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ABSTRACT:  The first part of this study discusses the ReMi (Optim 2003) surface 

wave dispersion technique for determining shallow shear-wave velocities.   Particular 

advantages and disadvantages of the ReMi technique are identified.  Different sources of 

surface waves are compared for their effectiveness.  Accurate dispersion results were 

obtained from both controlled sources (sledgehammer, dynamite and a hydraulic 

thumper) and noise sources (a vehicle running along the length of the array).  Secondly, 

the shear-wave velocity results from the ReMi method at three sites in the Wairarapa are 

presented and used to make an assessment of the liquefaction risk, adding to information 

from previously used methods, such as cone penetrometer testing.   Results indicate low 

shear-wave velocities at each site, in particular at the Lake Wairarapa Barrage site where 

S-wave velocity remains below 200m/s to a depth of 30m.  Velocities are also low at the 

Kahautara Bridge site where liquefaction has occurred in the past, causing damage to the 

bridge in the 1942 Wairarapa earthquake.  Shear-wave results indicate a potential 

liquefaction risk at these two sites, whereas the Ruamahanga Bridge site may have a 

lower liquefaction potential.  This is in agreement with assessment based on CPT testing 

(Wick 2000). 

1 INTRODUCTION 

The ReMi surface wave dispersion method provides a useful tool for determining shallow shear-

wave velocities for engineering purposes and site assessment.  Surface waves can be generated with a 

simple sledgehammer source or by using a noise source such as a vehicle travelling along the length of 

the array and are recorded on standard seismic refraction equipment.  The measured surface wave 

dispersion can then be inverted for an average shear-wave velocity profile. 

This technique is similar to other dispersion-based methods such as MASW (multi-channel analysis of 

surface waves) introduced by Park, Miller et al. (1999), but has the added advantage of requiring only 

a simple seismic source such as sledgehammer blows or even ambient noise.  This makes the 

technique quick, inexpensive and able to be carried out using standard available seismic refraction 

equipment.  It is also non-invasive and can be carried out at sites where drilling or penetrometers are 

not suitable.  Furthermore, the use of ambient noise means investigations can be carried out at noisy 

sites where other seismic investigations would have limited use. 

The technique is limited to analysing shear-wave velocity alone.  Although non-invasive, the method  

also has limitations identifying boundaries between soil layers within the earth and therefore may miss 

thin layers of anomalous velocity.   It can however accurately identify the average velocity within the 

soil column.   

1.1 Background 

The southern Wairarapa area along the Ruamahanga River is an alluvial floodplain with recent 

unconsolidated sediments and Cenozoic sedimentary rocks which extend to a depth of over 1km over 

a greywacke basement (Begg and Johnston 2000) and span a lateral area between the Wairarapa fault 

to the west and the Haurangi Ranges to the east.  The shear-wave velocities in this young alluvial 



2 

environment will therefore be low and the shaking hazard large.  The type of deposits found here also 

have potential to liquefy during a large earthquake.  This phenomenon has been observed in the 

Wairarapa in the past, for example during the 1855 magnitude 8.2 earthquake on the Wairarapa fault 

and 1942 Wairarapa earthquake (Downes and Grapes 1999, The Press 1942 cited in Wick 2000).  This 

is therefore a good environment in which to apply the surface wave dispersion method for obtaining 

shear-wave velocities and to use these velocities to investigate the liquefaction potential.   

The locations of the three Wairarapa sites investigated in this case study are shown in Figure 1.  All 

three sites are of particular interest as they lie close to important infrastructure which may be damaged 

in the event of a large earthquake.  This study aims to add to the hazard investigations already 

undertaken at these sites, and provide an assessment of the shaking and liquefaction risk based on the 

shear-wave velocity profiles.  

 
Location of Wairarapa Sites 

 

Figure 1  Map showing location of the three Wairarapa sites overlain on the IGNS geological map (Begg and 
Johnston 2000). Site 1 is located near Blundell’s Barrage, a flood control structure, Site 2 is on the west bank of 
the Ruamahanga River at Kahautara Bridge, and Site 3 is located near the Ruamahanga Bridge out of 
Martinborough.  

2 METHOD 

2.1 Surface wave dispersion 

Shear-wave velocity can be determined by recording the dispersive phase velocities of Rayleigh surface 

waves.  Because lower frequency surface waves penetrate deeper into the earth, they are sensitive to the 

generally faster velocities at depth, and so travel faster than the higher frequency surface waves.  The 

result is a dispersion where the velocity will change depending on the frequency of the wave.  As the 

dispersion of the surface Rayleigh waves we record is predominantly dependent on the shallow shear-

wave velocity, the observed dispersion data can be inverted to obtain a shear-wave velocity profile (Xia, 

Miller et al. 1999). 

2.2 Field data collection 

The method uses surface waves recorded on standard multi-geophone seismic refraction equipment.  The 

records are collected in a similar style to shallow seismic refraction surveys, but the emphasis is on 

recording the entire surface wave train rather than the P- and S- wave refractions and reflections.  
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An R48 Geometrics Strataview recording between 24 and 48 channels was used for the survey and the 

best results were obtained with 4.5Hz geophones.  Geophone spacing ranged between 1m and 8m and 

this determined the depth of resolution of each survey.  Different surface wave sources were used in the 

experiments and these are discussed in a subsequent section. 

The data set also contains a number of reversed shots at all three sites, made with a view to obtaining 

refraction velocities and depths to interfaces.  Although the refraction information available from these 

records was limited, it provided useful constraints for the shear-wave model results. 

2.3 ReMi analysis 

The basic tool for analysis of surface waves used in this study is the SeisOpt ReMi Version 2.0 

(Optim 2003) software program.  In order to transform the surface wave energy recorded on the 

distance-time records collected in the field into energy in the frequency-slowness domain, the ReMi 

program uses a p-τ transform (Louie 2001) described in detail in Thorson and Claerbout (1985) and a 

Fourier transform method.  The result is a ReMi spectral ratio slowness-frequency plot which shows 

effectively, for any given frequency, the ratio of energy at a particular slowness compared to the average 

energy over all slownesses at that frequency.  An example of such a plot for a dynamite shot at Site 1 is 

shown in Figure 2. 

 

Figure 2  Slowness (s/m, vertical axis) vs. frequency (Hz, horizontal axis) plot for the Site 1 dynamite record.  
Both slowness and frequency scales are linear (although note velocity (1/slowness) is not linear on this plot).  
High energy amplitudes corresponding to surface wave dispersion are shown by the dark colour.  The dispersion 
and its bounds have been picked (black rectangles).  The dispersive trend at lower slowness (higher velocities) 
corresponds to the second mode Rayleigh waves, whereas that picked is the fundamental mode. 

The dispersion should be apparent in the frequency-slowness plot as a high amplitude spectral ratio 

trending from the top left of the image (low frequency, low slowness) to the bottom right (higher 

frequency, higher slowness).  This trend can be picked as pairs of frequency and corresponding surface 

wave phase velocity.  When picking the dispersion from this plot, care must be taken that the 

fundamental mode velocity of the surface waves is being picked rather than a higher mode (or harmonic) 

surface wave.  Higher modes will show a similar dispersive trend, but at increased velocities from the 

fundamental mode (see Fig. 2). 

The ReMi program can then use the picked dispersion to forward model the shear-wave velocity 

structure based on an inversion method described by Saito (1979, cited in Louie 2001), if an appropriate 

density structure and Poisson’s ratio are assumed. 

2.4 Surface wave sources 

Good dispersion velocities were obtained from a variety of different surface wave sources.  A sample 

of dispersion records is shown in Figure 3.  
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Figure 3  Sample of dispersion records at Site 2.  Plots are as 
for Figure 2, with linear frequency (horizontal) and slowness 
(vertical) scales.  High spectral ratio is shown by red colours.  
A)  Noise source with car driving over bridge at end of the 
array (20s record), B) stacked sledgehammer source and C) 20s 
recording of landrover running along the line of the array.  
Note that the trends in the opposite direction from dispersion 
(top right to bottom left) are processing artefacts. 

3 WAIRARAPA RESULTS 

3.1 Velocity analysis 

Final velocity profiles for each Wairarapa site (Fig. 4A) show low shear-wave velocities, in particular 

at Sites 1 and 2.  In general a good fit to the picked dispersion can be found, in particular for Site 1 

(Fig. 4B) where low frequency dynamite picks from a longer (~200m) array constrain the velocities at 

depths of up to 60m. 

A 

B 

C 

Where noise sources are used as in 

A), the dispersion is picked at the 

greatest gradient in spectral ratio.  

This avoids the influence of noise 

from sources which are not in line 

with the array and therefore produce 

energy in the plot at higher apparent 

velocities.  Where the source is in 

line with the array, such as for the 

sledgehammer and heavy vehicle 

records, the dispersion is picked as 

the peak of spectral ratio.  

All three of these records show 

consistent dispersion trends and 

picks.  Uncertainties from both 

controlled-source and noise sources  

overlap.  Different sources however 

may produce a clearer dispersion 

trend in differing frequency ranges. 

In general the best low frequency 

dispersion can be achieved with a 

dynamite source.  However, running 

a vehicle along the length of the 

array and also the hydraulic thumper 

source also proved good sources of 

low frequency surface waves for 

determining deeper structure.  

Sledgehammer sources, especially 

when records are stacked, could also 

produce reasonable low frequency 

dispersion and in addition the phase 

velocities could be picked to higher 

frequencies than for other sources, 

placing constraints on the very 

shallow structure.  Although noise 

sources such as cars and trucks did 

not provide energy at such a 

continuous range of frequencies as 

the other sources, the dispersion 

trend could nevertheless be picked 

accurately over a large range of 

frequencies. 
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Site 1 Dispersion Curve Modelling

100

120

140

160

180

200

220

240

0 0.2 0.4 0.6 0.8 1

Period (s)

P
h

a
s

e
 V

e
lo

c
it

y
 (

m
/s

)

Modelled
Dispersion
Dynamite Disp.
Picks and Bounds
Sledgehammer
Disp. Bounds
Modelled Upper &
Lower Bounds
Series5

 

Figure 4.  A)  Average shear-wave velocity models:  Best-fitting model (thick lines), models fitting the upper & 
lower dispersion bounds (thin lines), and approximate indication of the uncertainty (shaded areas).   B)  
Modelling example for Site 1 showing a period vs. phase velocity plot with dispersion picks from a dynamite 
shot at Site 1 (Figure 2).  A density profile and Vp/Vs ratio are assumed (Vp estimates are found through 
refraction analysis on the records).                     

The shear-wave velocities at Site 1 are very low with the average thirty metre velocity (V30) for this site 

being only 135 ± 10m/s, indicating very soft sediments.  Tonkin and Taylor (1969) carried out boring 

logs at the site before the barrage construction.  The results indicated fine silty sands above 4m, and soft 

silty clays below this level with a transition to a harder clay material at around 26-29m.   

Our shear-wave and refraction profiles are consistent with the log records, with the shallowest layer 

corresponding to the fine silty sands indicated by Tonkin and Taylor.  The underlying layer correlates 

with the soft silty clays, and the interface at around 27m with the transition to the harder clay layer.  Thin 

individual gravel and sand layers present within the soil column are not revealed in the shear-wave 

velocity profile, due to the larger uncertainty at depth and the inability of the surface-wave method 

(which shows an average velocity at depth) to reveal thin layers deep within the earth.  

A 

B 
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Site 2 also has low velocities to a depth of at least 30m although the average 30m velocity for the site is 

220 ± 40m/s which is significantly higher than Site 1.  An exposed part of the riverbank at the site, where 

soil has slumped towards the river, reveals at least 2m of soft dark sand directly below ground level.  

CPT drilling by Wick (2000) also suggests around 5m of overlying soft soils, and beneath this the 

presence of gravel and small boulders to a depth of up to 12m. 

Our shear-wave and P-wave velocity profiles are consistent with a thin layer of dry topsoil to 1m depth, 

with soft sands below this with a shear-wave velocity of 150-200m/s.  These sands will be saturated 

below the water-table at around 3-4m.  Below the sand layer, there may be layers of gravel, sand and 

clay material although the shear-wave velocity profile does not highlight the individual layers accurately.   

Site 3 lies atop dense river gravel and Wick (2000) also reports large pockets of sand at the surface close 

to the site.  CPT investigation (Wick 2000) indicates soft soils below the water-table (at 2.5m) to a depth 

of around 7m, with what is probably dense, clean sand between 2.7 and 3.8m.  Below 7m, a dense layer 

is proposed, which likely comprises gravels.  The shear-wave velocity profile suggests the softer soils 

below the water-table and above around 7m have a velocity of 150-250m/s and the denser gravels below 

this have a velocity greater than 250m/s.  

The 30m average shear-wave velocity at this site cannot be well determined due to the low resolution of 

the velocity profile below 15m, due to short array lengths.  However, the potential models investigated 

have a V30 of around 340 ± 80m/s.  This is consistently higher than at the previous sites.  The velocity 

range of the material above 7m and the presence of sand layers within the earth still suggests a potential 

liquefaction hazard above this depth (and below the water table).  However, the higher velocities (> 

250m/s) below this depth indicate the hazard would be significantly less here. 

3.2 Liquefaction Potential 

The liquefaction potential of a site can be assessed from the S-wave velocity profile is using a method 

based on the simplified procedure developed by Seed and Idriss (1971). The data used in developing 

the procedure were collected mostly at sites with level or gently sloping ground and underlain by 

Holocene alluvial or fluvial sediment at shallow depths (<15m) and so this procedure is clearly appli-

cable in the Wairarapa locations we have investigated.  

This procedure involves the calculation of firstly the cyclic stress ratio (CSR), which is a measure of 

the seismic loading on the soil and secondly the cyclic resistance ratio (CRR) which is a measure of 

the soil’s ability to resist liquefaction.  Seed and Idriss (1971, cited in Andrus and Stokoe, 1999) ex-

press the cyclic stress ratio as: 
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Where avτ  is the average equivalent uniform cyclic shear stress caused by the earthquake and is assumed 

to be 0.65 of the maximum induced stress, maxa is the peak horizontal ground surface acceleration during 

the earthquake, g  is the acceleration due to gravity, vσ ′  is the initial effective overburden stress at that 

particular depth, vσ  is the total overburden stress at that depth, and dr  is a shear stress reduction 

coefficient, which can be estimated according to Liao and Whitman (1986, cited in Youd et al 2001). 

Andrus and Stokoe (1999) adapt this procedure for Vs measurements using case history data of 

liquefaction and non-liquefaction occurrence and produced charts of CSR vs. shear-wave velocity 

corrected to a reference overburden stress (Vs1) showing the boundary between liquefaction and non-

liquefaction defined by the CRR. 

The corrected velocity ( 1sV ) is given by: 
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where aP  is a reference stress at 100kPa or about atmospheric pressure, and vσ ′  is (as previously) the 

initial effective overburden stress in kPa. 

And the CRR given by Andrus and Stokoe (1999) for a Mw 7.5 earthquake is defined by: 
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where 
*

1sV  is the limiting upper value of 1sV  for liquefaction occurrence (which we assume is 208m/s as 

suggested for a fines content of ~20%). 

In order to assess the liquefaction risk at the Wairarapa sites, estimations of CSR with depth are made at 

each site and plotted vs. Vs1 calculated from the shear-wave velocity profiles (see Fig. 5).  In order to 

estimate CSR at each site using Seed and Idriss’ (1971) equation, values of amax, σ’v and σv with depth 

are estimated.     

 

Figure 5.  Points are plotted for every 1m depth to a depth of 20m at each site.  Low Vs at Site 1 places it in the 
liquefiable range.  Site 2 velocities indicate liquefaction potential in the top 20m.  Site 3 has higher velocities and 
may be less likely to liquefy, although the uncertainty in velocity means there may still be liquefaction above 7m 
depth. 

There is, however, uncertainty within the velocity models, especially due to a trade-off between layer 

thickness and layer velocity and this will lead to uncertainty in the points on Figure 5, which is a rough 

estimate only.  For example, very thin layers with a low velocity which may liquefy in an earthquake, 

may not be detected with the ReMi method, which is sensitive to average velocities within the earth.  So 

at Site 3 it is still possible that a thin liquefiable layer of sand with lower velocity may be present 

between 3-7m and so the liquefaction hazard is still present. 

The liquefaction hazard at Site 1 below 7m may also be over-estimated as the shear-wave velocity 

technique does not take into account soils with a high clay content such as those revealed by the bore 

logs, which are less likely to liquefy. 

4 CONCLUSIONS 

The ReMi method determines shallow shear-wave velocities well using any of a variety of sources.  

Dynamite is the most reliable, producing good low frequency dispersion, but may be difficult to use in 
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built-up environments.  Stacked sledgehammer shots, hydraulic thumper or a vehicle running down the 

line of the array are also excellent surface wave sources.   

The method gives good average shear-wave velocity profiles.  However due to a non-uniqueness in the 

modelling process and the trade-off between layer thicknesses and velocity, there is a range of models 

which will fit the observed dispersion.  For this reason constraints on layer thicknesses from drillling or 

refraction analysis will improve the accuracy of the ReMi shear-wave model. 

Results in the Wairarapa indicate low velocities at each site, in particular at the Lake Wairarapa Barrage 

site where S-wave velocity remains below 200m/s to a depth of 30m. Velocities are also low at the 

Kahautara Bridge site where liquefaction has occurred in the past, causing damage to the bridge in the 

1942 Wairarapa earthquake.  The Ruamahanga Bridge site has velocities significantly higher than the 

other two sites down to 20m. 

Liquefaction analysis based on the average shear-wave velocities indicates a potential liquefaction at all 

three sites in a large earthquake.  The hazard is greater at the Barrage and Kahautara Bridge where 

velocities are lowest, and may be confined to only a thin layer of sand above 7m at the Ruamahanga 

Bridge site.  This liquefaction assessment is consistent with that derived from CPT testing which 

assigned a high potential hazard at the first two sites and a high to moderate potential at the third site 

(Wick 2000). 
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