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ABSTRACT: A field experiment was conducted near Lake Coleridge in the Southern Alps of New 

Zealand, focusing on the kinematic response of bedrock-dominated mountain slopes to strong seismic 

shaking. To study site effects of topography on seismic ground motion in a field situation, a small, 

elongated, and bedrock-dominated mountain ridge was chosen and equipped with a seismic array. In 

total seven EARSS instruments (Mark L4C-3D seismometers) were located on the crest, the flank and 

at the base of the 180 m high, 500 m wide, and 800 m long mountain edifice from February to July 

2006. Seismic records of local and regional earthquakes as well as seismic signals generated by a 

small explosive source nearby were recorded and are used to provide information on amplification and 

deamplification effects within different parts of the edifice. Preliminary time and frequency domain 

analyses confirm site amplification is concentrated along the elongated crest of the edifice where 

amplifications up to 1100 % were measured relative to the motion at the base, and that the main 

response frequency of the edifice is around 5 Hz. 

1 INTRODUCTION 

Earthquakes often cause extensive rock slope failures and various types of mass movements within 
mountainous areas (Sepúlveda et al., 2005; Havenith et al., 2003; Jibson et al., 2006). Besides local 
geological, structural and hydrological conditions, local topographic conditions have a strong 
influence on ground response during earthquakes. Seismic waves interacting with topography lead to 
amplification and deamplification effects of the resulting ground motion. Topographic amplification of 
ground motion can be an important factor in exceeding the pre-existing shearing resistance, and in 
triggering failure of slopes which would be stable under static conditions. Experimental field studies 
(e.g. LeBrun et al. 1999; Montalvo-Arrieta et al. 2003; Spudich et al. 1996) and analytical studies (e.g. 
Bouchon et al. 1996; Sánchez-Sesma & Campillo, 1993) on the seismic response of hill sites have 
shown that i) Amplification of the ground motion at the top of the hill occurs relative to the base of the 
edifice. The amplification is frequency dependent and has its maximum at the resonant frequency of 
the edifice; ii) Amplifications for motions perpendicular to the direction of elongation of the edifice 
are larger than parallel, and amplifications are higher for the horizontal component than for the vertical 
component; iii) Observations show significantly higher amplitude of amplification (up to greater than 
10) than numerical simulations predict; iv) Next to the pure topographic effect, amplified ground 
motions at the top of an edifice can also be related to the presence of deeply weathered rocks acting as 
a low-velocity layer on top of the bedrock (Havenith et al. 2003).  

The impact of earthquake waves on mountain edifices and in particular topographic effects on seismic 
ground motion within the structure are key factors addressed in our research project. The Little Red 
Hill field experiment represents the field component of a physical laboratory modelling approach 
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which will increase the understanding of coseismic landslide initiation within bedrock dominated 
mountain edifices. The information obtained from this field experiment will be used in combination 
with small-scale physical laboratory modelling, numerical modelling techniques, and geotechnical 
investigations to evaluate strain localisation within a mountain edifice and to infer the location of 
potential failure surfaces.  

2 THE LITTLE RED HILL TEST SITE 

A topographic map with the test site location is presented in Figure 1. The main axis of the mountain 
is elongated in a nearly N-S direction. Little Red Hill is located at the base of Red Hill and surrounded 
by a flat area which comprises glacial outwash gravels and moraine deposits, whereas the mountain 
edifice itself is made up of indurated, complexly deformed sandstones and argillites of the Mesozoic 
Torlesse Supergroup (Bradshaw 1971). The test edifice is dominated by bedrock and has minor talus 
deposits on its flanks. In total an array of seven seismic stations were installed on the hill to record 
seismic activity (Fig. 2). Five stations (rh2 – rh6) were located on bedrock along the ridge crest and 
one station (rh1) on the flank of the edifice. A base station (rh0) was placed onto bedrock within the 
flat area next to the hill, firstly to minimise topographic effects and secondly to act as a reference 
station for the other instruments. The data were recorded by seven Mark L4C-3D 1 Hz velocity 
sensors each of them connected to an EARSS data acquisition system (Gledhill et al. 1990). The 
sampling frequency was set to 50 Hz. Solar panels connected to car batteries provided the power to 
keep the instruments operational over extended periods.  

 
Figure 1: Location of the Little Red Hill test site. 
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Figure 2: Little Red Hill test site, showing the locations of installed seismographs (rh0-rh6). 

The field experiment was divided into three stages. Measurements during stage one were carried out 
with the base station rh0, as well as stations rh1 and rh3 from the end of February 2006 onwards. Four 
additional instruments were placed along the ridge crest in May 2006. For the last phase of the field 
experiment, a blast of 9 kg of Powergel generated close by provided us with ground motion data 
caused by the artificial source. In total 313 regional and teleseismic events were recorded from 
February 2006 to June 2006. Below we present data from earthquake events which triggered all seven 
instruments. Three events were selected representing earthquakes of different magnitude, focal depth, 
epicentral distance and different azimuth towards the test site (Table 1).  

Table 1. Earthquake event parameters and direction to the test site 

Location   
Date. Time 

Latitude Longitude Magnitude Focal 
Depth 
[km] 

Epicentral 
distance 

[km] 

Azimuth 

Porirua, NZ 
20060514.1733 

-40.9430 174.4541 ML= 5.0 59.4 354 042 

Kermadec Islands Region 
20060516.1042 

-31.5270 179.3030 ML= 7.4 151.6 1500 029 

Mt Somers, NZ  
20060519.1900 

-43.5431 171.1720 MW= 2.6 12  43 234 

 

3 DATA ANALYSIS 

3.1 Time-Domain Analysis 

For the time-domain analysis we calculated the Peak Acceleration for the vertical ground motion (z-
component) as well as the PHA (Peak Horizontal Acceleration) for every instrument on the mountain 
edifice and compared it with the base reference station rh0. We presented here the resulting 
amplification factors for the ground motion components in vertical direction, and the horizontal 
direction parallel and transverse to the direction of elongation of the topography.  

The vertical ground motion measurements of the three selected earthquake events (Fig. 3) indicate 
amplification effects of up to 200 % along the crest of the edifice relative to the reference station rh0. 
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Only station rh3 shows deamplification in case of the small regional event. The instrument (rh1) 
positioned on the flank of the edifice shows lower amplifications of about 50 % for all three events. 
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Figure 3: Amplification of peak accelerations relative to reference station rh0 - vertical motion component.  

Amplifications were measured for the PHA of the ground motion component along the elongated axis 
of the topography at station rh2, rh5 and rh6 (Fig. 4). Maximum values of more than 500 % were 
calculated at station rh6 at the most elevated section of the crest. Deamplification effects occur at 
station rh3, rh4 and at the flank of the hill. 

PHA  N-S component

-100

0

100

200

300

400

500

rh1 rh2 rh3 rh4 rh5 rh6

Am
pl

ifi
ca

tio
n 

[%
]

Porirua
Kermadec
Mt Somers

 
Figure 4: Amplification of Peak Horizontal Accelerations relative to reference station rh0 – motion component 
parallel to the main mountain axis. 

The E-W component of the ground motion measurements show amplification effects at almost all 
instrument locations (Fig. 5). Amplifications of up to 1100 % are recorded along the crest of the 
mountain for this ground motion component perpendicular to the main axis of the edifice, with small 
deamplification at station rh1 and rh3. 
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Figure 5: Amplification of Peak Horizontal Accelerations relative to reference station rh0 – motion component 
transverse to the main mountain axis. 

Additional time-domain data are shown in Table 2. 

Table 2. Observed time-domain data  

Location /component Peak acceleration [g] 
/ at station rh6 

Peak velocity [cm/s] 
/ at station rh6 

Effective duration [s] 

Z 0.0051  0.1559  36.58 

N-S 0.0169  0.0529  15.66 

Porirua 

E-W 0.0257  0.9690  9.48 

Z 0.0087 0.2655 64.80 

N-S 0.0113  0.3976 66.18 

Kermadec Islands 

E-W 0.0185 0.7624 63.92 

Z 0.0009 0.0228 11.4 

N-S 0.0027 0.1013 10.68 

Mt Somers 

E-W 0.0040 0.1227 9.66 

 

3.2 Frequency-Domain Analysis 

In order to investigate the frequency dependencies of all ground motion components of the selected 
earthquake events presented above, we used the multitaper method (MTM) to estimate the pseudo 
spectral densities (PSD) of the time series. A time window of constant duration was chosen around the 
largest amplitudes of the seismograms. Figure 6 represents the frequency content of the E-W 
component of the ground motion of the selected earthquake events expressed as the PSD. 
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Figure 6: Power spectral densities of the E-W components for the selected earthquake events. 
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Comparing the spectra of all three earthquake events (Fig. 6), we find frequency contents with distinct 
maxima around 5 Hz for all stations and predominant periods (TP) of about 0.2 s respectively.  The 
Porirua event shows a narrow frequency content with maxima at 3, 5 and 7 Hz. The spectra calculated 
from the Kermadec Island event have broader frequency patterns with additional peaks at 2.5, 6.2 and 
7.6 Hz.  Additional maxima at 7.6 Hz were also calculated for the Mt Somers event, which also shows 
higher frequency contents because of its close epicentral distance. By looking at the spectral raw data 
we can determine a distinct natural frequency for the hill top of about 5 Hz and a predominant period 
TP of about 0.2 s, independent of different earthquake source parameters.  

4 CONCLUSIONS 

The data analyses of the three earthquake events recorded at the Little Red Hill test site can be 
summarized as follows: 

1. Strongest amplifications occur along the elongated crest of the hill. Amplifications of up to 
1100 % were measured at the top of the hill relative to the base station rh0. 

2. Amplification effects are more significant for horizontal than the vertical components and for 
ground motions along the direction of the main axis than for motions perpendicular to the 
main axis. 

3. The hill responds at a main response frequency of around 5 Hz and has a predominant period 
TP of 0.2 s, independent of different earthquake source parameters. 

The results obtained from this data analysis will be used to test and calibrate our physical laboratory 
model and will therefore contribute to evaluate strain localisation within a mountain edifice and to 
infer the location of potential failure surfaces. 
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