, 2014; Taylor, 2015). 
As such, the selection of a site for the site response 
analyses was based on the following criteria: a relatively 
uniform sand profile down to the interface with the gravel; 
far away from a free face to exclude the possibility of lateral 
spreading and the presence of initial shear stresses; 
evidence of cyclic mobility in the horizontal acceleration 
time-histories. 

Pages Road Pumping station (PRPC), located at the 
intersection of Pages Road and Woodham Road east of 
CBD and 2.3 km north-west from the surface projection of 
the rupture (Bradley and Cubrinovski, 2011), was selected 
for the purposes of the study as it met all above criteria. 
CPTs and boreholes in the vicinity of the SMS revealed a 
relatively uniform profile of sands and low fines content 
(FC) silty sands of the Christchurch Formation with the 
following stratigraphy (NZGD, 2016; Wotherspoon et al., 
2015): 

 0-3 m depth: sandy/clayey silt fill 

 3-20 m depth: Christchurch Formation sand 

 20-22 m depth: silts and clayey silts 

 22-26.5 m depth: Christchurch Formation sand 

 26.5-28 m depth: silts and clayey silts  
At 28 m depth, two out of the four CPTs examined met 
refusal, possibly due to the presence of the top of the 
Riccarton Gravel at that depth (Wotherspoon et al., 2015). 

Available surface wave measurements from Wood et 
al. (2011), later reviewed by Wotherspoon et al. (2015), 
were combined with a Christchurch-specific CPT-Vs 
correlation (McGann et al., 2014) to infer the small strain 
shear stiffness profile at PRPC. Ground water table levels 
were also obtained through the New Zealand Geotechnical 
Database (NZGD, 2016) and were found to be at about 2 
m depth. Finally, the relative density, Dr, of the sand layers 
was obtained through the Jamiolkowski et al. (2003) CPT-
Dr correlation, which was developed based on calibration 
chamber tests on sands of a similar compressibility to 
those of Christchurch. This resulted in an average Dr of 
about 70% across the sand layers of the deposit. 

Figure 1 shows the east-west (W) component of 
acceleration at PRPC, characterised by a peak ground 
acceleration (PGA) of 0.664g, and its associated Fourier 
spectrum (FS), as recorded during the Mw  6.2 Christchurch 
seismic event (GNS, 2014). The horizontal component 
oriented roughly along the EW direction (i.e. fault-parallel 
direction) was modelled in the subsequent finite element 
(FE) analyses, as the highest PGA for almost all stations 

during the February event was recorded along this 
direction (Tasiopoulou et al., 2011).  
 
 

 
Figure 1. EW acceleration time-history (W) and FS as 
registered at SMS PRPC during the Mw 6.2 Christchurch 
earthquake (GNS, 2014) 
 
 

To specify the input ground motion at the base of the 
sand/silt deposit at 28 m depth, the motion recorded at the 
Lyttelton Port Company station (LPCC), at the edge of the 
Port Hills, was utilised. This is the only station sitting on 
engineering bedrock (Vs30 greater than 760 m/s) which 
recorded the Christchurch earthquake. LPCC lies at a 
distance of 4.8 km from the surface projection of the fault 
rupture (Bradley and Cubrinovski, 2011). The record 
exhibited very high frequency and high acceleration 
amplitudes, with a PGA of 0.88g in the S80W direction. The 
recorded S80W ground surface acceleration time-history 
with a duration of 20 s and the respective FS are shown in 
Figure 2.  

It should be noted that the LPCC station lies in private 
land and, as such, the exact surface stratigraphy is 
unknown (Van Houtte et al., 2012). The Vs profile from 
surface wave measurements presented by Wood et al. 
(2011) and taken about 300 m away from the station 
revealed some softer surficial deposits down to about 6 m 
depth, where the top of the basaltic bedrock was indicated 
by a sharp increase in the shear wave velocity, Vs, to 1500 
m/s. It was, thus, decided to deconvolve the recorded 
motion down to 6 m depth, to obtain a more realistic 
bedrock motion. The equivalent linear analysis was carried 
out with the frequency domain program EERA (Bardet et 
al., 2000). Darendeli (2001) was used to estimate the 
stiffness degradation and damping variation curves for the 
surficial material. The latter was described in nearby 
boreholes as a sandy/clayey silt, mostly non-plastic to low 
plasticity, possible loess (NZGD, 2016). As such, a PI of 
5% and an OCR of 1 were assigned to the layer, while 
Darendeli curves were calculated for a mean effective 
stress level, p′0, equal to 30 kPa. Figure 2 shows the 

deconvolved motion with a PGA reduced by 35.9%, 
resulting in a value of 0.563g.  

 



 

 
Figure 2. Original and deconvolved acceleration time-
history and FS of SMS LPCC S80W component as 
registered during the Mw 6.2 Christchurch earthquake 
 
 

It is important to note that the LPCC station lies on the 
hanging wall of the fault, whereas PRPC on the footwall. 
This could affect the recorded ground surface motion and 
adds additional uncertainty to using the LPCC record as 
input when modelling stations on the footwall. However, as 
noted by Bradley and Cubrinovski (2011), due to the steep 
angle of the fault dip (66.5o, Beavan et al. (2011)), the 
amplifying hanging wall effect is not expected to be 
significant. Given the importance of the characteristics of 
the input ground motions on the final results, analyses 
using as input a record from a station lying on the footwall 
of the rupture, similar to the PRPC station, and underlain 
by gravel form another part of this investigation (Tsaparli, 
2017). 

Given the different site-to-source distances of the 
deconvolution (i.e. LPCC) and convolution (i.e. PRPC) 
stations, it is particularly important to account for wave 
attenuation with distance prior to using the LPCC motion 
as input to model PRPC. For the purposes of scaling the 
LPCC deconvolved motion, the Bradley (2010) ground 
motion prediction equation (GMPE) was used - denoted as 
B10 - which accounts for source, path and local site effects. 
This is a New Zealand-specific model for active shallow 
crustal earthquakes. Bradley (2013) found this to perform 
well for the February Christchurch earthquake. The single 
fault GPS & Synthetic Aperture Radar (SAR) model of 
Beavan et al. (2011) for the Mw 6.2 Christchurch 
earthquake was used to obtain the various characteristics 
of the fault rupture and the source-site distances, which are 
required as input in the GMPE.  

Table 1 presents the median and median ± standard 
deviation (SD) values for the outcrop geometric mean (GM) 
horizontal PGA, as obtained through the B10 model. Vs,30 

values for the bedrock were obtained from Wood et al. 
(2011), while the depth to a Vs of 1 km/s,  Z1,0, was taken 
equal to 1000m, in accordance with Bradley and 
Cubrinovski (2011). The outcrop PGA value for the largest 
horizontal component of PRPC, PGA1, obtained through 
the PGA ratio, r = PGA1,rec PGA2,rec⁄ , of the two horizontal 

components as recorded at SMS LPCC, according to Eq. 
1, is shown in Table 2. 

 
 

Table 1. Bradley (2010) predictions of the geometric mean 
of the outcrop PGA of the two horizontal components at the 
PRPC station 

 

Median  

GM PGA 

Media + SD  

GM PGA 

Media – SD 

GM PGA 

m/s m/s m/s 

4.395 7.877 2.453 

 

 

  

Table 2. Bradley (2010) predictions of the largest outcrop 
horizontal PGA at the PRPC station interpreted on the 
basis of the recorded PGA ratio at the LPCC station 

 

Median  

PGA 

Media + SD 

PGA 

Media – SD 

PGA 

m/s m/s m/s 

4.648 8.331 2.594 

   



GM = √PGA1 ∙ PGA2 = √PGA1 ∙ r ∙ PGA1 = PGA1 ∙ √r   [1]

 
 
3 NUMERICAL METHOD AND CONSTITUTIVE 

MODELS 
 
The first 28 m of soil were modelled in the FE analyses, 
down to the interface with the Riccarton gravel horizon. 
This is because no substantial soil non-linearity is expected 
to take place within the stiff gravel strata (Smyrou et al., 
2011).  CPTu tests in the vicinity of PRPC showed no 
presence of artesian pressures above the gravel and, as 
such, a hydrostatic pore water pressure was prescribed 
with the GWT at 2 m bgl. 

Non-linear elasto-plastic effective stress-based finite 
element (FE) analyses were carried out with the Imperial 
College Finite Element Program (ICFEP, Potts and 
Zdravković, 1999), using the u-p hydro-mechanical 
formulation (Zienkiewicz et al., 1980). Plane strain 
conditions were modelled, with the mesh consisting of a 
single column of 112×1 8-noded quadrilateral elements 
with pore water pressure degrees of freedom at the 4 
corner nodes. In order to satisfy Bathe’s (1996) 
recommendations for frequencies up to about 30 Hz and 8-
noded solid elements, an element size of 0.25×0.25 m2 
was adopted to guarantee that the mesh is sufficiently fine 
so as not to filter out waves of short wavelengths. In terms 
of boundary conditions, tied degrees of freedom were 
employed at the lateral boundaries to ensure 1D soil 
response (Zienkiewicz et al., 1988), while the vertical 
displacements were restricted at the base nodes. The 
hydraulic regime in the soil column was defined through 
restricting the flow at the bottom of the mesh, a choice 
driven by the presence of the low permeability clayey silt 
layer at the interface with the gravel, imposing a zero 



 

change in pore water pressure at the top boundary and 
tying the pore water pressure degrees of freedom at the 
lateral nodes to ensure 1D flow and drainage through the 
ground surface. Lastly, the input acceleration was applied 
incrementally at the base nodes in the horizontal direction.  

The FE equations were solved with a non-linear solver 
based on a modified Newton-Raphson scheme (Potts & 
Zdravković, 1999), while the generalised α-method of 
Chung & Hulbert (1993) was used as the time-integration 
scheme with a spectral radius at infinity, ρ∞, of 0.818 
(Chung and Hulbert, 1993; Kontoe et al., 2008). To achieve 
an accurate solution, a time step of Δt=0.004 s was found 
to be adequate based on the characteristics of the input 
ground motion and deposit under consideration. 

Sand behaviour was modelled with a two-surface 
BSPM based on the original platform by Manzari & Dafalias 
(1997) and modified for cyclic and dynamic solicitations. 
The model has been implemented in ICFEP in three-
dimensional stress space (Taborda, 2011; Taborda et al., 
2014) and includes several alterations which improve 
various aspects of its capabilities (a power law for the 
Critical State Line, an altered expression of the hardening 
modulus and the introduction of a secondary yield surface 
to improve the numerical stability). The modifications to the 
flow rule, as implemented by Tsaparli (2017), and to the 
tensor representing the evolution of soil fabric, as modified 
by Klokidi (2015), have also been utilised in this study in 
order to ensure an accurate simulation of cyclic strength 
and overburden effects  as well as better compliance post-
unloading following a dilative response. The model was 
calibrated based on extensive monotonic and cyclic triaxial 
testing, as well as bender element test results on sands 
with FC up to 20% from central Christchurch, similar to 
those underlying PRPC. These were conducted by Taylor 
(2015) and Arefi (2014). Table 3 presents the calibrated 
model parameters, with the meaning of each explained in 
detail in Taborda (2011), Taborda et al. (2014) and Tsaparli 
(2017), while Table 4 summarises the properties of the 
sand. 

 
 

Table 3. Bounding surface plasticity model parameters for 
Christchurch sand with FC 0-20% 
 

Model Value Model Value 

p′ref (kPa) 100.00 m 0.065 

(eCS)ref 0.99 p′YS (kPa) 1.00 

λ 0.08 B 500.00 

ξ 0.54 a1 0.375 

Μc
c 1.395 κ 2.00 

Μe
c 1.0002 γ1 1.222E+03 

kc
b 1.8262 ν 0.15 

kc
d 2.208 h0 0.1792 

Α0 1.00 γ 0.6289 

Α0,min 0.00 emax 1.51 

p′0.A (kPa) 40.00 α 1.00 

bd 0.115 β 0.00 

d1 0.12 Μ 1.00 

d2 0.0183 Η0 2000.00 

d3 6.50 ζ 2.35 

bmax 50.00 Cf 50.00 

 
 
Table 4. Properties of Christchurch sand with FC 0-20% 
 

Model Value Model Value 

Dr (%) 70.00 Bulk unit weight, γb 
below GWT (kN/m3) 

19.50 

Average minimum 
void ratio, emin 

(Taylor, 2015) 

0.6016 Permeability, k (m/s) 

(Taylor, 2015) 
1.00E-
04 

Average maximum 
void ratio, emax 

(Taylor, 2015) 

1.0416 Earth pressure co-
efficient at rest, K0 

0.44 

 
 

To model the secondary silty/clayey layers the Imperial 
College Generalised Small Strain Stiffness model - ICG3S 
(Taborda and Zdravkovic, 2012; Taborda et al., 2016), a 
cyclic non-linear model based on a modified hyberbolic 
function for the backbone curve and a novel varying scaling 
factor to accurately simulate damping at very small strains, 
was calibrated on the basis of Darendeli (2001) curves. 
The properties for each of the three silty layers are shown 
in Table 5, while the ICG3S calibrated model parameters 
are summarised in Table 6. The latter are explained in 
detail in Taborda and Zdravkovic (2012) and Taborda et al. 
(2016) and are not repeated herein for brevity. Small strain 
shear modulus, Gmax, values were assumed constant 
across these layers and were obtained from surface wave 
profiles summarised in Wotherspoon et al. (2015). CPT 
correlations for fine grained soils were also used to check 
or interpret field data, where applicable (Lunne et al., 
1997). 

The modelled p′0, and Gmax profiles across the 28 m 

deep deposit are shown in Figure 3. 
 
 
Table 5. Properties of clayey silt layers 
 

Property Clayey  

sllt 0-3 m 

Clayey silt 

20-22 m 

Clayey silt 

26.5-28 m 

Plasticity index (%) 10.00 15.00 15.00 

Overconsolidation ratio 5.00 2.00 2.00 

Earth pressure co-
efficient at rest, K0 

1.00 0.65 0.65 

Bulk unit weight, γb, 
above GWT (kN/m3) 

17.00 N/A N/A 

Bulk unit weight, γb, 
below GWT (kN/m3) 

18.00 18.00 18.00 

Mean effective stress, 
𝐩′𝟎, at mid-depth (kPa) 

30.00 165.00 210.00 

Porosity, n 0.43 0.53 0.53 

Permeability, k (m/s) 1.00E-07 1.00E-08 1.00E-08 

Poisson’s ratio, v 0.30 0.35 0.35 

 
 



 

Table 6. ICG3S model parameters for the clayey silt layers 
 

Model parameter Clayey  

sllt 0-3 m 

Clayey silt 

20-22 m 

Clayey silt 

26.5-28 m 

Gmax (kPa) 50852.00 46976.00 53032.00 

a0 1.060E-4 2.141E-4 2.350E-4 

a1 0.00 0.00 0.00 

a2 0.00 0.00 0.00 

b0 1.076 1.056 1.061 

RG,min 0.00 0.00 0.00 

Gmin (kPa) 1.00 1.00 1.00 

d′1,G 203.0796 105.8509 103.4601 

d′′1,G 0.00 0.00 0.00 

d2,G 0.206176 0.194948 0.195534 

d3,G 9661.764 7017.649 6888.291 

d4,G 0.638378 0.652856 0.657224 

 
 

 
 
Figure 3. Modelled initial mean effective stress and small 
strain shear stiffness profiles at the PRPC station 
 
 
4 RESULTS & DISCUSSION 
 
The results presented below concern the analysis with the 
deconvolved LPCC input ground motion scaled to the B10 
median PGA prediction (i.e. 4.648 m/s2). Figure 4 
compares the computed ground surface acceleration time-
history and Fourier spectrum (FS) with (a) the input motion 
and (b) the PRPC record. Soil non-linearity and stiffness 
degradation are evident from the early stages of loading as 
demonstrated by the high frequency attenuation and period 
elongation. The occurrence of liquefaction is inferred from 
the amplitude drop at about 8.7 s, only slightly later when 
compared to the recorded motion, where a similar drop can 
be observed at about 8 s. This is then followed by the 
characteristic acceleration spikes indicating transient strain 
hardening during cyclic mobility. From Figure 4b it can be 
seen that there is a good agreement between the 
computed ground surface response and the recorded one. 
This is particularly evident when comparing the respective 
Fourier spectra, where a good match has been achieved 
across the entire frequency content, with the highest peak 

at 0.732 Hz captured accurately in terms of both frequency 
and amplitude.  
 
 

 
Figure 4. Computed ground surface acceleration time-
history and FS and comparison with (a) input motion and 
(b) recorded ground surface motion at the PRPC station 
 
 

 
Figure 5. Computed shear stress - shear strain curve at the 
depth of peak registered shear strain in the analysis 
 



 

The acceleration time-history, however, seems to lack 
the high frequency spikes that appear between 4.5 and 7 s 
in the record. It is highly likely that such variations originate 
from differences in the bedrock acceleration. It should not 
be forgotten that, as pointed out by Tasiopoulou et al. 
(2011), the seismograph at SMS PRPC was positioned in 
the vicinity of a number of heavy objects which might have 
affected the observed response to a certain extent. 

Finally, the computed shear stress – shear strain curve 
at 5 m depth, where the peak shear strain in the deposit is 
predicted to take place, is presented in Figure 5. The 
occurrence of liquefaction is evident from the complete loss 
of stiffness, with the registered peak shear strain being in 
the order of 10%. 
 
 
5 CONCLUSIONS 
 
A two-surface bounding surface plasticity model was 
calibrated in this study based on available site-specific 
laboratory data on Christchurch sands to model a strong 
motion station in Christchurch during the Mw 6.2 February 
earthquake. Due to the presence of non-liquefiable strata, 
a simpler cyclic non-linear model was also utilised, 
calibrated on the basis of empirical curves found in the 
literature. The motion recorded at the LPCC strong motion 
station was deconvolved down to bedrock level and scaled 
according to a New Zealand-specific attenuation model to 
be used as input in the analyses. The computed results 
showed remarkable agreement with the field data, despite 
the uncertainties involved. This is particularly important as 
validation of advanced constitutive models for liquefaction 
problems is often made based on model testing, as 
adequate field data are rarely available. 
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