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Overview	

•  Shallow	Site	Effect	at	Heathcote	Valley,	Christchurch	

•  Shallow	Site	Effect	at	Mt	Pleasant,	Christchurch	

•  Incorpora.ng	Soil	Nonlinearity	into	Physics-Based	Ground	
Mo.on	Simula.on	

•  SeisFinder:	A	web	interface	for	extrac.ng	simulated	mo.ons	

•  Refinement	to	the	NZVM	in	Canterbury	

•  Ongoing	development	of	NZVM	

	
	
	
	
	
	



Shallow	Site	Effect	at	Heathcote	Valley,	
Christchurch	
Observed	ground	mo3ons:	M7.2	2010	Darfield	Earthquake	

	
	
	
	
	
	



Shallow	Site	Effect	at	Heathcote	Valley,	
Christchurch	
Site	characterisa3on	

	
	
	
	
	
	•  15	sCPT,	15	ambient	noise	HVSR,	5	

surface	wave	tests	
•  Lidar-based	DEM	to	account	for	

topography	
•  Soil	thickness	profile	from	CPT	refusal	

depths	and	the	es.mated	depths	from	
H/V	spectral	ra.os	

Numerical	model	

	
	
	
	
	
	

•  2D	finite	element	simula.ons	using	
OpenSees;	fmax	≈	25Hz	

•  Deconvolved	LPCC	mo.on	as	plane	wave	
input	

•  Non-reflec.ve	boundaries;	equivalent	force	
input	at	the	base	of	the	model	

•  PDMY	model	(UCSD)	for	soils	and	the	linear	
elas.c	model	for	rocks	

•  Soil:	ρ	=	1.8Mg/m3,	VS	=	207z0.25m/s,	φ	=	36◦,	
ν	=	0.25		

•  Weathered	rock:	ρ	=	2.4Mg/m3,	VS	=	800m/s,	
ν	=	0.25		

•  Rock:	ρ	=	2.4Mg/m3,	VS	=	1500m/s,	ν	=	0.25	



Shallow	Site	Effect	at	Heathcote	Valley,	
Christchurch	

•  Good	agreement		
•  Strong	amplifica.on	due	to	a	high	

impedance	contrast	
•  Large	variability	in	f	>	f0,	due	to	the	soil	

nonlinear	response	

Result	and	Discussions	

	
	
	
	
	
	

r	=	log(SAObs/SASim)	

•  Empirical	model	shows	large	residuals;	
regional-scale	ground	mo.on	
simula.ons	show	improved	residuals	in	
long	periods,	but	s.ll	poor	in	short	
periods	

•  The	2D	local-scale	Heathcote	Valley	site	
response	model	outperforms	the	
empirical	model	and	the	regional-scale	
ground	mo.on	simula.on	



Shallow	Site	Effect	at	Heathcote	Valley,	
Christchurch	
Result	and	Discussions	

	
	
	
	
	
	

•  Strong	nonlinear	soil	response	affects	the	mo.ons	in	T	<	T0	=	0.3	s	

2011/02/22																																																		2011/06/13						

2011/02/22																																																		2011/06/13						



Shallow	Site	Effect	at	Mt	Pleasant,	
Christchurch	

Instrumenta3on	
Nine	portable	seismometers	in	Mt	Pleasant	and	
Heathcote	Valley,	for	March-April	2017,	recording	more	
than	ten	distant	earthquakes		

Site	Characterisa3on	
Basin	geometry	es.mated	from	HVSR;		Basin	Vs	
from	sCPT;	Rock	Vs	from	published	data	
	
Numerical	Simula3on	
2D	finite	difference	method	using	FLAC2D;	Linear	
elas.c	material	models;	Ver.cally	and	obliquely	
incident	plane	waves	

Mohammadi	et	al.	(Poster	#243)	



Shallow	Site	Effect	at	Mt	Pleasant,	
Christchurch	

Result	
•  Demonstra3on	of	the	topographic	effect	in	Mt	Pleasant,	and	its	poten.al	role	in	the	localised	damage	

observed	in	Port	Hills;	observed	and	simulated	topographic	amplifica.on	comparable	to	previous	studies	
•  Good	predictability	through	quan3ta3ve	valida3on	of	the	numerical	model	against	the	observed	data	
•  Challenge	in	finding	a	good	reference	sta3on:	the	apparent	amplifica.on	(up	to	a	factor	of	2)	at	f=1.6Hz	is	

combined	effect	of	crest	amplifica.on	and	the	toe	de-amplifica.on	
	

Crest	

Near	basin	edge	

Sta3ons	on	the	hill	

Sta3ons	in	the	valley	



Incorpora.ng	Soil	Nonlinearity	into	Physics-
Based	Ground	Mo.on	Simula.on		
The	workflow	

de	la	Torre	et	al.	(2017)	



Incorpora.ng	Soil	Nonlinearity	into	Physics-
Based	Ground	Mo.on	Simula.on		

No	Improvement	over	the	
empirical	approach	

S.ff	Site	

Intermediate	Site	

Moderate	Improvement	

Large	Impedance	
Contrast	

Significant	Improvement	

Three	representa3ve	sites	in	Christchurch	



SeisFinder:	A	web	interface	for	extrac.ng	
simulated	mo.ons	

•  Allows	users	to	extract	simula.ons	
on	an	event-	or	site-specific	basis	

•  Higher-resolu.on	site	
characterisa.on	is	likely	obtained	
as	part	of	infrastructure	projects	

•  ->	SeisFinder	allows	subsurface	
extrac.on	so	that	site-specific	
near-surface	simula.on	using	this	
addi.onal	characterisa.on	is	
possible	aper	the	3D	regional	GM	
simula.on	



Refinement	to	the	NZVM	in	Canterbury	
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Generalised parametric functions and spatial correlations for seismic 
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Figure 1: (a) Locations of geophysical testing sites in the Canterbury region highlighting the sites with 
interbedded Fine Grained Sediments and Gravels (sites with velocity reversals) and gravel only sites 
(monotonically increasing velocity with depth). (b) Median shear wave velocity profile for site LINC. 

This poster presents the development of generalised parametric functions to compute seismic velocities within the sedimentary 
deposits of the Canterbury region, with spatial correlations to represent the unexplained velocity variability in space. Previous studies 
characterised the 3D structure of geologic deposits throughout Canterbury for use in ground motion simulations and site response 
analysis but the velocity structure within these geologic formations are yet to be considered in detail. 

This study makes use of the results of geophysical testing (passive and active source testing) at 23 sites throughout Christchurch city 
and the wider Canterbury region, as shown in Figure 1a. In the shallow near-surface (<200m), 18 sites shown are underlain by 
interbedded fine-grained sediments and gravels while the 5 remaining sites are predominantly gravel. Beneath these shallow 
interbedded layers lies the deep Tertiary layers. 

Due to the dispersive nature of surface waves, dispersion curves for each site were generated and theoretical shear wave velocity (Vs) 
profiles were obtained through inversion. The inversion process was constrained using a priori geotechnical and geologic data to 
constrain the allowable velocity range and depths to geologic horizons – shown in Figure 1b. The median velocity profile of the 1000 
lowest misfit profiles at each site was adopted for use in this analysis. 

Figure 2: Fitted power models to prescribe shear wave velocity as a function of depth for: (a) shallow 
Fine-Grained Sediments and Gravels; and (b) deep Tertiary layers. 

Figure 5: Generation of a velocity profile for the 
deep Tertiary layers at site GDLC with correlated 
velocity perturbations. 

Power models (functional form Vs=aZb) were adopted to incorporate the depth-dependence of shear wave velocity. Figure 2 illustrates 
the three power models for the three distinct layer groupings. Due to paucity of data it was not possible to develop power models for 
each unique geologic layer in Canterbury.  

1. Background and objectives 

2. Depth dependency of Vs  

4. Generation of correlated Vs profiles 

3. Semivariograms and geostatistical Kriging 

Figure 4: Kriged surfaces of between-site residuals for: (a) shallow 
interbedded layers; and (b) deep Tertiary layers 
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Using the Semivariograms in Figure 3, 
Kriging was applied to generate surfaces 
of spatial residuals for both the shallow 
and deep layers. 

It can be seen that within Christchurch 
for both the shallow and deep layers 
that the between-site residual is 
negative, this is indicative of the power 
model providing an overestimate of the 
velocities in this region. Similarly in 
West Canterbury for the shallow layers 
t h e p owe r mode l p r ov i d e s an 
underestimation of the velocities. The 
size of the between-site residual for the 
shallow layers is significantly larger than 
those of the deep layers.  

(b) 

From the fitted power models in Figure 2 a residual analysis was performed. The residuals for the shallow Fine-Grained Sediment and 
Gravels layers were investigated together as these layers are interbedded and inherently related. The within-site residual (δWs -  
representing the residual between modelled and observed points on a Vs profile) and the between-site residual (δBs – the mean of all 
within-site residuals at a site, representing the mean bias between the power model and all observations at a site).  

Using the semivariograms and spatial distributions of between site 
residuals, shear wave velocity profiles can be generated for 
locations throughout Canterbury using a multi-step process, 
illustrated in Figure 5: 

1)  Applying the baseline power models to each geologic layer 

2)  Interpolate to obtain spatial residual (site correction factor – the 
between site residual) at the site and correcting the baseline 
power model by this value 

3)  Generate a covariance matrix using the vertical semivariogram. 
Apply the covariance matrix to generate random correlated 
velocity perturbations with depth 

The process can be extended to three dimensions by applying both 
horizontal and vertical semivariograms to generate the covariance 
matrix.  

This process of using depth and spatial correlations to prescribe 
velocities within the geologic deposits of the Canterbury region 
represents a significant improvement on the way velocities within 
these formations are currently modelled. The methodology outlined 
here will be incorporated within the New Zealand Velocity Model 
(NZVM) for use in ground motion simulation and site response 
analysis. 

(a) (b) 

•  It can be seen that the variance for 
the shallow interbedded layers is 
significantly larger than the variance 
within the deeper Tertiary layers. 

•  The vertical lag distance (depth 
separation) at which velocities are no 
longer correlated is significantly 
smaller for the shallow interbedded 
layers than for the deep Tertiary 
layers. This is expected as the depth 
range for the shallow layers is ~200m 
while depth range for the deep layers 
is ~1km. 

(a) (b) 

Figure 3: Semivariograms for between-site (blue) and the within-site 
residuals for: (a) the shallow Fine Grained Sediment and Gravel layers; 
and (b) deep Tertiary layers. 

Figure 3 presents empirical and 
theoretical exponential semivariograms 
for the between-site (in the horizontal 
direction) and the within-site residuals 
(in the vertical direction) for the shallow 
Fine Grained Sediment and Gravel 
layers, and the deep Tertiary layers.  

Figure 1b illustrates how layers of the median Vs profile are attributed to the different geologic layers. Considering all 23 sites, the 
layers were then separated according to type into three groups (Gravel, Fine Grained Sediment and Tertiary layers). Gravel layers 
(Riccarton, Linwood, Burwood and Wainoni); Fine Grained Sediment layers (Christchurch, Bromley, Heathcote and Shirley); and 
Tertiary layers (Pliocene, Miocene and Paleogene) were analyzed separately. 
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Figure 1: (a) Locations of geophysical testing sites in the Canterbury region highlighting the sites with 
interbedded Fine Grained Sediments and Gravels (sites with velocity reversals) and gravel only sites 
(monotonically increasing velocity with depth). (b) Median shear wave velocity profile for site LINC. 

This poster presents the development of generalised parametric functions to compute seismic velocities within the sedimentary 
deposits of the Canterbury region, with spatial correlations to represent the unexplained velocity variability in space. Previous studies 
characterised the 3D structure of geologic deposits throughout Canterbury for use in ground motion simulations and site response 
analysis but the velocity structure within these geologic formations are yet to be considered in detail. 

This study makes use of the results of geophysical testing (passive and active source testing) at 23 sites throughout Christchurch city 
and the wider Canterbury region, as shown in Figure 1a. In the shallow near-surface (<200m), 18 sites shown are underlain by 
interbedded fine-grained sediments and gravels while the 5 remaining sites are predominantly gravel. Beneath these shallow 
interbedded layers lies the deep Tertiary layers. 

Due to the dispersive nature of surface waves, dispersion curves for each site were generated and theoretical shear wave velocity (Vs) 
profiles were obtained through inversion. The inversion process was constrained using a priori geotechnical and geologic data to 
constrain the allowable velocity range and depths to geologic horizons – shown in Figure 1b. The median velocity profile of the 1000 
lowest misfit profiles at each site was adopted for use in this analysis. 

Figure 2: Fitted power models to prescribe shear wave velocity as a function of depth for: (a) shallow 
Fine-Grained Sediments and Gravels; and (b) deep Tertiary layers. 

Figure 5: Generation of a velocity profile for the 
deep Tertiary layers at site GDLC with correlated 
velocity perturbations. 

Power models (functional form Vs=aZb) were adopted to incorporate the depth-dependence of shear wave velocity. Figure 2 illustrates 
the three power models for the three distinct layer groupings. Due to paucity of data it was not possible to develop power models for 
each unique geologic layer in Canterbury.  

1. Background and objectives 

2. Depth dependency of Vs  

4. Generation of correlated Vs profiles 

3. Semivariograms and geostatistical Kriging 

Figure 4: Kriged surfaces of between-site residuals for: (a) shallow 
interbedded layers; and (b) deep Tertiary layers 
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Using the Semivariograms in Figure 3, 
Kriging was applied to generate surfaces 
of spatial residuals for both the shallow 
and deep layers. 

It can be seen that within Christchurch 
for both the shallow and deep layers 
that the between-site residual is 
negative, this is indicative of the power 
model providing an overestimate of the 
velocities in this region. Similarly in 
West Canterbury for the shallow layers 
t h e p owe r mode l p r ov i d e s an 
underestimation of the velocities. The 
size of the between-site residual for the 
shallow layers is significantly larger than 
those of the deep layers.  

(b) 

From the fitted power models in Figure 2 a residual analysis was performed. The residuals for the shallow Fine-Grained Sediment and 
Gravels layers were investigated together as these layers are interbedded and inherently related. The within-site residual (δWs -  
representing the residual between modelled and observed points on a Vs profile) and the between-site residual (δBs – the mean of all 
within-site residuals at a site, representing the mean bias between the power model and all observations at a site).  

Using the semivariograms and spatial distributions of between site 
residuals, shear wave velocity profiles can be generated for 
locations throughout Canterbury using a multi-step process, 
illustrated in Figure 5: 

1)  Applying the baseline power models to each geologic layer 

2)  Interpolate to obtain spatial residual (site correction factor – the 
between site residual) at the site and correcting the baseline 
power model by this value 

3)  Generate a covariance matrix using the vertical semivariogram. 
Apply the covariance matrix to generate random correlated 
velocity perturbations with depth 

The process can be extended to three dimensions by applying both 
horizontal and vertical semivariograms to generate the covariance 
matrix.  

This process of using depth and spatial correlations to prescribe 
velocities within the geologic deposits of the Canterbury region 
represents a significant improvement on the way velocities within 
these formations are currently modelled. The methodology outlined 
here will be incorporated within the New Zealand Velocity Model 
(NZVM) for use in ground motion simulation and site response 
analysis. 

(a) (b) 

•  It can be seen that the variance for 
the shallow interbedded layers is 
significantly larger than the variance 
within the deeper Tertiary layers. 

•  The vertical lag distance (depth 
separation) at which velocities are no 
longer correlated is significantly 
smaller for the shallow interbedded 
layers than for the deep Tertiary 
layers. This is expected as the depth 
range for the shallow layers is ~200m 
while depth range for the deep layers 
is ~1km. 

(a) (b) 

Figure 3: Semivariograms for between-site (blue) and the within-site 
residuals for: (a) the shallow Fine Grained Sediment and Gravel layers; 
and (b) deep Tertiary layers. 

Figure 3 presents empirical and 
theoretical exponential semivariograms 
for the between-site (in the horizontal 
direction) and the within-site residuals 
(in the vertical direction) for the shallow 
Fine Grained Sediment and Gravel 
layers, and the deep Tertiary layers.  

Figure 1b illustrates how layers of the median Vs profile are attributed to the different geologic layers. Considering all 23 sites, the 
layers were then separated according to type into three groups (Gravel, Fine Grained Sediment and Tertiary layers). Gravel layers 
(Riccarton, Linwood, Burwood and Wainoni); Fine Grained Sediment layers (Christchurch, Bromley, Heathcote and Shirley); and 
Tertiary layers (Pliocene, Miocene and Paleogene) were analyzed separately. 

Typical	Vs	profile	in	Canterbury	

FiZed	power	law	models	

	Shallow	quarternary	layers		Deep	pre-quarternary	layers	

Thomson	et	al.	(2017)	



Refinement	to	the	NZVM	in	Canterbury	

Step	by	step	for	genera3ng	Vs	profile	
1)  Applying	the	baseline	power	models	to	each	geologic	layer	

2)  Interpolate	to	obtain	spa.al	residual	(site	correc.on	factor	
–	the	between	site	residual)	at	the	site	and	correc.ng	the	
baseline	power	model	by	this	value	

3)  Generate	 a	 covariance	 matrix	 using	 the	 ver.cal	
semivariogram.	 Apply	 the	 covariance	 matrix	 to	 generate	
random	correlated	velocity	perturba.ons	with	depth	

Kriged	surfaces	of	between-site	residuals	

	Shallow	quarternary	layers																																							Deep	Ter3ary	layers	

Thomson	et	al.	(2017)	

23	surface	wave	test	sites	



Ongoing	development	of	NZVM	
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Development	and	refinement	of	the	velocity	models,	using	geophysical	and	
geotechnical	tes.ng	methods,	exis.ng	well	logs	and	geology	maps,	in	addi.on	to	the	
exis.ng	model	by	Eberhart-Phillips	et	al.	(2010).	



Thank	you!	


